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Preface

Particle Physics has been at the forefront of all Physical sciences since the advent
of the electron. Over the years, this field of Particle Physics has given more verities
or types of particles than the different types of animals, generally found, in a city
zoo! Such things are possible in this field due to the advancement in the theoretical
understanding and the technological improvements happening all the time and up
to some extent over a similar timescale. Many predictions done by the theoreticians
were tested time and again in the experimental labs. Some of these were discovered,
inferred or negated. This process is still on, but a bit slowed down due to challenges
faced by the technology. For example, the present-day technology allows us to probe
a distance of the order of 10-18 m (i.e., a decimal followed by 18 zeros) and at such
tiny dimensions the entities that are seen, and are not further resolvable, are Electron
and Quarks. These two types of entities, falling under a Generalized category called
Fermions, are responsible for all the Matter in the visible Universe!

Moving on to the hunt for the “most sought-after” Higgs Boson ended on 4th
July, 2012 by CERN-based Mega-Particle smasher aka LHC, the field appeared to
be settling down for a moment for the trust in Standard Model of Particle Physics
working extremely well. But, as witnessedwith earlier discoveries, as usual it opened
up questions on even deeper symmetries to be explored which bring out the various
properties of the elementary particles once the “mass” source is accounted for. This
in one sense translates to having more and more Center of Mass energy or Even
packing more particles in the colliding bunches. These are technological challenges
(alongwith other associated technologies) which attract a large number of manpower
in these fields.

From the Particle Physics point of view, which is somewhat synonymous with
LHC Physics these days, Super-Symmetry is the next level of improvement in the
Standard Model most probed ever. Primordial soup has been extensively probed by
many Heavy-ion accelerating instruments with very good outcomes on a new phase
of matter—quark–gluon plasma, matter density probes, and hadron freeze-outs. The
techniques and tools developed for such physics analyses are the sure shot straight
outcomes applicable in many diverse fields in the society.

The “elusive neutrino” appears to be daunting the field heavily with the abrupt
rise in the facilities appearing across the globe and opening up of the Astroparticle
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vi Preface

regime. The beyond SM signature shown by neutrinos has opened up the whole
field now with connections being made from Supernovae, Galactic, Solar, Atmo-
spheric, and Geo neutrinos. Interesting, but not many, properties from this sector
have far-reaching deep impacts on the cosmological evolution of the Universe, like:
Mass hierarchy, Study of CPV in neutrinos, Searches beyond the 3-neutrino frame-
work, and Neutrino cross-sections. Even applications of these weakly interacting
neutral leptons are emerging on the horizon having geopolitical and strategic linkage.
Experimental setups like LIGO—searching for Gravitational Waves have initiated
a complete new revolution in unraveling the mysteries of the Universe with the
discovery of the Gravity waves. Thus, the linking of such experiments, with Particle
Physics experiment has become stronger. The applications based on the technologies
developed in the field were also presented, ranging from Medical Imaging,

The DAE-BRNS symposium, as usual, attracted 450 plus participants and assem-
bled at the sprawling campus of IITM making “Particles” a buzzword for few days!
There were invited talks by the experts, followed by sectional talks and parallel
talks besides the famous poster sessions for the young minds. The DAE-BRNS-HEP
symposium also witnessed participation from the industry and technocrats who have
local to global footprints in the field. This led to the development of many Institute–
Industry collaborative partnerships for the future of the field and embedded tech-
nologies. The proceedings book contains the selected papers covering almost all the
aspects of particle physics highlighting the achievements from the past to the present
and further illuminating the future path for the field.

Chennai, India
Chandigarh, India
Mumbai, India
Chennai, India
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Prashant Shukla

Rahul Sinha
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Chapter 1
Study of Charmless Decays
B± → K 0

S K
0
S h

± (h = K,π) at Belle

A. B. Kaliyar, Prafulla Kumar Behera, G. B. Mohanty, and V. Gaur

Abstract We report a search for charmless hadronic decays of charged B mesons
to the final states K 0

S K
0
S K

± and K 0
S K

0
S π

±. The results are based on a 711 fb−1

data sample that contains 772 × 106 BB pairs, and was collected at the ϒ(4S)

resonancewith the Belle detector at theKEKB asymmetric-energy e+e− collider. For
B± → K 0

S K
0
S K

± decays, the measured branching fraction and directCP asymmetry
are [10.42 ± 0.43(stat) ± 0.22(syst)] × 10−6 and [+1.6 ± 3.9(stat) ± 0.9(syst)]%,
respectively. In the absence of a statistically significant signal for B± → K 0

S K
0
S π

±,
we set the 90% confidence level upper limit on its branching fraction at 8.7 × 10−7.

1.1 Introduction

Charged B-meson decays to three-body charmless hadronic final states K 0
S K

0
S K

±
and K 0

S K
0
S π

± mainly proceed via the b → s and b → d loop transitions, respectively.
Figure1.1 shows thedominant Feynmandiagrams that contribute to the decays.These
are flavor changing neutral current transitions, which are suppressed in the standard
model (SM) and hence provide a good avenue to search for physics beyond the SM.
Further motivation, especially to study the contributions of various quasi-two-body
resonances to inclusive CP asymmetry, comes from the recent results on B± →
K+K−K±, K+K−π± and other such three-body decays [1–3]. LHCb has found
large inclusive asymmetries in B± → K+K−π± and π+π−π± decays [2], where
the observed phenomena are largely in localized regions of phase space. Recently,
Belle has also reported strong evidence for a large CP asymmetry in the low K+K−
invariant-mass region of B± → K+K−π± [3].
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Fig. 1.1 Dominant Feynman diagrams that contribute to the decays B± → K 0
S K

0
S K

± (left) and
B± → K 0

S K
0
S π± (right)

The three-body decay B+ → K 0
S K

0
S K

+ [4] has already been observed and sub-
sequently studied by the Belle and BaBar Collaborations [5–7]. Belle measured
its branching fraction as (13.4 ± 1.9 ± 1.5) × 10−6 based on a small data set of
70 fb−1 [6], while BaBar reported a branching fraction of (10.6 ± 0.5 ± 0.3) × 10−6

and an inclusiveCP asymmetry of (4+4
−5 ± 2)%using 426 fb−1 of data [5]. The quoted

uncertainties are statistical and systematic, respectively. On the other hand, the decay
B+ → K 0

S K
0
S π

+ has not yet been observed, with the most restrictive upper limit
being available at 90% confidence level, B(B+ → K 0

S K
0
S π

+) < 5.1 × 10−7, from
BaBar [7].

We present herein an improved measurement of the branching fraction and direct
CP asymmetry of the decay B+ → K 0

S K
0
S K

+, as well as a search for the decay
B+ → K 0

S K
0
S π

+ based on the full ϒ(4S) data sample, containing 772 × 106 BB
pairs, collected with the Belle detector [8] at the KEKB asymmetric-energy e+e−
(3.5–8.0GeV) collider [9]. The direct CP asymmetry in the former case is given by

ACP = N (B− → K 0
S K

0
S K

−) − N (B+ → K 0
S K

0
S K

+)

N (B− → K 0
S K

0
S K

−) + N (B+ → K 0
S K

0
S K

+)
, (1.1)

where N is the signal yield obtained for the corresponding mode.

1.2 Event Selection

To reconstruct B+ → K 0
S K

0
S h

+ decay candidates, we combine a pair of K 0
S mesons

with a charged kaon or pion. Each charged track candidate must have a distance of
closest approach with respect to the interaction point (IP) of less than 0.2 cm in the
transverse r–φ plane and less than 5.0 cm along the z axis. Here, the z axis is the
direction opposite the e+ beam. Charged kaons and pions are identified based on a
likelihood ratio RK/π = LK /(LK + Lπ), where LK and Lπ denote the individual
likelihood for kaons and pions, respectively, calculated using specific ionization in
the CDC and information from the ACC and the TOF. A requirement, RK/π > 0.6,
is applied to select the kaon candidates; track candidates failing it are classified as
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pions. The efficiency for kaon (pion) identification is 86% (91%) with a pion (kaon)
misidentification rate of about 14% (9%).

The K 0
S candidates are reconstructed from pairs of oppositely charged tracks, both

treated as pions, and are identified with a neural network (NN) [10]. We require the
reconstructed invariant mass of the pion pair to be between 491 and 505MeV/c2,
corresponding to ±3σ around the nominal K 0

S mass [11]. B meson candidates are
identified using two kinematic variables: beam-energy constrained mass, Mbc =√
E2
beam/c4 − ∣∣∑

i pi/c
∣∣2, and energydifference,�E = ∑

i Ei − Ebeam,where Ebeam

is the beam energy, and pi and Ei are the momentum and energy, respectively, of
the i-th daughter of the reconstructed B candidate in the center-of-mass frame. We
retain events with 5.271GeV/c2 < Mbc < 5.287GeV/c2 and −0.10GeV < �E <

0.15GeV for further analysis. The Mbc requirement corresponds to approximately
±3σ around the nominal B+ mass [11]. We apply a looser (−6σ,+9σ) requirement
on �E as it is used in the fitter (described below). The average number of B candi-
dates found per event is 1.13 (1.49) for B+ → K 0

S K
0
S K

+ (K 0
S K

0
S π

+). In events with
multiple B candidates, we choose the one with the lowest χ2 value obtained from a
B vertex fit. This criterion selects the correct B-meson candidate in 75% (63%) of
MC events for B+ → K 0

S K
0
S K

+ (K 0
S K

0
S π

+).
The dominant background is from the e+e− → qq (q = u, d, s, c) continuum

process. To suppress it, observables based on the event shape topology are utilized.
The event shape in the CM frame is expected to be spherical for BB events, in
contrast to jet-like for continuum events. We employ a NN [10] to combine the event
topology variables. The NN training and optimization are performed with signal and
qq Monte Carlo (MC) simulated events. The signal MC sample is generated with the
EvtGen program [12] assuming a three-body phase space. We require the NN output
(CNB) to be greater than −0.2 to substantially reduce the continuum background.
The relative signal efficiency due to this requirement is approximately 91%, whereas
the achieved continuum suppression is close to 84% for both decays. The remainder
of theCNB distribution strongly peaks near 1.0 for signal, making it difficult to model
it with an analytic function. However, its transformed variable

C ′
NB = log

[
CNB − CNB,min

CNB,max − CNB

]
, (1.2)

where CNB,min = −0.2 and CNB,max � 1.0, has a Gaussian-like distribution.
The background due to B decays mediated via the dominant b → c transition is

studied with an MC sample comprising such decays. The resulting �E and Mbc dis-
tributions are found to strongly peak in the signal region for both B+ → K 0

S K
0
S K

+
and K 0

S K
0
S π

+ decays. For B+ → K 0
S K

0
S K

+, the peaking background predomi-
nantly stems from B+ → D0K+ with D0 → K 0

S K
0
S and B+ → χc0(1P)K+ with

χc0(1P) → K 0
S K

0
S . To suppress these backgrounds, we exclude candidates forwhich

MK 0
S K

0
S
lies in the ranges of [1.85, 1.88]GeV/c2 and [3.38, 3.45]GeV/c2 correspond-

ing to about ±3σ window around the nominal D0 and χc0(1P) mass [11], respec-
tively. On the other hand, in case of B+ → K 0

S K
0
S π

+, the peaking background
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largely arises from B+ → D0π+ with D0 → K 0
S K

0
S . To suppress this background,

we exclude candidates for whichMK 0
S K

0
S
lies in the aforementioned D0 mass window.

There are a fewbackgroundmodes that contribute in theMbc signal region but have
the �E peak shifted from zero on the positive (negative) side for B+ → K 0

S K
0
S K

+
(K 0

S K
0
S π

+). The so-called “feed-across background” modes, mostly arising due to
K–π misidentification, are identified with a BB MC sample in which one of the
B mesons decays via b → u, d, s transitions. The feed-across background includes
contribution from B → K 0

S K
0
S π (K 0

S K
0
S K ) in B+ → K 0

S K
0
S K

+ (K 0
S K

0
S π

+). The
events that remain after removing the signal and feed-across components comprise
the “combinatorial background.” After all selection requirements, the efficiency
for correctly reconstructed signal events (εrec) is 24% (28%) for B+ → K 0

S K
0
S K

+
(K 0

S K
0
S π

+). The fraction of misreconstructed signal events ( fSCF) is 0.45% (1.05%)
for B+ → K 0

S K
0
S K

+ (K 0
S K

0
S π

+). As fSCF represents a small fraction of the signal
events for both decays, we consider it as a part of signal.

1.3 Signal Extraction

The signal yield and ACP are obtained with an unbinned extended maximum likeli-
hood fit to the two-dimensional distributions of�E andC ′

NB . We define a probability
density function (PDF) for each event category j (signal, qq , combinatorial BB, and
feed-across backgrounds) as

P i
j ≡ 1

2
(1 − qi .ACP, j ) × P j (�E i ) × P j (C

′ i
NB), (1.3)

where i denotes the event index, qi is the charge of the B candidate in the event,
P j is the PDF corresponding to the component j . Since the correlation between
�E and C ′

NB is found to be negligible, the product of two individual PDFs is a
good approximation for the total PDF. We apply a tight requirement on Mbc instead
of including it in the fitter as it exhibits large correlation with �E for signal and
feed-across components. The extended likelihood function is

L = e− ∑
j n j

N !
∏
i

[ ∑
j

n jP i
j

]
, (1.4)

where n j is the yield of the event category j and N is the total number of events.
To account for crossfeed between the B → K 0

S K
0
S K and B → K 0

S K
0
S π channels,

they are simultaneously fitted, with the B → K 0
S K

0
S K signal yield in the correctly

reconstructed sample determining the normalization of the crossfeed in the B →
K 0

S K
0
S π fit region, and vice versa.

Table1.1 lists the PDF shapes used to model �E and C ′
NB distributions for var-

ious event categories for B → K 0
S K

0
S K . For B → K 0

S K
0
S π, we use similar PDF
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Table 1.1 List of PDFs used to model the �E and C ′
NB distributions for various event categories

for B → K 0
S K

0
S K . G, AG, and Poly1 denote Gaussian, asymmetric Gaussian, and first order poly-

nomial, respectively

Event category �E C ′
NB

Signal 3 G G+AG

Continuum qq Poly1 2 G

Combinatorial BB Poly1 2 G

Feed-across G+Poly1 G

shapes except for the feed-across background component, where we use a sum of
a Gaussian, asymmetric Gaussian, and first order polynomial to parametrize �E,
and a sum of Gaussian and asymmetric Gaussian functions to parametrize C ′

NB .
For B → K 0

S K
0
S K , the yields for all event categories except for that of the combi-

natorial BB background are allowed to vary in the fit. The latter yield is fixed to
the MC value as it is found to be correlated with the continuum background yield.
For B → K 0

S K
0
S π, the yields for all event categories are allowed to vary. For both

B → K 0
S K

0
S K and K 0

S K
0
S π, the following PDF shape parameters of the continuum

background are floated: the slope of the first order polynomial used for �E, and one
of the means and widths of the Gaussian functions used to model C ′

NB . The PDF
shapes for signal and other background components are fixed to the correspond-
ing MC expectations. We correct the signal �E and C ′

NB PDF shapes for possible
data-MC differences, according to the values obtained with a large-statistics control
sample of B → D0(K 0

S π
+π−)π. The same correction factors are also applied for the

feed-across background component of B → K 0
S K

0
S π.

Figure1.2 shows �E and C ′
NB projections of the fit to B+ and B− samples sepa-

rately for B → K 0
S K

0
S K and overall fit for B → K 0

S K
0
Sπ. We determine the branch-

ing fraction as

B(B+ → K 0
S K

0
Sh

+) = Nsig

ε × NBB̄ × [B(K 0
S → ππ)]2 (1.5)

where, Nsig, ε and NBB̄ are the signal yield, corrected reconstruction efficiency and
total number of B B̄ pairs, respectively. For B+ → K 0

S K
0
S π

+, we obtain a signal
yield of 69 ± 26, where the error is statistical only. The inclusive branching frac-
tion for B+ → K 0

S K
0
S π

+ is (6.5 ± 2.6 ± 0.4) × 10−7, where the first uncertainty
is statistical and the second is systematic. Its signal significance is estimated as√−2 log(L0/Lmax), whereL0 andLmax are the likelihood value with the signal yield
set to zero and for the nominal case, respectively. Including systematic uncertainties
(described below), we determine the significance to be 2.5 standard deviations (σ).
In view of the significance being less than 3σ, we set an upper limit (UL) on the
branching fraction of B → K 0

S K
0
Sπ. For this purpose, we convolve the likelihood

with a Gaussian function of width equal to the systematic error. Assuming a flat prior
we set an UL of 8.7 × 10−7 at 90% confidence level.
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Fig. 1.2 (color online). Projections of the two-dimensional simultaneous fit to �E for C ′
NB > 0.0

andC ′
NB for |�E| < 50MeV. Black points with error bars are the data, solid blue curves are the total

PDF, long dashed red curves are the signal, dashed green curves are the continuum background,
dotted magenta curves are the combinatorial BB background, and dash-dotted cyan curves are the
feed-across background [6]

For B+ → K 0
S K

0
S K

+, we perform the fit in seven bins of MK 0
S K

0
S
to incorporate

contributions from possible two-body intermediate resonances. Efficiency, differen-
tial branching fraction, andACP thus obtained are listed inTable1.2. Figure1.3 shows
the branching fraction andACP plotted as a function ofMK 0

S K
0
S
. We observe an excess

Table 1.2 Efficiency, differential branching fraction, and ACP in each MK 0
S K

0
S
bin for B+ →

K 0
S K

0
S K

+

MK 0
S K

0
S
(GeV/c2) Efficiency (%) dB/dM × 10−6

(c2/GeV)
ACP (%)

1.0–1.1 24.0 ± 0.4 10.40 ± 1.24 ± 0.38 −3.9 ± 10.9 ± 0.9

1.1–1.3 23.4 ± 0.2 8.60 ± 0.85 ± 0.32 −0.1 ± 9.3 ± 0.9

1.3–1.6 22.9 ± 0.1 10.23 ± 0.73 ± 0.38 +6.6 ± 6.9 ± 0.9

1.6–2.0 21.8 ± 0.1 3.93 ± 0.43 ± 0.15 +16.1 ± 10.3 ± 0.9

2.0–2.3 24.1 ± 0.1 3.90 ± 0.47 ± 0.15 −3.3 ± 11.3 ± 0.9

2.3–2.7 25.2 ± 0.1 2.45 ± 0.33 ± 0.09 −5.7 ± 12.2 ± 1.0

2.7–5.0 26.3 ± 0.0 0.35 ± 0.07 ± 0.01 −31.9 ± 19.7 ± 1.2
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Fig. 1.3 Differential branching fraction (left) and ACP (right) as functions of MK 0
S K

0
S
for B+ →

K 0
S K

0
S K

+. Black points with error bars are the results from the two-dimensional fits to data and
include systematic uncertainties. Blue squares in the left plot show the expectation from a phase
space MC sample and the red line in the right plot indicates a zero CP asymmetry [6]

of events around 1.5GeV/c2, whereas no significant evidence for CP asymmetry is
found in any of the bins. The inclusive branching fraction obtained by integrating
the differential branching fractions over the entire MK 0

S K
0
S
range is

B(B+ → K 0
S K

0
S K

+) = (10.42 ± 0.43 ± 0.22) × 10−6, (1.6)

where the first uncertainty is statistical and the second is systematic. The ACP over
the full MK 0

S K
0
S
range is

ACP(B+ → K 0
S K

0
S K

+) = (+1.6 ± 3.9 ± 0.9)%. (1.7)

Table 1.3 Systematic uncertainties in the branching fraction of B+ → K 0
S K

0
S π+

Source Relative uncertainty in B (%)

Tracking 0.35

Particle identification 0.80

Number of BB pairs 1.37

Continuum suppression 0.34

Requirement on Mbc 0.03

K 0
S reconstruction 3.22

Fit bias 1.86

Signal PDF 1.30

Combinatorial BB PDF +1.31,−1.98

Feed-across PDF +3.57,−4.10

Fixed background yield +2.63,−2.27

Fixed background ACP 0.50

Total +6.30, −6.67
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Table 1.4 Systematic uncertainties in the differential branching fraction and ACP in MK 0
S K

0
S
bins

for B+ → K 0
S K

0
S K

+. “†” indicates the uncertainty is independent of MK 0
S K

0
S
. An ellipsis indicates

a value below 0.05% in dB/dM and 0.001 in ACP

MK 0
S K

0
S
(GeV/c2) 1.0 −

1.1
1.1 −
1.3

1.3 −
1.6

1.6 −
2.0

2.0 −
2.3

2.3 −
2.7

2.7 −
5.0

Source Relative uncertainty in dB/dM (%)

Tracking† 0.35

Particle identification† 0.80

Number of BB pairs† 1.37

Continuum suppression† 0.34

Requirement on M†
bc 0.03

K 0
S reconstruction† 3.22

Fit bias† 0.53

Signal PDF +0.33
−0.27

+0.63
−0.48

+0.46
−0.44

+0.22
−0.63

+0.52
−0.38 0.67 1.10

Combinatorial BB PDF 0.09 +0.08
−0.13 0.12 +0.17

−0.21
+0.26
−0.34 0.40 0.40

Fixed background yield · · · 0.10 0.10 0.23 · · · 0.11 0.60

Fixed background ACP · · · · · · · · · 0.20 0.10 · · · 0.13

Total ±3.68 ±3.72 ±3.69 ±3.73 ±3.72 ±3.75 ±3.89

MK 0
S K

0
S
(GeV/c2) 1.0 −

1.1
1.1 −
1.3

1.3 −
1.6

1.6 −
2.0

2.0 −
2.3

2.3 −
2.7

2.7 −
5.0

Source Absolute uncertainty in ACP

Signal PDF 0.001 0.002 0.001 0.002 0.001 0.001 0.004

Combinatorial BB PDF 0.001 0.001 0.001 · · · 0.001 0.002 0.001

Fixed background yield · · · · · · 0.001 0.001 0.001 0.001 0.004

Fixed background ACP · · · · · · 0.001 0.001 0.001 0.002 0.006

Detector bias† 0.009

Total ±0.009 ±0.009 ±0.009 ±0.009 ±0.009 ±0.010 ±0.012

This is obtained by weighting the ACP value in each bin with the fitted yield
divided by the detection efficiency in that bin. As the statistical uncertainties are
bin-independent, their total contribution is a quadratic sum. On the other hand, for
the systematic uncertainties, the total contribution from the bin-correlated sources is
taken as a linear sum while that from the bin-uncorrelated sources is determined as a
quadratic sum. Major sources of systematic uncertainties are listed along with their
contributions in Tables1.3 and 1.4. The results are in agreement with BaBar [5],
where they had reported an overall ACP consistent with zero, and the presence of
intermediate resonances f0(1500) and f ′

2(1525) in the low invariant-mass regions.

1.4 Summary

In summary, we report improved measurements of the suppressed decays B+ →
K 0

S K
0
S K

+ and B+ → K 0
S K

0
S π

+ using the full ϒ(4S) data sample collected with the
Belle detector. We perform a two-dimensional simultaneous fit to extract the sig-
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S K

0
S h

± (h = K ,π) at Belle 9

nal yields of both decays. We report a 90% upper limit on the branching fraction of
8.7 × 10−7 for the decay B+ → K 0

S K
0
S π

+. We also report the branching fraction and
ACP as a function of MK 0

S K
0
S
for B+ → K 0

S K
0
S K

+. We observe an excess of events at
low MK 0

S K
0
S
region, likely caused by the two-body intermediate resonances reported

by BaBar [5]. An amplitude analysis with more data is needed to further eluci-
date the nature of these resonances. The measured inclusive branching fraction and
direct CP asymmetry are B(B+ → K 0

S K
0
S K

+) = (10.42 ± 0.43 ± 0.22) × 10−6

andACP = (+1.6 ± 3.9 ± 0.9)%, respectively. These supersede Belle’s earliermea-
surements [6] and constitute the most precise results to date. The results presented
in this report have been already published elsewhere [13].
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Chapter 2
Model Independent Analysis
of B̄∗ → Plν̄l Decay Processes

Atasi Ray, Suchismita Sahoo, and Rukmani Mohanta

Abstract A spectacular deviation of Standard Model (SM) value of lepton nonuni-
versality (LNU) parameters

(
RD, RD∗ , RK , RK∗, RJ/ψ

)
from their experimental one,

provides a clear hint for the presence of new physics (NP) beyond the SM. In this con-
text, we have studied the effect of NP in the semileptonic B̄∗ → Plν̄l decay process
in a model independent way. In this approach, we considered the NP to have scalar,
vector, and tensor type of couplings and treated the newWilson coefficients as com-
plex quantities in our analysis. We constrained the parameter space of new couplings
using the measured values of Br(B+

u → τ+ντ ), Br(B → πτ ν̄τ ), Rl
π for b → ulν̄l

processes and Br(B+
c → τ+ντ ), RD(∗) and RJ/ψ observables for b → clν̄l processes.

Using the constrained parameters, we analyzed the q2 variation of branching ratio,
forward-backward asymmetry, and LNU parameters of B̄∗ → Plν̄l process, in the
context of NP.

2.1 Introduction

Recently B-factory has observed various anomalies associated with several semilep-
tonic B-meson decay processes. Variation of several Lepton nonuniversality param-
eters is listed in Table 2.1. In this context, we wish to scrutinize the possibility of
observing LNU parameters and other asymmetries in B̄∗ → Plν̄l decay process
mediated by b → (u, c) quark level transition.

Various rare B-meson decays have been studied both theoretically and experi-
mentally so far. These play important role in testing SM and probing possible hint
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Table 2.1 Lepton nonuniversality Parameters

LNU parameter Measured value SM value Deviation

Rk =
BR(B+→K+μ+μ−)

BR(B+→K+e+e−)

0.745+0.090
−0.074 ± 0.036 1.0003 ± 0.0001 2.6σ

Rk∗ =
BR(B+→K ∗μ+μ−)

BR(B+→K ∗e+e−)

0.660+0.110
−0.070 ± 0.03 0.92 ± 0.02 2.2σ

RD = BR(B→Dτντ )
BR(B→Dlνl )

0.340 ± 0.027 ±
0.013

0.299 ± 0.003 1.9σ

RD∗ = BR(B→D∗τντ )
BR(B→D∗lνl ) 0.295 ± 0.011 ±

0.008
0.258 ± 0.005 3.3σ

RJ/ψ =
Br(Bc→J/ψτν̄τ )
Br(Bc→J/ψlν̄l )

0.71 ± 0.17 ± 0.184 0.289 ± 0.01 2σ

of new Physics (NP) beyond it. The vector ground state of bq̄ system, B∗ meson can
also decay through b → (u, c) quark level transition. With the rapid development of
heavy flavor experiments, the B∗ weak decays are hopeful to be observed in Belle-II
experiment. LHC experiment will provide a lot of experimental information for B∗
weak decays due to the larger beauty production cross-section of pp collision. In this
aspect, wewant to study the rare B∗ → Plν̄l decay processes in amodel independent
way.

This paper is organized as follows. Section2.2 contains the theoretical framework
associated with B∗ → Plν̄l decay processes. In Sect. 2.3, we present the constraints
on the new couplings for decay processes mediated by b → c and b → u obtained
using χ2 fit of RD(∗) , RJ/ψ , Rl

π , Br(Bu,c → τν), Br(B → πτ ν̄) observables. Section
4 contains the effect of NP on various observables and we summarize our results in
Sec. 2.5.

2.2 Theoretical Framework

The most general effective Lagrangian for B∗ → Plν̄l processes mediated by b →
ql−ν̄l (q = u, c), can be expressed in the effective field theory approach as [1],

Le f f = −2
√
2GFVqb

[
(1 + VL ) q̄LγμbL l̄LγμνL + VR q̄RγμbR l̄LγμνL + SL q̄RbL l̄RνL

+SR q̄LbR l̄RνL + TL q̄RσμνbL l̄RσμννL + h.c.
]
, (2.1)
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where P is any pseudoscalarmeson,GF is the Fermi constant, Vqb is the CKMmatrix
element, VL ,R, SL ,R, TL are the new vector, scalar, and tensor type new physics (NP)
couplings. (q, l)L ,R = PL ,R(q, l), where PL ,R = (1 ∓ γ5)/2 are the chiral projection
operators. The NP coefficients are zero in the standard model. In our analysis, we
consider all the NP coefficients to be complex and we consider the neutrinos as left-
handed. We assume the NP effect is mainly through the third generation leptons and
do not consider the effect of tensor operators in our analysis for simplicity.

The double differential decay rate associated with B∗ → Plν̄l decay process with
particular leptonic helicity state (λ = ± 1

2 ) are expressed as

d2Γ (λl= − 1
2 )

dq2d cos θ
= G2

F

768π3
|p|
m2
B∗

|Vqb|2 q2
(

1−m2
l

q2

)2 {
|1+VL |2[(1− cos θ)2H2−++(1 + cos θ)2H2+−

+ 2 sin2 θH2
00

] + |VR |2[(1 − cos θ)2H2+− + (1 + cos θ)2H2−+ + 2 sin2 θH2
00

]

− 4Re
[
(1 + VL )V ∗

R ][(1 + cos θ)2H+−H−+ + sin2 θH2
00

]}
, (2.2)

d2Γ (λl = 1
2 )

dq2d cos θ
= G2

F

768π3
|p|
m2
B∗

|Vqb|2
(

1 − m2
l

q2

)2

m2
l

{(|1 + VL |2 + |VR |2)[ sin2 θ(H2−+ + H2+−)

+ 2(H0t − cos θH00)
2] − 4Re

[
(1 + VL )V ∗

R
][
sin2 θH−+H+− + (H0t − cos θH00)

2]

+ 4Re[(1 + VL − VR)(S∗
L − S∗

R)]
√
q2

ml

[
H ′
0t (H0t − cos θH00)

]

+ 2|SL − SR |2 q2

m2
l

H ′
0t
2
}
. (2.3)

Here H±,∓, H00, H0t are the helicity amplitudes which are the function of form
factors. We used the form factors evaluated in [2]. We used the numerical values of
particles masses, CKM elements, and Fermi constant from [3].

From (2.2) and (2.3), the double differential decay rate of B∗ → Plν̄l decay
process can be expressed as

dΓ

dq2
= G2

F

288π3

|p|
m2

B∗
|Vqb|2 q2

(
1 − m2

�

q2

)2 [
(|1 + VL |2 + |VR|2)

× [ (
H 2

−+ + H 2
+− + H 2

00

)
(
1 + m2

�

2q2

)
+ 3m2

�

2q2
H 2

0t

]

− 2Re[(1 + VL)V
∗
R ]

[
(2H−+H+− + H 2

00)

(
1 + m2

�

2q2

)
+ 3m2

�

2q2
H 2

0t

]

+ 3
m�√
q2

Re
[
(1 + VL − VR)(S∗

L − S∗
R)

]
H ′

0t H0t + 3

2
|SL − SR|2H ′

0t

]
, (2.4)
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Apart from differential decay rate we also considered other observables sensitive
towards NP are

– Forward-backward asymmetry:

AP
FB(q2) =

∫ 0
−1 d cos θ(d2Γ/dq2d cos θ) − ∫ 1

0 d cos θ(d2Γ/dq2d cos θ)
∫ 0
−1 d cos θ(d2Γ/dq2d cos θ) + ∫ 1

0 d cos θ(d2Γ/dq2d cos θ)
(2.5)

– Lepton nonuniversality parameter:

R∗
P(q2) = dΓ (B∗ → Pτ−ν̄τ )/dq2

dΓ (B∗ → Pl−ν̄l)/dq2
. (2.6)

– Lepton spin asymmetry:

AP
λ (q2) = dΓ (λl = −1/2)/dq2 − dΓ (λl = 1/2)/dq2

dΓ (λl = −1/2)/dq2 + dΓ (λl = 1/2)/dq2
. (2.7)

2.3 Constraints on New Couplings

In this analysis, the new couplings are considered to be complex. Considering the
contribution of only one coefficient at a time and all others to be zero, we perform
the chi-square fitting for the individual complex couplings. The χ2 is defined as

χ2 =
∑

i

(Oth
i − Oexp

i )2

(ΔOexp
i )2

, (2.8)

where Oth
i represents the theoretical prediction of the observables, Oexp

i symbolizes
the measured central value of the observables and ΔOexp

i denotes the corresponding
1σ uncertainty. We constrain the real and imaginary parts of new coefficients related
to b → clν̄l quark level transitions from theχ2 fit of RD(∗) , RJ/ψ andBr(B+

c → τ+ντ )
observables and the couplings associated with b → uτ ν̄τ processes are constrained
from the fit of Rl

π, Br(B
+
u → τ+ν) and Br(B0 → π+τ−ν̄) data. The constrained

parameter space are presented in Table 2.2.

2.4 Effect of New Physics

Here we considered the contribution of only VL coefficient in addition to the SM
Lagrangian and considered all other coefficients to be zero. In the presence of only
VL coefficient, we showed the q2 variation of several parameters associated with the
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considered decay processes. We performed similar analysis in presence of VR , SL
and SR coefficient only. Here we present the q2 variation of the differential decay rate
and LNU parameter of B̄∗

d → D+τ−ν̄τ and B̄∗
d → π+τ ν̄τ decay processes showing

profound deviation of the observables from the SM in presence of NP coupling
VL only. The numerical values of the observables associated with B∗0 → D+τ−ν̄τ ,

Table 2.2 Best-fit values and corresponding 1σ ranges of new complex coefficients
Decay modes New coefficients Best-fit 1σ range χ2/d.o.f

b → cτ ν̄τ (Re[VL ], Im[VL ]) (−1.1474, 1.1171) ([−1.3,−0.7], [1.088, 1.148]) 0.988

(Re[VR ], Im[VR ]) (6.57 ×
10−3, −0.5368)

([−0.015, 0.025], [−0.6,−0.48]) 0.966

(Re[SL ], Im[SL ]) (0.2052, 0) ([0.12, 0.28], [−0.35, 0.35]) 6.097

(Re[SR ], Im[SR ]) (−1.003, −0.78906) ([−1.17, −0.77], [−0.89, −0.71]) 3.6

b → uτ ν̄τ (Re[VL ], Im[VL ]) (−0.8318, 1.098) ([−1.43, −0.43], [1.0, 1.2]) 0.265

(Re[VR ], Im[VR ]) (−0.115, 0) ([−0.2,−0.025], [−0.45, 0.45]) 0.1363

(Re[SL ], Im[SL ]) (−0.0236, 0) ([−0.042,−0.006], [−0.09, 0.09]) 0.1906

(Re[SR ], Im[SR ]) (−0.439, 0) ([−0.46,−0.42], [−0.09, 0.09]) 0.1906

Table 2.3 Predicted numerical values of differential decay rate, LNUparameters, lepton spin asym-
metry, and forward-backward asymmetry of B̄∗

d,(s) → D+(D+
s )τ−ν̄τ and B̄∗

d(s) → π+(K+)τ ν̄τ

decay processes in the SM and in the presence of VL ,R coefficients

Observables M Predictions Values with VL Values with VR

Br(B∗0 → D+τ−ν̄τ ) 2.786 × 10−8 (3.358 →
3.732) × 10−8

(3.394 →
3.755) × 10−8

R∗
D 0.299 0.360 → 0.40 0.364 → 0.403

AD
λ 0.576 0.576 0.576

AD
FB −0.054 −0.054 (0.002 → 0.026)

Br(B∗0
s → D+

s τ−ν̄τ ) 5.074 × 10−8 (6.116 →
6.797) × 10−8

(6.181 →
6.838) × 10−8

R∗
Ds

0.297 0.358 → 0.398 0.362 → 0.400

ADs
λ 0.573 0.573 0.573

AD
FB −0.053 −0.053 0.003 → 0.027

Br(B∗0 → π+τ−ν̄τ ) 1.008 × 10−9 (1.036 →
1.479) × 10−9

(1.051 →
1.392) × 10−9

R∗
π 0.678 0.697 → 0.995 0.707 → 0.936

Aπ
λ 0.781 0.781 0.780 → 0.781

Aπ
FB −0.209 −0.209 (−0.198 → −0.129)

Br(B∗0
s → K+τ−ν̄τ ) 1.034 × 10−9 (1.063 →

1.518) × 10−9
(1.078 →
1.421) × 10−9

R∗
K 0.639 0.657 → 0.939 0.666 → 0.878

AK
λ 0.747 0.747 0.745 → 0.746

AK
FB −0.207 −0.207 (−0.196 → −0.124)
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Table 2.4 Predicted numerical values of differential decay rate, LNUparameters, lepton spin asym-
metry, and forward-backward asymmetry of B̄∗

d(s) → D+(D+
s )τ−ν̄τ and B̄∗

d,(s) → π+(K+)τ ν̄τ

decay processes in presence of SL ,R coefficients

Observables Values with SL Values with SR

Br(B∗0 → D+τ−ν̄τ ) (2.731 → 2.761) × 10−8 (2.670 → 2.715) × 10−8

R∗
D 0.293 → 0.296 0.289 → 0.291

AD
λ 0.591 → 0.608 0.617 → 0.633

AD
FB −0.076 → −0.064 −0.145 → −0.114

Br(B∗
s → D+

s τ−ν̄τ ) (4.971 → 5.027) × 10−8 (4.894 → 4.941) × 10−8

R∗
Ds

0.291 → 0.294 0.286 → 0.289

ADs
λ 0.588 → 0.606 0.615 → 0.631

ADs
FB −0.075 → −0.062 −0.144 → −0.113

Br(B∗0 → π+τ−ν̄τ ) (1.008 → 1.011) × 10−9 (9.845 → 9.850) × 10−10

R∗
π 0.678 → 0.680 0.662 → 0.663

Aπ
λ 0.774 → 0.780 0.822 → 0.823

Aπ
FB −0.208 → −0.204 (−0.254 → −0.251)

Br(B∗
s → K+τ−ν̄τ ) (1.034 → 1.039) × 10−9 (1.002 → 1.003) × 10−9

R∗
K 0.640 → 0.642 0.619 → 0.620

AK
λ 0.738 → 0.745 0.800 → 0.802

AK
FB −0.206 → −0.202 −0.261 → −0.256

B∗0
s → D+

s τ−ν̄τ , B∗0 → π+, τ−ν̄τ , B∗0
s → K+τ−ν̄τ decay processes in presence

of VL , VR and SL , SR are presented in Tables 2.3 and 2.4 respectively.

2.5 Conclusion

We have studied B∗ → Plν̄l decay process in a model independent way. We con-
sidered the new couplings as Complex. Considering one coefficient at a time the
allowed parameter space of the new coefficients were obtained. In the presence of
individual complex Wilson coefficients, we have studied their effects on various
parameters associated with B∗0 → D+τ−ν̄τ , B∗0

s → D+
s τ−ν̄τ , B∗0 → π+, τ−ν̄τ ,

B∗0
s → K+τ−ν̄τ decay processes. We show the q2 variation of differential decay

rate and LNU parameter in presence of NP in Fig. 2.1, which shows a significant
deviation from the SM.
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Fig. 2.1 The q2 variation of differential decay rates and LNU observables of B̄∗
d → D+τ−ν̄τ

(left panel) and B̄∗
d → π+τ ν̄τ (right panel) in presence of only VL new coefficient. Here the blue

dashed lines represent the standard model predictions. The black solid lines and the orange bands
are obtained by using the best-fit values and corresponding 1σ range of VL coefficient
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Chapter 3
Search for Standard Model Higgs Boson
Production in Association with Top
Quark Pairs at CMS

Ram Krishna Dewanjee

Abstract After the discovery of a new boson of mass 125 GeV (LHC. Phys. Lett.
B716:30, 2012 [1]), one of the main goals of the LHC is to precisely measure its
properties.Within the current experimental uncertainties, the properties of this boson
are compatible with the expectation for the standard model (SM) Higgs boson. How-
ever, due to lack of sufficient data in Run-1, some of the properties of this particle are
yet to be measured. The Yukawa coupling between this boson with the top (t) quark
is one such crucialy important property. Many beyond SM (BSM) theories predict
deviations of this coupling from SM value as evidence for new physics. SM Higgs
(H) production in association with top quarks (t t̄ H ) allows a direct measurement of
this coupling. In this paper, results of searches for t t̄ Hprocess are presented in final
states involving bottom (b) quarks, photons (γ), leptons (e/μ), and (hadronically
decaying) tau leptons (τh) using Run-2 luminosity collected in 2016 (35.9 f b−1) at√
s = 13 TeV by the CMS experiment (CERN LHC. J. Instrum. 08: S08004, 2008

[2]).

3.1 Introduction

Within the SM framework, the Higgs boson is responsible for the dynamic genera-
tion of masses of all SM particles via the Brout–Englert–Higgs mechanism. In the
fermion sector, Higgs interacts via yukawa couplings which are proportional to the
fermion masses. Top quark being the heaviest SM fermion, may play a yet unknown
role in the electroweak symmetry breaking. This makes the top-Higgs yukawa cou-
pling an important probe for BSM physics. Although indirect constraints on its
value (via gluon fusion and the H → γγ loop contribution) are available, its direct
measurement is possible only via studying top quark associated Higgs production
(t t̄ Hand tH). This article overviews all major Run-2 t t̄ Hsearches: t t̄ H(H → bb̄)
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Fig. 3.1 LO Feynman diagrams for top quark associated Higgs boson production (t t̄ H ) with Higgs
decaying to pair of b-quarks (left), W-bosons (middle) and Z-bosons (right)

[3, 4], t t̄ H(H → γγ) [5] and t t̄ H Multi-lepton [6] search (which combines
t t̄ H(H → VV ∗)1 [7] and t t̄ H(H → ττ ) [8] searches) (Fig. 3.1).

3.2 Analysis Strategy and Event Categorization

The general analysis strategy of all t t̄ Hsearches involve categorization to seperate
events into categories of varying sensitivity. Signal over background discrimination
in each category is then enhanced via. Dedicated shape analysis of a usually multi-
variate (MVA) discriminator. Finally, a binned maximum likelihood fit on the distri-
bution of this discriminator is performed for signal extraction and limit computation.
The major categories employed by the t t̄ Hsearches are as follows:

1. t t̄ H(H → bb̄) : This search benefits from the large SM H → bb̄ branching
fraction (∼57%) but is limited by systematic uncertainity on the (irreducible)
t t̄ + bb̄ background. It is divided into two primary channels (based on the
hadronic or leptonic decays of the top quarks):

(a) Hadronic channel : Events are first selected using dedicated multi-Jet triggers.
They are then divided into six categories depending on jet and b-tagged jet mul-
tiplicity. These are (7Jets, 3b-tagged), (7Jets, ≥4b-tagged), (8Jets, 3b-tagged),
(8Jets, ≥4b-tagged), (≥9Jets, 3b-tagged), and (≥9Jets, ≥4b-tagged). MEM2

was employed in all the categories to distinguish signal (t t̄ H ) from background
(t t̄ + bb̄) and was also used for signal extraction.

(b) Leptonic channel : Events are first selected using single lepton triggers and
divided into two main categories (each of which is further split by lepton flavor).

1V = W/Z-boson.
2Matrix element method.
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∗ Single Lepton category : Events are split into (4Jets,≥3b-tagged), (5Jets,≥3b-
tagged), and (≥6Jets, ≥3b-tagged) categories. DNNs3 are trained to seperate
t t̄ Hsignal from t t̄ + X background (where X = bb̄/cc̄/2b/b and light flavors).

∗ Di-Lepton category : Events are divided into (≥4Jets, 3b-tagged) and (≥4Jets,
≥4b-tagged) categories with BDTs4 trained to distinguish t t̄ Hsignal from t t̄
background in both. While the former uses this BDT itself for signal extraction
the latter gives this as input to MEM discrimintaor.

2. t t̄ H(H → γγ) : Events are first selected using asymmetric5 di-photon triggers.
This search is itself a channel under the general SM H → γγ search and uti-
lizes special BDT for tagging t t̄ Hmulti-jet events. This BDT uses the following
variables as inputs:

• Number of jets (pT > 25 GeV).
• Leading jet pT .
• 2 jets with the highest b-tagging score.

Contributions of other SM (non t t̄ H ) H → γγ processes e.g., Gluon fusion, VBF6

are treated as background by this BDT. Additional BDTs are used for photon identi-
fication and di-photon vertex assignment. This search too is split into Leptonic and
Hadronic channels targetting semi-leptonic and hadronic top decays.

(a) Leptonic channel : Events enter this channel if they satisfy the following kine-
matic selections:

∗ ≥1 Lepton (pT > 20 GeV) non-overlapping with any photon.
∗ ≥2 Jets, (pT > 25 GeV, |η| < 2.4) non-overlapping with any photon or lepton.
∗ ≥1 Medium b-tagged Jet.
∗ Di-photon BDT score > 0.11.

(b) Hadronic channel : This comprises events passing the following kinematic
selections:

∗ ≥3 Jets, (pT > 25 GeV, |η| < 2.4) non-overlapping with any photon.
∗ ≥1 Loose b-tagged Jet.
∗ No Lepton in the event (passing the lepton selections of the Leptonic channel

described above).
∗ High score (>0.75) on the t t̄ Hmulti-jet tagging BDT (described above).
∗ Di-photon BDT score > 0.4.

In addition to this, di-photon invariant mass dependent pT cuts are applied to
selected photons in both channels to get a distortion free di-photon mass spectrum.

3Deep Learning Neural Networks.
4Boosted Decision Trees.
5Eγ1

T > 30 GeV, Eγ2
T > 18 GeV, Loose ECAL based photon identification.

6Vector boson fusion.



22 R. K. Dewanjee

3. t t̄ H Multi-lepton : In this search, events are first selected using lepton or lepton
+τh triggers. They are then required to have ≥2 loose b-tagged jets7 out of
which ≥1 is medium b-tagged. A special BDT trained on simulated t t̄ H (t t̄)
events as signal (background) is used to distinguish “prompt” leptons (produced
by W/Z/leptonic τ decays) from “non-prompt” leptons (produced in b-hadron
decays, decays-in-flight, andphoton conversions). Leptons passing (failing) it are
called tight (loose) leptons in this analysis.An additional di-lepton invariantmass
cut (mll > 12 GeV) is applied to all channels to reject phase space dominated
by low mass SM di-lepton resonances (e.g., J/ψ, Υ etc.) which are not well
modeled in simulation. The major channels of this search (which are also split
by lepton flavor) are

(a) 2 Lepton Same-Sign channel (2lSS) : Events containing exactly 2 same charge
tight leptons (plep1/2T > 25/15 GeV) and ≥ 4 Jets. Additional selections are
applied to reduce backgrounds due to conversions and lepton charge mis-
identification.

(b) 3 Lepton channel (3l) : Events containing exactly 3 leptons (plep1/2/3T >

25/15/15 GeV) with additional selections for rejection of backgrounds due to
Z → ll events and conversions.

(c) 4Lepton channel (4l) : Events passing exactly the same selections as 3l channel
but now having an additional requirement of a fourth lepton (pT > 10 GeV) in
the event.

(d) 1 Lepton + 2τh channel (1l+2τh) : Events containing exactly 1 tight lepton
(pe/μT > 25/20 GeV, |η| < 2.1) and 2 opposite charge tight τh leptons (pT > 30
GeV each). Events should also contain ≥ 3 Jets.

(e) 2 Lepton Same-Sign + 1τh channel (2lSS+1τh) : Events containing exactly 2
same charge tight leptons (plep1/2T > 25/15 GeV for electrons, plep1/2T > 25/10
GeV for muons) and 1 tight τh (pT > 30 GeV) with sign opposite to that of the
leptons. Events should also contain ≥ 3 Jets. Additional selections were applied
to reduce background due to charge mis-identification and Z → ll.

(f) 3 Lepton + 1τh channel (3l+1τh) : Events containing ≥ 3 tight leptons
(plep1/2/3T > 20/10/10 GeV) and≥ 1 tight τh (pT > 30 GeV). Sum of the charges
of the leptons and τh must be zero. Additional selections were applied to reduce
background due to charge mis-identification and Z → ll.

Events containing τh are vetoed in the pure leptonic channels ((a), (b), and (c)) to
keep them orthogonal to the lepton + τh channels ((d), (e), and (f)) For the 2lSS and
3l channels, a pair of BDTs (one each for training against t t̄V and t t̄ backgrounds
vs the t t̄ Hsignal) was used for enhanced sensitivity. The BDTs for 2lSS included
discriminators for “hadronic top tagging”. For signal extraction, the BDT pairs were
mapped onto one dimension using “Likelihood based clustering”. The minimum
invariantmass of the opposite sign di-lepton pairwas used for signal extraction for the
4l channel. BDT (trained to distinguish t t̄ H from t t̄) was used as final discriminator
in 1l+2τh channel. MEM (useful in separating t t̄ H from t t̄V and t t̄ backgrounds)

7 pT > 25 GeV, |η| <2.4, non-ovelapping with any lepton/τh .
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was used for signal extraction in 2lSS+1τh channel. BDT pair (one each trained
against t t̄V and t t̄) mapped into a one-dimensional discriminant was used for signal
extraction in 3l+1τh channel.

3.3 Backgrounds

Backgrounds in all the t t̄ Hsearches can be classified into three major categories
depending on their source/origin.

1. Reducible/Fake backgrounds : These backgrounds arise predominantly due to
Jets faking the final state particles (γ/leptons/τh or b-jets) used in the searches.
They are mostly either estimated from data or from simulation (with their yield
and shape corrected from background rich sidebands in data). In the t t̄ HMulti-
Lepton search, the probability of a Jet to pass tight selections is measured in
a multi-jet enriched sideband in data (measurement region). This probability is
then used to reweight another data sideband having the same selections as the
signal region but with relaxed lepton identification requirements (application
region). This reweighted sideband is then used to estimate fake background in
all channels.

2. Charge Flip background : This background is caused due to mis-identification
of lepton charge inside the detector (due to inelastic scattering or missing hits in
the tracker). It is measured from data via. “Tag and Probe” method in Z → ll
events in bins of lepton pT and |η|. It is measured to be∼ 10−3 for electrons and
was found to be negligible for muons.

3. Ir-reducible backgrounds : This background is caused by genuine physical
processes having the same final state particles as in the signal process. They are
usually estimated via. Simulation and their modeling validated using control
regions in data. Examples include t t̄V and WW/WZ/Z Z backgrounds.

3.4 Results

Results of the above mentioned t t̄ Hsearches with the data collected by CMS in 2016
(35.9 f b−1 at

√
s = 13 TeV) were combined with the CMS Run-1 dataset8 to obtain

a “5 σ discovery” of t t̄ Hprocess (Fig. 3.2) [9]. For the 2017 dataset,9 public results
were available only for the t t̄ HMulti-lepton search at the time of the symposium
[10]. A new category (2l + 2τh) was added by this search on top of the existing ones
and the combined (2016 + 2017) signal strength from the t t̄ HMulti-lepton search
alone equals 0.96+0.34

−0.31 (1.00
+0.30
−0.27) observed (expected) in units of the SMexpectation.

85.1 (19.7) f b−1 collected at
√
s = 7 (8) TeV.

941.4 f b−1 at
√
s = 13 TeV.
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Fig. 3.2 Results of the CMSRun-1+Run-2 t t̄ Hcombination. Likelihood scan of the signal strength
(a) and Channel-wise signal strength split by era (b)
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Chapter 4
Jet Substructure as a Tool to Study
Double Parton Scatterings in V + Jets
Processes at the LHC

Ramandeep Kumar, Monika Bansal, and Sunil Bansal

Abstract Double parton scatterings (DPS) provide vital information on the parton–
parton correlations and parton distributions in a hadron. It also constitute as a back-
ground to new physics searches. Measurement of DPS in Vector Boson (V) + jets
processes is important because of clean experimental signature and large production
cross-section. The available DPS measurements, with V + jets, are dominated by
large contamination from V (W or Z) + jets processes produced with single parton
scatterings (SPS). In this document, the importance of jet sub-structure in controlling
SPS backgrounds for Z + jets DPS processes is discussed.

4.1 Introduction

Two or more than two parton–parton interactions in a single proton–proton (pp)
collision are termed as multiple parton interactions (MPI) [1]. The probability of
MPI increases with increase in collision energy at the Large Hadron Collider (LHC).
MPI may produce particles with small transverse momenta as well as particles with
large transverse momenta. Double parton scattering (DPS), a subset ofMPI, includes
the production of particles with large transverse momenta from at-least two parton–
parton interactions. The study of DPS is important to understand parton–parton cor-
relations and parton distributions in a hadron [2]. DPS processes can also contribute
as background in the new physics searches [3, 4] as well. The experimental measure-
ments of the DPS processes are usually contaminated by the particles from single
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parton scatterings (SPS). Usually, the correlation observables are used to disentangle
the DPS processes from the SPS ones as in the existing measurements [5, 6]. The jet
multiplicity distribution provides other opportunity to enhance the DPS signal con-
tribution [7]. The presented studies [8] demonstrate that the fragmentation properties
of a jet can be used to suppress the SPS backgrounds.

This study is performed using Z + jets events which are simulated using mad-
graph [9] and powheg [10, 11]. pythia8 [12] is used for the parton showering and
hadronization of these events. To investigate effect of hadronization models, events
are also simulated using hadronization and parton showering with herwig++. The
DPS production of Z + 2-jets events is simulated using pythia8, where one parton–
parton scattering produces a Z-boson and the second one produces two jets. The
following selection criteria, motivated from experimental constraints, is imposed on
the simulated events:

– Two muons with transverse momenta larger than 20 GeV/c and absolute pseudo-
rapidity less than 2.5.

– The dimuon invariant mass is required to be in range of 60−120 GeV/c2.
– Two jets with minimum transverse momenta of 20 GeV/c and |η| < 2.5, which
are clustered using anti-kT algorithm with the radius parameter equal to 0.5.

The dijet production fromDPS is dominated by the gluon-initiated jets andmost of
the jets produced via SPS are supposed to be initiated by quarks as depicted in Fig. 4.1.
The jets are identified as initiated by quarks or gluons using jet-parton matching in
η × φ space. It can be seen that the contribution of gluon-initiated jets is ≈75% and
≈ 45% in DPS and SPS processes, respectively. Therefore, the contribution of DPS
events can be increased by identifying the flavor of a jet and choosing the events with
gluon-initiated jets only.

The fragmentation properties of the quark-initiated jets are different from the
gluon-initiated jets [13–15]. The intrinsic properties of jets may be used to construct

Fig. 4.1 The fraction of
gluon-initiated jets as a
function of the jet pT in the
simulated DPS (blue solid
circle markers) and SPS (red
hollow circle markers)
events
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a number of different observables. A certain number of observables, as listed below,
are used to construct the quark–gluon discriminator:

– major axis (σ jet
1 )

– minor axis (σ jet
2 )

– jet constituents multiplicity (N jet
p )

– jet fragmentation function (pjetT D)

The details of these observables can be found in [15]. Figure4.2 shows the dis-
tributions of these observables for gluon- and quark-initiated jets using the events
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Fig. 4.2 The distributions of discriminating variables: a major axis size of jet cone (σ jet
1 ), bminor

axis size of jet cone (σ jet
2 ), c jet constituents multiplicity (N jet

p ), and (d) jet fragmentation function

(pjetT D) are compared for gluon-initiated jets (hollow markers) and quark-initiated jets (solid mark-
ers) events hadronized and parton showered with pythia8 (black colored markers) and herwig++
(with red colored markers)
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simulated by pythia8 and herwig++. As evident from the distributions, jets are
broader when initiated by gluons and constitute more number of particles. In addi-
tion, jets initiated by quarks constitute harder particles. Therefore, these observables
may be used for a clear distinction between two types of jets. A multivariate analysis
approach is followed for effective use of these observables along with the optimized
cut-based analysis approach.

4.2 Results

It has been observed that in the selected Z + 2-jets events, the contribution from DPS
processes is about 0.075. A simple cut-based analysis, implementing cuts summa-
rized in Table4.1 for observables based on the jet fragmentation properties, results
in a gain of 41% in the DPS fraction.

The alternate approach for optimized use of the discriminating observables is
based on the multivariate analysis, which is based on boosted decision trees (BDT)
implemented in the TMVA framework [16]. A clear distinction is observed between
two types of jets as depicted by the distribution of BDT discriminant shown in
Fig. 4.3. A jet is considered to be initiated by gluon if the value of BDT is more
than −0.105, otherwise it is considered to be initiated by quark. By selecting the Z +
2-jets events with two jets initiated by gluons, it has been observed that DPS fraction
increases to 0.113, which is 51% larger if no jet fragmentation properties are used. A
significant gain is observed with use of multivariate analysis approach as compared
to cut-based analysis approach.

The effect of different hadronization model is also studied by considering the
events hadronized with herwig++. The use of herwig++ also provides a gain of
43% with DPS fraction equal to 0.107. In addition, the effectiveness of the method
is also tested by using event simulated by powheg. The gain in the DPS fraction, by
using powheg, reduces to 36%, which arises due to different treatment at leading
order andnext-to-leading order for twomodels. It can be concluded from these studies
that fragmentation properties of jets can be used to suppress the SPS background
and hence DPS fraction may be enhanced.

Table 4.1 Conditions on observables for selection of gluon-initiated jets in cut-based analysis

Observable condition

σ
jet
1 >0.04

σ
jet
2 >0.02

N jet
p >12.0

pjetT D <0.49
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Fig. 4.3 BDT output for
gluon-initiated (hollow
markers) jets and
quark-initiated jets (solid
markers) in case of dijet
events produced with
pythia8 (black colored
markers) and herwig++ (red
colored markers)
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4.3 Summary

This report presents the possibility to explore the jet fragmentation properties for sup-
pression of SPS events using Z + jets events. madgraph and powhegMonte Carlo
event generators are used to simulate Z + jets events, which are hadronized and parton
showered using pythia8. Four different observables are used to discriminate the jets
initiated by gluons from those initiated by quarks. By considering the events with
jets initiated by gluons, a gain of 40–50% in the DPS fraction is achieved. The pre-
sented study may play an important role for DPS studies under actual environmental
conditions.
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Chapter 5
Angularity Distributions at One Loop
with Recoil

Ankita Budhraja, Ambar Jain, and Massimiliano Procura

Abstract Angularities are a general class of event shapes which depend on a contin-
uous parameter b > −1 that interpolates between recoil-insensitive observables like
thrust and observables that are maximally sensitive to recoil effects like jet broad-
ening. We present the first analytic calculations for angularity singular cross section
at one-loop order taking into account the recoil effects, irrespective of the exponent
b, within the Soft Collinear Effective Theory (SCET) framework. In the differential
cross section, these recoil effects contribute to new terms which can have impor-
tant consequences on resummation of the large logarithms. Our one-loop fixed-order
results are checked against numerical results from Event2 generator.

5.1 Introduction

Event shapes are inclusive jet observables that quantify the geometrical flow of
energy-momentum in a QCD event and probe strong interactions at various energy
scales. Over the years, these have been used extensively for tuning parton showers
and non-perturbative components of Monte Carlo event generators as well as to gain
insight into hadronization effects in QCD.We focus on a class of event shapes known
as angularities [1] which are defined as1

τ = 1

Q

∑

i εX

|p⊥i | e−b|ηi | , (5.1)

1The more commonly used convention in the literature uses a ≡ 1 − b, for angularity distributions.
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where ηi is the rapidity of the i th final-state particle and p⊥i its transversemomentum,
with respect to the thrust axis, t̂ . The thrust axis provides the direction of the net
energy-momentum flow in an event. Using the thrust axis, one can divide an event
into two hemispheres : particles moving along the direction of the thrust axis, i.e.,
pi · t̂ > 0 into the right (R) hemisphere, while those moving opposite to the thrust
axis, i.e., pi · t̂ < 0 into the left hemisphere (L), and study the angularity of the
particles in the given hemisphere. The net angularity τ as given in (5.1) is then
obtained by the sum of the angularities of the two hemispheres.

For thrust-like angularitieswith b � 1, the direction of the thrust axis is unchanged
due to interaction by the soft radiation, but as b → 0, the recoil of the collinear
parton due to the soft radiation becomes an O(1) effect and cannot be ignored. The
present analytic results for angularity distributions with respect to thrust axis are
only available for b � 0.5 (by extending the recoil-insensitive analysis applicable
for b � 1 angularities) and b = 0 (jet broadening). However, a unified framework
applicable to the whole range of b values is still lacking. Here we provide novel
results applicable for all b > −1. In addition, we find that compared to the thrust-
like analyses of angularities with 0.5 < b < 1, our results contain an extra integrable
singular correction encoding the leading recoil effect. We provide a validation of this
new contribution against Event2 [7] results.

For τ � 1, the angularity distributions for b � 0.5 and b = 0 are known to fac-
torize in terms of a hard function multiplying convolutions of jet functions with a
soft function. Here, we use the language of SCET [2], which provides an elegant
means to derive factorization theorems. We adopt a factorization theorem similar to
the jet broadening factorization presented in [3] for angularities when b → 0, for
which SCETI factorization theorem is known to break down. The factorization the-
orem for the double-differential angularity cross section near b = 0 is given by the
SCETII-type formula

1

σ0

dσ

dτLdτR
= H(Q;μ)

∫
dτn dτn̄ dτ

s
n dτ

s
n̄ δ(τR − τn − τ s

n ) δ(τL − τn̄ − τ s
n̄ )

∫
dp2⊥dk

2
⊥

J (τn,p2⊥)J (τn̄,k2
⊥)S(τ s

n , τ
s
n̄ ,p

2
⊥,k

2
⊥) , (5.2)

where τL ,R denote the angularity of the particles in the left (L) and right (R) hemi-
sphere, respectively. The hard function H(Q;μ) is given by the squared amplitude of
the matching coefficient obtained by matching the two-jet matrix element of SCET
with that of the full theory. The jet function Jn,n̄ describes the perturbative evo-
lution of the partons q, q̄ , produced in the hard scattering into collimated jets of
lower energy partons and the soft function S describes the color exchange between
the two jets. Both the jet and soft function appearing in (5.2) are given by a gen-
eralization of the broadening jet and soft function with two modifications: first, the
definition of the observable changes from broadening to that of angularity τ with
b �= 0, and secondly, the scaling of gluon fields in the soft Wilson line changes to
As ∼ Q(λ1+b,λ1+b,λ1+b) rather than As ∼ Q(λ,λ,λ) specific to broadening.



5 Angularity Distributions at One Loop with Recoil 33

5.2 The Jet Angularity Cross Section atO(αs)

We present the results for angularity cross section for positive-b and negative-b
separately. We provide a master formula for the double-differential cross section and
discuss the thrust (b = 1) and broadening (b = 0) limits.

5.2.1 O(αs) Cross Section for b > 0

Following the factorization theorem defined in (5.2), the one-loop contribution to
the double-differential cross section for angularity distributions with b > 0 is given
as [5]

[
1

σ0

d2σ(+)

dτL dτR

]O(αs )

SCETII

= αs(μ)CF

π
δ(τL )

[
− 3

2(1 + b)

[
1

τR

]

+
− 2

(1 + b)

[
ln τR
τR

]

+
(5.3)

− 2

1 + b

ln(1 − r)

τR
+δ(τR)

(
− 7

4(1 + b)
+ π2

12 b

(b2 + 3b − 2)

1 + b
− 2

1 + b
i(b)

)]
+{τL ↔τR},

where

i(b) =
∫ 1

0
dx

(
x

2
− 1

)
ln

(
1 +

( x

1 − x

)b) = −3

4
ln 2 + b

8
+ O(b2), (5.4)

and r is given by the solution of the equation

r

(1 − r)1+b
= τbR . (5.5)

Integrating (5.3) over hemisphere angularities such that τ = τL + τR , we can obtain
the single-differential angularity cross section for b > 0 in the small-τ limit as

[
1

σ0

dσ(+)

dτ

]O(αs )

sing.

= αs(μ)CF

π

{
− 3

(1 + b)

[
1

τ

]

+
− 4

1 + b

[
ln τ

τ

]

+
− 4

1 + b

ln(1 − r)

τ

+ δ(τ )

[
− 7

2(1 + b)
+ π2

6 b

b2 + 3 b − 2

1 + b
− 4

1 + b
i(b)

]}
, (5.6)

where r in the above equation is given by (5.5) with the replacement τR → τ . The
first two terms in the first line of (5.6) as well as the δ(τ ) piece are present in the
result for thrust-like factorization theorem for angularities valid for b � 1 [4]. Our
SCETII approach, which includes recoil effect, provides a singular correction to the
thrust-like factorization result, given by the ln(1 − r)/τ term in (5.6).

As is evident from (5.5), in the small-τ limit, r ∼ τ b. For b = 1, we have r ∼ τ ,
which implies that the recoil term gives only power corrections and the result of
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(5.6) reduces to the familiar result of the singular cross section for thrust. When b is
small, (5.6) needs to be treated carefully as r is not small even for small τ . Moreover,
b regulates the τ → 0 singularity in the small-b limit. The recoil term in this limit
takes the form

ln(1 − r)

τ
=

(
− π2

12 b
+ ln2 2

2
− b

4
ln2 2

)
δ(τ ) − ln 2

[
1

τ

]

+
− b

2

[
ln τ

τ

]

+
+ b

2
ln 2

[
1

τ

]

+
+ O(b2).

(5.7)
Substituting the above result along with the small-b expansion of i(b) (as given in
(5.4)) into (5.6), we obtain the single-differential cross section in the small-b limit.
Note that the 1/b singularity proportional to δ(τ ) piece cancels out. Dropping the
O(b) terms, we obtain the singular cross section for jet broadening [3]. Thus, we see
that (5.6) not only provides the correct thrust or broadening limit but the singular
cross section for all b > 0 angularities.

5.2.2 O(αs) Cross Section for b < 0

The master formula for the double-differential O(αs) cross section obtained from
(5.2) for b < 0 has the form [5]

[
1

σ0

d2σ(−)

dτL dτR

]O(αs )

SCETI I

= αs(μ)CF

π
δ(τL )

[
δ(τR)

(
− 7 + 2 b
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i(−b)

)

− 3
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1
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]

+
− 2

(1 + b)2

[
ln τR
τR

]

+
− 2

(1 + b)2
ln(1 − s)

τR

]
+{τL ↔τR} , (5.8)

where i(−b) is given by (5.4) with b replaced by −b and s is given by the solution
of the equation

s

(1 − s)
1

1+b

= τ
− b

1+b

R . (5.9)

Once again, we obtain the single-differential angularity cross section for b < 0 in
the small-τ limit as,

[
1
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dσ(−)

dτ

]O(αs )

sing.

= αs(μ)CF

π
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1 + b

[
1
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ln τ
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+δ(τ )
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− 7 + 2 b

2(1 + b)
+ π2(b + 2)

6 b
− 4

1 + b
i(−b)

]}
. (5.10)

where s in the above equation is given by (5.9) with the replacement τR → τ . The
result in (5.10) is the first analytic result of singular cross section for recoil-sensitive
angularities with exponent b < 0. This will be validated against Event2 in the next
section.
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The solution of (5.9) in the small-τ limit goes as s ∼ τ− b
1+b . When b is close to 0,

τ− b
1+b ∼ 1 requiring a solution to (5.9) that treats τ− b

1+b as anO(1) quantity. Carefully
treating the small-b limit, we obtain the following expansion for the ln(1 − s) term
of (5.10)

ln(1 − s)

τ
=

(
π2

12 b
+ π2

12
+ ln2 2

2
+ b

4
ln2 2

)
δ(τ ) − ln 2

[
1

τ

]

+
+ b

2

[
ln τ

τ

]

+
− b ln 2

2

[
1

τ

]

+
+ O(b2).

(5.11)
Substituting the result of (5.11) and (5.4) (with b → −b) into (5.10), we obtain
the single-differential angularity cross section in the small-b limit. Taking the limit
b → 0 of this result reproduces the singular cross section for jet broadening [3].
Thus we have shown that the b → 0+ and b → 0− limits of the single-differential
singular angularity cross section are the same as the well-known broadening result,
hence the cross section is a continuous function of the angularity exponent at b = 0,
as expected.

5.3 Numerical Analysis and Comparison Against EVENT2

We compare both the broadening-like and the thrust-like normalized single-
differential angularity distributions against numerical output from the Event2 gen-
erator [7], and show our results here for three different angularity exponents,
b = {0.5, 0,−0.2}.

We find agreement within numerical uncertainties between Event2 and
broadening-like SCETII factorization for sufficiently small values of τ . As an exam-
ple, the differences between the Event2 output and our expressions for dσ/d log10 τ
for b = 0 (jet broadening case) and b = −0.2 are shown in Fig. 5.1 for ranges of τ
where no visible cutoff effects are present.

For b ≥ 0.5, we found agreement within error bars between Event2 and both
thrust-like and broadening-like factorization for sufficiently small values of τ .
Figure5.2 illustrates the case of b = 0.5 for the single-differential cross section
dσ/d log10 τ . As shown in these plots, the extra terms provided by the SCETII fac-
torization theorem containing the recoil effects clearly improve the agreement with
Event2 in the region of intermediate values of τ .

Table5.1 demonstrates the importance of the recoil effects in comparison to the
leading singular contribution. From the table, it is clear that the extra terms given by
our SCETII factorization theorem provide a significant correction in the peak region
of the spectrum and are thus expected to effect resummation in this region. For b = 1,
we obtain a 5–6% correction when τ ∼ 0.1, and this is not surprising as this is the
typical size of the power correction expected for thrust. For b = 0, the extra singular
term gives leading contribution which is the largest recoil effect for all values of b.
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Fig. 5.1 Differences between Event2 and our NLO results from SCETII factorization for
dσ/d log10 τ in the cases of b = 0 (jet broadening) and b = −0.2

Fig. 5.2 Difference between Event2 and thrust-like (SCETI )/broadening-like (SCETII) NLO
results for dσ/d log10 τ for b = 0.5

Table 5.1 Relative size of the extra singular contribution compared to the leading singular con-
tribution in the peak region for the τb distribution, for various values of b. A 2–6% correction for
b = 1 or −0.5 shows the typical size of the power corrections due to the additional term

b % correction for τb = 0.05 % correction for τb = 0.1

1 2 6

0.5 8 16

0.25 16 26

0 31 45

−0.2 15 24

−0.5 2 5
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5.4 Conclusion

We have investigated how a theoretical framework based on SCETII factorization
allows us to compute fixed-order singular angularity distributions measured with
respect to the thrust axis for any value of the exponent b. We have shown that our
one-loop results provide the correct thrust and broadening limits, thereby providing
a check on our calculations. We have also produced novel one-loop results for the
range b < 1 that contain recoil as the leading effect. This opens up the possibility to
use our formalism to enhance the present analyses of high-precision e+ e− studies by
extending our results to NLL resummation. All our NLO distributions are found to
be in agreement with Event2. A detailed study of these fixed-order results is given
in [5] while the resummation of large logarithms at NLL accuracy will be presented
in a future publication [6].
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Chapter 6
Measurements of Property of Higgs with
Mass Near 125 GeV, CMS Collaboration

Ashish Sharma

Abstract During run 2016 at LHC, the total recorded luminosity is 35.9 fb−1 by
CMS detector [1]. Measurements of properties of Higgs boson can be determined
whereHiggs decaying to oppositely chargedWbosons andWagain decaying lepton-
ically. Events are selected on basis of oppositely charged leptons pair, large missing
transverse energy and with different number of jets in final state. Higgs producing
from vector boson fusion and associated production with W and Z boson are also
included on the basis of two jets and three or four leptons in final state. After Com-
bining all these events corresponding to total integrated luminosity 35.9fb−1, total
calculated cross-sectional times branching ratio is 1.28 ± 0.17 times the standard
model prediction for the Higgs boson with a mass of 125.09 GeV [2].

6.1 Introduction

Electroweak symmetry breaking is achieved through the prediction of a neutral scalar
particle known as Higgs boson after the introduction of complex doublet scalar field
which also leads masses of W and Z bosons [3]. Higgs was observed by CMS and
ATLAS combined at 7 and 8 TeV using Run 1 dataset and the observed mass of
Higgs is mH = 125.09 ± 0.21(stat) ± 0.11(syst)GeV.

This paper reports decay of Higgs boson to oppositely charged W boson using
2015 and 2016 dataset at center of mass energy of 13 TeV at total integrated lumi-
nosity of 35.9fb−1. The large branching fraction ofHiggs toWW,makes this chan- nel
to study cross section ofHiggs production through gluon–gluon fusion (ggH), vector-
boson fusion (VBF) and associated production of Higgs (VH) [4]. In fully leptonic
decay ofW boson is the cleanest channel despite having presence of neutrino in final
state which prevents clear mass peak of Higgs signal.
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6.2 CMS Detector

CMS is situated at one collision point of 27 Km large hadron collider (LHC) which
accelerated the proton at nearly the speed of light in clockwise and anti-clockwise
direc- tion and then collide them. CMS is designed in a compact shape to measure
energy and for the tracking of particles. It uses magnetic field of 3.8T for bending of
charge particle and to measure momentum accordingly. Charge particle trajectories
are measured with silicon pixel and tracker detector, which covers center pseudo-
rapidity of η ≤ 2.5. It consists of ECAL, HCAL, and muon system, where electron
and photon deposits their energy in ECAL, whereas hadrons in HCAL system.Muon
system consists of RPC, drift tube and CSC and Iron yoke.

6.3 Data and Simulated Samples

Events are selected on the basis of one or two electrons and muons. Combination of
single or dilepton triggers give total trigger efficiency of more than 98 VBF process
which are generated by POWHEG v2 [5].
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Out of category, one category can be discussed in detail, since ggH is the main
pro- duction mode of Higgs. In ggH production mechanism different flavors final
state, the main background process are WW, top, DY and W+jets. WW process
can be distinguished from signal by different kinematic properties of leptons. To
suppress process of three leptons, lepton≥ 10 GeV is not allowed in final state. Final

state transverse mass is defined as mT =
√
2pllT ∗ Emiss

T [1 − cosΔφ], which should

be greater than 30 GeV; where Δφ : angle between di lepton momentum and Emiss
T .

A shape analysis based on two-dimensional fit of mll and mT in different flavors
of ggH is done to extract Higgs signal.
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6.4 Source of Systematical and Statistical Uncertainties

1. Source of systematical and statistical uncertainties

a. Experimental Uncertainties: sources are—
luminosity (2.3%), muonmomentum (0.2%) and electron energy scale (0.6–
1%), jet energy scale uncertainty(<10%), trigger efficiency (<1%).

b. Theoretical Uncertainties: sources are—
ggH theory uncertainties, Parton Shower, QCD scale uncertainty.

6.5 Results

Signal strength modifier is defined as the ratio of measured and expected signal
of Higgs mass of 125.09 GeV including systematical and statistical uncertainty. A
summary of signal strength can be seen in Fig. 6.1.

The combined signal strength modifier is μ = 1.28+0.18
−0.17 = 1.28± 0.10(stat)±

0.11(sys)+0.10
−0.07(theo) which means observed significance of Higgs boson is σ = 9.1

and expected value of significance is σ = 7.1 (Fig. 6.2).
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Fig. 6.1 Relative fraction of Higgs signal in measured and expected from SM

Fig. 6.2 Observed and expected profile likelihood for signal strength modifier

6.6 Summary

Using Run 2 data at total integrated luminosity of 35.9fb−1, W+, and W− events are
selected on basis of two, three, or four leptons in final state and large missing trans-
verse energy and same flavor(SF) or different flavors(DF) final state. After combining
all category, the observed value of significance is 9.1 σ and expected (Fig. 6.3).
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Fig. 6.3 Left plot is the observed signal strength modifier for different category and right plot
corre- sponds to Higgs main production mode. Vertical dashed line is SM prediction and vertical
line represents combined signal strength best fit value and filled shows 68% confidence interval

Value is 7.1σ . Hence, measured signal strength modifier is μ = 1.28+0.18
−0.17 = 1.28±

0.10(stat)± 0.11(sys)+0.10
−0.07(theo).
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Chapter 7
Predictions of Angular Observables for
B̄s → K∗�� and B̄ → ρ�� in Standard
Model

Bharti Kindra and Namit Mahajan

Abstract Exclusive semileptonic decays based on b → s transitions have been
attracting a lot of attention as some angular observables deviate significantly from
the Standard Model (SM) predictions in specific q2 bins. B meson decays induced
by other Flavor Changing Neutral Current (FCNC), b → d, can also offer a probe to
new physics with an additional sensitivity to the weak phase in Cabibbo–Kobayashi–
Masakawa (CKM) matrix. We provide predictions for angular observables for
b → d semileptonic transitions, namely B̄s → K ∗�+�−, B̄0 → ρ0�+�−, and their
CP-conjugated modes including various non-factorizable corrections.

7.1 Introduction

Experimental evidence of new physics has been found in the channels involving
FCNC b → s�+�− and charged current b → c�ν. However, the b → d counterpart
of the weak decay, i.e., b → d�+�−, has not caught much attention perhaps because
of low branching ratio. The weak phases incorporate CKM matrix elements ξiq =
V ∗
qi Vqb, where q ∈ {u, c, t} and i ∈ {s, d}. For b → s�� transition, ξsc,t ∼ λ2 and

ξsu ∼ λ4 where λ = 0.22. Since uū contribution introduces CKM phase which is
negligible for b → s��, CP violating quantities are very small in SM. On the other
hand, since ξdu ∼ ξdc ∼ ξdt ∼ λ4 for b → d��, the B decays mediated through this
transition allow for large CP violating quantities. Also, leading order contribution in
this case is smaller than the leading contribution in b → s�� which makes it more
sensitive to new particles and interactions. In this work, we focus on two such decay
channels, Bs → K̄ ∗�+�− and B → ρ�+�−[1].
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7.2 Decay Amplitude

We follow the effective Hamiltonian approach as used in [2] to write the Hamiltonian
and decay amplitude. Th amplitude is written as a product of short-distance contri-
butions through Wilson coefficients and long-distance contribution which is further
expressed in terms of form factors,

M = GFα√
2π

VtbV
∗
td

{[
〈V |d̄γμ(Ceff

9 PL )b|P〉 − 2mb

q2
〈V |d̄ i σμνqν(Ceff

7 PR)b|P〉
]
(�̄γμ�)

+ 〈V |d̄γμ(Ceff
10 PL )b|P〉(�̄γμγ5�) − 16π2

�̄γμ�

q2
Hnon-fac

μ

}
. (7.1)

Wilson coefficients (C ′
i s) are computed upto next-to-next-to leading order (NNLO)

[3] and form factors are computed using the method of Light Cone Sum Rules
(LCSR) and QCD lattice calculation [4]. Hnon-fac

μ represents the non-factorizable
contribution of non-local hadronic matrix element. This results from four quark
and chromomagnetic operators combined with virtual photon emission which then
decays to lepton pair through electromagnetic interaction. These corrections are
given in terms of hard-scattering kernels (T q

a s), where a ∈ {⊥, ‖} and q ∈ {u, c},
which are convoluted with B(BS)-meson and ρ(K̄ ∗) distribution amplitudes. The
non-factorizable corrections included here are spectator scattering T q,spec

a , weak
annihilation T q,WA

a , and soft-gluon emission ΔCq,soft
9 . These corrections have been

computed in [5–7] except charm loop corrections corresponding to up quark in the
loop. For present work, we are assuming that its contribution is less than 10% of C9:
ΔC soft

9,u = aeiθ; |a| ∈ {0, 0.5}, θ ∈ {0,π}.
These corrections are then added to transversity amplitudes in the following way:

A⊥L ,R(q2) = √
2λ N

[
2
mb

q2
(Ceff

7 T1(q
2) + ΔT⊥) + (Ceff

9 ∓ C10 + ΔC1
9 (q2))

V (q2)

MB + MV

]

(7.2)

A‖L ,R(q2) = −√
2N (M2

B − M2
V )

[
2
mb

q2
(Ceff

7 T2(q
2) + 2

E(q2)

MB
ΔT⊥)+

(Ceff
9 ∓ C10 + ΔC2

9 (q2))
A1(q

2)

MB − MV

]
(7.3)

A0L ,R(q2) = − N

2MV
√
q2

[
2mb

(
(M2

B + 3M2
V − q2)(Ceff

7 T2(q
2)

)

− λ

M2
B − M2

v

(Ceff
7 T3(q

2) + ΔT‖)) + (Ceff
9 ∓ C10 + ΔC3

9 )

(
(M2

B + M2
V − q2)(MB + MV )A1(q

2) − λ

MB + MV
A2(q

2)
)]

(7.4)

At (q
2) = N√

s

√
λ2 C10 A0(q

2) (7.5)

where,
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ΔT⊥ = π2

Nc

fP fV,⊥
MB

αsCF

4π

∫
dω

ω
ΦP,−(ω)

∫ 1

0
du ΦV,⊥(u)(T

c,spec
⊥ + ξu

ξt
(T

u,spec
⊥ ))

(7.6)

ΔT‖ = π2

Nc

fP fV,‖
MB

MV

E

∑
±

∫
dω

ω
ΦP (ω)

∫ 1

0
du ΦV,‖(u)

[
T c,W A
‖ + ξu

ξt
T u,W A
‖

αsCF

4π
(T

c,spec
‖ + ξu

ξt
T

,spec
‖ )

]
(7.7)

ΔCi
9 = ΔCi,so f t

9,c + ΔCi,so f t
9,u (7.8)

7.3 Observables

The angular decay distribution of B → V (→ M1M2)�
+�− is given in terms of angu-

lar functions (Ii (q2, θV , θl ,φ), the value of which can be obtained by integrating data
over specific values of the parameters. We consider an optimized set of observables
constricted choosing specific combinations of these angular functions. The observ-
ables considered here are

– Form Factor Dependent observables.

dΓ

dq2
= 1

4
(3I c1 + 6I s1 − I c2 − 2I s2 ) AFB(q2) = −3I s6

3I c1 + 6I s1 − I c2 − 2I s2

FL(q
2) = 3I c1 − I c2

3I c1 + 6I s1 − I c2 − 2I s2
(7.9)

– Form Factor independent observables.

P1 = I3
2I s2

, P2 = βl
I s6
8I s2

, P3 = − I9
4I s2

, P ′
4 = I4√−I c2 I

s
2

P ′
5 = I5

2
√−I c2 I

s
2

, P ′
6 = − I7

2
√−I c2 I

s
2

, P ′
8 = − I8

2
√−I c2 I

s
2

(7.10)

– Lepton Flavor Universality violating observables.

RBs
K ∗ =

[BR(Bs → K̄ ∗μ+μ−)
]
q2∈{q2

1 ,q
2
2 }[BR(Bs → K̄ ∗e+e−]

q2∈{q2
1 ,q

2
2 }

(7.11)

These observables are valid for Bs → K̄ ∗��. For the CP-conjugate process, the Ii are
replaced by Ĩi ≡ ξi Īi , where Īi are Is only with weak phase conjugated and ξi = 1
for i = {1, 2, 3, 4, 7} and−1 for i = {5, 6, 8, 9}. ForB → ρ��, angular functions are
replaced with time-dependent angular functions, since the final state in this case is
self conjugate [1]. Thus, observables are sensitive to B0 − B̄0 oscillations in this



48 B. Kindra and N. Mahajan

case and the I ′
i s are replaced by J ′

i s in the definition of observables, where J ′
i s are

given as [9],

Ji (t) + J̃i (t) = e−Γ t [(Ii + Īi )cosh(yΓ t) − hi sinh(yΓ t)] (7.12)

Ji (t) − J̃i (t) = e−Γ t [(Ii − Īi )cosh(yΓ t) − si sinh(yΓ t)] (7.13)

where x = Δm/Γ, y = ΔΓ/Γ, and J̃i ≡ ξi J̄i . The extra terms hi and si are the cross
terms because of meson mixing [9]. These are time-dependent angular functions. To
construct time-independent observables, these are integrated over a range of time
which is t ∈ {−∞,∞} in the case of LHCb and t ∈ [0,∞} in case of Belle. Because
of this difference, the integrated angular functions are slightly different for Belle
and LHCb. We have taken this into account and given the prediction of angular
observables separately.

7.4 Results

The binned values for the decay modes in study are listed in Tables 7.1 and 7.2,
where the first uncertainty is due to form factors and scond uncertainty is due to soft-

Table 7.1 Observables for B̄s → K ∗μ+μ− and Bs → K̄ ∗μ+μ− using form factors based onLCSR
and QCD lattice calculation

Observable B̄s → K ∗μ+μ− Bs → K̄ ∗μ+μ−

[0.1-1] GeV2 [1-6] GeV2 [0.1-1] GeV2 [1-6] GeV2

P1 0.017 ± 0.132 ±
0.001

−0.096 ± 0.128 ±
0.005

0.015 ± 0.135 ±
0.001

−0.087 ± 0.118 ±
0.005

P2 0.122 ± 0.013 ±
0.001

0.026 ± 0.081 ±
0.036

0.114 ± 0.012 ±
0.001

0.054 ± 0.081 ±
0.034

P3 0.001 ± 0.003 ± 0.0 0.004 ± 0.009 ±
0.002

0.001 ± 0.006 ± 0.0 0.004 ± 0.009 ±
0.002

P ′
4 −0.704 ± 0.063 ±

0.009
0.543 ± 0.167 ±
0.014

−0.736 ± 0.064 ±
0.008

0.453 ± 0.176 ±
0.016

P ′
5 0.437 ± 0.044 ±

0.016
−0.422 ± 0.124 ±
0.046

0.445 ± 0.045 ±
0.016

−0.377 ± 0.130 ±
0.047

P ′
6 −0.091 ± 0.005 ±

0.016
−0.087 ± 0.010 ±
0.002

−0.048 ± 0.004 ±
0.001

−0.064 ± 0.004 ±
0.002

P ′
8 0.027 ± 0.007 ±

0.016
0.042 ± 0.010 ±
0.017

0.048 ± 0.009 ±
0.016

0.036 ± 0.008 ±
0.019

RBs
K ∗ 0.945 ± 0.008 ±

0.001
0.998 ± 0.004 ± 0.0 0.944 ± 0.007 ±

0.001
0.998 ± 0.004 ± 0.0

BR × 109 4.439 ± 0.648 ±
0.086

8.251 ± 1.872 ±
0.357

5.082 ± 0.699 ±
0.101

8.763 ± 1.959 ±
0.375

AFB −0.048 ± 0.008 ±
0.001

0.001 ± 0.021 ±
0.009

−0.047 ± 0.007 ±
0.001

−0.012 ± 0.020 ±
0.009

FL 0.576 ± 0.066 ±
0.014

0.872 ± 0.035 ±
0.007

0.553 ± 0.065 ±
0.014

0.862 ± 0.035 ±
0.007
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Table 7.2 Binned values of observables for the process B → ρμ+μ− and B̄ → ρμ+μ− for tagged
events to be measured at Belle. Form factors are based on LCSR form factors

B → ρμ+μ− B̄ → ρμ+μ−

[0.1-1] GeV2 [1-6] GeV2 [0.1-1] GeV2 [1-6] GeV2

〈P1〉 0.009 ± 0.177 ±
0.001

−0.065 ±
0.116 ± 0.003

0.010 ± 0.175 ±
0.001

−0.069 ±
0.120 ± 0.003

〈P2〉 0.082 ± 0.0 ±
0.001

0.021 ± 0.056 ±
0.023

0.076 ± 0.008 ±
0.0

−0.042 ±
0.050 ± 0.024

〈P3〉 0 ± 0.005 ± 0.0 0.001 ± 0.005 ±
0.002

0.001 ± 0.001 ±
0.0

0.002 ± 0.005 ±
0.002

〈P ′
4〉 −0.724 ±

0.081 ± 0.047
0.508 ± 0.161 ±
0.029

−0.703 ±
0.080 ± 0.046

0.569 ± 0.154 ±
0.017

〈P ′
5〉 0.276 ± 0.004 ±

0.027
−0.270 ±
0.083 ± 0.085

0.246 ± 0.003 ±
0.030

−0.321 ±
0.074 ± 0.098

〈P ′
6〉 −0.043 ±

0.003 ± 0.001
−0.061 ±
0.004 ± 0.002

−0.075 ±
0.005 ± 0.001

−0.073 ±
0.010 ± 0.002

〈P ′
8〉 0.025 ± 0.005 ±

0.016
0.025 ± 0.005 ±
0.018

0.031 ± 0.005 ±
0.007

0.030 ± 0.006 ±
0.017

〈Rρ〉 0.936 ± 0.008 ±
0.001

0.997 ± 0.003 ±
0.0

0.950 ± 0.167 ±
0.002

1.064 ± 0.392 ±
0.0

〈BR〉 × 109 5.233 ± 0.711 ±
0.080

8.714 ± 1.668 ±
0.366

4.736 ± 0.656 ±
0.077

8.414 ± 1.649 ±
0.365

〈AFB〉 −0.038 ±
0.005 ± 0.001

−0.007 ±
0.019 ± 0.007

−0.034 ±
0.005 ± 0.001

0.014 ± 0.022 ±
0.006

〈FL 〉 0.495 ± 0.067 ±
0.014

0.813 ± 0.037 ±
0.007

0.514 ± 0.072 ±
0.014

0.838 ± 0.046 ±
0.006

gluon emission from up quark. Moreover, the full branching ratio for Bs → K̄ ∗�� is
(3.356 ± 0.814) × 10−8 which is consistent with the recent measurement [8].
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Chapter 8
Search for Lepton Flavor, Lepton
Number, and Baryon Number Violating
Tau Decay τ → pμμ at Belle

Debashis Sahoo

8.1 Introduction

To explain the matter–antimatter asymmetry observed in the universe, three condi-
tions formulated by Sakharov, must be satisfied [1].

• Baryon number violation (BNV): don’t have any experimental confirmation yet.
• C-symmetry and CP-symmetry violation: observed experimentally.
• Interaction out of thermal equilibrium.

Any observation of BNV would be a clear signal of new physics. This phenomenon
is presumed to have happened in the early universe. There is an indirect way of
looking into BNV by means of collider experiments. For instance, BNV in charged
lepton decays would imply lepton number and lepton flavor violation; with angular
momentumconservation it would require the change�(B − L)=0 or 2,where B and
L are the net baryon and lepton numbers. We report herein the expected upper limit
on the branching fraction of τ− → pμ−μ− based on a Monte Carlo (MC) study. A
study of low-momentummuons that are unable to reach the dedicated muon detector
using J/ψ → μ+μ− events is also presented in the report.

8.2 Reconstruction of τ− → pμ−μ−

The Belle detector is placed at the interaction point (IP) of the KEKB asymmetric
e+e− collider. The detector is a large-solid-angle magnetic spectrometer consist-
ing of a silicon vertex detector, a central drift chamber (CDC), an array of aerogel
threshold Cherenkov counters (ACC), time-of-flight scintillation counters (TOF),
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and a CsI(Tl) crystal electromagnetic calorimeter (ECL); all located inside a super-
conducting solenoid providing an axial magnetic field of 1.5 T. An iron flux-return
located outside the coil is instrumented with resistive plate chambers to detect K 0

L
mesons and muons (KLM). A more detailed description of the Belle detector can be
found in [2].

In this analysis, we search for e+e− → τ+τ− events where one τ (called the
signal τ ) decays to one proton or antiproton and two muons while other τ (denoted
as the tag τ ) decays to one charged track, neutrinos, and single/multiple neutrals.
We select tau pair events within a fiducial volume of 150◦ < θ < 17◦, where θ is the
polar angle relative to the direction opposite the e+ beam in the laboratory frame.
The transverse momentum (pT) of each charged track is required to be greater than
0.1GeV/c and energy of each photon (Eγ) greater than 0.1 GeV. Each track must
have a distance of closest approach with respect to the IP within ±0.5 cm in the
transverse plane and within ±3.0 cm along the beam direction.

Backgrounds to this analysis arise from e+e− → τ+τ− (generic), B B̄(charged
and mixed), cc̄(charm), qq̄(uds), μμ and two-photon events. To suppress high-
multiplicity events from B B̄, cc̄ and qq̄ , we require the total number of tracks to be
within 2 and 8. Such events are further suppressed by applying a 3-1 event topology.
This classification is done by means of the thrust axis which is calculated from the
observed tracks and neutral candidates. The [Thrust.psigi > 0 and Thrust.ptagi < 0]
or [Thrust.psigi < 0 and Thrust.ptagi > 0] criteria separate the events into two hemi-
spheres, called as the signal and tag side; the signal side contains three charged
tracks while the tag side contains one charged track. In addition, we require the
charge sum of all the tracks in an event be zero. The absolute missing momentum
must exceed 0.4 GeV/c in order to ensure that the missing particles are neutrinos
instead of being photons or charged particles that lie outside the detector acceptance.
To reject e+e− → μμ, two-photon andmore continuum backgrounds, we require the
magnitude of thrust, 0.9 < |Thrust| < 0.99 (Fig. 8.1). Since neutrinos are emitted
only on the tag side, the missing momentum direction should also lie within the same
side. The cosine of the angle between the missing momentum and the charged track
on the tag side in the center-of-mass (CM) system should lie in the range [0.0, 0.98].
To reject the surviving two-photon and μμ backgrounds, we apply a requirement on
the total visible energy in the CM frame, 5.29 GeV ≤ Evis

CM ≤ 9.50 GeV (Fig. 8.2).
The reconstructed mass on the tag side calculated using the charged track (with a
pion mass assumed) and photons, m tag, is required to be less than 1.78 GeV/c2.

We require one of the charged tracks to be identified as proton in the signal
side. The track is selected as proton if P(p/K ) > 0.6 and P(p/π) > 0.6 where
P(i/j) = L(i)/(L(i) + L( j)) with L(i) and L( j) being the likelihood for a track to
be identified as i and j , respectively; these are obtained with the information from
the ACC, TOF and CDC.

At Belle muons are identified based on the information from KLM which is the
outermost subdetector. As we are dealing with a three-body decay of the tau, there
is a good possibility of one of tracks having low momentum. From the generator
level information, we verify that one muon has indeed low momentum and hence
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is unable to reach the KLM. For the signal MC study, one million signal events
are generated using KKMC and Tauola and are simulated by the GEANT3 package,
which includes all subdetectors. The identification of low-momentummuons become
difficult as it mostly relies on only the KLM subdetector. So we relax the criteria
on P(μ) and calculate the signal reconstruction efficiency. The obtained efficiency
(ε) is 19% with atleast one muon satisfying P(μ) > 0.9 in the signal region which
is defined as 1.745 ≤ Mrec ≤ 1.815 GeV and −125 ≤ �E ≤ 100 MeV. The back-
ground shape in the signal region is determined by taking background samples that
have same luminosity as the Belle data sample. There is no peaking structure from
the backgrounds and about 50 background candidates found in the signal region with
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the most dominant contribution coming from τ− → π−π+π−ντ . The shape param-
eters of signal and background probability density functions (PDFs) are extracted
from a two-dimensional Mrec versus �E fitting to the respective MC samples. Then
a maximum likelihood fit is done to determine the signal and background yields by
using the combined PDFs extracted earlier. No signal candidate is found from the fit,
so an upper limit is set on the signal yield by the Frequentist method. The expected
signal yield at 90% confidence level (NUL

sig ) is 5. The branching fraction is given by

B(τ− → pμ−μ−) <
NUL
sig

2Nττ ε
where ε = 19%, Nττ = 7.1 × 108 corresponding to the

770 fb−1 of MC data. So the expected 90% confidence-level upper limit from the
MC study is 1.8 × 10−8, compared to the LHCb’s observed limit of 4.4 × 10−7 [3].

8.3 Low-Momentum Muon Identification

In this section, we study the behavior of muons with momentum less than 1.2 GeV in
the non-KLMsubdetectors anduse a neural network (NN) [4] to combine the obtained
information. Muons from J/ψ → μ+μ− sample are taken as signal muons, whereas
charged pions, kaons, and electrons in the same momentum range are considered
to be backgrounds. The ratio of measured and expected muon energy losses in the
CDC, the likelihood for the muon hypothesis based on the ACC and the TOF, the
ratio of the matched cluster energy in the ECL to the track momentum, the ratio
of energy deposited in 3 × 3 to 5 × 5 crystal array around the central crystal, and
the electromagnetic shower width are taken as the discriminating variables. The
combined output results are shown in Fig. 8.3.

Fig. 8.3 NN output, the red histogram corresponds to muon and the black histogram is for back-
ground



8 Search for Lepton Flavor, Lepton Number, and Baryon Number … 55

Clearly, there is a difference between muons and the background particles based
upon the non-KLM information. We plan to use this method for low-momentum
muon identification in the τ− → pμ−μ− analysis.

In summary, the first study of baryon number, lepton number, and lepton flavor
violating tau decay at Belle is reported. The signal reconstruction efficiency and
background yield are obtained by applying robust selection criteria. We expect a
substantially better result compared to LHCb.
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Chapter 9
Probing Anomalous tcZ Couplings with
Rare B and K Decays

Jyoti Saini and Suman Kumbhakar

Abstract In this work, we study the effects of anomalous tcZ couplings. Such
couplings would potentially affect several neutral current decays of K and B mesons
via Z -penguin diagrams. Using constraints from relevant observables in K and B
sectors, we calculateB(t → cZ) andB(KL → π0νν̄) in the presence of anomalous
tcZ coupling. Further, we find that the complex tcZ coupling can also provide large
enhancements in many CP violating angular observable in B → K ∗μ+μ− decay.

9.1 Introduction

The measurement of several observables in B meson decays do not agree with their
Standard Model (SM) predictions. These observables include the measurement of
RK (∗) , angular observables in B → K ∗μ+μ− (in particular P

′
5), B(Bs → φμ+μ−)

in the neutral current sector and RD(∗),J/ψ in the charged current sector. These mea-
surements can be considered as hints of physics beyond the SM.

Apart from the decays of B meson, the top quark decays are particularly important
for hunting physics beyond the SM. As it is the heaviest of all the SM particles, it is
expected to feel the effect of new physics (NP) most. Also, LHC is primarily a top
factory producing abundant top quark events. Hence one expects the observation of
possible anomalous couplings in the top sector at the LHC. The SM predictions for
the branching ratios of the flavor changing neutral current (FCNC) top quark decays,
such as t → uZ and t → cZ decays are ∼10−17 and 10−14, respectively [1, 2], and
are probably immeasurable at the LHC until NP enhances their branching ratios up to
the detection level of LHC.
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In this work, we study the effects of anomalous tcZ couplings on rare B and
K meson decays. Using these decays, we obtain constraints on anomalous t → cZ
coupling.We then look for flavor signatures of anomalous tcZ coupling. In particular,
we examineB(KL → π ν ν̄) and variousCP violating angular observables in B →
K ∗ μ+ μ−. We find that the complex tcZ coupling can give rise to large new physics
effects in these CP violating observables.

9.2 Effect of Anomalous t → cZ Couplings on Rare B
and K Decays

The effective tcZ Lagrangian can be written as [3]

LtcZ = g

2 cos θW
c̄γ μ

(
gL
ct PL + gR

ct PR
)
t Zμ

+ g

2 cos θW
c̄
iσμν pν

MZ

(
κ L
ct PL + κ R

ct PR
)
t Zμ + h.c., (9.1)

where PL ,R ≡ (1 ∓ γ5)/2 and gL ,R
ct and κ

L ,R
ct are NP couplings. The anomalous

tcZ couplings can provide additional contributions to b → s l+ l−, b → d l+ l− and
s → dνν̄ decays via Z penguin diagrams and hence have the potential to affect the
decays of several B and K mesons.

Let us now consider the contribution of anomalous tcZ couplings to the rare B
decays induced by the quark-level transition b → s μ+ μ−. The effective Hamilto-
nian for the quark-level transition b → s μ+ μ− in the SM can be written as

Heff = −4GF√
2
V ∗
tsVtb

10∑

i=1

Ci (μ) Oi (μ) , (9.2)

where the form of the operators Oi are given in [4]. The effective tcZ vertices,
given in (9.1), affect b → s μ+ μ− transition. This contribution modifies the Wilson
coefficients (WCs) C9 and C10. The NP contributions to these WCs are [5]

Cs,N P
9 = −Cs,N P

10 = − 1

8 sin2 θW

V ∗
cs

V ∗
ts

[ (
−xt ln

M2
W

μ2
+ 3

2
+ xt − xt ln xt

)
gL
ct

]
,

(9.3)
with xt = m̄2

t /M
2
W . Here the right-handed coupling, gR

ct , is neglected as it is sup-
pressed by a factor of m̄c/MW . Here we have also neglected the contributions from
CKM suppressed Feynman diagrams. The NP contributions to C9, 10 have been cal-
culated in the unitary gauge with the modified minimal subtraction (MS) scheme [5].
The effective Hamiltonian and the NP contributions to the WCs C9 and C10 for the
process b → d μ+ μ− can be obtained from (9.2) to (9.3), respectively, by replacing
s by d.
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We now consider NP contribution to s → d νν̄ transition. The K+ → π+ νν̄

decay is the only observed decay in this sector. The effective Hamiltonian for K+ →
π+ νν̄ in the SM can be written as

Heff = GF√
2

α

2π sin2 θW

∑

l=e,μ,τ

[
V ∗
csVcd X

l
N L + V ∗

tsVtd X (xt )
] × (s̄d)V−A(ν̄lνl)V−A ,

(9.4)
where Xl

NL and X (xt ) are the structure functions corresponding to charm and top
sector, respectively [4, 6, 7]. The contribution of anomalous tcZ coupling to s̄ →
d̄ νν̄ transition then modifies the structure function X (xt ) in the following way:

X (xt ) → X tot(xt ) = X (xt ) + XNP , (9.5)

where

X (xt ) = ηX
xt
8

[
2 + xt
xt − 1

+ 3xt − 6

(1 − xt )2
ln xt

]
, (9.6)

XNP = −1

8

(
VcdV ∗

ts + VtdV ∗
cs

VtdV ∗
ts

)(
−xt ln

M2
W

μ2
+ 3

2
+ xt − xt ln xt

)
(gL

ct)
∗ . (9.7)

Here ηx = 0.994 is the NLO QCD correction factor.

9.3 Constraints on the Anomalous t cZ Couplings

In order to obtain the constraints on the anomalous tcZ coupling gL
ct , we perform a

χ2 fit using all measured observables in B and K sectors. The total χ2 is written as
a function of two parameters: Re(gL

ct) and Im(gL
ct). The χ2 function is defined as

χ2
total = χ2

b→s μ+ μ− + χ2
b→d μ+ μ− + χ2

s→dνν̄ . (9.8)

In our analysis, we include all recent CP conserving data from b → sμ+μ− to
obtain constraints on Cs,N P

9,10 . Assuming the WCs Ci to be real, we obtain CNP
9 =

−CNP
10 = −0.51 ± 0.09 [8]. This is consistent with several global fit results such

as [9–11]. For complex WCs, we get CNP
9 = −CNP

10 = (−0.56 ± 0.26) + i(0.55 ±
1.36). The fit values thus obtained can be used to constrain gL

ct . For real g
L
ct coupling,

we have

χ2
b→sμ+μ− =

(
Cs,N P
9 + 0.51

0.09

)2

. (9.9)

For complex gL
ct couplings, the χ2 function can be written as

χ2
b→sμ+μ− =

(
Re(Cs,N P

9 ) + 0.56

0.26

)2

+
(
Im(Cs,N P

9 ) − 0.55

1.36

)2

. (9.10)
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From b → dμ+μ− sector the branching ratio of B+ → π+ μ+ μ− and Bd →
μ+μ− decay are included in our analysis:

χ2
b→d μ+ μ− = χ2

B+→π+ μ+ μ− + χ2
Bd→μ+μ− . (9.11)

For B+ → π+ μ+ μ− decay,

χ2
B+→π+ μ+ μ− =

(
B(B+ → π+ μ+ μ−) − 2.3 × 10−8

0.66 × 10−8

)2

, (9.12)

where, following [12], a theoretical error of 15% is included inB(B+ → π+ μ+ μ−).
For B(Bd → μ+μ−) decay,

χ2
Bd→μ+ μ− =

(
B(Bd → μ+ μ−) − 3.9 × 10−10

1.6 × 10−10

)2

. (9.13)

The branching ratio of Bd → μ+ μ− in the presence of anomalous tcZ coupling
is given by

B(Bd → μ+ μ−) = G2
Fα2MBdm

2
μ f 2Bd τBd

16π3 |VtdV ∗
tb|2

√
1 − 4(m2

μ/M2
Bd

)

∣
∣∣C10 + Cd,N P

10

∣
∣∣
2
.

(9.14)

The branching ratio of K+ → π+νν̄, the only measurement in s → d νν̄ sector,
in the presence of anomalous tcZ coupling is given by

B(K+ → π+νν̄)

κ+
=

(
Re(VcdV ∗

cs)

λ
Pc(X) + Re(VtdV ∗

ts)

λ5
X tot(xt )

)2

+
(
Im(VtdV ∗

ts)

λ5
X tot(xt )

)2

, (9.15)

where Pc(X) = 0.38 ± 0.04 [13] is the NNLO QCD-corrected structure function in
the charm sector and

κ+ = rK+
3α2B(K+ → π0e+ν)

2π2 sin4 θW
λ8 . (9.16)

Using rK+ = 0.901, we estimate

B(K+ → π+νν̄)

κ+
= 3.17 ± 2.05. (9.17)
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Table 9.1 Values of anomalous tcZ couplings

Real coupling Complex coupling

gctL = (−7.04 ± 1.28) × 10−3 Re(gctL ) = (−7.63 ± 3.69) × 10−3; Im(gctL ) =
(1.87 ± 1.02) × 10−2

In order to include B(K+ → π+νν̄) in the fit, we define

χ2
K+→π+νν̄ =

(
B(K+ → π+νν̄)/κ+ − 3.17

2.05

)2

+
(
Pc(X) − 0.38

0.04

)2

. (9.18)

Thus, the error on Pc(X) has been taken into account by considering it to be a
parameter and adding a contribution to χ2

total.
The B(t → cZ) in the presence of tcZ coupling is given as [14–16]

B(t → c Z) = β4
Z (3 − 2β2

Z )

2β4
W (3 − 2β2

W )

|gL
ct |2 + |gR

ct |2
|Vtb|2 , (9.19)

with βx = (1 − m2
x/m

2
t )

1/2, being the velocity of the x = W, Z boson in the top
quark rest frame.

The fit results for real and complex tcZ couplings are presented in Table9.1.
Using the fit results, we find that for real tcZ coupling, B(t → c Z) = (0.90 ±
0.33) × 10−5. For complex tcZ coupling, 2σ upper bound on the branching ratio is
2.14 × 10−4. Hence, any future measurement of this branching ratio at the level of
10−4 would imply the coupling to be complex.

9.4 Predictions for Various CP Violating Observables

We now see whether large deviation is possible in some of the flavor physics observ-
ables due to the anomalous tcZ coupling.

B(KL → π0 ν ν̄): Thepreset upper boundonB(KL → π0 ν ν̄) is 2.6 × 10−8 [17]
at 90% C.L. which is about three orders of magnitude above the SM prediction. The
branching ratio of KL → π0 ν ν̄ is a purely CP violating quantity.The branching
ratio of KL → π0 ν ν̄ in the presence of tcZ coupling is given by

B(KL → π0 ν ν̄) = κL

[
Im

(
V ∗
tsVtd X tot(xt )

)

λ5

]2

, (9.20)

where X tot(xt ) is given in (9.5).
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Fig. 9.1 (Color Online) The plots depicts various CP violating observables in B → K ∗ μ+ μ−
decays

Usingfit result for the complex tcZ coupling,we get Br(KL → π0νν̄) = (9.88 ±
5.96) × 10−11. The 2σ upper bound onB(KL → π0 ν ν̄) is obtained to be≤ 2.18 ×
10−10, an order of magnitude higher than its SM prediction.

CP violating observables in B → K∗ μ+ μ−: We study various CP violating
observables in B → K ∗ μ+ μ− decays in the presence of complex anomalous tcZ
couplings.The CP-violating observables for these decays are defined as [18]

Ai = Ii − Īi
d(Γ + Γ̄ )/dq2

, (9.21)

where Ii s are given in [18]. These asymmetries are largely suppressed in SM because
of the small weak phase of CKM and hence they are sensitive to complex NP cou-
plings. These symmetries can get significant contribution from theNP in the presence
of CP-violating phase [19–21].

The predictions for CP-violating asymmetries A7 and A8 in the presence of
complex anomalous tcZ couplings are shown in Fig. 9.1. It can be seen from our
results that the asymmetry A7 can be enhanced up to 20% whereas enhancement
in A8 can be up to 10% in the low-q2 region. For all other asymmetries, large
enhancement is not possible.
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Chapter 10
Impact of Nonleptonic B̄d,s Decay Modes
on B̄ → K̄∗µ+µ− Process

Manas K. Mohapatra, Suchismita Sahoo, and Anjan K. Giri

Abstract We scrutinize the effect of nonleptonic B decay modes on the branching
ratio and angular observables of B̄ → K̄ ∗μ+μ− process involving b → s quark level
transition in the non-universal Z ′ model. The new couplings are constrained by
using the experimental limits on the branching ratios of Bd → πK , Bd → ρK , and
Bs → η′η′, K ∗K ∗ nonleptonic processes. Using the allowed parameter space, we
perform an angular analysis of the B̄ → K̄ ∗μ+μ− process. We observe significant
impact of nonleptonic decay modes on B̄ → K̄ ∗μ+μ− observables.

10.1 Introduction

Although Standard Model (SM) is a successfully fundamental theory, it fails to
explain the open puzzles such as matter–antimatter asymmetry, hierarchy problem,
neutrino mass, dark matter, and dark energy. Thus, it implies the existence of new
physics (NP) beyond it. In this regard, the study of rare B decays, which provide
not only deep understanding on CP violation but also different anomalies both in
nonleptonic as well as semileptonic sectors, is quite interesting. The decay rate and
P ′
5 observable of B̄ → K̄ ∗μ+μ− process have 3σ [1] deviation from their SM results.

The decay distribution of Bs → φμ+μ− also has tension [2]. Furthermore the lepton
universality violating ratio, RK = Br(B+ → K+μ+μ−)/Br(B+ → K+e+e−) dis-
agrees with SM prediction at the level of 2.5σ [3]. Discrepancy of 2.2σ(2.4σ) has
been observed in RK ∗ measurement by LHCb experiment [4]
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RExpt
K ∗ = Br(B0 → K ∗0μ+μ−)

Br(B0 → K ∗0e+e−)
= 0.66+0.11

−0.07 ± 0.03, q2 ∈ [0.045, 1.1] GeV2,

= 0.69+0.11
−0.07 ± 0.05, q2 ∈ [1.1, 6] GeV2, (10.1)

from their SM predictions [5]. Though the measurements on RK ∗ by Belle Collab-
oration [6] is toward the SM results, the error values are comparatively higher than
the previous LHCb result. Additionally, the mismatch between the measured data
and the SM results are also observed in the two body hadronic decay processes
like B → PP, PV, V V , where P = π, K , η(′) are the pseudoscalar mesons and
V = K ∗,φ, ρ are the vector mesons. Inspired by these anomalies, we would like
to see whether the new physics (arising due to an additional Z ′ boson) influencing
the nonleptonic B decays also have significant impact on rare semileptonic B decay
processes.

The paper is organized as follows. In Sect. 10.2, we discuss the effective Hamil-
tonian of b → sll(qq̄) processes in both SM and in Z ′ model. We also present the
new physics contribution in this section. Section10.3 describes the constraints on
new parameters from the nonleptonic B modes. The impact of new couplings on
B̄ → K̄ ∗μμ is presented in Sects. 10.4 and 10.5 summarize our results.

10.2 Effective Hamiltonian

The generalized effective Hamiltonian for b → sqq̄ process, where q is any light
quark, is given as [7]

Heff = GF√
2

[ ∑
p=u,c

λp(C1O1
p + C2O2

p) − λt

10∑
i=3

(CiOi + C7γO7γ + C8γO8γ)
]

+ h.c,

(10.2)
where GF is the Fermi constant, λp = VpbV ∗

ps , λt = VtbV ∗
ts are the product of CKM

matrix elements. Here O p
1,2 are left-handed current–current operators; O3,...6 and

O7,...,10 are QCD and electroweak penguin operators; and O7γ , O8g are the electro-
magnetic and chromomagnetic dipole operators. The relevant O7,...,10 operators are
defined as

O7(9)=(s̄b)V−A

∑
q

eq(q̄q)V+A(V−A), O8(10)=(s̄αbβ)V−A

∑
q

eq( ¯qβqα)V+A(V−A),

where V ∓ A denotes γμPL(R) with PL(R) = (1 ∓ γ5)/2 are the projection operators
and eq stand for the charge of q quark. The effective Hamiltonian for b → sqq̄
transition in the Z ′ model is given by [8]

HZ ′
eff = 2GF√

2

(
g′MZ

g1MZ ′

)2

BL
sb (s̄b)V−A

∑
q

[
(BL

qq (q̄q)V−A + BR
qq (q̄q)V+A

]
, (10.3)
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where g1(g
′) are the coupling constants of Z (′) boson and BL(R)

bs , BL(R)
qq are the new

couplings. Now, assuming BL(R)
uu � −2BL(R)

dd and comparing the Hamiltonian of Z ′
(10.3) with SM (10.2), we find an extra contribution to the electroweak penguin
sector of nonleptonic decay modes as

ΔCZ ′
9 =

(
g′MZ

g1MZ ′

)2 (
BL
sbB

L
dd

VtbV ∗
ts

)
, ΔCZ ′

7 =
(

g′MZ

g1MZ ′

)2 (
BL
sbB

R
dd

VtbV ∗
ts

)
. (10.4)

The most general effective Hamiltonian describing b → sl+l− processes in the SM
is given by [9]

Heff = −4GF√
2
VtbV

∗
ts

( ∑
i=1,···10,S,P

CiOi +
∑

i=7,···10,S,P

C ′
iO′

i

)
, (10.5)

where Vqq ′ are the CKM matrix elements, Oi ’s are the effective operators and Ci ’s
are the correspondingWilson coefficients. Though onlyO7 andO9,10 operators have
contributions to the SM, additionalO(′)

9,10 can be generated due to the presence of Z
′

gauge boson, defined as

O(′)
7 = e

16π2

[
s̄σμν(ms PL(R) + mbPR(L))b

]
Fμν ,

O(′)
9 = αem

4π

(
s̄γμPL(R)b

) (
l̄γμl

)
, O(′)

10 = αem

4π

(
s̄γμPL(R)b

) (
l̄γμγ5l

)
,

where αem denotes the fine structure. The effective Hamiltonian of b → sl+l− in the
Z ′ model can be written as [10]

HZ ′
eff(b → sl+l−) = −2GF√

2
VtbV

∗
tq

(
g2MZ

g1MZ ′

)2 [
− BL

sbB
L
ll

VtbV ∗
tq

(q̄b)V−A(l̄l)V−A

− BL
qbB

R
ll

VtbV ∗
tq

(s̄b)V−A(l̄l)V+A

]
+ h.c. ,

which after comparing with (10.5) gives additional coefficients as well as new con-
tributions to the SM Wilson coefficients (CZ ′(′)

9,10 ) as

CZ ′
9 (MW ) = −2

(
g2MZ

g1MZ ′

)2 BL
sb

VtbV ∗
ts

(BL
ll + BR

ll ) , (10.6)

CZ ′
10(MW ) = 2

(
g2MZ

g1MZ ′

)2 BL
sb

VtbV ∗
ts

(BL
ll − BR

ll ) . (10.7)
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Table 10.1 The experimental values and SM predictions on the branching ratio of nonleptonic
Bd,s decay modes

Decay processes SM values Experimental values [11]

B̄d → π−K+ 20.11 × 10−6 (1.96 ± .05) × 10−5

B̄d → π0K 0 6.57 × 10−6 (9.9 ± .5) × 10−6

B̄d → ρ0K 0 2.80 × 10−6 (4.7 ± .6) × 10−6

B̄d → ρ−K+ 2.77 × 10−6 (7 ± .9) × 10−6

B̄s → η′η′ 57.53 × 10−6 (3.3 ± .7) × 10−5

B̄s → K 0∗ ¯K 0∗ 3.72 × 10−6 (1.11 ± .27) × 10−5

10.3 Constraints on New Couplings

After getting an idea on new coefficients, we nowproceed to constrain the coefficients
by using the branching ratios of nonleptonic B decay modes. Using the CKMmatrix
elements, particles masses, life time of Bd,s meson from [11], the form factors, decay
constants except fπ = .131, fK = .160 from [12], the predicted SMbranching ratios
of Bd → (π, ρ)K , Bs → η′η′, K ∗K ∗ decay modes, and their respective measured
values are presented in Table10.1.

We consider two cases, (a) BR
dd = 0, which implies ΔCZ ′

7 = 0 (b) BR
dd = BL

dd ,
which implies ΔCZ ′

7 = ΔCZ ′
9 in order to constrain the new parameters. In this

manuscript, we will only discuss the first case. Comparing the theoretical predic-
tions from Table10.1 with their experimental results, the constraints on BL

sb − φL
s

(left panel) and BL
sb − BL

dd (right panel) planes for first case are shown in Fig. 10.1.

10.4 Impact on B̄ → K̄∗µ+µ− Decay Mode

In this section, we present the impact of new parameters constrained from the nonlep-
tonic B modes on the B̄ → K̄ ∗μ+μ− process, which can be completely described in
terms of only four kinematical variables; the lepton invariant mass squared (q2) and
three angles θl , θV and φ, where θl is the angle between l− and B(s) in the dilepton
frame, θV is defined as the angle between K− and B(s) in the K−π+ (K−K+) frame,
the angle between the normal of the K−π+ (K−K+) and the dilepton plane is given
by φ.

The decay rate, forward–backward (AFB) asymmetry and P ′
4,5 observables are

defined as [13]

dΓ

dq2
= 3

4

(
J1 − J2

3

)
, AFB

(
q2

) = −3

8

J6
dΓ/dq2

,

P ′
4 = J4√−J c

2 J
s
2

, P ′
5 = J5

2
√−J c

2 J
s
2

, (10.8)
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Fig. 10.1 Constraints on new parameters from the branching ratios of nonleptonic B processes for
BR
qq = 0 case

Fig. 10.2 The q2 variation of branching ratio (top-left), forward–backward asymmetry (top-right),
P ′
4 (bottom-left) and P ′

5 (bottom-right) observables of B̄ → K̄ ∗μμ process. Here P ′
4|LHCb = −P ′

4

where Ji = 2J s
i + J c

i contain the transversity amplitudes which are the functions
form factors and Wilson coefficients. All the input parameters are taken from [11]
and the form factors from [14].

Using the allowed parameter space from Fig. 10.1, we show the variation of
branching ratio (top-left), AFB (top-right), P ′

4 (bottom-left) and P ′
5 (bottom-right) of

B̄ → K̄ ∗μμ with respect to q2 in Fig. 10.2. Here the dashed blue lines (light blue
bands) represent the SM predictions (uncertainties arising due to the input param-
eters) and orange bands stand for the NP contributions. The experimental results
are shown in black color [1]. We observe that NP contribution provide significant
deviation from their SM results and can accommodate experimental data.
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10.5 Conclusion

We have studied the rare semileptonic B̄ → K̄ ∗μμ in a non-universal Z ′ model. We
constrain the new parameters from the branchings ratios of nonleptonic B decay
modes. We mainly check whether the new physics couplings influencing the nonlep-
tonicmodes also have impact on semileptonic processes.We found that the constraint
from nonleptonic decays significantly affect the branching ratios and angular observ-
ables of B̄ → K̄ ∗μμ process.
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Chapter 11
Underlying Event Measurements Using
CMS Detector at LHC

Manisha Lohan

Abstract Results of recent underlying event (UE) measurements using data col-
lected by CMS detector are presented. UE measurements are done using events
containing a leading charged particle jet, a leading charged particle, a Drell-Yan
(DY) lepton pair, and a t t̄ pair. Measurements are corrected to remove detector effect
and are compared to various Monte Carlo (MC) predictions.

11.1 Introduction

The Underlying Event (UE) is composed of everything which is not originated from
hard scatter outgoing partons (quarks and gluons). All QCD interactions except hard
interactions constitute UE. The main components of UE are initial state radiations
(ISR), final state radiations (FSR), multiple parton interactions (MPI) from semi-
hard interactions and beam–beam remnants (BBR) concentrated along the beam
direction. The UE measurements help in probing the hadron production in high
energy p-p collisions. It is also an important background for precision measurements
of new physics searches at LHC and MC modeling. In the present article, the results
of UE measurements using leading charged particle & jet, Drell-Yan (DY) events,
and t t̄ pair are reported. Presented UE measurements are performed using 13 TeV
p-p collisions data collected by CMS detector [1] at LHC [2].
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11.2 UE Measurements Using Leading Charged Particles
and Jets

UE measurements are done using leading charged particles (jets) [3], having
pT > 0.5 GeV (pT > 1 GeV) and |η| < 2 to ensure good reconstruction effi-
ciency. The leading charged particles having pT > 0.5 GeV and |η| < 2.5 are used
to construct jets. The leading charged particle jets are constructed using the Seed-
less Infrared-Safe Cone (SIS Cone) jet algorithm. ZeroBias datasets are used for
the present measurements, corresponding to an integrated luminosity of 281 nb−1.
Events with exactly one primary vertex are selected for the analysis. UE activity is
measured in terms of the average charged particle density and average energy den-
sity of the leading charged particles (jets). The average charged particle density is
defined as the number of tracks (Nch) in any region divided by the area of the same
region in η–φ space, and average energy density is the scalar sum of tracks transverse
momenta (ΣpT ) in any region divided by its area in η–φ space.

The regions of measurements are defined using the φ direction of leading charged
particle (jet) as the reference direction:

• �φ < 60◦: Towards
• �φ > 120◦: Away
• 60◦ < �φ < 120◦: Transverse 1
• −60◦ < �φ < −120◦: Transverse 2

�φ is the difference between the φ direction of leading charged particle and any
other charged particle. Among the Transverse 1 and Transverse 2 regions, the region
having higher value of UE observables, i.e., the average charged particle density and
average energy density is defined as TransMax region and another one as TransMin
region.

In order to compare the data with various theory predictions, data measurements
are corrected using RooUnfold package. Corrected distributions are compared with
predictions of PYTHIA8, EPOS & Herwig++ MC samples. The predictions of
Herwig++ fail in the low pT region and EPOS fail in the plateau region. Overall
Monash tune of PYTHIA8 provides the best description of data as shown in Fig. 11.1
(left). UE observables at

√
s = 2.76 TeV are compared with the measurements at

√
s

= 13 TeV, an increase of 60–70% is observed in UE activity with increase in
√
s

from 2.76 TeV to 13 TeV (shown in Fig. 11.1 (middle & right)). Increase is observed
in the UE activity with increase in

√
s since contribution from MPI increases with

increasing
√
s.

11.3 UE Measurements Using DY Lepton Pair

UE measurements are performed using DY events with dimuon final state (qq →
μ+μ−) [4]. These events have a clean experimental signature and also theoretically
well understood, which implies precise and accurate measurements of the UE activ-
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Fig. 11.1 Unfolded distribution of energy density as a function of leading track pT is compared
with MCs, i.e., PYTHIA8, EPOS, Herwig++, etc. predictions. Bottom panel shows the ratio of the
corrected measurements to the MCs predictions (left). UE densities at 2.76 TeV are compared with
the same at 13 TeV (middle & right). UE activity grows strongly (by 60–70%) with increase in
centre-of-mass energy [3]

ity. UE activity is studied as a function of resultant transverse momentum (pμμ

T ),
using p-p collisions data corresponding to an integrated luminosity of 2.1 fb−1 and
pileup (PU) ∼20. Events having at least two isolated muons with pT > 17 GeV/c
(8 GeV/c) for leading (subleading) muon are selected. Also selected events lie within
a narrow mass window, 81< Mμμ < 101 GeV/c2 are having at least one well recon-
structed vertex. Charged particles having pT > 0.5 GeV and |η| < 2 are used for
the analysis. Mis-reconstructed tracks are removed using high-purity reconstruction
algorithm. Muons are reconstructed using particle-flow algorithm. Both muons are
required to lie in the region, |η| < 2.4. Corrected data measurements are compared
with different MC predictions, i.e., MADGRAPH + PYTHIA8, POWHEG + Her-
wig++, and POWHEG + PYTHIA8 MC combinations. Corrected distribution of
particle density as a function of pμμ

T in Away region is compared with different MC
predictions as shown in Fig. 11.2. POWHEG in combination with Herwig++ over-
estimates the data by 10–15% whereas PYTHIA8 in combination with POWHEG
and MADGRAPH show good agreement with data measurements having difference
up to 5%. Charged particle density is also compared in Towards, Away, and Trans-
verse regions (shown in Fig. 11.3 (left)). In Away region, fast rise is observed due to
recoiling hadronic activity but in Towards and Transverse regions, growth is com-
paratively slow due to large spatial separation. UEmeasurements at

√
s = 13 TeV are

compared with the previous measurements at
√
s = 7, 1.96 TeV presented in Fig. 11.3

(right). UE activity shows 25–30% rise on moving from 7 to 13 TeV and 60–80% on
moving from 1.96 TeV to 7 TeV. For lower values of pμμ

T , POWHEG + PYTHIA8,
POWHEG + HERWIG++ predictions show bit slow increase as compared to data
measurements, but data-MC agreement improves for the higher values of pμμ

T .
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Fig. 11.2 Unfolded distribution of particle density as a function of pμμ
T (Away region) is compared

with MC predictions. POWHEG and MADGRAPH in combination with PYTHIA8 gives the best
description of data (within 5%). Bottom panel shows the ratio of the corrected measurements to the
MCs predictions [4]

11.4 UE Measurements Using t t̄ Pair

UE measurements in t t̄ pair production channel are performed using data collected
at

√
s = 13 TeV [5], corresponding to an integrated luminosity of 35.9 fb−1. Events

having one electron, one muon (having pT > 20 GeV and |η| < 2.4) with oppo-
site charge sign and two jets (originated from hadronization and fragmentation of
b quarks) in final state are used for the measurements as this final state has high
purity. Also the decay products of hard processes can be easily distinguished. Jets
are reconstructed using the infrared and collinear safe anti-kT algorithm. The jets
having pT > 15 GeV are selected for the measurements. Dilepton mass (m(ll)) dis-
tribution is compared to the sum of expectations of signal and background as shown
in Fig. 11.4 (left). The m(ll) variable is estimated with a resolution >2%. Good reso-
lution of m(ll) variable estimation implies precise measurements of UE dependence
on the energy scale of hard process which is correlated with m(ll) variable. The
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Fig. 11.3 The average charged particle density as a function of pμμ
T is compared in the Away,

Towards, and Transverse regions (left). The average charged particle at 13 TeV is compared with
the previous measurements at 7 and 1.96 TeV (right) [4]
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Fig. 11.4 Dilepton mass, m(ll) variable distribution is compared to the sum of expectations of
signal and backgrounds (left). Shaded region represents the total uncertainty, i.e., systematic plus
statistical. The differential cross section as a function of Nch is compared to POWHEG + PYTHIA8
predictions as well as to different setups (middle). Corrected data is compared to different models
(right). POWHEG + PYTHIA8 setup shows overall nice agreement with the data [5]

differential cross-sectional distribution as a funcion of Nch (shown in Fig. 11.4 (mid-
dle)) is compared to the predictions of POWHEG + PYTHIA8 and different setups
(in Fig. 11.4 (right)), obtained by varying the parameters of CUETP8M2T4 tune of
PYTHIA8. POWHEG+Herwig++ andPOWHEG+Herwig7-based setups showdif-
ferent behavior from PYTHIA8-based setups. POWHEG + PYTHIA8 combination
provides the best description of data measurements.



76 M. Lohan

11.5 Summary

The evolution of UE activity is studied as a function of centre-of-mass energy, and
strong dependency is observed. UEmeasurements in top quark pair production show
no deviation from universality hypothesis even at higher energies. The overall good
description of the UE activity by MC predictions confirms the universality of the
physical processes producing the underlying event in p-p collisions at high energies.
Results obtained from UE measurements via different channels are valuable feed-
back to further constrain phenomenological models, useful for the understanding of
particle production at low pT .
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Chapter 12
Probing New Physics in
Bs → (K, K∗)τν and B → πτν Decays

N. Rajeev and Rupak Dutta

Abstract Motivated by the anomalies present in b → u and b → c semileptonic
decays, we study the corresponding Bs → (K , K ∗)τν and B → πτν decays within
an effective field theory formalism. Our analysis is based on a strict model-dependent
assumption, i.e., we assume that b → u and b → c transition decays exhibit sim-
ilar new physics pattern. We give a prediction of various observables such as the
branching fraction, ratio of branching ratio, lepton side forward-backward asymme-
try, longitudinal polarization fraction of the charged lepton, and convexity parameter
in the standard model and in the presence of vector type new physics couplings.

12.1 Introduction

Study of lepton flavor non-universality in the B meson systems have been the center
of interest both theoretically and experimentally over the last decade. Disagreement
between the SM expectations and the experimental measurements (BaBar, Belle,
and LHCb) in B → D(∗)lν and Bc → J/Ψ lν undergoing b → (c, u)lν quark level
transitions are well reflected in the flavor ratios RD , RD∗ and RJ/Ψ defined as

RD(∗) = B(B → D(∗)τν)

B(B → D(∗)lν)
, RJ/Ψ = B(Bc → J/Ψ τν)

B(Bc → J/Ψ lν)

In Table12.1, we report the precise SM predictions and the experimental mea-
surements of the various decay modes. The combined deviation of 3.78σ in RD

and RD∗ and around 1.3σ in RJ/Ψ from SM expectation is observed. Similarly,
the average value of the branching ratio B(B → τν) reported by BaBar and Belle
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Table 12.1 The SM prediction and the world averages of the ratio of branching ratios for various
decay modes

Ratio of branching ratio SM prediction Experimental prediction

RD 0.300 ± 0.008 [1–4] 0.407 ± 0.039 ± 0.024 [12–16]

RD∗ 0.258 ± 0.005 [5–8] 0.304 ± 0.013 ± 0.007 [12–16]

RJ/Ψ [0.20, 0.39] [9] 0.71 ± 0.17 ± 0.18 [17]

B(B → τν) (0.84 ± 0.11) × 10−4 [10] (1.09 ± 2.4) × 10−4 [18]

Rl
π 0.566 0.698 ± 0.155 [11]

Rπ 0.641 [11] <1.784 [18]

experiments is not in good agreement with the SM expectations. Although, the
B(B → πlν) is consistent with the SM, the ratio Rl

π = (τB0/τB−)B(B → τν)/

B(B → πlν) shows mild deviation. Similar deviations are also observed in the ratio
Rπ = B(B → πτν)/B(B → π l ν) as well. Motivated by these anomalies, we study
the implications of RD , RD∗ , RJ/Ψ , and Rl

π anomalies on Bs → (K , K ∗)τν and
B → πτν semileptonic decays in a model dependent way.

12.2 Theory

12.2.1 Effective Lagrangian

The effective Lagrangian for b → u l ν transition that decays in the presence of
vector type NP couplings is of the form [19]

Leff = −4GF√
2

Vub

{
(1 + VL) l̄L γμ νL c̄L γμ bL + VR l̄L γμ νL c̄R γμ bR

+ ṼL l̄R γμ νR c̄L γμ bL + ṼR l̄R γμ νR c̄R γμ bR

}
+ h.c. , (12.1)

where GF is the Fermi coupling constant and |Vub| is the CKM matrix element. VL ,
VR are the NP Wilson coefficients (WCs) involving left-handed neutrinos, and the
WCs referring to tilde terms involve right-handed neutrinos.

Using the effective Lagrangian, we calculate the three-body differential decay
distribution for the B → (P, V ) l ν decays. The final expressions pertaining to the
pseudoscalar and vector differential decay rates can be found in [20].

In general, we define the ratio of branching ratio as

R = B(Bq → M τ ν)

B(Bq → M l ν)
, (12.2)
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where M = K , K ∗, π and l = μ. We also define various q2 dependent observ-
ables such as differential branching ratio DBR(q2), ratio of branching ratio R(q2),
forward-backward asymmetry Al

FB(q2), polarization fraction of the charged lepton
Pl(q2), and convexity parameter Cl

F (q2) for the decay modes. For details one can
refer to [20].

12.3 Results and Discussion

12.3.1 Standard Model Predictions

The SM central values are reported in Table12.2. We calculate the central values
by considering the central values of the input parameters. For the 1σ ranges, we
perform a random scan over the theoretical inputs such as CKMmatrix elements and
the form factor inputs within 1σ of their central values. The significant difference in
the μ mode and the τ mode are observed. The branching ratio of the order of 10−4 is
observed in all the decay modes. The results pertaining 〈Pl〉 and 〈Cl

F 〉 are calculated
for the first time for these decay modes. In Fig. 12.1, we show the q2 dependency of
all the observables for the μ mode and the τ mode.

12.3.2 Beyond the SM Predictions

We discuss the NP contributions coming from VL and ṼL NP couplings. To get the
allowed NP parameter space, we impose 2σ constraint coming from the measured
values of RD , RD∗ , RJ/Ψ , and Rl

π . In the left panel of Fig. 12.2, we show the allowed
range of VL and ṼL NP couplings once the 2σ constraints are imposed. Similarly, in
the right panel the corresponding ranges in B(B → πτν) and Rπ using the allowed
ranges of VL and ṼL NP couplings are shown. In Table12.3 we display the allowed
ranges of each observable in the presence of VL and ṼL NP couplings. Also, in
Figs. 12.3 and 12.4, we display the q2 dependency of the various observables in the
presence of VL and ṼL NPcouplings for the Bs → K τν, Bs → K ∗τν, and B → πτν
decays. The detailed observations are as follows:

– For the VL NP coupling, we notice a significant deviation from the SM prediction
in DBR(q2) and R(q2) for all the decay modes. In addition, in the presence of
ṼL NP coupling the τ polarization fraction show deviation along with R(q2) and
DBR(q2). So the measurement of Pτ (q2) can easily differentiate VL and ṼL NP
contributions.

– The other observable such as Aτ
FB(q2), Pτ (q2), andCτ

F (q2) are not affected by VL

NP coupling. Similarly, Aτ
FB(q2) and Cτ

F (q2) are not affected by ṼL NP coupling.
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Table 12.2 The central values and 1σ ranges of each observable for both μ and τ modes in SM
are reported for Bs → Klν, Bs → K ∗lν and B → πlν decays

Bs → Klν BR × 10−4 〈Al
FB〉 〈Pl 〉 〈Cl

F 〉 RBs K

μ mode Central
value

1.520 6.647 ×
10−3

0.982 −1.479

1σ range [1.098,
2.053]

[0.006,
0.007]

[0.979,
0.984]

[−1.482,
−1.478]

0.636

τ mode Central
value

0.966 0.284 0.105 -0.607

1σ range [0.649,
1.392]

[0.262,
0.291]

[−0.035,
0.279]

[−0.711,
−0.525]

[0.586,
0.688]

Bs → K ∗lν BR × 10−4 〈Al
FB〉 〈Pl 〉 〈Cl

F 〉 RBs K ∗

μ mode Central
value

3.259 −0.281 0.993 −0.417

1σ range [2.501,
4.179]

[−0.342,
−0.222]

[0.989,
0.995]

[−0.575,
−0.247]

0.578

τ mode Central
value

1.884 −0.132 0.539 −0.105

1σ range [1.449,
2.419]

[−0.203,
−0.061]

[0.458,
0.603]

[−0.208,
−0.007]

[0.539,
0.623]

B → πlν BR × 10−4 〈Al
FB〉 〈Pl 〉 〈Cl

F 〉 Rπ

μ mode Central
value

1.369 4.678 ×
10−3

0.988 −1.486

1σ range [1.030,
1.786]

[0.004,
0.006]

[0.981,
0.991]

[−1.489,
−1.481]

0.641

τ mode Central
value

0.878 0.246 0.298 −0.737

1σ range [0.690,
1.092]

[0.227,
0.262]

[0.195,
0.385]

[−0.781,
−0.682]

[0.576,
0.725]

Table 12.3 Allowed ranges of each observable in the presence of VL and ṼL NP coupling

VL ṼL

〈R〉 〈BR〉 × 10−4 〈R〉 〈BR〉 × 10−4 〈Pτ 〉
Bs → K τν [0.644, 0.891] [0.735, 1.746] [0.638, 0.898] [0.731, 1.774] [−0.026, 0.217]
Bs → K ∗τν [0.593, 0.804] [1.684, 2.993] [0.582, 0.802] [1.579, 3.098] [0.249, 0.513]
B → πτν [0.630, 0.915] [0.793, 1.368] [0.631, 0.926] [0.765, 1.391] [0.117, 0.315]
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Fig. 12.1 q2 dependent observables of Bs → K l ν (first column), Bs → K ∗ l ν (second column),
and B → π l ν (third column) decays in the SM for the μ (violet) and τ (green) modes

12.4 Conclusion

We study Bs → (K , K ∗)τν and B → πτν decay modes within the SM and within
the various NP scenarios. Although, there are hints of NP in various B meson decays,
the NP is not yet established. Studying Bs → (K , K ∗)τν and B → πτν decay
modes theoretically as well as experimentally are well motivated as these can provide
complementary information regarding NP.
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Fig. 12.3 R(q2) and DBR(q2) for Bs → K τν (first column), Bs → K ∗τν (second column), and
B → πτν (third column) decays using the VL NP coupling of Fig. 12.2 are shown with violet band.
The corresponding SM ranges are shown with green band
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Fig. 12.4 R(q2), DBR(q2) and Pτ (q2) for Bs → K τν (first column), Bs → K ∗τν (second col-
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Chapter 13
Semileptonic Decays of Charmed Meson

N. R. Soni and J. N. Pandya

Abstract In this work, we present the charmed meson semileptonic decays in the
covariant confined quark model. The necessary transition form factors for the chan-
nels D → (K ,π) are computed in the whole physical range of momentum transfer.
These form factors are then utilized for computation of semileptonic branching frac-
tions. We also compare our results with the recent BESIII data and CLEO data.

13.1 Introduction

Semileptonic decays of charmed meson provide the key window to understand the
decay of heavy quark dynamics because of the involvement of strong as well as
weak interaction. The CKM matrix elements |Vcd | and |Vcs | can be extracted from
semileptonic decays of D(s) mesons as they are parameterized by the form factor
calculations. Experimentally, the data on form factors and branching fractions are
reported by BESIII [1–4], BABAR [5], Belle [6], and CLEO collaborations [7]. The
form factors for the channels D → (K ,π) have also been reported using lattice
quantum charmodynamics (LQCD) by ETM Collaborations [8, 9] and light cone
sum rules (LCSR) [10]. The form factors and branching fractions are also computed
using light front quark model [11], heavymeson chiral theory [12], constituent quark
model [13], and chiral unitary approach [14]. The charmed meson decay properties
are also studied in the potential model formalism [15–18].

In this article, we employ the Covariant Confined Quark Model for computation
of semileptonic transition form factors and branching fractions of D mesons. We
compare our findings with the experimental data from the BESIII, BABAR, CLEO,
and Belle collaborations.
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13.2 Form Factors and Branching Fractions in Covariant
Confined Quark Model

The Covariant Confined Quark Model (CCQM), developed by Efimov and Ivanov
[19–22] is a quantum field theoretical approach for hadronic interaction with the
constituent quark via exchange of quark only. The effective interaction Lagrangian
for meson M(q1, q̄2) corresponding to the constituent quarks q1 and q̄2 is given by

L int = gMM(x)
∫

dx1

∫
dx2FM(x; x1, x2) · q̄a

f1(x1)ΓMq
a
f2(x2) + H.c. (13.1)

with FM(x; x1, x2) as the vertex function that characterizes the quark distribution
within themesons. For simplicity, we choose the vertex function to be of theGaussian
form. Here, ΓM is the Dirac matrix corresponding to spin of the respective mesonic
field M(x) and gM is the meson coupling constant computed from the meson self-
energy diagram. The model parameters, namely quark masses and size parameters
are given in Tab.13.1.

For computation of semileptonic branching fractions, the invariant matrix element
can be written as

M(D → (P, V )�+ν�) = GF√
2
Vcq〈P, V |q̄γμ(1 − γ5)c|D〉 �+γμ(1 − γ5)ν�, (13.2)

where GF is the Fermi coupling constant, P, V correspond to the pseudoscalar or
vector mesons in the final state, respectively. Thematrix element for the semileptonic
decays can be written in terms of transition form factors as

〈P(p2)|s̄Oμc|D(p1)〉 = F+(q2)Pμ + F−(q2)qμ (13.3)

〈V (p2, εν)|s̄Oμc|D(p1)〉 = ε†ν
m1 + m2

[−gμνP · q A0(q
2) + PμPν A+(q2)

+qμPν A−(q2) + iεμναβPαqβV (q2)
]
, (13.4)

where P = p1 + p2, q = p1 − p2 and p1, p2 are themomenta of parent and daughter
mesons, respectively. We present our form factors in Fig. 13.1. The form factors in
the double pole approximation are given as

Table 13.1 Constituent quark masses and size parameters (in GeV)

mu ms mc mb ΛK ΛK ∗ Λπ λ

0.241 0.428 1.67 5.05 1.04 0.72 0.87 0.181 GeV
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Fig. 13.1 Form factors

Table 13.2 Double pole parameters

D → K D → π D → K ∗

F+ F− F+ F− A0 A+ A− V

F(0) 0.77 −0.39 0.63 −0.41 2.08 0.67 −0.90 0.89

a 0.72 0.78 0.86 0.93 0.39 0.86 0.96 0.97

b 0.047 0.070 0.096 0.13 −0.10 0.091 0.14 0.14

F(q2) = F(0)

1 − a q2

m2
1
+ b( q2

m2
1
)2

. (13.5)

The form factors and associated double pole parameters are given in Table13.2.
After defining the form factors, we compute the semileptonic branching fractions

using the relations [23, 24]

dΓ (D → (P, V )�+ν�)

dq2
= G2

F |Vcq |2|p2|q2

12(2π)3m2
D

(
1 − m2

�

q2

)2

×
[(

1 + m2
�

2q2

) ∑
n=0,+,−

|Hn|2 + 3m2
�

2q2
|Ht |2

]
. (13.6)
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Table 13.3 Charmed semileptonic branching fractions (in %)

Channel Present Data References

D+ → π0e+νe 0.291 0.350 ± 0.011 ± 0.010 BESIII [2]

D+ → π0μ+νμ 0.285

D+ → K̄ 0e+νe 9.287 8.60 ± 0.06 ± 0.15 BESIII [3]

8.83 ± 0.10 ± 0.20 CLEO [7]

D+ → K̄ 0μ+νμ 9.022 8.72 ± 0.07 ± 0.18 BESIII [29]

D+ → K̄ ∗0e+νe 7.613 5.40 ± 0.10 PDG [30]

D+ → K̄ ∗0μ+νμ 7.207 5.27 ± 0.16 CLEO [31]

Here |p2| = λ2(m2
D,m2

P/V , q2)/2m2
D is the momentum of daughter meson in the

rest frame of the D meson with λ is the Källen function. H±, H0, and Ht are the
helicity amplitudes expressed as

For D → P channel:

Ht = 1√
q2

(PqF+ + q2F−),

H± = 0 and H0 = 2m1|p2|√
q2

F+ (13.7)

For D → V channel:

Ht = 1

m1 + m2

m1|p2|
m2

√
q2

(
(m2

1 − m2
2)(A+ − A−) + q2A−

)

H± = 1

m1 + m2
(−(m2

1 − m2
2)A0 ± 2m1|p2|V )

H0 = 1

m1 + m2

1

2m2

√
q2

(−(m2
1 − m2

2)(m
2
1 − m2

2 − q2)A0 + 4m2
1|p2|2A+).

(13.8)

The computed semileptonic branching fractions for D+ meson are given in
Table13.3 in comparison with experimental observations.

13.3 Results and Discussion

Having defined the model parameters and form factors, we compute the semilep-
tonic branching fractions within the framework of the Covariant Confined Quark
Model. The numerical results of semileptonic branching fractions are tabulated in
Table13.3. Our results for D+ → π0e+νe are found to be nearer to the BESIII
data and for muon channel the experimental results are still not available. For
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D+ → K̄ 0�+ν� channel, our results are in good agreement with the CLEO and
BESIII data. For D+ → K̄ ∗(892)0�+ν� channel our results overestimate the exper-
imental data. For detailed description of the model and computation technique we
suggest the readers to refer our papers [25–27] as well as our recent review article
[28]. In these papers, we have extensively studied the leptonic and semileptonic decay
of D and Ds mesons. We study D+(0) → (K , K ∗(892),π, ρ,ω, η, η′, D0)�+ν�,
D+

s → (K , K ∗(892)0,φ, η, η′, D0)�+ν�. We also study the other physical observ-
ables such as forward-backward asymmetry, longitudinal and transverse polariza-
tions, lepton-side, and hadron-side convexity parameters.

The study of hadronic properties in Covariant Confined Quark Model is very
general and this formalism is applicable to any number of quarks with any number of
loops. In the last few years this formalism is successfully employed for computation
of decay properties of B(s) mesons [32–38], Bc mesons [39–41], charmed and beauty
baryons [42–46] and exotic states [47–49].
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Chapter 14
Three-Loop Heavy Quark Form Factors
and Their Asymptotic Behavior

J. Ablinger, J. Blümlein, P. Marquard, N. Rana, and C. Schneider

Abstract A summary of the calculation of the color-planar and complete light quark
contributions to the massive three-loop form factors is presented. Here a novel cal-
culation method for the Feynman integrals is used, solving general uni-variate first-
order factorizable systems of differential equations. We also present predictions for
the asymptotic structure of these form factors.

14.1 Introduction

The detailed description of top quark pair production to high perturbative order is of
importance in various respects, including precision studies ofQCD, themeasurement
of the top-quark mass, and its other properties, and in the search for effects from
potential physics beyond the Standard Model. The heavy quark form factors act as
the basic building block of the related observables. In a series of publications [1–4],
two-loop QCD contributions of these form factors for vector, axial-vector, scalar,
and pseudo-scalar currents were first computed. In an independent calculation in [5],
theO(ε) terms were included for the vector form factors, where ε is the dimensional
regularization parameter in D = 4 − 2ε space–time dimensions. Later in [6], two-
loop QCD contributions up to O(ε2) for all these form factors were obtained.

At the three-loop level, the color-planar contributions to the vector form factors
were obtained in [7, 8] and the complete light quark contributions in [9]. We have
computed both the color-planar and complete light quark contributions to the three-
loop form factors for the axial-vector, scalar, and pseudo-scalar currents in [10] and
for the vector current in [11], which are the subject of the first part of this article.
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In [11], we have presented a detailed description of the method which we have used
to obtain the master integrals in this case. The method is generic to compute any
first-order factorizable and uni-variate system of differential equations. In a parallel
calculation, the same results have been obtained in [12].

Amplitudes for hard scattering processes in QCD provide a clear insight into
underlying principles such as factorization or the universality of infrared (IR) sin-
gularities. In the case of massless QCD amplitudes, a plethora of work [13–16] has
been performed to understand the structure of IR divergences which is due to the
interplay of the soft- and collinear dynamics. In the case of two parton amplitudes,
i.e., the form factors, the IR structure is more prominent. The interplay of the soft and
collinear anomalous dimensions building up the singular structure of the massless
form factors has first been noticed in [17] at two-loop order and has been later estab-
lished at the three-loop order in [18]. The generalization of this universal structure to
the case of massive form factors is also of interest. First steps were taken in [19] in
the asymptotic limit, i.e., in the limit where the quark mass is small compared to the
center ofmass energy, followed by the proposition of a factorization theorem [20–22]
in the asymptotic limit. Finally, in [23], a general solution was presented following
a soft-collinear effective theory approach. While, the solution in [23] provides the
structure of IR poles for the exact computation, the study of the Sudakov behavior
in the asymptotic limit also elucidates the logarithmic behavior for the finite contri-
butions. Following the method proposed for massless form factors in [24, 25], we
have performed a rigorous study in [26] in the asymptotic limit to obtain all the poles
and also all logarithmic contributions to finite pieces of the three-loop heavy quark
form factors for vector, axial-vector, scalar, and pseudo-scalar currents. A similar
study has been performed in [27] obtaining the poles for the vector form factor. In
the second part of this article, we summarize the contents of [26].

14.2 Heavy Quark Form Factors

We consider a virtual massive boson of momentum q, which can be a vector (V ), an
axial-vector (A), a scalar (S), or a pseudo-scalar (P), decaying into a pair of heavy
quarks of mass m, color c and d, and momenta q1 and q2, at a vertex Xcd , where
Xcd = �

μ

V,cd , �
μ

A,cd , �S,cd and �P,cd . The general forms of the amplitudes are

ūc(q1)�
μ

V,cdvd(q2) ≡ −i ūc(q1)
[
δcdvQ

(
γ μ FV,1 + i

2m
σμνqν FV,2

)]
vd(q2),

ūc(q1)�
μ

A,cdvd(q2) ≡ −i ūc(q1)
[
δcdaQ

(
γ μγ5 FA,1 + 1

2m
qμγ5 FA,2

)]
vd(q2),

ūc(q1)�S,cdvd(q2) ≡ −i ūc(q1)
[
δcdsQ

(m
v

(−i) FS

)]
vd(q2),

ūc(q1)�P,cdvd(q2) ≡ −i ūc(q1)
[
δcd pQ

(m
v

(γ5) FP

)]
vd(q2) . (14.1)
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Here ūc(q1) and vd(q2) are the bi-spinors of the quark and the anti-quark, respec-
tively, with σμν = i

2 [γ μ, γ ν]. vQ, aQ, sQ , and pQ are the Standard Model (SM) cou-
pling constants for the vector, axial-vector, scalar, and pseudo-scalar, respectively.
v = (

√
2GF )−1/2 denotes the SM vacuum expectation value of the Higgs field, with

the Fermi constant GF . For more details, see [6]. The form factors can be obtained
from the amplitudes by multiplying appropriate projectors [6] and performing the
trace over the color and spinor indices.

14.2.1 Details of the Computation

The computational procedure is described in detail in [6]. The Feynman diagrams are
generated using QGRAF [28]. The packages Q2e/Exp [29, 30], FORM [31, 32], and
Color [33] are used in the computation. By decomposing the dot products among
the loop and external momenta into the combination of inverse propagators, each
Feynman diagram can be expressed in terms of a linear combination of a large set of
scalar integrals. These integrals are related to each other through integration-by-parts
identities (IBPs) [34, 35], and are reduced to 109 master integrals (MIs) by using the
package Crusher [36].

We apply the method of differential equations [37–40] to calculate the master
integrals. Themethod and the corresponding algorithm is presented in detail in [11].1

The principal idea of this method is to obtain a set of differential equations of theMIs
by performing differentiation with respect to the variable x , with q2/m2 = −(1 −
x)2/x and then to use the IBP relations on the output to obtain a linear combination
of MIs for each differentiated integral for general bases. One obtains a n × n system
of coupled linear differential equations for n master integrals I

d

dx
I = MI + R. (14.2)

Here the n × n matrix M consists out of entries from the rational function field
K(D, x) (or equivalently from K(ε, x)), where K is a field of characteristic 0. The
inhomogeneous part R contains MIs which are already known. In simple cases, R
turns out to be just the null vector. The first step to solve such a coupled system of
differential equations is to find out whether the system factorizes to first order or not.
Using the package Oresys [42], based on Zürcher’s algorithm [43] and applying
a corresponding solver [11, 44] we have first confirmed that the present system is
indeed first-order factorizable in x-space.

Without the need to choose a special basis, we solve the system in terms of iterated
integrals over whatsoever alphabet, cf. [11] for details. To proceed, we first arrange
the differential equations in such a manner that it appears in upper block-triangular
form. Then, we compute the integrals block-by-block starting from the last in the

1For a review on the computational methods of loop integrals in quantum field theory, see [41].
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arrangement. While solving for each block, say of order m × m, the differential
equations are solved order by order in ε successively, starting at the leading pole
terms, ∝ 1/ε3 for our case. The successive solutions in ε also contribute to the
inhomogeneities in the next order. We use the package Oresys [42], based on
Zürcher’s algorithm [43] to uncouple the differential equations. At each order in ε, l
inhomogeneous ordinary differential equations are obtained, where 1 ≤ l ≤ m. The
orders of these differential equations are m1, . . . ,ml such that m1 + · · · + ml = m.
We have solved these differential equations using themethod of variation of constant.
In our case, the spanning alphabet is

1

x
,

1

1 − x
,

1

1 + x
,

1

1 − x + x2
,

x

1 − x + x2
, (14.3)

i.e., the usual harmonic polylogarithms (HPLs) [45] and their cyclotomic extension
(CHPL) [46]. While integration over a letter is a straightforward algebraic manipu-
lation, often k-th power of a letter, k ∈ N, appears which needs to be transformed to
the letters of (14.3) by partial integration. The otherm − l solutions are immediately
obtained from the former solutions. The constants of integration are determined using
boundary conditions in the low energy limit, i.e., at x = 1. The boundary values for
the HPLs and CHPLs give rise to the respective constants in the limit x → 1, i.e., the
multiple zeta values (MZVs) [47] and the cyclotomic constants [46]. The computa-
tion is performed by intense use of HarmonicSums [46, 48–54], which uses the
package Sigma [55, 56]. Finally, all the MIs have been checked numerically using
FIESTA [57–59].

14.2.2 Ultraviolet Renormalization and Universal Infrared
Structure

We perform the ultraviolet (UV) renormalization of the form factors in a mixed
scheme. The heavy quark mass and wave function have been renormalized in the on-
shell (OS) renormalization scheme. The strong coupling constant has been renormal-
ized using theMS scheme, by setting the universal factor Sε = exp(−ε(γE − ln(4π))

for each loop order to one at the end of the calculation.
The required renormalization constants are already well-known and are denoted

by Zm,OS [60–64], Z2,OS [60–62, 65], and Zas [66, 67], with as = αs/(4π), for
the heavy quark mass, wave function, and strong coupling constant, respectively.
Z2,OS and Zas are multiplicative, while the renormalization of massive fermion lines
has been taken care of by properly considering the counter terms. For the scalar
and pseudo-scalar currents, the presence of the heavy quark mass in the Yukawa
coupling employs another overall mass renormalization constant, which also has
been performed in the OS renormalization scheme.

The universal behavior of IR singularities of the massive form factors was first
investigated in [21] considering the high energy limit. Later in [23], a general argu-
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mentwas provided to factorize the IR singularities as amultiplicative renormalization
constant as

FI = Z(μ) Ffin
I (μ) , (14.4)

where Ffin
I is finite as ε → 0. The renormalization group equation (RGE) for Z(μ)

is constrained by the massive cusp anomalous dimension [68, 69].

14.2.3 Checks of the Results

To perform checks, we have maintained the gauge parameter ξ to first order and
have thus obtained a partial check on gauge invariance. Fulfillment of the chiral
Ward identity gives another strong check on our calculation.

Considering αs-decoupling appropriately, we obtain the universal IR structure for
all the UV renormalized results, confirming again the universality of IR poles. Also,
in the low energy limit, the magnetic vector form factor produces the anomalous
magnetic moment of a heavy quark which we cross check with [70] in this limit.
Finally, we have compared our results with those of [7, 9, 12], which have been
computed using partly different methods. Both results agree.

14.3 Asymptotic Behavior of Massive Form Factors

We consider from now on only the renormalized electric form factor (FV ) for the
vector current and the renormalized scalar form factor (FS), in the asymptotic limit.
All other massive form factors either agree to one of them or vanish in this limit. To
start with, we write down a Sudakov type integro-differential equation [71, 78] for

a function F̂I

(
as(μ), Q2

μ2 , m2

μ2 , ε
)
in the asymptotic limit as follows:

μ2 ∂

∂μ2
ln F̂I

(
Q2

μ2
,
m2

μ2
, as, ε

)
= 1

2

[
KI

(
m2

μ2
, as, ε

)
+ GI

(
Q2

μ2
, as, ε

)]
,

(14.5)
where I = V, S only. Here F̂I contains all logarithmic behavior and singular contri-
butions of the respective form factor. As evident from the functional dependence, KI

incorporates the contributions from the quark mass m and does not depend on the
kinematic invariants, while GI contains the information of the process. Along with
the evolution of the strong coupling constant, (14.5), and the renormalization group
(RG) invariance of F̂ , individual solutions for KI and GI are provided as follows:
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KI = KI

(
as(m

2), 1, ε
)

−
∫ 1

m2

μ2

dλ

λ
Aq

(
as(λμ2)

)
,

GI = GI

(
as(Q

2), 1, ε
)

+
∫ 1

Q2

μ2

dλ

λ
Aq

(
as(λμ2)

)
. (14.6)

Here Aq denotes the quark cusp anomalous dimension. KI (as(m2), 1, ε) and
GI (as(Q2), 1, ε) are initial conditions arising while solving the RG equations. Using
(14.6), one can solve (14.5) to obtain F̂I , fromwhich the form factors can be obtained
through the following matching relation

FI

(
as,

Q2

μ2
,
m2

μ2
, ε

)
= CI (as, ε)F̂I

(
as,

Q2

μ2
,
m2

μ2
, ε

)
. (14.7)

The solutions for F̂I up to four-loop are presented in [26]. At each order in as ,
say n, the solution consists of A(n)

I , K (n)
I , and G(n)

I , the expansion coefficients of AI ,
KI (as(m2), 1, ε), and GI (as(Q2), 1, ε), respectively, and lower order terms.

In the massless quark form factor, the soft ( fq ) and collinear (Bq ) anomalous
dimensions govern the infrared structure in the form γq = Bq + fq

2 . Intuitively, in
the massive case, γq , along with similar contributions (γQ) from the heavy quark
anomalous dimension, will control the singular structure. Hence, it is suggestive to
write

K (n)
I = −2(γ (n)

q + γ
(n)
Q − γ

(n−1)
I ) . (14.8)

The anomalous dimension γ
(n−1)
I [60–62, 72–75] arises due to renormalization of

the current. Note that the power of each term γ n indicates the series expansion in as .
For γI , the contribution is of the same order also, however, we denote it by (n − 1)
to match with general notation of [72]. The other finite functions G(n)

I contain the
information on the process through its dependence on Q2. Hence, it is similar to the
one in case of massless form factors [76, 77]

G(n)
I = 2(B(n)

q − γ
(n−1)
I ) + f (n)

q + C (n)
I +

∞∑
k=1

εkgn,k
I . (14.9)

Given the structural similarities, C (n)
I and gn,k

I are the same as in the massless
cases. All the required anomalous dimensions, except γQ , are known from different
computations. On the other hand, γQ can be obtained from the non-logarithmic con-
tribution of the massive cusp anomalous dimension in the asymptotic limit. With all
the ingredients, we obtain the full singular contributions and all logarithmic contri-
butions to the finite part for vector and scalar form factors in the asymptotic limit.
The non-logarithmic part of the finite piece gets contributions from the matching
function CI which can only be obtained by an exact computation. Using our results
of [11], we obtain the color-planar and complete light quark contributions for C3,0

I .
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14.4 Conclusion

In the first part, we have summarized the computational details to obtain the color-
planar and complete light quark contributions to the three-loop heavy quark form
factors along with a new method to solve uni-variate first-order factorizable systems
of differential equations. The system is solved in terms of iterative integrals over a
finite alphabet of letters. Finally, we have computed all the corresponding contri-
butions to the massive three-loop form factors for vector, axial-vector, scalar, and
pseudo-scalar currents, which play an important role in the phenomenological study
of the top quark. We then have studied the asymptotic behavior of these form factors.
A Sudakov type integro-differential equation can be written down for the massive
form factors and along with the study of RGE, we have obtained all the logarithmic
contributions of the finite part of the vector and scalar form factors.
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Chapter 15
Rediscoveries from the First Data
of Belle II

Niharika Rout

Abstract The Belle II experiment at the SuperKEKB asymmetric e+e− collider in
KEK, Japan,will accumulate a data sample corresponding to an integrated luminosity
of 50 ab−1. The high luminositywill probe for newphysics beyond the standardmodel
in rare decays andmakehigh-precisionmeasurements of theCKMmatrix parameters.
The accelerator commissioning of the Belle II experiment, also known as Phase I,
was completed in 2016. The detector entered the second commissioning (Phase II) in
February 2018, with the first collisions taking place on April 25, 2018. A data sample
was collected corresponding to an integrated luminosity of 0.5 fb−1 of data. Here,
we present the first results in which D and B mesons are reconstructed. We report
measurements of D∗+ and D∗0 decay modes into various final states containing both
charged and neutral particles. In addition, we report the observation of 245 events
consistent with B meson decay to final states containing charmed mesons.

15.1 Introduction

The StandardModel (SM) is quite successful in explaining the fundamental particles
of nature and their interactions. Despite the tremendous success, there are still a few
unanswered questions such as the matter-antimatter asymmetry, mass and flavor
hierarchy of the quarks and leptons, existence of too many parameters in SM, etc.
Many New Physics (NP) scenarios have been proposed to explain such blind-spots
of the SM. One of the approaches to search for NP is making the measurements of
the parameters in the flavor sector to see if they deviate from the SM predictions.
Belle II is a unique opportunity to constrain and search for the NP at the intensity
frontier level.
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TheBelle II experiment, a second-generation B-factory experiment, was designed
to search for NP using precision measurements and rare decays. It has already started
collecting data and will accumulate total integrated luminosity of 50 ab−1 by 2027.
With this large data set, we can perform precisionmeasurements of CKMparameters,
such as φ3 and Vub [1], and search for New Physics (NP), such as CP violation in
charmmesons, leptonflavor violations in τ decays, newparticles affecting rare flavor-
changing neutral current processes and search for light dark matter candidates [2].

15.2 SuperKEKB and Belle II Detector

The SuperKEKB colliding-beam accelerator provides e+e− collisions at an energy
corresponding to the mass of the Υ (4S) resonance, which are being recorded by the
Belle II detector. It is consisting of two storage rings of 3.012km length each, one
for the 7 GeV electrons (High Energy Ring, HER) and one for the 4 GeV positrons
(Low Energy Ring, LER). The design peak instantaneous luminosity of SuperKEKB
is 8 × 1035 cm−2s−1, approximately forty times higher than what has been achieved
at the KEKB accelerator [3]. This will allow a data sample to be accumulated that
corresponds to an integrated luminosity of 50 ab−1.

Belle II is the upgraded version of the Belle detector [4]. It has better performance
and can tolerate the much higher level of beam-related background that arises from
the increase in instantaneous luminosity [5]. The different sub-detectors are shown
in Fig. 15.1.

15.2.1 Data Taking and On-Resonance Test

The accelerator commissioning of the Belle II experiment, also known as Phase I,
was completed in 2016. The detector entered to the second commissioning period
(Phase II) in February 2018, with the first collisions taking place on April 25, 2018.

(b)(a)

Fig. 15.1 a SuperKEKB accelerator and b Belle II detector
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Fig. 15.2 R2 distribution
from phase II data
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A data sample was collected corresponding to an integrated luminosity of 0.5 fb−1.
Only one ladder of each layer of the vertex detector was present during the data
taking, which corresponds to 1/8th of the full detector.

A test was performed to validate the Υ (4S) resonance in data using the event-
shape variable R2, which is the ratio of second and zeroth Fox-Wolfram moments
[6]. The distribution for phase II data is shown in Fig. 15.2. The value is close to
zero for e+e− → Υ (4S) → BB events and close to one for e+e− → qq where,
q = u, d, s, c, also known as continuum events. The distribution agrees reasonably
with the MC expectations, hence proving the existence of BB pair production in
data.

15.3 Rediscoveries of the Charm and B Modes

This section describes D∗± and D∗0 reconstruction in phase II data and provides
information required to obtain those plots. In the end, the reconstruction of B+ →
D(∗)π+ and B+ → D(∗)ρ final state is also discussed; this is the principal control
channel for the analysis of B+ → D(∗)K+, which determines the unitary triangle
angle φ3 [8].
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15.3.1 Selection Criteria

We use events that are selected by the High-Level Trigger (HLT) stream and are
required tohave at least three charged tracks to be inconsistentwith aBhabha e+e− →
e+e− event. Charged tracks are selectedwith absolute values of the impact parameters
parallel and perpendicular to the beam direction <0.5cm and 3cm, respectively. In
addition, PID criteria are applied such that the likelihood of the charged track for the
pion or kaon hypothesis being >0.6. PID criteria are only applied to the daughters
of the D meson. An additional charged track, which is assumed to be a pion, is
combined with the D candidate to form a D∗± candidate and the momentum in the
center-of-mass frame of this candidate is required to bemore than 2.5 GeV/c to select
D∗ mesons from cc̄ events, which tend to have less combinatorial background than
D∗ mesons produced in decays of the Υ (4S). The following selection criteria are
applied for D∗± candidates:

• 1.7 < MD0 < 2.1 GeV/c2;
• 0.14 < �M < 0.16 GeV/c2, where �M is defined as M(D∗) − M(D0), it has
a much better resolution and discriminates more effectively between signal D∗+
and background than the D∗+ invariant mass;

The B candidates selection criteria are the same as those of the D∗ candidates with
an additional R2 < 0.3 cut for rejection of the background events coming from the
continuum.

15.3.2 Charm Modes

Figures15.3 and 15.4 show the �M and MD distributions for the Cabibbo-favored
final state Kπ coming from D∗± and D∗0, which has branching fraction of
(3.88± 0.05)%[7].A two-dimensionalmaximumlikelihoodfit is performedbetween
�M and MD . There are three components: signal, combinatorial background, and
events with correct D but fake D∗ due to the presence of a random π. The signal
yields for D∗± and D∗0 are 1188 ± 37 and 523 ± 31, respectively.

D → K+K− is aCP even final state and also a singly Cabibbo-suppressed mode
with a branching fraction is (3.96± 0.08)× 10−3 [7]. A PID cut >0.5 is applied
on both the K . D → K 0

Sπ
0 is a CP odd final state and contains two neutral final

state particles; branching fraction for this mode is (1.19± 0.04)% [7]. Figures15.5
and 15.6 shows the�M and MD distributions for these two modes. The signal yields
for K+K− and K 0

Sπ
0 from the maximum likelihood fit are found to be 58 ± 9 and

91 ± 11, respectively.
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Fig. 15.7 �E (left) and Mbc (right) distributions for the B candidates selected in the Phase II data

15.3.3 B Rediscovery

A total of 245 B signal candidates were obtained from various hadronic chan-
nels, mostly from the reconstruction of B± → Dπ± and B± → Dρ±. The signal-
enhanced �E and Mbc distributions are shown in Fig. 15.7, which are defined like

Mbc =
√
E2
beam − (�

−→pi )2, �E = �Ei − Ebeam, (15.1)

where Ebeam is the beam energy in the center-of-mass frame and Ei and
−→pi are the

energy and momenta of B daughter particles in the center-of-mass frame. For signal,
the value of Mbc peaks at the nominal B meson mass and �E at zero. The signal
region chosen was |�E | < 0.05 GeV and Mbc > 5.27 GeV/c2, respectively.

15.4 Summary

The phase II run of Belle II was successful despite the very small data sample col-
lected. We observed various charm modes validating the potential for charm physics
at Belle II. Possible charged and neutral B meson candidates are reconstructed from
different charmed mesons and a total of 245 signal events are obtained, which is
consistent with the yields from the data samples of the ARGUS/CLEO experiment
[9]. Many more particles like J/ψ, φ, �, semi-leptonic B modes are also confirmed
in the early data, giving the green light for the rich physics program ahead at Belle
II. For example, the aim is to reach a precision level of 1◦ for the φ3 measurements
using the 50 ab−1 data sets of Belle II in near future [2].
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Chapter 16
Double Parton Scattering Measurements
at CMS

Rajat Gupta

Abstract Recent results on double parton scattering (DPS) studies using data col-
lected during Run 1 and Run 2 of the LHC with the CMS experiment are presented.
Double parton scattering is investigated in several final states including vector bosons
and multi-jets. Measurements of observables designed to highlight the DPS contri-
bution are shown and compared to MC predictions from models based on multiple
partonic interactions (MPIs) phenomenology.

16.1 Introduction

Production of particles in a hadron-hadron collision involves parton-parton scatter-
ings, initial-state radiation (ISR), final-state radiation (FSR), and beam-beam rem-
nants (BBR) interactions. The large parton densities available in the proton-proton
(pp) collisions at the CERN LHC result in a significant probability of more than one
parton-parton scattering in the same pp collision, a phenomenon known as multiple
parton interactions (MPIs) [1]. In general, MPI produces mostly low pT particles,
and there is small probability of the production of high pT particles from MPI.
Double parton scattering (DPS) corresponds to events where two hard parton-parton
interactions occur in a single proton-proton collisions.

16.2 DPS Measurements at CMS

The study of DPS processes provides valuable information on the transverse distri-
bution of partons in the proton [2] and on the parton correlations in the hadronic wave
function [3, 4]. Under the assumption of transverse and longitudinal factorization
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of the two single parton interactions, the cross section of a double parton scattering
(DPS) process can be written as

σ DPS
AB = n

2

σA × σB

σeff
(16.1)

where A and B denote the single parton scattering (SPS) processes, and σA and σB

their respective SPS cross sections. The factor ‘n’ is unity if processes A and B are
the same, and n = 2 if A �= B. The parameter σeff is related to the extent of the parton
distribution in the plane orthogonal to the direction of motion of the protons.

The production of same-sign ww production via DPS, from pp collisions of√
s = 8 [5] and 13 TeV [6] at integrated luminosity of 19.7fb−1 and 35.9fb−1 respec-

tively, is studied. A multivariate analysis has been performed in order to enhance the
signal sensitivity; a limit on the DPS yield, along with corresponding σeff , has been
estimated.

The first step is involved in selecting an inclusive region of phase space with
minimal cuts for trigger and some QCD suppression. After the event selection, the
remaining background contributions include WZ production, backgrounds in which
one of the two leptons is fake, as well as minor contributions of opposite-sign di-
lepton events in which the charge of the electron is mismeasured, and rare processes
such as tri-boson production, or ZZ production. Since the most important back-
ground is WZ production in which both bosons decay leptonically and one of the
leptons from the Z boson is subsequently out of acceptance or not reconstructed,
therefore, a multivariate discriminator is trained with a boosted decision tree (BDT)
algorithm [7] in order to optimize the discrimination between the signal process and
the WZ process.

16.2.1 Constraints on the Double Parton Scattering Cross
Section from Same-Sign W Boson Pair Production
in Proton-Proton Collisions at

√
s = 8 TeV

A first search for same-sign W boson pair production via DPS in pp collisions at a
center-of-mass energy of 8 TeV is performed. The results presented are based on the
analysis of events containing two same-sign W bosons decaying into either same-
sign muon-muon or electron-muon pairs. The analyzed data were collected by the
CMS detector at the LHC during 2012 and correspond to an integrated luminosity
of 19.7 fb−1. Table16.1 shows the list of same-sign WW selection criteria chosen to
reduce various background processes. The majority of background events originate
from processes in which one or both of the leptons, coming from leptonic decays of
heavy quarks or in-flight decays of light mesons, pass the event selection criteria.

Thirteen input variables were selected, which exhibit differences in the signal
and the WZ background. Overall, the data and simulation are found to be consistent
within the uncertainties for all input variables. The BDT discriminant after the full
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Table 16.1 Event selection criteria for same-signW boson pair production in dimuon and electron-
muon channels [5]

Dimuon channel Electron-muon channel

Pair of same-sign leptons

Leading lepton pT > 20 GeV

Subleading lepton pT > 10 GeV

No third isolated and identified lepton with pT > 10 GeV

pmiss
t > 20 GeV

mll > 20 GeV

mll /∈ [75, 105] GeV –

|pTμ1
| + |pTμ2

| > 45 GeV –

No b-tagged jet with pT > 30 GeV and
|η| < 2.1

Fig. 16.1 Distribution of the BDT discriminant, for the dimuon channel (left) and for the electron-
muon channel (right). The data are represented by the black dots and the shaded histograms represent
the pre-fit signal and post-fit background processes. The bottom panels show the ratio of data to the
sum of all signal and background contributions [5]

event selection has been applied, is used to extract the limits on the DPS cross section
and σeff using statistical analysis techniques.

The expected and observed upper limits at 95% confidence level (CL) on the
cross section for inclusive same-sign WW production via DPS have been extracted.
Figure16.1 shows the distributions of the BDT discriminant having post-fit contribu-
tions for the backgrounds and pre-fit ones for the signal, for the dimuon and electron-
muonfinal stateswith the corresponding uncertainty bands (shown as hatched bands).
The expected and observed 95% CL limits on the cross section for same-sign WW
production via DPS (σDPS

W±W± ) are summarized in Table16.2.
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Table 16.2 Expected and observed 95%CL limits on the cross section for inclusive same-signWW
production via DPS for the dimuon and electron-muon channels along with their combination [5]

95% CL Dimuon Electron-muon Combined

Expected 0.67pb 0.78pb 0.48pb

Expected ±1σ [0.46, 1.00]pb [0.52, 1.16]pb [0.33, 0.72]pb

Expected ±2σ [0.34, 1.45]pb [0.37, 1.71]pb [0.24, 1.04]pb

Observed 0.72pb 0.64pb 0.32pb

Assuming the two scatterings to be independent, a limit can be placed on σeff. A
lower 95% CL limit on σeff can be calculated as

σeff >
σ 2
W+ + σ 2

W−

2 σDPS
W±W±

= 12.2mb.

The obtained lower limit on σeff is compatible with the values of σeff ≈ 10–20mb
obtained from measurements at different center-of-mass energies using a variety of
processes [8].

16.2.2 Measurement of Double Parton Scattering
in Same-Sign WW Production in p-p Collisions at√
s = 13 TeV with the CMS Experiment

Same-sign W±W± production in which the bosons originate from two distinct
parton-parton interactions within the same proton-proton collision is studied in the
μ±μ± and e±μ± final states. A data set of 35.9 fb−1 of proton-proton collisions
at

√
s = 13 TeV, recorded with the CMS detector at the LHC in 2016, is used. The

summary of all kinematic selection imposed at 13 TeV is given in Table16.3.
As compared to 8 TeV DPS analysis, three new variables were included at 13

TeV measurement, namely the product of the two lepton-η’s, the absolute sum of
two lepton-η’s, as well as the Mll

T2 of the two-lepton system and the Emiss
T .

Table 16.3 Event selection
criteria for same-sign W
boson pair production in
dimuon and electron-muon
channels [6]

Two leptons e±μ± or μ±μ±

pT 1 2 > 25 20 GeV

|ηe| < 2.5, |ημ| < 2.4

MET > 15 GeV

nj < 2

nb == 0

Veto on additional leptons

Veto on hadronic τ leptons
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Fig. 16.2 Final BDT classifier output with all background estimations in place for μ+μ− and
e−μ− channel. Observed data are shown in black markers with the signal pre-fit expectation as a
red histogram and separately imposed as a red line to show the behavior of the signal in the BDT
classifier [6]

Table 16.4 Results obtained from a constrained fit to the BDT classifier [6]

Expected Observed

σ
pythia
DPSWW 1.64 pb 1.09+0.50

−0.49 pb

σ factorized
DPSWW 0.87 pb

Significance for σ
pythia
DPSWW 3.27 σ 2.23 σ

Significance for σ factorized
DPSWW 1.81 σ

UL in the absence of signal <0.97 pb <1.94 pb

Figure16.2 shows the distribution of the BDT classifier in one of the μ+μ+
and e−μ− channel. Overall good agreement between the background predictions
is observed in the low-BDT classifier region. Indicative from Fig. 16.2, and evident
from Table16.4, the observed yield of the DPS WW signal process is lower than
the expectation. Therefore, although from the PYTHIA8 cross section of 1.64 pb a
significance of 3.27 is expected, the measured cross section is below that value at
1.09+0.50

−0.49 pb with a significance of 2.23 σ . Conversely, applying the factorization
approach with an expected cross section of 0.87 pb, and an expected significance
of 1.81 σ results in a larger than expected cross section. The upper limit on the
cross section in the absence of signal is expected to be <0.97 pb and measured to
be <1.94 pb.



114 R. Gupta

 (13 TeV)±W± WCMS
SMP-18-015 (2019)

 4l (13 TeV)ATLAS
CERN-EP-2018-274 (2018)

 (13 TeV)±W± WCMS
PAS FSQ-16-009 (2017)

 DPS (8 TeV)±W± WCMS
JHEP 02 (2018) 032

 (8 TeV)ψ Z+J/ATLAS
EPJC 75 (2015) 229

 W+2jets (7 TeV)CMS
JHEP 03 (2014) 032

 W+2jets (7 TeV)ATLAS
New J. P. 15 (2013) 033038

+2jets (1.96 TeV)γ 2D0
PRD 93 (2016) 052008

+b/c+2jets (1.96 TeV)γD0
PRD 89 (2014) 072006

+3jets (1.96 TeV)γD0
PRD 89 (2014) 072006

+3jets (1.8 TeV)γCDF
PRL 79 (1997) 584

 (mb)eff.σ
0 5 10 15 20 25 30 35

 extractions (vector boson final states)effσ

Fig. 16.3 The effective cross section of DPS measured at various energies and final states by
different experiments

16.3 Summary

DPS measurements using same-sign WW process at 8 and 13 TeV are presented.
DPS studies are important for better understanding of new physics searches and
partonic structure of hadrons. In Fig. 16.3, the CMS results for effective sigma at 8
and 13 TeV are compared to measurements done at different energies and final states
by various experiments. Generally, all measurements of σeff are consistent between
each other.
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Chapter 17
Search for Y(4260) in B → Y(4260)K
Decay Mode at Belle

Renu Garg, Vishal Bhardwaj, and J. B. Singh

Abstract Y (4260) is an exotic charmonium-like state with 4230 ± 8 MeV/c2 mass
and 55 ± 19 MeV width. The Y (4260)′s decay to J/ψππ suggests, it to be a char-
monium (cc̄) meson. But its mass is not consistent with any of 1−− cc̄ state. Several
models have been proposed to explain the nature of Y (4260) including cc̄g hybrid
model, tetraquark, D1D, D0D∗ molecule, J/ψ f0(980) molecule, and so on. This
state is so interesting that a charged state Zc(3900) is observed in its decay mode and
Zc(3900) is a tetraquark state. Some recent studies suggest Y (4260) be an admix-
ture of tetraquark and charmonium state. It has been suggested that the structure of
Y (4260) can be estimated if one measured branching fraction of B → Y (4260)K .
Till now, this state has been only produced by ISR or e+e− annihilation. We search
for B → Y (4260)K , where Y (4260) → J/ψππ decay mode using the full ϒ(4S)

data collected by the Belle detector at the asymmetric KEKB e+e− collider.

17.1 Introduction

The Y (4260) state was first observed in the initial state radiation (ISR) process
e+e− → γI SR J/ψπ+π− by the BABAR collaboration [1]. It has been confirmed by
the Belle [2] and CLEO [3] collaborations in the same process. J PC of Y (4260) is
expected to be 1−− as it is produced in ISR and its decay to J/ψ modes indicate the
presence of cc̄ in its contents. However, its mass and properties are not consistent
with any of the cc̄ states in the charmonium spectrum as low lying ψ(3S), ψ(2D)

andψ(4S) cc̄ states have been assigned to well established statesψ(4040),ψ(4160),
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and ψ(4415), respectively, and ψ(3D) has a higher mass (4.520 GeV/c2) [4]. This
results in difficulty to assign Y (4260) as one of the conventional states. Several mod-
els have been proposed to explain the nature of Y (4260) including tetraquark [5],
hybrid [6], molecule [7, 8] or even charmonium baryonium [9]. Observation of
charged charmonium candidate Zc(3900)± by BESIII [10] and Belle [11] collab-
orations in the J/ψπ± invariant mass spectrum of Y (4260) → J/ψπ+π− decay
provides the strong evidence for the Y (4260) being a exotic state.

Measurement of the branching fraction B(B → Y (4260)K ) and its decay prop-
erty can help us to understand the structure of Y (4260). It has been suggested [12]
on the basis of QCD sum rules that branching fractions of B(B → Y (4260)K ),

B(Y (4260) → J/ψππ) to be in the range 3.0 × 10−8 − 1.8 × 10−6. Till now, only
the BABAR collaboration has provided the limit [13] onB(B− → Y (4260)K−)with
statistical significanceof 3.1σ , 1.2 × 10−5 < B(B− → K−Y (4260)) × B(Y (4260)
→ J/ψππ) < 2.9 × 10−5 basedon211 f b−1 data that contains (232 ± 3) × 106B B̄
pairs. Due to limited statistics, it is not sufficient to conclude. Our aim is to provide
precise measurements of the branching fraction. Recently, BESIII [14] observed two
resonances in a fit to the cross section of e+e− → J/ψπ+π− process, one atY (4260)
resonance and other at Y (4360) resonance. Y (4360) has not been confirmed yet. In
the present analysis, we assume Y (4260) to be a single resonance as measured by
Belle and BABAR.

We report on theMC study for B → Y (4260)K decay.Monte Carlo (MC) sample
for each decay mode is generated using EvtGen [15] and radiative effects are taken
into account using PHOTOS [16]. Detector response is added by detector simulation
software based on GEANT3.4 [17] software tool.

17.2 Particle Selection and Reconstruction

The charged tracks like kaons, pions, and protons are required to originate from the
interaction point (IP). The closest approach w.r.t IP is required to be within 3.5cm in
the beam direction (z) and 1.0cm in the transverse plane (xy-plane). Charged kaon
and pion selections are based on the information from aerogel Cerenkov counters
(number of Cherenkov photons), time-of-flight, and central drift chamber (dE/dx
measurement) detectors.

The J/ψ is reconstructed via its decaymode J/ψ → �+�−, where � stands for e or
μ. There is a loss of energy from a electron in the form of emission of bremsstrahlung
photons. In J/ψ → e+e−, the four momenta of the photons within 0.05 radian
of e+ or e− direction are included in the invariant mass calculation [hereinafter
denoted as e+e−(γ )]. The invariant mass of the J/ψ is required to be within 3.05
GeV/c2 ≤ Mee(γ ) ≤ 3.13GeV/c2 or 3.07GeV/c2 ≤ Mμμ ≤ 3.13GeV/c2 as shown in
Fig. 17.1. The asymmetric interval is taken for e+e−(γ ) to include the radiative tail.
The vertex- and mass-constrained fit is performed to the selected J/ψ candidates.

ψ ′, X (3872), and Y (4260) candidates are formed by combining the selected J/ψ
candidate with a π+π− pair. The invariant mass of ψ ′, X (3872), and Y (4260) is
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Fig. 17.1 Fit to M�� invariant mass of J/ψ , J/ψ → e+e− [left] and J/ψ → μ+μ− [right]

Fig. 17.2 Comparison of
ψ ′, X (3872), and Y (4260)
signal
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required to be in the range 3.67 GeV/c2 ≤ MJ/ψππ ≤ 3.70 GeV/c2, 3.835 GeV/c2 ≤
MJ/ψππ ≤ 3.910 GeV/c2, and 4.0 GeV/c2 ≤ MJ/ψππ ≤ 4.6 GeV/c2, respectively.
Then, finally B candidates are formed by combining ψ ′, X (3872) and Y (4260)
candidate with K candidates. As B → ψ ′K and B → X (3872)K decaymodes have
the same topology and are well established, we used them as our control sample to
validate and calibrate ourMC simulations. Comparison ofψ ′, X (3872), andY (4260)
signal is shown in Fig. 17.2.

We use two kinematical variables to identify the B meson: the beam constrained

mass (Mbc =
√
E2
beam − ∑

i p
∗2
i ) and the energy difference (�E = ∑

i E
∗
i − Ebeam).

Here, Ebeam is the beam energy in the center of mass (CM) frame and p∗
i (E∗

i ) is
the momentum (energy) of the i th particle in the CM frame of the ϒ(4S). There
are multiple reconstructed B candidates in an event due to wrong combination of
selected particles. We have to select best B meson in an event which has least χ2

χ2 = χ2
vtx +

(
MJ/ψ − mJ/ψ

PDG

σJ/ψ

)2

+
(
Mbc − mPDG

B

σMbc

)2

(17.1)
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where σJ/ψ and σMbc represent the MJ/ψ and Mbc resolutions, respectively, and are
taken to be 9.835MeV/c2 and 2.59MeV/c2 , respectively, from a fit to the B → ψ ′K
events. χ2

vtx represents vertex fit for all the charged particles. This procedure to select
most probable B candidate is called the best candidate selection. The best candidate
selection chooses true candidate 76% of the time for B+ → Y (4260)K+.

17.3 Background Study

Continuum events e+e− → qq̄ (where q = u, d, s or c) are suppressed by requiring
R2 = H2/H0 < 0.5,where R2 is the ratio of the second- to zeroth-order Fox-Wolfram
moments [18]. The main background contribution is expected to be arise from inclu-
sive B decays to J/ψ . With the above selection criteria, we didn’t find any peaking
structure in the signal region for B → ψ ′K , B → X (3872)K , and B → Y (4260)K
decay modes. We expect negligible contribution from J/ψ mass sidebands (2.54
GeV/c2 < MJ/ψ < 2.72 GeV/c2 and 3.32 GeV/c2 < MJ/ψ < 3.5 GeV/c2).

17.4 Signal Extraction

Weperformed unbinned extendedmaximum likelihood (UML) fit to the�E variable
for each mode and get the background subtracted sPlot [19] distribution of MJ/ψππ .
The likelihood function used is

L(NS, NB) = e−(NS+NB )

N !
N∏
i=1

(NS × PS + NB × PB) (17.2)

where N is the total number of events. NS and NB are the signal events and back-
ground events, respectively. PS (PB) is the signal (background) probability density
function (PDF)model. Signal PDF (PS) for�E ismodeled by a sumof twoGaussians
and bifurcated Gaussian for the B → ψ ′K and B → X (3872)K decay mode. Back-
ground PDF (PB) is modeled by the first order polynomial for ψ ′K , while second
order polynomial is used for X (3872)K . We extract the signal yield from a UML fit
to the sPlot distribution of MJ/ψππ . Here also, the PDF comprises of signal (PS) and
a flat background (PB). PS for MJ/ψππ is a sum of two Gaussians forψ ′K , and a sum
of two Gaussians plus bifurcated Gaussian for X (3872)K . PB for MJ/ψππ is second
order polynomial for ψ ′K , while the first order polynomial is used for X (3872)K .
The mean and width of the core Gaussian are varied and remaining parameters are
fixed according to the MC. The results of the fit for the control samples B → ψ ′K
and B → X (3872)K are shown in Fig. 17.3 and Fig. 17.4, respectively.
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Fig. 17.3 Fit to the�E and sPlot of MJ/ψππ distributions for B+ → ψ(2S)(→ J/ψπ+π−)K+

Fig. 17.4 Fit to the �E and sPlot of MJ/ψππ distributions for B+ → X (3872)(→
J/ψπ+π−)K+

17.5 Branching Fraction

We determine the branching fraction, B(B → ψ ′K ) and B(B → X (3872)K ) ×
B(X (3872) → J/ψππ) via relation

B = Nevent

NBB̄ × ε × Bsecondary
(17.3)

where Nevent is the number of events for a particular mode, NBB̄ = (772 ± 11) × 106

is the number of B B̄ events in the data, Bsecondary is the secondary branching frac-
tions (B(ψ ′ → J/ψππ) = 0.3449 ± 0.0030 [20] and B(J/ψ → ��) = 0.119 ±
0.001 [20]) based on the mode, ε is the efficiency estimated from the signal MC
after MC/data correction. Results are summarized in Table 17.1 and agrees well with
previous results [21].
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Table 17.1 Summary of the reconstruction efficiency (ε), signal yield (NS), branching frac-
tion (B) measured and PDG branching fraction (BPDG) for the B → ψ(2S)K and B →
X (3872)K , X (3872) → J/ψπ+π− decays

Decay B+ → ψ(2S)K+ B+ → X (3872)K+, X (3872) → J/ψπ+π−

ε (%) 16.8 22.2

NS 3481 ± 95 185 ± 13

B (6.54 ± 0.18) × 10−4 (9.07 ± 0.64) × 10−6

BPDG (6.21 ± 0.23) × 10−4 (8.6 ± 0.8) × 10−6

17.6 Summary

In summary, a search for B → Y (4260)K is crucial to understand the structure of
Y (4260). This study is performed using B B̄ pairs collected at ϒ(4S) resonance
by the Belle at KEKB. The branching fractions obtained for B → ψ ′K and B →
X (3872)K are (6.54 ± 0.18) × 10−4 and (9.07 ± 0.64) × 10−6, respectively, and
found to be consistentwith the previous results [21]. Final results for B → Y (4260)K
are obtained and published [22].
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Chapter 18
Measurement of CKM Angle φ3 Using
B± → D(K 0

Sπ
+π−π0)K± Decays at

Belle

P. K. Resmi, James F. Libby, and K. Trabelsi

Abstract The CKM angle φ3 can be determined in a theoretically clean way as it is
accessible via the tree-level decays, B± → DK±. The current uncertainty on φ3 is
significantly larger than that of the standard model (SM) prediction. A more precise
measurement ofφ3 is crucial for testing the SMdescription ofCP violation and prob-
ing for new physics effects. The statistical uncertainty can be reduced if information
from additional D meson final states is included, which in practice means new three
and four-body decay modes. Here, we measure φ3 with B± → D(K 0

Sπ
+π−π0)K±

decays using a data sample corresponding to an integrated luminosity of 711 fb−1

collected with the Belle detector at KEKB asymmetric e+e− collider. This four-body
D final state has a large branching fraction of 5.2% and the phase space is rich with
different resonance substructures. We adopt a model-independent method to esti-
mate φ3 by studying various regions of the phase space. The D decay strong-phase
information is obtained from the quantum-correlated D meson pairs produced at
CLEO-c.

18.1 Introduction

The current best measurement of the CKM [1, 2] angle φ3, combining all the results
fromdifferent experiments, is (73.5+4.2

−5.1)
◦ [3]. This large uncertainty is due to the small

branching fractions of the decays sensitive to φ3. The value of φ3 estimated indirectly
from other parameters of the unitarity triangle is (65.3+1.0

−2.5)
◦ [3]. Any disagreement

between these results could imply that there is newphysics beyond the standardmodel
(SM). But a comparison would be meaningful only if the associated uncertainties are
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Fig. 18.1 Color-favored (left) and color-suppressed (right) B− → DK− processes

comparable. Thus, an improved measurement of φ3 is essential for testing the SM
description of CP violation. The color-favored B− → D0K− and color-suppressed
B− → D0K− decays, where D indicates a neutral charm meson reconstructed in a
final state common to both D0 and D0, provide CP-violating observables, that are
sensitive to φ3. Here and elsewhere in this paper, charge conjugation of final states
is implied unless explicitly stated otherwise. The Feynman diagrams are shown
in Fig. 18.1. These are tree-level decays and hence the theoretical uncertainty is
negligible (O(10−7)) [4].

If the amplitude for the color-favored decay is Afav = A, then the color-suppressed
one can be written as Asup = ArBei(δB−φ3), where δB is the strong-phase difference
between the decay processes, and

rB = | Asup |
| Afav | . (18.1)

The statistical uncertainty on φ3 is proportional to rB . For B+ → DK+ decays,
rB ∼ 0.1, whereas for B+ → Dπ+, it is 0.005. Though B+ → Dπ+ decays are not
very sensitive to rB and φ3, they serve as excellent control sample modes for signal
extraction procedure in B+ → DK+ due to their similar kinematics. This also helps
in determining the cross-feed background due to the misidentification of kaons and
pions from data.

The limitations on the current φ3 measurements due to statistical precision can be
reduced by exploring more and more D final states. Here, we study the four-body
self-conjugate state, D → K 0

Sπ
+π−π0. This decay mode has a branching fraction

of 5.2% [5], which is almost twice that of D → K 0
Sπ

+π−, the dominant multi-
body D final state used to determine φ3 [6, 7]. This decay proceeds via interesting
resonance substructures like K 0

Sω, K
∗ρ, etc., thus facilitating a model-independent

extraction of φ3 by studying the D phase space regions. We present the expected
results from B+ → DK+ decays by analyzing simulated samples and preliminary
results obtained from the B+ → Dπ+ data sample, i.e., the calibration mode.
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18.2 Formalism to Measure φ3 Sensitive Parameters

Themethods to determine φ3 vary according to the Dmeson final state under consid-
eration. When it is a multibody self-conjugate state, there are two methods: model-
dependent and model-independent. In the model-dependent method, the D ampli-
tudes are fitted to a model corresponding to the intermediate resonances. The model
assumptions cause large uncertainties that could limit the precision of the φ3 mea-
surement. Themodel-independent approach providesmeasurements ofCP violating
asymmetries made in independent regions of the D phase space [8, 9]. This binning
reduces the statistical precision, but the uncertainty due to model assumptions are
no longer present as the average strong-phase measurements are used. This analysis
follows the model-independent method.

The D phase space is binned into regions with differing strong phases, which
allows φ3 to be determined from a single channel in a model-independent manner.
The signal yield for B± → DK± decays in each bin is given as

�±
i ∝ Ki + r2BKi + 2

√
Ki Ki (ci x± ∓ si y±), (18.2)

where x± = rB cos(δB ± φ3) and y± = rB sin(δB ± φ3). The x± and y± parameters,
that are sensitive to φ3, can be obtained when the phase space is divided into three or
more bins. Here, Ki and Ki are the fraction of flavor-tagged D0 and D0 events in the
i th bin, respectively, which can be estimated from D∗+ → D0π+ decays with good
precision due to their large sample size. The parameters ci and si are the amplitude-
weighted average of the cosine and sine of the strong-phase difference between D0

and D0 over the i th bin; these parameters need to be determined at a charm factory
experiment like CLEO-c or BESIII, where the quantum-entangled D0D0 pairs are
produced via e+e− → ψ(3770) → D0 D̄0 [10]. The values of ci and si parameters
for D → K 0

Sπ
+π−π0 decays as well as the binning scheme to divide the D phase

space reported in [11] are used in this analysis.

18.3 Data Samples and Event Selection

The e+e− collision data sample at a center-of-mass energy corresponding to the
pole of the ϒ(4S) resonance collected by the Belle detector [12, 13] is used in this
analysis. It corresponds to an integrated luminosity of 711 fb−1 and contains 772 ×
106 BB pairs. The Belle detector is located at the interaction point (IP) of KEKB
asymmetric e+e− collider [14]. A detailed description of the Belle detector is given
in [12, 13]. Monte Carlo (MC) samples are used to optimize the selection criteria,
determine the efficiencies, and identify various sources of background.

We reconstruct B+ → DK+ and B+ → Dπ+ decays in which the D decays to
the four-body final state of K 0

Sπ
+π−π0. The decays D∗+ → Dπ+ produced via the

e+e− → cc̄ continuum process are also selected to measure the Ki and Ki parame-
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ters. We select the charged particle candidates produced within 0.5cm and ± 3.0cm
of the IP in perpendicular and parallel directions to the z-axis, respectively, where
the z-axis is defined to be opposite to the e+ beam direction. These tracks are then
identified as kaons or pions with the help of the particle identification system at
Belle [12]. We reconstruct the K 0

S candidates from two oppositely charged pion
tracks. The invariant mass of these pion candidates is required to be within ±3σ
of the nominal K 0

S mass [5], where σ is the mass resolution. The background due
to random combinations of pions is reduced with the help of a neural network [15]
based selection with 87% efficiency [16].

We reconstruct π0 candidates from a pair of photons detected in the electromag-
netic calorimeter (ECL). The π0 candidates within the diphoton invariant mass range
0.119–0.148 GeV/c2 are retained. The photon energy thresholds are optimized sep-
arately for candidates detected in the barrel, forward endcap, and backward endcap
regions of the ECL. Furthermore, kinematic constraints are applied to K 0

S , π
0, and

D invariant masses and decay vertices. This improves the energy and momentum
resolution of the B candidates and the invariant masses used to divide the D phase
space into bins.

While reconstructing D∗+ → Dπ+ decays, it is required that the accompanying
pion has at least one hit in the silicon vertex detector. This pion carries a small
fraction of the momentum due to the limited phase space of the decay and hence is
known as a slow pion. The D meson momentum in the laboratory frame is chosen to
be between 1–4 GeV/c so that it matches to that in B+ → Dh+(h = K ,π) sample.
The signal candidates are identified by the kinematic variables MD , the invariant
mass of D candidate and �M , the difference in the invariant masses of D∗ and D
candidates. We retain events that satisfy the criteria, 1.80 < MD < 1.95 GeV/c2 and
�M < 0.15GeV/c2. A kinematic constraint is applied so that the D andπ candidates
come from the common vertex position. When there are more than one candidate in
an event, the one with the smallest χ2 value from the D∗ vertex fit is retained for
further analysis. The overall selection efficiency is 3.7%.

The B meson candidates are reconstructed by combining a D candidate with a
charged kaon or pion track. Events with D meson invariant mass in the range 1.835–
1.890 GeV/c2 are selected. The kinematic variables energy difference �E and beam
constrained mass Mbc are used to identify the signal candidates. They are defined

as �E = EB − Ebeam and Mbc = c−2
√
E2
beam − |pB |2c2, where EB and pB are

the energy and momentum of the B candidate and Ebeam is the beam energy in the
center-of-mass frame. The candidates that satisfy the criteriaMbc > 5.27GeV/c2 and
−0.13 < �E < 0.30 GeV are selected. In events with more than one candidate, the

candidate with the smallest value of (
Mbc−MPDG

B
σMbc

)2 + (
MD−MPDG

D
σMD

)2 + (
Mπ0−MPDG

π0

σM
π0

)2 is

retained. Here, the masses MPDG
i are those reported by the Particle Data Group in [5]

and the resolutions σMbc , σMD and σMπ0
are obtained from MC simulated samples

of signal events.
The main source of background is from e+e− → qq̄, q = u, d, s, c continuum

processes, and these are suppressed by exploiting the difference in their event topol-
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ogy to that of BB events. The continuum events are jet-like in nature and BB events
have a spherical topology. These events are separated with the help of a neural-
network-based algorithm [15]. We require the neural network output to be greater
than −0.6, which reduces the continuum background by 67% at the cost of 5%
signal loss. The overall selection efficiency is 4.7 and 5.3% for B+ → DK+ and
B+ → Dπ+ modes, respectively.

18.4 Determination of Ki and Ki

The Ki and Ki parameters indicate the fraction of D0 and D0 events in each D
phase space bin. They are measured from the D∗+ → Dπ+ sample; the charge of
the pion determines the flavor of the D meson. The signal yield is obtained from
a two-dimensional extended maximum-likelihood fit to MD and �M distributions
independently in each bin. Appropriate probability density functions (PDF) are used
to model the distributions. A quadratic correlation between MD and �M is taken
into account for the signal component. The yields along with Ki and Ki values are
given in Table 18.1.

18.5 Signal Extraction in B+ → Dh+ Sample

The signal yield in each D phase space bin is determined from a two-dimensional
extended maximum-likelihood fit to �E and neural network output (NB). The latter
is transformed as

N B ′ = log

(
N B − N Blow

N Bhigh − N B

)
, (18.3)

Table 18.1 D0 and D0 yield in each bin of D phase space along with Ki and Ki values measured
in D∗ tagged data sample

Bin no. ND0 N
D0 Ki Ki

1 51048±282 50254±280 0.2229±0.0008 0.2249±0.0008

2 137245±535 58222±382 0.4410±0.0009 0.1871±0.0007

3 31027±297 105147±476 0.0954±0.0005 0.3481±0.0009

4 24203±280 16718±246 0.0726±0.0005 0.0478±0.0004

5 13517±220 20023±255 0.0371±0.0003 0.0611±0.0004

6 21278±269 20721±267 0.0672±0.0005 0.0679±0.0005

7 15784±221 13839±209 0.0403±0.0004 0.0394±0.0004

8 6270±148 7744±164 0.0165±0.0002 0.0183±0.0002

9 6849±193 6698±192 0.0070±0.0002 0.0054±0.0001
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where N Blow = −0.6 and N Bhigh ≈ 1.0 are the minimum and maximum values of
N B in the sample, respectively. The three background components are continuum
background, combinatorial BB background due to final state particles from both the
B mesons and cross-feed peaking background due to the misidentification of a kaon
as a pion or vice versa.

The sum of a Crystal Ball (CB) [17] function and two Gaussian functions with a
common mean is used as the PDF to model the �E signal component in both the B
samples. The sum of a Gaussian and an asymmetric Gaussian with different mean
values is used to parametrize the PDF that describes the N B ′ signal component. The
continuum background distribution in �E is modeled with a first-order Chebyshev
polynomial and that in N B ′ is described by the sum of two Gaussian PDFs with
different mean values. The �E distribution of random BB background in B+ →
Dπ+ is described by an exponential function. There is a small peaking structure due
to misreconstructed π0 events and this is modeled by a CB function. A first-order
Chebyshev polynomial is added to the above two PDFs in the case of B+ → DK+
decays. The N B ′ distribution for both the samples are modeled by an asymmetric
Gaussian function. The cross-feed peaking background in �E is modeled with the
sum of three Gaussian functions, whereas the signal PDF itself is used for the N B ′
distribution. The fit projections in B+ → DK+ MC sample are shown in Fig. 18.2.
These are signal-enhanced projections with events in the signal region of the other
variable, where the signal regions are defined as |�E | < 0.05 GeV and 0<N B ′<12.

The φ3 sensitive parameters are determined directly from the fit by expressing the
signal yield as in (18.2). The Ki and Ki values along with the ci and si measurements
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Fig. 18.2 Signal-enhanced fit projections of �E (left) and N B ′ (right) for B± → DK± MC
sample having equivalent luminosity as that of full data sample collected by Belle. The black points
with the error bar are the data and the solid blue curve is the total fit. The dotted red, blue, magenta,
and green curves represent the signal, continuum, random BB backgrounds, and cross-feed peaking
background components, respectively. The pull between the data and the fit are shown for both the
projections
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Table 18.2 Preliminary results of x±and y± parameters from B± → Dπ± data sample. The first
uncertainty is statistical, second is systematic and the third one is due to the uncertainty on the ci ,
si measurements

Parameter Result

xDπ+ 0.04 ± 0.03 ± 0.03 ± 0.01

yDπ+ 0.06+0.08
−0.20 ± 0.10+0.07

−0.03

xDπ− 0.01 ± 0.02+0.02
−0.03 ± 0.02

yDπ− −0.02 ± 0.06+0.03
−0.04 ± 0.06

Fig. 18.3 One (solid line),
two (dashed line), and three
(dotted line) standard
deviation likelihood contours
for the (x±, y±) parameters
for B± → Dπ± data sample
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reported in [11] are used as input parameters. Efficiency corrections are applied and
the effect of migration of events between the bins due to finite momentum resolution
is also taken into account. The preliminary results obtained from B+ → Dπ+ data
sample are summarized in Table 18.2. The dominant source of systematic uncertainty
is the size of the signal MC sample used for estimating the efficiency and the extent
of migration between the bins. The statistical likelihood contour is given in Fig. 18.3.

18.6 Summary

A precise measurement of the CKM angle φ3 is essential to establish the SM descrip-
tion of CP violation. Here, we present the feasibility of D → K 0

Sπ
+π−π0 final state

to do so in B+ → DK+ decays. This is the first attempt to analyze this particular
decay mode. The signal extraction procedure is established in an MC sample, as
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well as B+ → Dπ+ data sample, the calibration mode. MC predictions estimate the
statistical uncertainty on x±, y± in B+ → DK+ to be 0.08 and 0.17, respectively.

An improved measurement is possible once an amplitude model for D0 →
K 0

Sπ
+π−π0 is available to guide the binning of the phase space such that maximum

sensitivity to φ3 is obtained. Furthermore, a more precise measurement of ci , si
parameters could be performed with a larger sample of e+e− → ψ(3770) data that
has been collected by BESIII, thus reducing the systematic uncertainty. The Belle II
detector is expected to collect about 50 times larger B sample. Thus, the improved
binning combined with the larger B sample make B+ → D(K 0

Sπ
+π−π0)K+ a

promising addition to the set of modes to be used to determine φ3 to a precision of
1–2◦ [18].
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Chapter 19
b → s�� Decays at Belle

S. Choudhury, S. Sandilya, K. Trabelsi, and Anjan K. Giri

Abstract The observable RK which is the ratio of branching fractions for B →
Kμμ to B → Kee, tests lepton flavor universality (LFU) in the standard model
(SM), and hence constitutes an important probe for new physics (NP). We report
herein a sensitivity study of RK in B → K�� and of the equivalent RK (J/ψ) in B →
K J/ψ(→ ��). The latter is measured with Belle’s full data sample of 772 × 106 B B̄
pairs and the result is consistent with unity. In a variety of NP models, lepton flavor
violation (LFV) comes together with LFU violation. We also report on searches
for LFV in B → Kμe and B → Keμ modes. Belle has recently measured LFV
B0 → K ∗0��′ and the most stringent upper limit is found.

19.1 Introduction

The flavor changing neutral current (FCNC) decays B → Kμμ and B → Kee
involve the b → s quark-level transition and are forbidden at tree level in the SM.
These type of reactions are mediated through electroweak penguin and box dia-
grams, shown in Fig. 19.1. These processes are highly suppressed, have very small
branching ratio (B), and are very sensitive to NP. NP can either enhance or suppress
the amplitude of the decay or may modify the angular distribution of the final state
particles. The variable RK is theoretically very clean as most of the hadronic uncer-
tainties cancel out in the ratio. This observable is measured by LHCb [1] and the
result shows a deviation of 2.6 standard deviation in the bin of 1 < q2 < 6 GeV2/c4

(q2 = invariant-mass square of two leptons), measured for a data sample of 1 f b−1.
The RK is again measured by LHCb [2] for a data sample of 3 f b−1 for a bin of
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Fig. 19.1 Penguine diagram of B → K�� in SM (left) and Beyond SM (right) scenario

1.1 < q2 < 6 GeV2/c4 having 2.5 σ deviation. Earlier Belle [3] had also measured
RK for the whole q2 region using a data sample of 657 × 106 B B̄ pairs and the
result was consistent with unity having very high uncertainty. The deviation from
SM expectation in RK or RK ∗ from LHCb result may possibly show LFU violation.
LFV is also an important probe to search for NP, where, LFV and LFU violation are
complimentary of each other.

19.2 Monte Carlo (MC) Simulation

Our selection is based on, and optimized with an MC simulation study. One million
signal events are generated using the BTOSLLBALL decay model [4] for LFU
modes and phase-space for LFV modes with the EvtGen package [5]. The detector
simulation is subsequently performed with GEANT3 [6].

19.3 Event Selection

We reconstruct B → K��(′) by combining a kaon (charged or neutral) with two
oppositely charged leptons. Here, � can be either electron or muon. The impact
parameter criteria for the charged particle tracks are, along the z-axis |dz| < 4 cm
and in the transverse plane |dr | < 1 cm. Charged kaon are selected based on a
ratio L(K/π) = LK /(LK + Lπ ), where LK and Lπ are the individual likelihood
of kaon and pion, respectively. For our selection, we require LK/π > 0.6, which
corresponds to an efficiency of above 92% with a pion fake rate below 10%. Sim-
ilarly, electrons (muons) are selected with Le > 0.9 (Lμ > 0.9), and these corre-
spond to an efficiency of >92% (90%) and a pion fake rate of <0.3% (<1.4%). The
bremsstrahlungphoton emitted byhigh energy electrons are recovered by considering
energy deposit in a cone of 50 mrad around the initial direction of the electron track.
The K 0

S candidates are reconstructed from pairs of oppositely charged tracks, both
treated as pions, and are identified with a neural network (NN). The kinematic vari-
ables that distinguish signal from background are the beam-energy constrained mass
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Mbc =
√

(Ebeam/c2)2 − p2B/c2 and energy differenceΔE = EB − Ebeam, where, EB

and pB are the energy and momentum of B candidate, respectively, and Ebeam is the
beam energy. Events are selected within the range of 5.20 < Mbc < 5.29 GeV/c2

and −0.1 < ΔE < 0.25 GeV.

19.4 Background Rejection

The main sources of background are continuum (e+e− → qq̄) and B B̄ events. We
find that some event shape and vertex quality variables can well separate signal from
background. An artificial neural network (NN) is developed using an equal number
of signal and background events, where the latter is taken from continuum as well
as B B̄ samples according to their luminosity. The NN output (NN) is translated to
NN ′ using the following transformation

NN ′ = (NN − NNmin)

(NNmax − NN)

Here,NNmin is theminimumNNvalue, chosen to be−0.6. This criterion reduces 75%
of the backgroundwith only 5–6% loss in the signal efficiency.NNmax is themaximum
NNvalue, found from signalMC. TheNN ′ distributions Fig. 19.2a, integrated as well
as for different q2 bins, are shown in Fig. 19.2b. It has similar shape for different q2

regions in signal and backgrounds.
The peaking backgrounds which pass these criteria are mainly coming from B →

J/ψK because of misidentification and swapping between the leptons or lepton and
kaon. These backgrounds are removed by applying invariant mass cut around J/ψ
mass region. The backgrounds coming from B+ → D0(→ K+π−)π+ due to lepton
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Fig. 19.2 (a) NN ′ distribution, where the red histogram represents signal MC, deep green and blue
histograms are continuum and B B̄ background, respectively. (b) NN ′ shape for different q2 regions
in signal MC events
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candidates are faked by pions, and are removed by applying invariant mass cut in D0

mass region.

19.5 Signal Yield Extraction

We perform a three-dimensional (3D) fit with Mbc, ΔE , and NN ′. The signal of
ΔE is modeled with Crystal Ball (CB) and a gaussian function. Similarly, Mbc

and NN ′ of signal are modeled with Gaussian and bifurcated gaussian-gaussian,
respectively. For continuum background, the ΔE , Mbc, and NN ′ are modeled with
chebychev polynomial, argus function, andGaussian, respectively. Similarly, the B B̄
background is fitted with exponential, argus fuction, and gaussian for ΔE , Mbc, and
NN ′, respectively. From the 3D fit, the RK (J/ψ) is found to be consistent with unity
and B → K J/ψ(→ ��) is used as a control sample for B → K��. The fit result for
B+ → K+μ+μ− is shown in Fig. 19.3. The signal enhanced projections are shown in
Fig. 19.4. Candidate events with Mbc > 5.27 GeV/c2, |ΔE | < 0.05 GeV andNN ′ >

0.5 are considered to be part of the signal region.
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Fig. 19.3 3D fit result for a bin of 1 < q2 < 6 GeV2/c4 in case of B+ → K+μ+μ− mode. a Mbc,
b ΔE and c NN ′
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Fig. 19.4 a Mbc projection in the ΔE and NN ′ signal region b ΔE projection in the Mbc and NN ′
signal region, and c NN ′ projection in the Mbc and ΔE signal region for the bin of 1 < q2 < 6
GeV2/c4 for B+ → K+μ+μ−
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19.6 Results

19.6.1 LFU Test

The statistical uncertainty ofBelle for thewhole q2 regionmeasured for a data sample
of 605 f b−1 was 0.19 [3]. For this analysis, the expected uncertainty for the bin of
1 < q2 < 6 GeV2/c4 is 20%, which is represented by a violet box in Fig. 19.5, here
we have considered LHCb result as central value. The expected statistical uncertainty
of RK for the whole q2 bin is 10%.

19.6.2 Search for LFV

The modes that we are studying to search LFV are B+ → K+μ+e− and B+ →
K+μ−e+. We extracted the signal from these modes by performing 3D extended
maximum likelihood fit as that of LFU modes. The signal enhanced projection plots
for B+ → K+μ+e− is shown in Fig. 19.6. The upper limit is estimated from N (UL)

sig ,

efficiency (ε) of particularmode and number of B B̄ pairs (NBB̄), which is represented
by a formula

B(UL) = N (UL)
sig

NBB̄ × ε

Our estimated upper limit for LFV B+ → K+μ+e− and B+ → K+μ−e+ are
<2.0 × 10−8 and <2.1 × 10−8, respectively, as tabulated in Table19.1, and these
results are one order of magnitude better than that of the PDG values.

Belle [7] has recently searched LFV B0 → K ∗0��′ decays, where � = μ or e
with full data sample. In this analysis, strong contribution from contiunnm and B B̄

Fig. 19.5 Expected
sensitivity of RK for a bin of
1 < q2 < 6 GeV2/c4. Here,
we have considered the
LHCb result as central value
and the violet box represent
our expected uncertainty
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Fig. 19.6 Signal enhanced projection plots for B+ → K+μ+e− mode. a Mbc projection in the
ΔE and NN ′ signal region bΔE projection in the Mbc and NN ′ signal region, and c NN ′ projection
in the Mbc and ΔE signal region

Table 19.1 Upper limit estimation in MC for LFV B → K��′ modes

Mode ε (%) N (UL)
sig B(UL) (10−8) PDG B (10−7)

B+ → K+μ+e− 29.3 4.4 2.0 < 1.3

B+ → K+μ−e+ 30.0 4.9 2.1 < 0.9

background is found. So, we have used two stage NN to suppress the backgrounds.
The signal is extracted by performing extendedmaximum likelihood fit toMbc but no
evidence of signal is found and upper limit is estimated. The upper limits are<1.2 ×
10−7, <1.6 × 10−7, and <1.8 × 10−7 for B0 → K ∗0μ+e−, B0 → K ∗0μ−e+, and
B0 → K ∗0μ±e∓, respectively. These observed limits are most stringent to date.

19.7 Conclusion

Several anomalies in B decays indicates lepton non-universal interaction. The LFU
test is an extremely clean probe to search for NP asmost of the hadronic uncertainties
cancel out in the ratio of RK . Many theoretical models predict LFV in presence of
LFU violation. Belle has recently search LFV B0 → K ∗0μ±e∓ and most stringent
limit is found. Belle [8] will publish soon the result of RK and LFV B± → K±μ±e∓
for full data sample of 711 f b−1.
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Chapter 20
Magnetic Moments and the Decay
Properties of the D and Ds Mesons

Keval Gandhi, Vikas Patel, Shailesh Pincha, Virendrasinh Kher,
and Ajay Kumar Rai

Abstract Using the semi-relativistic approach of quark-antiquark Coulomb plus
linear confinement potential with a Gaussian wave function the masses of the radial
states of D and Ds mesons are used. In this article, their ground state masses, the
magnetic moments, and magnetic dipole (M1) transitions of D and Ds mesons of
J P = 1− are calculated in the constituent quark model. Moreover, their M1 decay
rates are also analyzed. We compared our results with other theoretical predictions.

20.1 Introduction

Experimentally, the ground state masses of the charm and strange-charm mesons
are well established and recently the LHCb Collaboration [1–3] observed many new
excited states. Still the J P value of D1(2420)±, D(2550)0, D∗

J (2600), D
∗(2640)±,

D(2740)0, and D(3000)0 mesons are unknown from the known experimental reso-
nances [4]. Upcoming experimental facilities J-PARC, PANDA [5] will be expected
to provides more information in the low-energy regime of quantum chromodynamics
(QCD). The J P value assignments from the heavy-light hadrons mass spectra are
crucial. It helps to extract the experimental information like decay widths, branching
fractions, the hyperfinemass splitting, etc. Thismakes itmore interesting to look back
to the theory and the phenomenology study for the predictions of their spin-parity.
In the past few years, the mass spectra of heavy-light mesons have been studied in
various potential models using different approaches: two-loop static potential in a
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variational approach [6], perturbative approach [7], Regge-like mass relations [8],
Regge trajectories from the quadratic form of the spinless Salpeter-type equation
(QSSE) [9], semi-relativistic approach using Gaussian wave function [10], relativis-
tic Dirac formalism [11], relativistic quark model [12–14], non-relativistic approach
using hydrogenic andGaussianwave function [15], lattice QCD [16], non-relativistic
constituent quark model [17], etc.

The D-meson contains one light antiquark, antiup (ū) or antidown (d̄), and one
charm quark (c) as a heavy quark. And the Ds meson has antistrange (ū) quark as
a light quark and the charm (c) as a heavy quark. In the present study, we mainly
concentrate on the ground state of D and Ds mesons of J P = 1−. We calculate
their magnetic moments, magnetic dipole transitions (say M1 transitions), and ana-
lyzed their M1 decay widths. There are several approaches available for the study of
electromagnetic properties of heavy-light mesons and they are bag model [18, 19],
Nambu-Jona-Lasinio model [20], Blankenbecler-Sugar equation with a scalar con-
fining interaction [21], relativistic quarkmodel [22], relativistic potential model [23],
chiral effective theory [24], etc. Recently, the [25, 26] used the covariant constituent
quark model (CCQM) for the study of semileptonic decays of D and Ds mesons.

This article is organized as follows: the semi-relativistic potential model is
described in brief in Sect. 20.2, the magnetic properties of the ground state D and
Ds mesons of J P = 1− are calculated in Sect. 20.3. At last, we summarize our work
in Sect. 20.3.

20.2 Methodology

The hadron spectroscopy is usually studied in the non-relativistic and the relativistic
frameof quantummechanics. The study of hadron spectroscopy helps us to determine
how the strong interaction binds the quarks and gluons inside the hadrons. For the
study of heavy and light quark mesons, we use the Hamiltonian as [10, 27, 28]

H =
√
p2 + m2

Q +
√
p2 + m2

q̄ + V (r), (20.1)

where p is the relative momentum, V (r) is the potential of quark-antiquark, and mQ

andmq̄ givemasses of the heavy quark and the light antiquark, respectively. Here, we
use the constitute quark masses mū/d̄ = 460 MeV, ms̄ = 586 MeV, and mc = 1400
MeV for the study of D and Ds mesons spectroscopy [10]. An expression of quark-
antiquark potential (V (r)) with O( 1

m ) is [29]

V (r) = V (0)(r) +
(

1

mQ
+ 1

mq̄

)
V (1)(r) + O

(
1

m2

)
, (20.2)

where V (0)(r) is the Coulomb (considering color wave function) plus linear potential
given by [30]
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Table 20.1 The ground state masses of D and Ds mesons (in MeV)
State J P Meson Present

[10]
[8] [9] [11] [12] [13] [14] PDG [4]

13S0 0− D0 1865 1869.7 1884 1869.57 1877 1874 1871 1864.83±0.05

D± 1869.58±0.09

13S1 1− D∗(2007)0 2003 2010.3 2010 2009.54 2041 2038 2010 2006.85±0.05

D∗(2010)± 2010.26±0.05

13S0 0− D±
s 1953 1968.3 − − 1979 − 1969 1968.34±0.07

13S1 1− D∗±
s 2112 2112.2 − − 2129 − 2111 2112.2±0.4

V (0)(r) = −4

3

αs

r
+ Ar + V0, (20.3)

and from the leading order perturbation theory,

V (1)(r) = −CFCAα
2
s

4r2
. (20.4)

Here, A is the potential parameter, V0 is the constant, αs is the strong running cou-
pling constant, andCF = 4/3 andCA = 3 are theCasimir charges of the fundamental
and the adjoint representation, respectively [29].

The heavy-light mesons are needed to be treated relativistically. So we expand
kinetic energy term appearing in the (20.1), retaining up to O(p10) power, which
gives the relativistic effect to the kinetic energy of the heavy-light systems. The
more details can be found from [10]. We will use the masses of the ground state with
J P = 0− and J P = 1− (see in Table 20.1) and calculate the magnetic moments, M1
dipole transitions, and the M1 decay widths of the ground state charm and strange-
charm mesons of J P = 1− in the next section.

20.3 The Magnetic Properties

Themagneticmoments of the particles determines their structural properties and pro-
vides an important role in the study of their internal dynamics. The radiative decay
rates depending upon the magnetic dipole transition can also probe the charge struc-
ture of the hadrons. The radiative decay is done by an exchange of massless photon
among the participating hadrons without contained phase space restriction. There-
fore, some of the radiative decay rates, especially the low-lying states, contribute
strongly to their total branching fraction.
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20.3.1 Magnetic Moments

The magnetic moment of the hadron is purely the function of flavor, spin, and charge
of the constituent quarks. An expression of the magnetic moment can be written in
the form of expectation value as [31–35]

μM =
∑
q

〈
Φs f |μ̂qz |Φs f

〉 ; q = u, d, c, (20.5)

where μM denotes the magnetic moment of the particular mesonic state, Φs f rep-
resents the spin-flavor wave function of a participating meson, and the μ̂qz is the
z-component of the magnetic moment of the individual quark given by

μ̂qz = Q
e

2mef f
q

σqz . (20.6)

Here Q is the charge and σqz is the z-component of the constitute quark spin, and
mef f

q is the effective quark mass gives the mass of the bound quark inside the meson
given by [17, 31–35, 37]

mef f
q = mq

⎛
⎜⎝1 + 〈H〉∑

q
mq

⎞
⎟⎠ . (20.7)

TheHamiltonian 〈H〉 is 〈H〉 = M − ∑
q
mq , whereM is themeasured or predicted

meson mass and
∑
q
mq is the sum of the masses of three constituent quarks. To

determine the magnetic moment of the ground state D∗0 meson, the (20.5) will be

μD∗0 =
∑
q

〈
Φs fD∗0 |μ̂qz |Φs fD∗0

〉
, (20.8)

and we write its spin-flavor wave function as

∣∣Φs fD∗0
〉 = c ↑ ū ↑ . (20.9)

Hence, the (20.8) becomes

μD∗0 =
∑
q

〈
c ↑ ū ↑ |μ̂qz |c ↑ ū ↑〉

. (20.10)

An expectation values of the z-component of the magnetic moment of the up and
charm quarks are 〈u ↑| μ̂z |u ↑〉 = +μu and 〈c ↑| μ̂z |c ↑〉 = +μc & applying the
quark charge(Q), so we will have
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Table 20.2 Magnetic moments of D∗0, D∗+ and D∗+
s mesons of J P = 1− (in μN )

Meson Magnetic
moment

Present [18] [20] [19]

D∗0 2
3μc − 2

3μū −0.845 −1.21 − −0.89

D∗± 2
3μc + 1

3μd̄ 1.042 1.06 1.16 1.17

D∗+
s

2
3μc + 1

3μs̄ 0.922 0.87 0.98 1.03

μD∗0 = 2

3
μc − 2

3
ū, (20.11)

which is the quark model prediction for the magnetic moment of D∗0 meson. In the
similar manner, we will get an expression of the magnetic moment of D∗± meson
as μD∗± = 2

3μc + 2
3 d̄ & D∗+

s = 2
3μc + 1

3μs̄ . Our results are listed in Table 20.2 with
other theoretical predictions.

20.3.2 M1 Transitions and Decay Rates

The M1 transitions flip the quark spin in the same orbital state which results in the
transition fromvector (spin=1) to pseudoscalar (spin=0)meson. Specially, it is nec-
essary for the study of radiative decay rates of the low-lying state which contributes
more to the total decay rates. An expression of M1 decay rate is [18, 35, 36],

�MV→MP+γ = 4αk3

3mp

2

2J + 1
(μMV→MP )2, (20.12)

where MV and MP are initial and final state vector and pseudoscalar meson, respec-
tively. α ∼ 1

137 is the fine structure constant for the electromagnetic transitions, k
is the photon momentum, mp is the proton mass, and J represents the total angular
momentum of the vector meson (MV). For the transition ofμD∗+→D+ , the spin-flavor
combinations of D∗+ and D+ are

∣∣Φs fD∗+
〉 = (

cd̄
) ·

(
1√
2
(↑↓ + ↓↑)

)
and

∣∣Φs fD+
〉 = (

cd̄
) ·

(
1√
2
(↑↓ − ↓↑)

)
,

(20.13)
respectively. Using the appropriate combination of the spin-flavor wave function for
the transitions μD∗0→D0 and μD∗+

s →D+
s
, we will get an expression of their magnetic

dipole transition by following the process aswe discussed in the above section and the
orthogonality of quark flavor and spin states, for example,

〈
c ↑ d̄ ↓ |c ↓ d̄ ↑〉 = 0.

So we have M1 dipole transitions (in μN ) as
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Table 20.3 M1 decay widths of D∗0, D∗+, and D∗+
s mesons of J P = 1− (in keV)

Radiative decay Present [18] [21] [22] [23] [24]

D∗0 → D0 + γ 37.45 19.7 1.25 32±1 11.5 33.5

D∗+ → D+ + γ 0.852 1.10 1.10 1.5 1.04 1.63

D∗+
s → D+

s + γ 0.176 0.40 0.337 0.32±0.01 0.19 0.43

• μD∗0→D0
2
3μc + 2

3μū 1.671
• μD∗+→D+ 2

3μc − 1
3μd̄ −0.216

• μD∗+
s →D+

s

2
3μc − 1

3μs̄ −0.082.

Using these transition magnetic moments, the M1 decay widths are calculated.
Our results are listed in Table 20.3 and compared with other theoretical predictions.

20.4 Summary

In this work, the masses of D and Ds mesons are calculated in the semi-relativistic
framework of potential model. Their ground state masses are used to calculate the
magnetic properties: magnetic moments, M1 transitions, and decay widths, which
are listed in Tables 20.2 and 20.3. Our results of the ground state magnetic properties
of D and Ds mesons of J P = 1− are in accordancewith other theoretical predictions.
So we would like to extend our work for the ground state magnetic properties of the
light-light, heavy-light, and the heavy-heavy flavored mesons.
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Chapter 21
Search for Resonant Higgs Boson Pair
Production in the 4W Channel with
3l + 2 j Final State at

√
s = 13 TeV

with CMS Detector

S. Sawant

21.1 Introduction

The discovery of the Standard Model (SM) like Higgs boson (H) at 125 GeV/c2

mass by the CMS and the ATLAS experiments in 2012 [1, 2] corroborates the
mechanism of electroweak symmetry breaking (EWSB). Precise measurements of
coupling of this discovered H with itself and other elementary particles in SM are
crucial in determining its exact role in EWSB mechanism. Pair production of Higgs
boson (HH) provides a direct probe to the Higgs boson self-coupling. The SM cross
section of HH production in proton-proton collisions at

√
s = 13 TeV is 33.5 fb

at next-to-next-to-leading order in quantum chromodynamics for the gluon-gluon
fusion process [3]. Many beyond SM studies predict enhancement to this production
rate which is attributed to either anomalous Higgs coupling [4–6] or resonant HH
production [7, 8].

This article presents an update on a search for resonant HH production in
X →HH→ 4W → 3(� ν) 2 j2 channel, where resonance particle X is assumed to
be a spin-0 radion with mass 400, 700 GeV/c2. Here � refers to a lepton (electron or
muon) and j refers to a jet.

1Branching fraction (BF) of HH→ 4W → 3(� ν) 2 j is 2.1 × 10−3, following BR of H and
W from [9].
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21.2 CMS Experiment

The Compact Muon Solenoid (CMS) experiment is one of the four particle physics
experiments situated at the Large Hadron Collider (LHC). It has a multipurpose
detector system consisting of a silicon tracker, superconducting solenoid providing
3.8T magnetic field, electromagnetic and hadron calorimeters, and a muon tracking
system [10]. The search for resonant HH production reported here is performed with
proton-proton collision data collected at

√
s = 13 TeV in 2017, amounting to an

integrated luminosity of 41.5 fb−1.

21.3 Event Selection

The analyzed data are collected using a collection of single, double or triple lepton
triggers. The pT threshold for the triggers are 32, 23, and 9 GeV for leading electrons
and 24, 17, and 12 GeV for leading muons, respectively.

A particle flow (PF) algorithm [11] is utilized to combine the information from
all the CMS detectors to identify and reconstruct particles in an event, namely elec-
trons, muons, photons, neutral, and charged hadrons. These particles are then used to
reconstruct jets, hadronically decaying τ leptons and the missing transverse momen-
tum (pmiss

T ) vector. Jets are reconstructed using the anti-kT algorithm with 0.4 cone
radius parameter. Transverse component of a negative vector sum of momenta of all
PF candidates is defined as pmiss

T to account for the contribution of neutrinos from
the event.

Events with at least three leptons with 25, 15, 10 GeV pT thresholds and at least
two jets with pT more than 25 GeV are selected. The first three leading pT leptons
and the first two leading pT jets are considered for the analysis. Events with b-tagged
(with “combined secondary vertex” algorithm [12]) jets, a lepton pair with its mass
close to the Z -boson mass in a window of 10 GeV/c2 and four leptons with their
invariant mass less than 140 GeV/v2 are vetoed. This veto condition helps to reduce
background contribution from the SM Higgs boson and Drell-Yan+jets reactions.

For the selected events, a distribution of the invariant mass of three leptons, two
jets, and pmiss

T is shown in Figure 21.1 left panel, and the right panel displays the
histogram of the number of same flavor opposite sign lepton pairs in an event. Major
background contribution comes from events containing VV+jets, Drell-Yan+jets,
t t̄+jets, VH+jets, tH+jets, t t̄H+jets, and t t̄V+jets, where V refers to W, Z bosons.
These background contributions are estimated from simulation. A background con-
tribution from non-prompt leptons or jets faking leptons of interest is estimated from
data using the fake factor method [13].
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Fig. 21.1 Left: The invariant mass of three leptons, two jets and pmiss
T system.Right: Histogram of

multiplicity of same flavor opposite sign lepton pairs. The cross section of resonant HH production
is assumed to be 1 pb for plotting purpose

21.4 Signal Extraction

A multivariate technique called Boosted Decision Tree (BDT) is utilized to achieve
better signal over background classification by combining information from many
kinematics variables. A BDT is trained on MC samples of HH signal and the major
contributing background process, WZ+jets, Drell-Yan+jets, and t t̄+jets. Variables
used as input to the BDT are: m��, �R(��OS), �R(��SS), �R(�, j), pT(�), η(�),
�R( j j), pmiss

T andm j j . Here OS and SS refer to opposite and same sign pair, respec-
tively, and �R = √

(�η)2 + (�φ)2. The receiver operating characteristics (ROC)
curve of the BDT is shown in the left panel of Figure 21.2. The right panel of the
figure shows a distribution of the BDT discriminating score.

The best fit signal is extracted by performing a binned maximum likelihood fit to
the BDT discriminating score distribution. The likelihood function is the product of
the Poisson likelihoods over all bins of the distribution and is given by

L(βsignal, βbackground | data) =
Nbins∏

i=1

μ
ni
i e

−μi

ni ! , (21.1)

where ni is the number of observed events in bin i and the Poisson mean for bin i is
given by

μi = βsignalSi +
∑

k

βkTk,i , (21.2)

where k denotes all of the considered background processes, Tk,i is the bin content
of bin i of the distribution for process k, and Si is the bin content of bin i of the signal
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Fig. 21.2 Left: ROC curve of BDT. Right: A distribution of BDT discriminator score. The cross
section of resonant HH production is assumed to be 1 pb for plotting purpose

distribution. The parameter βk is the nuisance parameter for the normalization of the
process k, constrained by theoretical uncertainty with a log-normal prior, and βsignal

is the unconstrained signal strength.
Preliminary expected upper limits at 95% confidence level (CL) on the product

of production cross section for pp → X → HH using the asymptotic modified fre-
quentist method (asymptotic CLs) [14] is 6.1 pb and 1.1 pb limit for mX = 400, 700
GeV/c2, respectively.

21.5 Outlook

A next step would be to include reconstruction of boosted W jets using the anti-
kT algorithm with 0.8 cone radius parameter, followed by estimation of the effect
of possible systematics sources on the final result and calculation of systematic
uncertainties. In future, the analysis will include more mass points of resonance X
in a range from 250 to 1000 GeV/c2 and also its spin-2 nature.
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Chapter 22
Study of X(3872) and X(3915)
in B → (J/ψω)K at Belle

Sourav Patra, Rajesh K. Maiti, and Vishal Bhardwaj

Abstract We present a preliminary study of X (3872) and X (3915) in the B →
(J/ψω)K decay at Belle. This study is based on MC simulated events on the Belle
detector at the KEK asymmetric-energy e + e− collider.

22.1 Motivation

The X (3872) was discovered by the Belle collaboration in the B → (J/ψπ+π−)K
decay mode [1]. It is difficult to assign X (3872) as a conventional state due to its
mass near DD∗ threshold and narrow width (<1.2 MeV) [2]. As per the current sce-
nario, it is expected to be an admixture of DD∗ molecular state and cc̄ state. There
is no signature for the charge partner in J/ψπ+π0 and no signature of odd charge
conjugate (C = −1) partner in the ηcω and ηcπ

+π− decay [3]. So, X (3872) is sug-
gested to be an iso-singlet state. In that scenario, X (3872) → J/ψπ+π− is isospin
violating decay. On the other hand, X (3872) decays to J/ψω which is an isospin
allowed decay. It has been suggested that the ratio of B[X (3872) → J/ψπ+π0π−]
toB[X (3872) → J/ψπ+π−] should be 30. However, BaBar collaboration hasmea-
sured this ratio to be 0.8±0.3 [4]. Measuring this ratio with precision will be very
useful in understanding the nature of the X (3872).
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22.2 Analysis Strategy

We generated events for each of X (3872) and X (3915) decay using EvtGen pack-
age. Those events were simulated according to the Belle detector using GSIM [5].
Generated MC was used to optimize and validate our study. For this analysis, we
reconstruct B±(B0) from J/ψωK±(K 0

S), where we further reconstruct J/ψ from
ee, μμ, and ω from π+π0π−. We identify Ks in π+π− decay and π0 in γ γ decay.
Maximum unbinned likelihood fit is performed for J/ψω invariant mass to measure
the yield for corresponding signal and backgrounds.

22.2.1 Particle Identification and Basic Selection

The distance of closest approach from the IP in azimuthal direction (|dr |) is less than
1cm and that in horizontal direction (|dz|) is less than 3.5cm. Fox-Wolframmoment
(R2) less than 0.5 is used to suppress continuum background events. We select the
K± with kaon vs pion likelihood,RK /(RK + Rπ ) greater than 0.6 and that for π±
is less than 0.4. All gamma candidates having energy more than 60 MeV and E9/E25

in ECL crystal > 0.85 are selected. π0 candidates having mass from 123 to 147
MeV/c2 are kept for future combination. We select K 0

s having mass within [482,524]
MeV/c2. We choose the mass window for selected omega from 0.7 GeV/c2 to 0.85
GeV/c2. J/ψ candidates having mass from 3.07 to 3.13 GeV/c2 for μμ events and
from 3.05 to 3.13 GeV/c2 for ee events are selected. Photons within 50 mrad of
each e± track are selected as bremsstrahlung photon to get the corrected mass and
momentum for J/ψ . We use two parameters: beam constrained mass (Mbc) and �E

where Mbc =
√
E∗2
cm − p∗2

B and �E = E∗
beam − E∗

B to set the proper signal window.
One should expect �E to peak at 0 and Mbc to peak at nominal B mass. Events
within |�E| < 0.2 and Mbc > 5.27 GeV/c2 are selected as reconstructed events for
further study.

22.2.2 Omega Selection with Dalitz Method

We reconstruct ω from π+π−π0. Due to its broad width and poor efficiency in π0

reconstruction, large number of fake combinations for ω are selected. In order to
avoid those fake combinations, we use Dalitz cuts. Kinematics of ω → π+π0π−
decay can be represented in XY plane, where X = √

3(Tπ+ − Tπ−)/Q and Y =
(2Tπ0 − Tπ+ − Tπ−)/Q. Here, T is the kinetic energy of the corresponding particle
and Q implies the total kinetic energy of all three particles. We apply two concentric
circular cuts centered at (0,3) in XY plane, 1.5 < |√X2 + (Y − 3)2| < 3.8, which
give themaximum fake events rejection (28.61%) andminimum true events rejection
(7.18%).
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22.2.3 Best Candidate Selection

Multiple B candidates are reconstructed for 35% of reconstructed events. Best can-
didate is selected among those multiple B candidates with least χ2, where

χ2 = χ2
V +

( �E

σ�E

)2 +
(Mll − mJ/ψ

σJ/ψ

)2 +
(Mπ+π−π0 − mω

σω

)2

+
(Mγ γ − mπ0

σπ0

)2 +
(Mπ+π− − mKS

σKS

)2

Here, χ2
V is returned χ2 from charge vertex fit and σ�E is the width in �E . M,m, σ

imply the reconstructed mass, PDG mass, mass width of the corresponding particle,
respectively. Truthmatched signal reconstruction efficiency using this method is 68%
for charged B meson and 57% for neutral B meson.

22.2.4 �E Optimization

Weoptimize the�E window for the candidates selectedwith best candidate selection
to set the proper signal window for �E . We plot figure of merit (FOM) as a function
of �E , where FOM = Nsig/

√
Nsig + Nbkg. Here, Nsig and Nbkg represent the number

of signal and background events, respectively. Number of events from signal MC
sample in a particular �E region are scaled by the branching fractions. We optimize
the region |�E | < 20 MeV as signal window.

22.2.5 �E and π0 Mass Constrain Fit

�E should be zero for perfectly reconstructed events. We assume that our �E
resolution is not good due to problem in π0 reconstruction. Therefore, we force �E
to be zero by keeping π0 invariant mass fixed. So, new π0 momentum is shifted by a

factor of α, where α =
√

(1 − (1 − s2)E2
π0/P2

π0)with s = [Ebeam − (Eπ+ + Eπ− +
EKs )]/Eπ0 . After performing this fit, we get ω candidate with better mass resolution.

22.3 Background Study

We use large B → J/ψX inclusive MC sample (having 100 times statistics com-
pared to data) to understand the sources of background. As we are interested in
MJ/ψω, we check the distribution for MJ/ψω and MωK (Fig. 22.1). One can clearly
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Fig. 22.1 Backgrounds in MJ/ψω and MωK for neutral B meson are plotted in left and middle plot
respectively. Right side one is representing the MJ/ψω for whole MC sample after applying ψ ′K ∗
veto and MωK cut

see from the MωK distribution that, by applying a cut MωK > 1.4 GeV most of
background coming from B → J/ψK1(1270) decay can be removed. For extract-
ing X (3872) and X (3915) signal, we look at MJ/ψω distribution from 3.81 to 4.2
GeV/c2.

22.3.1 ψ ′K∗ Veto

Background coming from the B → ψ ′K ∗ decay is peaking around the signal peak.
Here we expect J/ψπ+π− coming from ψ ′ and π0K from K ∗ to mimic our sig-
nal. Therefore, we apply ψ ′K ∗ veto, 3.67GeV/c2 < MJ/ψπ+π− < 3.72GeV/c2 and
0.79GeV/c2 < Mπ0K < 0.99GeV/c2 to reduce such background.

22.4 Signal Extraction with Maximum Likelihood Fit

For extracting signal efficiency, we perform 1D unbinned maximum likelihood fit
(UML) for X (3872) and X (3915)with signal MC sample.Wemodel each of the sig-
nals with one Gaussian and two bifurcated Gaussians. For the peaking backgrounds,
B± → ψ ′K ∗± and B0 → ψ ′K ∗0, we use one Gaussian and two bifurcated Gaus-
sian. The rest of the backgrounds have flat nature in the signal region. Therefore, we
use a threshold function to model those backgrounds. Finally, we combine all the
PDFs in a single PDF fixing all the parameters from signal MC including mean and
sigma for X (3872) and X (3915), floating the yields of all three PDFs (Fig. 22.2).
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Fig. 22.2 1D UML fit to MJ/ψω distribution for the possible background estimated from B →
J/ψX sample (left) and total fit after signal inclusion for B± → J/ψωK± decay modes (right)

22.5 Conclusion

A preliminary MC study for B → J/ψωK is presented here. We tried different
methods to reduce the cross feed and to improve the resolution of MJ/ψω. Precise
measurement of B[X (3872) → J/ψω] to B[X (3872) → J/ψπ+π−] will help in
understanding the nature of X (3872).
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Chapter 23
B∗
s → l+l− Decays in Light of Recent B

Anomalies

Suman Kumbhakar and Jyoti Saini

Abstract Some of the recent measurements in the neutral current sector b → sl+l−
(l = e or μ), as well as in the charged current sector b → cτ ν̄, show significant
deviations from their StandardModel predictions. It has been shown that twodifferent
new physics solutions, in the form of vector and/or axial vector, can explain all the
anomalies in b → sl+l− sector. We show that the muon longitudinal polarization
asymmetry in B∗

s → μ+ μ− decay is a good discriminant between the two solutions
if it can be measured to a precision of ∼ 10%, provided the new physics Wilson
coefficients are real. We also investigate the potential impact of b → cτ ν̄ anomalies
on B∗

s → τ+τ− decay. We consider a model where the new physics contributions to
these two transitions are strongly correlated. We find that two orders of magnitude
enhancement in the branching ratio of B∗

s → τ+ τ− is allowed by the present b →
cτ ν̄ data.

23.1 Introduction

The recent anomalies in the charged current (CC) transition b → cτ ν̄ and in the
flavor changing neutral current (FCNC) transitions b → sl+l− (l = e or μ) provide
tantalizing hints of physics beyond Standard Model (SM). In the SM, the above CC
transition occurs at the tree level, whereas the FCNC transitions occur only at the
loop level.

Some of the anomalies in b → sl+l− sector are: angular observables in B →
K ∗μ+μ− [1–3] particularly P

′
5 in 4.3-8.68 GeV2 bin, the branching ratio of Bs →

φμ+μ− and the corresponding angular observables [4, 5], the flavor ratio RK ≡
Γ (B+ → K+μ+μ−)/Γ (B+ → K+e+e−) in 1.0 ≤ q2 ≤ 6.0 GeV2 [6], the ratio
RK ∗ ≡ Γ (B0 → K ∗0μ+μ−)/Γ (B0 → K ∗0e+e−) in two different q2 ranges,
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(0.045 ≤ q2 ≤ 1.1 GeV2) (low q2) and (1.1 ≤ q2 ≤ 6.0 GeV2) (central q2) [7].
In Moriond’19, the Belle collaboration has published their first measurements of
RK ∗ in both B0 and B+ decays. These measurements are reported in multiple q2 bins
and have comparatively large uncertainties [8]. Further, LHCb collaboration updated
the value of RK in Moriond’19 [9]. After Moriond’19, [10, 11] performed a global
fit to identify the Lorentz structure of new physics (NP) which can account for all
anomalies in b → sμ+μ− sector. In 1D scenario, there are two distinct solutions,
one with the operator of the form (s̄γαPLb)(μ̄γαμ) and the other whose operator is
a linear combination of (s̄γαPLb)(μ̄γαμ) and (s̄γαPLb)(μ̄γαγ5μ).

It is interesting to look for new observables in the b → sμ+μ− sector in order to
(a) find additional evidence for the existence of NP and (b) to discriminate between
the two NP solutions. The branching ratio of B∗

s → μ+μ− is one such observable
which is yet to be measured. In the SM, this decay mode is not subject to helicity
suppression [12], unlike Bs → μ+μ−. A model independent analysis of this decay
was performed in [13] to identify the NP operators which can lead to a large enhance-
ment of its branching ratio. It was found that such an enhancement is not possible
due to the constraints from the present b → sμ+μ− data. In this work, we consider
the longitudinal polarization asymmetry of muon in B∗

s → μ+μ− decay, ALP(μ).
This asymmetry is theoretically clean because it has a very mild dependence on the
decay constants unlike the branching ratio. We first calculate the SM prediction of
ALP(μ) and then study its sensitivity to the NP solutions.

On the other hand, the discrepancies in the CC b → cτ ν̄ transition are: the ratios
RD(∗)=Γ (B → D(∗) τ ν̄)/Γ (B → D(∗) {e/μ} ν̄) [14], RJ/ψ=B(B → J/ψ τ ν̄)/B
(B → J/ψμ ν̄) [15]. References [16–18] identified the allowed NP solutions which
can explain all anomalies in the b → cτ ν̄ sector and suggestedmethods to distinguish
between various NP solutions. The NP WCs of these solutions are about 10% of the
SM values. Since this transition occurs at the tree level in the SM, it is very likely that
the NP operators also occur at the tree level. In [19], a model is constructed where the
tree level FCNC terms due to NP are significant for b → s τ+ τ− but are suppressed
for b → sl+l− where l = e or l = μ. The branching ratios for the decay modes such
as B → K (∗)τ+τ−, Bs → τ+τ− and Bs → φτ+τ− will have a large enhancement
in this model [19]. In this work, we study the effect of this NP on the branching ratio
of B∗

s → τ+τ− and the τ polarization asymmetry ALP(τ ).

23.2 Longitudinal Polarization Asymmetry for B∗
s → l+l−

Decay

The decay B∗
s → l+ l− is induced by the quark level transition b → sl+l−. In the

SM the corresponding effective Hamiltonian is
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HSM = 4GF√
2π

V ∗
tsVtb

[ 6∑
i=1

Ci (μ)Oi (μ) + C7
e

16π2
[sσμν(ms PL + mbPR)b]Fμν

+ C9
αem

4π
(sγμPLb)(lγμl) + C10

αem

4π
(sγμPLb)(lγμγ5l)

]
,

where GF is the Fermi constant, Vts and Vtb are the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements and PL ,R = (1 ∓ γ5)/2 are the projection operators. The
effect of the operators Oi , i = 1 − 6, 8 can be embedded in the redefined effective
Wilson coefficients as C7(μ) → Cef f

7 (μ, q2) and C9(μ) → Cef f
9 (μ, q2). The form

factor parameterization of the B∗
s → l+ l− decay amplitudes are given in [12]. These

parameterization depend on the decay constants of B∗
s meson fB∗

s
and f TB∗

s
.

As the NP solutions to the b → sl+l− anomalies are in the form of vector and
axial-vector operators, we consider the addition of these NP operators to the SM
effective Hamiltonian of b → sl+l−. Scalar and pseudo-scalar NP operators do not
contribute to B∗

s → l+l− decay because 〈0|s̄b|B∗
s (pB∗

s
, ε)〉 = 〈0|s̄γ5b|B∗

s (pB∗
s
, ε)〉 =

0. The effective Hamiltonian now takes the form

He f f (b → sl+l−) = HSM + HV A, (23.1)

where HV A is

HV A = αem GF√
2π

V ∗
tsVtb

[
CNP
9 (sγμPLb)(lγμl) + CNP

10 (sγμPLb)(lγμγ5l)

]
.

Here CNP
9(10) are the NP Wilson coefficients.

We define the longitudinal polarization asymmetry for the final state leptons in
B∗
s → l+l− decay. The unit longitudinal polarization four-vector in the rest frame of

the lepton (l+ or l−) is defined as

sα
l± =

(
0,±

−→pl
|−→pl |

)
. (23.2)

In the dilepton rest frame (which is also the rest frame of B∗
s meson), these unit

polarization vectors become

sα
l± =

( |−→pl |
ml

,± El

ml

−→pl
|−→pl |

)
, (23.3)

where El ,
−→pl , and ml are the energy, momentum, and mass of the lepton (l+ or l−)

respectively. We can define two longitudinal polarization asymmetries, A+
LP for l+

and A−
LP for l−, in the decay B∗

s → l+ l− as [20]
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A±
LP = [Γ (sl− , sl+) + Γ (∓sl− ,±sl+)] − [Γ (±sl− ,∓sl+) + Γ (−sl− ,−sl+)]

[Γ (sl− , sl+) + Γ (∓sl− ,±sl+)] + [Γ (±sl− ,∓sl+) + Γ (−sl− ,−sl+)] .
(23.4)

Within this NP framework, the branching ratio and ALP are obtained to be [21]

B(B∗
s → l+l−) =

α2
emG2

F f 2B∗
s
m3

B∗
s
τB∗

s

96π3
|VtsV ∗

tb|2
√
1 − 4m2

l /m
2
B∗
s

⎡
⎣

⎛
⎝1 + 2m2

l

m2
B∗
s

⎞
⎠ ∣∣∣Cef f

9

+
2mb f

T
B∗
s

mB∗
s
fB∗

s

Ce f f
7 + CN P

9

∣∣∣∣∣∣
2

+
⎛
⎝1 − 4m2

l

m2
B∗
s

⎞
⎠ |C10 + CN P

10 |2
⎤
⎥⎦ , (23.5)

A±
LP |N P = ∓

2
√
1 − 4m2

l /m
2
B∗
s
Re

[(
Cef f
9 +

2mb f T
B∗
s

mB∗
s
fB∗

s
Ce f f
7 + CN P

9

)(
C10 + CN P

10

)∗
]

(
1 + 2m2

l /m
2
B∗
s

) ∣∣∣∣∣Cef f
9 +

2mb f T
B∗
s

mB∗
s
fB∗

s
Ce f f
7 + CN P

9

∣∣∣∣∣
2

+
(
1 − 4m2

l /m
2
B∗
s

) ∣∣∣C10 + CN P
10

∣∣∣2
.

(23.6)

23.3 Results and Discussion

23.3.1 ALP(μ) with NP Solutions

In this section, we first calculate ALP(μ) for the B∗
s → μ+μ− decay. The numer-

ical inputs used for this calculation are mb = 4.18 ± 0.03 GeV, mB∗
s

= 5415.4+1.8
−1.5

MeV [22], f TB∗
s
/ fBs = 0.95 [12] and fB∗

s
/ fBs = 0.953 ± 0.023 [23]. The SM pre-

diction is given in Table 23.1. The uncertainty in this prediction (about 0.03%) is
much smaller than the uncertainty in the decay constants (about 2%), making it
theoretically clean.

From this Table23.1, it is obvious that the prediction of ALP(μ) for the first
solution deviates from the SM at the level of 3σ, whereas for the second solution, it
is the same as that of the SM. Hence, any large deviation in this asymmetry can only

Table 23.1 Predictions of branching ratio and ALP (μ) for B∗
s → μ+μ− decay. The values of NP

WCs are taken from [10]

NP type NP WCs B(B∗
s → μ+μ−) A+

LP (μ) = −A−
LP (μ)

SM 0 (1.10 ± 0.60) × 10−11 0.9955 ± 0.0003

(I) CN P
9 (μμ) −1.07 ± 0.18 (0.82 ± 0.50) × 10−11 0.9145 ± 0.0246

(II) CN P
9 (μμ) = −CN P

10 (μμ) −0.52 ± 0.09 (0.80 ± 0.49) × 10−11 0.9940 ± 0.0038
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be due to the first NP solution. We also provide the predictions for B(B∗
s → μ+μ−)

in Table 23.1. It is clear that neither of the two solutions can be distinguished from
each other or from the SM via the branching ratio.

23.3.2 Effect of NP in B∗
s → τ+τ−

As mentioned in the introduction, anomalies are also observed in the b → cτ ν̄ tran-
sitions. An NPmodel, which can account for these anomalies, is likely to contain NP
amplitude for b → sτ+τ− transition also. Hence, the branching ratio of B∗

s → τ+τ−
and τ longitudinal polarization asymmetry ALP(τ ) will contain signatures of such
NP. In the SM, the predictions for these quantities are: B(B∗

s → τ+τ−) = (6.87 ±
4.23) × 10−12 and A+

LP(τ )|SM = −A−
LP(τ )|SM = 0.8860 ± 0.0006.

The authors of [19] constructed a model of NP which accounts for the anomalies
in b → cτ ν̄. This model contains tree level FCNC terms for b → s τ+ τ− but not
for b → sl+l− (l = e,μ). The WCs for the b → sτ+τ− transition have the form
C9(ττ ) = CSM

9 − CNP(ττ ) and C10(ττ ) = CSM
10 + CNP(ττ ), in this model, where

CNP(ττ ) = 2π

α

Vcb

VtbV ∗
ts

(√
RX

RSM
X

− 1

)
. (23.7)

The ratio RX/RSM
X is theweighted average of current experimental values of RD , RD∗

and RJ/ψ . From the current world averages (afterMoriond’19) of these quantities, we
estimate this ratio to be � 1.14 ± 0.05. This, in turn, leads to CNP(ττ ) ∼ O(100).
Thus, the NP contribution completely dominates the WCs and leads to greatly
enhanced branching ratios for various B/Bs meson decays involving b → s τ+ τ−
transition [19].

We calculate B(B∗
s → τ+τ−) andALP(τ ) as a function of RX/RSM

X . The plot of
B(B∗

s → τ+τ−) vs. RX/RSM
X is shown in left panel of Fig. 23.1. We note, from this

plot, that B(B∗
s → τ+τ−) can be enhanced up to 10−9 which is about two orders of

magnitude larger than the SM prediction. The plot ofALP(τ ) vs. RX/RSM
X is shown

in the right panel of Fig. 23.1. It can be seen thatALP(τ ) is suppressed by about 5%
in comparison to its SM value.

After Moriond’19, the current world average of RD(∗) shows less tension with the
SM which leads to smaller values of RX/RSM

X . As long as this ratio is greater than
1.03, the branching ratio of B∗

s → τ+τ− is enhanced by an order of magnitude at
least. When RX/RSM

X ∼ 1.01, ALP(τ ) exhibits some very interesting behavior. In
this case, the tree level FCNC NP contribution is similar in magnitude to the SM
contribution (which occurs only at the loop level). Due to the interference between
these two amplitudes, ALP(τ ) changes sign and becomes almost (−1). Hence, a
measurement of this asymmetry provides an effective tool for the discovery of tree
level FCNC amplitudes of this model [19] when their magnitude becomes quite
small.
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Fig. 23.1 Left and right panels correspond to B(B∗
s → τ+τ−) and ALP (τ ), respectively. In both

the panels, the yellow band represents 1σ range of these observables. The 1σ and 2σ ranges of
RX/RSM

X are indicated by blue and pink bands, respectively. The green horizontal line corresponds
to the SM value

23.4 Conclusions

In this work, we consider the ability of themuon longitudinal polarization asymmetry
in B∗

s → μ+μ− decay to distinguish between the two NP solutions, CNP
9 (μμ) < 0

and CNP
9 (μμ) = −CNP

10 (μμ) < 0, which can account for all the measurements in
b → sl+l− sector. This observable is theoretically clean because it has only a very
mild dependence on the decay constants. For the case of real NP WCs, we show
that this asymmetry has the same value as the SM case for the second solution but
is smaller by ∼ 10% for the first solution. Hence, a measurement of this asymmetry
to ∼ 10% accuracy can distinguish between these two solutions.

Further, we study the impact of the anomalies in b → cτ ν̄ transitions on the
branching ratio of B∗

s → τ+τ− andALP(τ ). In [19], a model was constructed where
tree level NP leads to both b → sτ+τ− and b → cτ ν̄ with moderately large NP
couplings. Within this NP model, we find that the present data in RD(∗),J/ψ sector
imply about two orders of magnitude enhancement in the branching ratio of B∗

s →
τ+τ− and a 5% suppression in ALP(τ ) compared to their SM predictions. We also
show that ALP(τ ) undergoes drastic changes when the NP amplitude is similar in
magnitude to the SM amplitude.
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Chapter 24
In Search of New Physics
with B0

s → l+l−

S. Biswas and S. Sahoo

Abstract Rare leptonic B0
s,d decays are highly suppressed in the standard model

(SM) and contribute to set different constraints for various models of new physics
(NP). Among the B0

s,d → l+l− decays, so far only the branching ratio for the process
B0
s → μ+μ− has been measured experimentally at the Large Hadron Collider. Other

than branching ratio, sizeable decay width difference of B0
s mass eigen-states as

well as the effective life time is being studied recently. On the other hand, B0
s →

e+e− and B0
s → τ+τ− are the unnoticed part of B0

s → l+l− decays. The current
experimental status of the above two decays are recently updated by LHCb. In this
work, considering the effect of Z ′ boson we study of the branching ratio of B0

s →
μ+μ− decay using χ2 fitting. We hope this method can also be used to study B0

s →
e+e− and B0

s → τ+τ− decays.

24.1 Introduction

In the SM, the decays. B0
s,d → l+l− (l = e, μ, τ) [1–3] are the result of quantum

mechanical processes, i.e. the interchange of virtual particles at the loop level. These
decays are extremely rare in the SM because they are loop and CKM suppressed,
as well as helicity suppressed, since the two spin-1/2 leptons originate from a pseu-
doscalar B meson. These decays involve several observables which can be clearly
elucidated from theoretical and experimental viewpoint. These rare B meson decays
present vital base to analyse the flavour sector of the SM and also become poten-
tial source to dig out possible signatures of NP. The B0

s → l+l− decays involve
b → sl+l− quark level transitions. In recent picture, several observables of rare
B meson decays undergoing b → sl+l− transitions show intriguing pattern of
deviations from the SM predictions which are [4–7]:
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i. Angular Observable P
′
s of B → K ∗μ+μ− mode.

ii. Observation of 2.6σ deviation in RK = Br(B+→K+μ+μ−)

Br(B+→K+e+e− in the q2 ∈ GeV 2 bin.
iii. Observation of more than 3σ deviation in the decay rate of Bs → ϕμ+μ−.
iv. Measurement of RK ∗ = Br(B→K ∗μ+μ−)

Br(B→K ∗e+e− .

In order to explain these anomalies, it is required to study Bmeson decays induced
by flavour changing neutral current (FCNC) processes with the assistance of several
new physics (NP) models. It is recently observed that most of the NP models involve
the exchange of a Z ′ boson or a leptoquark [8]. NP models introduce additional
couplings to new heavy mediators at both tree and loop level and these couplings
could modify the values of branching ratios with respect to their SM values. Here
we have investigated the various leptonic channels in Z ′ model considering its non-
universality nature [9–11]. In this model, the NP is allowed to contribute at tree level
by Z ′-mediated flavour changing b → q(q = s, d)B → ππ decays where Z ′ boson
couples to the flavour changing part, q̄b as well as to the leptonic part l̄l.

So far, we paid our whole attention on the muonic decays only neglecting the
other two channels. Not actually negligence, the electronic and tauonic channels are
very hard to study experimentally. The helicity suppression is enlarged in e-channel
by pseudoscalar contributions and very small mass. But in recent future, the search
for Bs,d → e+e− will be done with more dedication and interest exploiting the
potential of physics of the LHC in its ATLAS, CMS and LHCb experiments and the
BelleII experiments at KEK. On the other hand, the helicity suppression becomes
less important for tauonic channels for its large lepton mass. Another most important
complication in this experimental search is the presence of undetected neutrinos (at
least two) originating while B → ττ decays. Till now there are no experimental
values for Bs,d → e+e− and Bs,d → τ+τ− decays though their branching fractions
were constrained with 90 and 95% C.L., respectively. The recent updated average
results of branching ratios measured by ATLAS, CMS and LHCb experiments are
given by [12, 13],

Br(Bs → μ+μ−) = (3.0 ± 0.6) × 10−1, (24.1)

And the upper limits for the other two channels set as [13–15],

Br(Bs → e+e−) < 2.8 × 10−7(90%C.L.)

Br(Bs → τ+τ−) < 6.8 × 10−3(95%C.L.) (24.2)

In this paper, we have studied themuonic channel in Z ′ model by using themethod
of statistical analysis of x2 fitting and have tested the goodness of fit. We can also
apply this strategy for the other two channels to get acceptable predictions.
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24.2 Theoretical Framework

The FCNC mediated Bq → l+l−(q = s, d) decays are the most free-spoken B
decays theoretically and are associated with b → s(d)l+l− quark level transition.
Neglecting the charm contributions, the effective Hamiltonian for these pure leptonic
decays is given as [16, 17],

HSM
eff = −GF√

2

α

2π sin2 θw
VtbV

∗
tbY (xt )(q̄b)v−A(l̄l)v−A + h.c. (24.3)

Here Y (xt ) is known as an appropriate loop function consists of Z-penguin
and box-diagram contributions, QCD corrections and the leading electroweak
corrections. Therefore, the branching ratio for the pure leptonic channel becomes

Br(Bq → l+l−) = τBs

√
m2

Bq
− 4m2

l

16πm2
Bq

|ASM |2. (24.4)

Before the formulation of NP in the pure leptonic decays we need to consider
some simplifications: (i) we have neglected kinetic mixing, (ii) we have also
neglected Z − Z ′ mixing (as the mixing angle is constrained as less than 10−3 by
Bandyopadhyay et al. [18, 19] and recently at LHC it was found as of the order 10−4

by Bobovnikov et al. [20]) for its very small mixing angle, (iv) we will consider
the remarkable contribution of the flavour-off-diagonal left-handed couplings of
quarks in the flavour changing b − q − z′ part. Considering all the simplifications
for the non-universal couplings of Z ′, the effective Hamiltonian including the NP
part becomes for b → ql+l−

Hz′
eff = −2GF√

2
VτbV

∗
τq

[
BL
qbB

R
ll

VtbV ∗
tq

(q̄b)v−A(l̄l)v−A − BL
qbB

R
ll

VtbV ∗
tq

(q̄b)v−A(l̄l)v+A

]
+ h.c.,

(24.5)

where BL
qb is the left-handed coupling of Z ′ boson with quarks, BL

ll and BR
ll are the

left-handed and right-handed couplings with the leptons. The coupling parameter

consists of aNPweak phase term alsowhich is related as BL
qb =

∣∣∣BL
qb

∣∣∣eiϕl
q . Therefore,

the branching ratio expression for the leptonic channel becomes as

Br(Bq → l+l−) = τBq

G2
F

4π
f 2qBq

m2
l mBq

√
1 − 4m2

l

m2
Bq

∣∣VtbV
∗
tq

∣∣2

∣∣∣∣∣
α

2π Sin2θW
Y (xt ) − 2

BL
qb(B

L
ll − BR

ll )

VtbV ∗
tq

∣∣∣∣∣
2

(24.6)
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24.3 χ2 Analysis and Goodness of Fit

To find the NP couplings, we have used the statistical method of χ2 fitting with some
specific constraints. The value of χ2 is used to find the deviation of experimental
values from the expected values. It can be defined as [21, 22]:

χ2 =
∑

i

( f thi − f expi )

(	 fi )2
. (24.7)

By minimising this expression, we obtain several best fit values. We have used
the tMinuit package (i.e. Ifit) of ROOT software for fitting. We have calculated the
probability distribution for χ2 which is defined as

P(χ2) =
∫ ∞

χ2

1

2n/2
(n/2)
(χ2)

(n
2

− 1
)
e−

χ2/2d(χ2) (24.8)

This probability depends on the parameter ‘n’ ‘n’ ‘n’ ‘n’, i.e. degrees of freedom.
For smaller values of degrees of freedom it is difficult to judge the fit quality by using
χ2
min/n ≈ 1 condition only. In that case the probability values (p-value) will help to

determine the goodness of fit results where the p-value is preferred as 50%.

24.4 Numerical Analysis

In order to calculate the value of χ2 we have used several observables as constraints
involving the same b → sl+l− transition. The experimental results of the observables
are recorded in Table 24.1 [13, 16, 23].

Using all these experimental data we have structured the χ2 in terms of the
couplings and minimised it. The best fit values are recorded in Table 24.2.

Taking couplings from Table 24.2, we calculate the branching ratio value for
B0
s → μ+μ− decay with NP effects by using (24.6). From Table 24.3, we can see

that the branching ratio value in Z ′ model enhances from the SM value and is in
agreement with the experimental one. Here, the degree of freedom is one and the
p-value is calculated from (24.8).

Table 24.1 Experimental
data of the observables

Mode Branching value

Br
(
Bs → μ+μ−)

(3.0 ± 0.6) × 10−9

Brlow
(
B → Xsμ

+μ−)
(16 ± 5.0) × 10−7

Brhigh
(
B → Xsμ

+μ−)
(4.4 ± 1.2) × 10−7

Br
(
B → Xsμ

+μ−)
(43 ± 12.5) × 10−7

Br
(
B → Kμ+μ−)

(4.51 ± 0.23) × 10−7
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Table 24.2 Best fit values for
μ channel

χ2
min = 0.233, p-value = 62.63%

Parameter Best fit value

BL
sb (2.8 ± 0.38) × 10−3

ϕ (34.48 ± 2.13)

BL
μμ (−2.2 ± 3.24) × 10−2

BR
μμ (−0.80 ± 0.54) × 10−2

Table 24.3 Branching ratio
values for μ channel in SM
and in Z ′ model

Br(Bs → μ+μ−)

In SM 1.164 × 10−9

In Z ′ model 3.071 × 10−9

24.5 Conclusion

In this paper, considering the NP effect and using minimising technique, we have
found the values of NP couplings and calculated the branching ratio of Bs → μ+μ−
channel as

(
3.071 × 10−9

)
. Here, our obtained p-value (62.63%) is acceptable. So

we can say that this fitting is very useful for Bs → μ+μ−. We expect this technique
can also be used to study B0

s → e+e− and B0
s → τ+τ− decays. Several experiments

established the fact that Z ′ boson does not behave in similar manner with all the
generations of leptons and that infers the non-universality nature of Z ′ model [24].
By calculating the leptonic couplings of Z ′ boson for e and τ channels, it is possible
to predict their branching ratios in future.
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Chapter 25
Notes on a Z′

Triparno Bandyopadhyay, Gautam Bhattacharyya, Dipankar Das,
and Amitava Raychaudhuri

Abstract We reexamine anomaly free U(1) extensions of the standard model in
the light of LHC Drell-Yan data, constraints from unitarity, and neutrino-electron
scattering to put model-independent bounds in the parameter space populated by
MZ ′ , the Z -Z ′ mixing angle (αz), and the extra U(1) effective gauge coupling (g′

x ).
We propose a formalism where any model dependence is absorbed into these three
parameters.

25.1 Introduction

Given its central role in physics beyond the standardmodel, including, but not limited
to, unified theories, left-right models [1], little higgs models, models of additional
space dimensions, flavor physics models, and varied dark matter scenarios [2], there
is enoughmotivation for the careful study of a heavier Z -like vector boson, Z ′. In this
work, we take up this matter for a massive Z ′ arising from a spontaneously broken
U (1), that we callU (1)X . We show that the model specific features can be absorbed
into the Z ′ mass, MZ ′ , the Z -Z ′ mixing angle, αz , and the coupling strength, g′

x ,
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corresponding to the additionalU (1) for a class of anomaly free models. We proceed
to give exclusions in this parameter space from LHC data, considerations of s-matrix
unitarity, and e-νμ scattering data [3].

25.2 Formalism

We have two scalar multiplets, transforming under SU (3)C × SU (2)L ×U (1)Y ×
U (1)X as: Φ ≡ (1, 2, 1/2, xΦ/2), S ≡ (1, 1, 0, 1/2), where Φ is the usual SU (2)L
doublet responsible for the standard model (SM) gauge symmetry breaking, as well
as the Dirac masses of fermions. Note that, even if we start with xΦ = 0, Φ can
develop a U (1)X charge due to gauge kinetic mixing among the two abelian field
strength tensors. The covariant derivatives on the scalars are defined as

DμΦ =
(
∂μ − ig

τa

2
Wa

μ − i
gY

2
Bμ − i

gx

2
xΦXμ

)
Φ; DμS =

(
∂μ − i

gx

2
Xμ

)
S ,

(25.1)

where τa represents the Pauli matrices. The naming convention for the gauge fields
follow standard conventions. In the original basis, the lagrangian contains the gauge
kinetic mixing term (sin χ/2)BμνXμν (Bμν and Xμν denote the U (1)Y and U (1)X
field tensors respectively). We perform a general linear transformation to go to a
basis where the lagrangian is canonically diagonal

(
Bμ

Xμ

)
→

(
B ′

μ

X ′
μ

)
=

(
1 sin χ

0 cosχ

) (
Bμ

Xμ

)
. (25.2)

In this basis, the covariant derivatives take the following forms:

DμΦ = ∂μΦ − i
g

2

(
τaW

a
μ + twB

′
μ + tx x

′
ΦX ′

μ

)
Φ ; DμS =

(
∂μ − i

g′
x

2
X ′

μ

)
S ,

(25.3)

where we have defined, tw ≡ tan θw = gY
g
, tx ≡ tan θx = g′

x
g
, with g′

x = gx secχ , and
x ′

Φ = xΦ − gY
gx
sin χ . In the limit of zero kinetic mixing, tx characterizes the strength

of theU (1)X gauge coupling relative to the weak gauge coupling. After spontaneous
symmetry breaking, we expand the scalar fields, in the unitary gauge, as

Φ = 1√
2

(
0

v + φ0

)
, S = 1√

2
(vs + s) , (25.4)

where v and vs are the vevs forΦ and S, respectively. This leads to the neutral gauge
boson mass matrix, in the basis where the gauge kinetic terms are diagonal, which
can be written as follows:
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M 2
N = g2v2

4

⎛
⎝

1 − tan θw −x ′
Φ tan θx

− tan θw tan2 θw x ′
Φ tan θx tan θw

−x ′
Φ tan θx x ′

Φ tan θx tan θw tan2 θx
(
r2 + x ′2

Φ

)

⎞
⎠ , (25.5)

with r = vs/v. We go to the diagonal basis by performing the rotation

⎛
⎝
B ′

μ

W 3
μ

X ′
μ

⎞
⎠ =

⎛
⎝
cos θw − sin θw cosαz sin θw sin αz

sin θw cos θw cosαz − cos θw sin αz

0 sin αz cosαz

⎞
⎠

⎛
⎝
Aμ

Zμ

Z ′
μ

⎞
⎠ . (25.6)

This diagonalization gives the following relations:

M2
11 ≡ M2

Z cos
2 αz + M2

Z ′ sin2 αz = M2
W/cos2 θw , (25.7a)

M2
Z ′ cos2 αz + M2

Z sin
2 αz = M2

W tan2 θx
(
r2 + x ′2

Φ

)
, (25.7b)(

M2
Z ′ − M2

Z

)
sin 2αz = 2x ′

Φ tan θx M
2
W/cos θw , (25.7c)

whereMW = gv/2 denotes theW -bosonmass.We use (25.7) to replace θw, r , and x ′
Φ

in terms of MZ ′ , αz , and tx . Note that we have not treated θw as the conventional weak
angle under the implicit a priori assumption that αz is small, instead, we have traded
it in favor of MZ ′ and αz . The gauge-scalar sector described here holds generally for
different Z ′ models, but, the fermion charge assignments vary. Next, we develop a
general formalism for the fermionic sector. We specifically look at models in which
the SM is extended by a right-handed (RH) neutrino (NR) per generation which get
Majorana masses from their Yukawa interactions with S. Under the assumption of
generation universality, the possibleU (1)X charge options for the fermions are quite
restricted.

With the requirements for Dirac mass for the SM fermions andMajorana mass for
NR , applying the constraints from chiral anomaly cancelation, all theU (1)X charges
of the fermions can be determined in terms of one free parameter κx (also, [4]), as
depicted in Table25.1.

Different choices of κx give different models. In Table25.2, we show some alter-
natives. For example, the (B − L) extension of the SM corresponds to κx = 1/4.

Table 25.1 The U (1)X -charge assignments of the multiplets, as a function of κx

Multiplet QL uR dR �L eR NR Φ S

Charge κx
3

4κx
3 − 1

4 − 2κx
3 + 1

4 −κx −2κx + 1
4 − 1

4 κx − 1
4

1
2

Table 25.2 κx for different U (1)X models

Model U (1)B−L U (1)R U (1)χ U (1)R ×U (1)B−L

Charge definition (B−L)
4 − T3R

2 −Qχ/
√
10 1

5

[
(B − L) − 1

2 T3R
]

κx
1
4 0 3

20
1
5
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25.3 Exclusions in the Parameter Space

The cross section for resonant production of a Z ′ boson at the LHC and its subsequent
decay into a pair of charged leptons can be conveniently expressed as (in the narrow
width approximation) [5]

σ
(
pp → Z ′X → �+�−X

) = π

6s

∑
q

C�
qwq

(
s, M2

Z ′
)

, (25.8)

where the sum is over all the partons. The co-efficients

C�
q =

[(
g
q
L

)2 + (
g
q
R

)2]
BR

(
Z ′ → �+�−)

(25.9)

involve the chiral couplings, g f
L and g f

R of Z ′ and hence depend on the details of the
fermionic sector of the model under consideration. The functions wq contain all the
information about the parton distribution functions (PDFs) and QCD corrections [3].

Using the most recent ATLAS limits [6] on the left-hand-side of (25.8) [6] for the
� ≡ e, μ final state, we give limits in the C�

u-C
�
d plane for different values of MZ ′ .1

The results have been displayed in the left panel of Fig. 25.1. For any chosen MZ ′ ,
only the interior of the corresponding contour is allowed.

As the introduction of the newU (1) redefines the SM Z boson, the Z ′ needs to be
light enough to counter the fourth power of energy growth of the scattering amplitude
for the process W+

L W
−
L → W+

L W
−
L (L denoting longitudinal) at leading order. This

leads to an upper bound on MZ ′

M4
Z ′ sin2 αz(

M2
Z cos

2 αz + M2
Z ′ sin2 αz

) < 8π × 3

32
√
2GF

. (25.10)

Since this analysis does not depend on the details of the fermionic couplings, such a
bound is quite general and can be applied to a wide class of Z ′ models.

The unitarity bound is lifted in the limit sin αz = 0 as has been clearly depicted
in Fig. 25.1 (right panel). It is possible to put lower bounds on MZ ′ , in the limit of
vanishing Z -Z ′ mixing, e.g., by using the data from low energy neutrino-electron
scattering such as νμe → νμe which proceeds at the tree level purely via neutral
current [7]. The dimension-six operator governing νμ-e scattering at low energies is
written as

Lνe = −GF√
2

[
ν̄γ μ

(
1 − γ 5

)
ν
] [
ēγμ

(
gνe
V − gνe

A γ 5
)
e
]

. (25.11)

1See [3] for a similar analysis using the di-τ final state.
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Fig. 25.1 Left: Exclusion contours at 95% C.L. in the Cu − Cd plane for different values of MZ ′ ,
derived using ATLAS DY data. Right: Consolidated bounds in the (sin αz-MZ ′ )plane for anomaly
free U (1)X models. Details in text

In the Z ′ models under consideration, the vector and axial couplings of the SM
Z boson is modified, and using the global best fit values for gνe

V and gνe
A , gνe

V =
−0.040 ± 0.015, gνe

A = −0.507 ± 0.014 [8] we draw the 2σ allowed regions in the
sin αz-MZ ′ plane.

25.4 Results

In Fig. 25.1, all the bounds have been displayed in the sin αz-MZ ′ plane for any
anomaly free U (1)X model for two typical choices of tan θx . The region excluded
from unitarity has been shaded in gray and is independent of tan θx . The lower bounds
onMZ ′ , arising from the ATLAS (13 TeV, 36 fb−1) exclusion of the DY production of
Z ′, are depicted as red curves, whereas the region above the light blue curves denote
the region consistent with νμ-e scattering. Additionally, we also give contours that
represent a constraint on the Z ′ decay width, as a guideline for the validity of a
particle interpretation. The green lines in the figure arise from the consideration2

ΓZ ′ ≤ MZ ′/2.
For all the colored contours, the solid (dashed) curves correspond to tan θx = 1(4).

Recall that tan θx is proportional to the effective U (1)X coupling, g′
x . As it happens,

the lower bounds on MZ ′ arising from low energy νμ-e scattering are considerably
weaker than those from direct searches. However, νμ-e scattering can put important
constraints for hydrophobic Z ′ models when the production of the Z ′ at the LHC is

2What constitutes an acceptablewidth of a heavyparticle, or how far the narrowwidth approximation
holds good can be a matter of discussion and hence we choose to veer on the conservative side, to
illustrate what role the consideration of width might play in restricting the parameter space.
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very suppressed. Combining the lower bound on MZ ′ from the direct searches with
the corresponding upper bound coming from, e.g., unitarity, we are able to extract
an upper limit on the magnitude of the Z -Z ′ mixing angle, αz . Such bounds on |αz|
are at par with the corresponding limits from electroweak precision data [9].

25.5 Conclusions

Weput constraints on the parameter space of theminimal extension of the SMwith an
additional gaugedU (1). We put forward a parametrization, in which, the constraints
on different U (1)X models are expressed in a model-independent framework. We
have not a priori assumed the Z -Z ′ mixing angle to be small or MZ ′ >> MZ . There
are three important quantities which cover the extended parameter space, absorbing
all model dependence for a non-anomalous U (1) extension. These quantities are
MZ ′ , g′

x , and αz . To constrain this space, we have employed three distinct pieces
of information, the LHC (ATLAS) Drell-Yan data, results from low energy νμ − e
scattering, and consistency with s-wave unitarity in theW+

L W
−
L → W+

L W
−
L channel.
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Chapter 26
Probing New Signature Using Jet
Substructure at the LHC

Akanksha Bhardwaj

Abstract To explore interesting TeV scale BSM theories at the Large Hadron Col-
lider (LHC), jet-substructure techniques can play a key role. Thismotivates us to look
for challenging final states which can potentially be used for many hitherto unex-
plored interesting region of parameter space in different BSM scenarios. We exploit
the characteristics of the jet-substructure techniques, as well as suitable kinematic
variables to handle humongous Standard Model backgrounds. We also perform a
comprehensive collider analysis to demonstrate the effectiveness of these new chan-
nels and techniques for differentBSMmodelswhich significantly enhance the present
reach at the 13 TeV LHC.

26.1 Introduction

The Standard Model (SM) of particle physics encapsulates our knowledge of funda-
mental interactions of the particle world with all its glory. Until now, apart from a
few minor exceptions, the SM is in perfect agreement with all the high energy col-
lider experiments like the Large Hadron Collider (LHC) experiments at CERN. The
reputation of the SM being a complete theory gets tarnished when it cannot explain
the presence of tiny yet nonzero masses of the neutrinos that are already established
in neutrino oscillation experiments. Observations of cosmic microwave background
radiation in various experiments unambiguously establish that 26% of the energy
budget of our universe is made up of an inert, stable component, termed as the “dark
matter” (DM). Inert doublet model (IDM) is proposed [1, 2] as a minimal extension
of the SM that can provide an inert weakly interacting DM candidate, stabilized by
the discrete symmetry of the model. The SM is extended with an extra SU(2)L scalar
doublet which is odd under a discrete Z2 symmetry, and thus stabilizes the lightest
neutral scalar of the model to be an ideal DM candidate. Simple extensions of the
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StandardModel (SM)with additional Right HandedNeutrinos (RHNs) can elegantly
explain the existence of small neutrino masses and their flavor mixings. Here we will
consider both the extension of the SM and discuss new interesting phenomenology
using jet-substructure.

26.2 Inverse Seesaw Scenario

In the inverse seesaw [3–5] framework, the SM particle content is extended by two
SM singlet Majorana RHNs, Nβ and Sβ

L with same lepton number. β is the flavor
index. The relevant part of the Lagrangian can again be written as

L ⊃ −Y αβ

D �α
L HNβ

R − MαβSα
L N

β

R − 1

2
μαβSα

L S
βC

L + H.c. . (26.1)

Here, �α and H are the SM lepton doublet and Higgs doublet, respectively. MD is a
Dirac mass matrix and μ is a small lepton number violating Majorana mass matrix.
After EWSB we obtain the neutrino mass matrix

Mν =
⎛
⎝

0 MD 0
MT

D 0 MT

0 M μ

⎞
⎠ . (26.2)

Diagonalizing the mass matrix in (26.2), we obtain the inverse seesaw formula for
the light neutrino masses as

Mν � MDM
−1 μ M−1T MT

D . (26.3)

TheDiracmassMD = YDv√
2
is generated after EWSB. In order tomake our discussions

simple we assume degenerate RHNs, with M = MN × 1. 1 is the unit matrix as
before and MN is the RHN mass eigenvalue. With these assumptions, the neutrino
mass matrix may be simplified as

Mν = 1

M2
N

MDμMT
D . (26.4)

Consider a typical flavor structure of the model where MD and MN are propor-
tional to the unit matrix such as MD → MD × 1 and MN → MN × 1, respectively.
Thus, the flavor structure is now fully encoded in the 3 × 3 matrix μ. We refer to
this scenario as Flavor Diagonal (FD). It has been shown that the FD case in the
inverse seesaw mechanism is also accommodated by neutrino oscillation data [6].
Another flavor structure possible in the inverse seesaw scenario is where MD car-
ries flavor structure while μ → μ × 1 and M → MN × 1. This is called the Flavor
Non-Diagonal (FND) scenario. This has been studied for different signals in [6, 7],
under general parametrization [8]. Here, in the collider study, we are interested in a
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Fig. 26.1 The figure shows the 2-σ exclusion limits, in terms of heavy neutrino mass MN and
|V�N |2, at 3000 fb−1 of integrated luminosity at the 13 TeV LHC

very specific decay topology arising from the production and decay of heavy sterile
neutrinos.We focus on opposite sign (OS)muon pair final states, in associationwith a
reconstructed fatjet, at

√
s = 13 TeV LHC. For simplicity, we demonstrate explicitly

our analysis assuming a simple, single flavor scenario where the light-heavy mixing
is nonzero only for the muon flavor. This is also motivated by the fact that muons
provide a clear detection at the LHC with high efficiency and hence is of primary
interest. We will, however, also include the electron channel while discerning the
final exclusion results. Here the major background arrises from t t̄ . We apply the
following cut for the analysis (Fig. 26.1).

• Two opposite sign muons are selected with pT > 10 GeV within the detector
rapidity range |ημ| < 2.4, assuming a muon detection efficiency of 95%. We veto
the event if any additional reconstructed lepton with pT > 10 GeV is present.

• Wedemand at least one fatjet, reconstructed adopting theCA algorithmwith radius
parameter R = 0.8 and |ηJ | < 2.4.We select events with the hardest reconstructed
fatjet (J0) having minimum transverse momentum pJ0

T > 150 GeV and with N-
subjettiness τ

J0
21 < 0.4.

• The highest pT muon is selected with pT > 100 GeV and the next pT ordered
muon is selected with pT > 60 GeV.

• To control the huge backgrounds coming from leptonic decays of Z bosons, we
veto events if the opposite sign di-muon invariant mass (Mμ+μ−) is less than 200
GeV. The harder cut on Mμ+μ− also reduces parts of the t t̄ background further.

• We apply a b-veto to reduce the t t̄ backgroundwithout affecting signal acceptance.
• It is evident that our signal does not have any missing particle per se, hence should
have relatively low missing transverse energy ( /ET ). The final /ET would of course
get contributions from measurements and uncertainties. Taking into account the
unclustered towers, we consider only events with a maximum /ET of 60 GeV. The
figure [1] shows the 2-σ exclusion limits, in terms of heavy neutrino mass MN and
|V�N |2, at 3000 fb−1 of integrated luminosity at the 13 TeV LHC [9].
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26.3 Inert Higgs Doublet

We first discuss the traditional IDM where one adds an additional SU(2)L complex
scalar doublet 	2 apart from the SM Higgs doublet 	1, which are, respectively,
odd and even under a discrete Z2 symmetry. The most general scalar potential that
respects the electroweak symmetry SU(2)L ⊗ U(1)Y ⊗ Z2 of the IDMcan bewritten
as [10]

V (	1,	2) = μ2
1	

†
1	1 + μ2

2	
†
2	2 + λ1(	

†
1	1)

2 + λ2(	
†
2	2)

2 + λ3	
†
1	1	

†
2	2

+ λ4	
†
1	2	

†
2	1 + λ5

2

[
(	

†
1	2)

2 + h.c.
]
, (26.5)

where 	1 and 	2 both are hypercharged, Y = +1, and can be written as

	1 =
⎛
⎝

G+
v + h + iG0

√
2

⎞
⎠ , 	2 =

⎛
⎝

H+
H + i A√

2

⎞
⎠ . (26.6)

Here h is the SM Higgs with G+,G0 being the charged and neutral Goldstone
bosons, respectively. The charged scalar H+ is present in 	2, along with the neutral
scalars, H, A, respectively, being CP-even and CP-odd. For the vacuum expectation
values (VEVs) of the two doublets, we adopt the notation 〈	1〉 = v/

√
2, 〈	2〉 = 0,

keeping in mind the exact nature of the Z2 symmetry. The zero VEV of 	2 is
responsible for the inertness of this model. Here both H and A can be a viable
candidate for the DM. We will consider H to be the DM candidate in the present
analysis. The IDM parameter space is constrained from various theoretical, as well
as experimental considerations. Here, we consider the light DM with hierarchical
scalar mass spectrum, i.e., large mass differences (�M) with other heavy scalars,
which satisfy all theoretical and experimental constraints (Table26.1).

Table 26.1 Input parameters λ and the relevant scalar masses for some of the chosen benchmark
points satisfying all the constraints coming from DM, Higgs, theoretical calculations, and low
energy experimental data as discussed in the text. All the mass parameters are written in GeV unit.
Standard choice of other two parameters are fixed at MH = 53.71 GeV and λL = 5.4 × 10−3

Parameters BP1 BP2 BP3 BP4 BP5 BP6 BP7

MH± (GeV) 255.3 304.8 350.3 395.8 446.9 503.3 551.8

MA(GeV) 253.9 302.9 347.4 395.1 442.4 500.7 549.63

λ2 1.27 1.07 0.135 0.106 3.10 0.693 0.285
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26.3.1 Colider Analysis of IDM

We model the signal topology by designing a new final state of two-fatjet and large
missing transverse energy. 2JV + /ET channel: This final state can arise in the IDM
for the aforementioned benchmarks in table [1] from the following three different
channels:

pp → AH± → (ZH)(W±H) ≡ 2JV + /ET

pp → H+H− → (W+H)(W−H) ≡ 2JV + /ET (26.7)

pp → AA → (ZH)(ZH) ≡ 2JV + /ET .

Here, A and H± decay to ZH and W±H , respectively. As Z and W are originating
from a heavy resonance, it is possible that they have sufficient boost to be recon-
structed in a large radius jet. In this topology the following mono-fatjet process can
also contribute significantly

pp → H±H → (W±H)H ≡ 1JV + /ET

pp → AH → (ZH)H ≡ 1JV + /ET . (26.8)

where extra jets can arise in the final state due to initial state radiation (ISR) and
can form another fatjet. Here the major SM backgrounds comes from Z + jets,
W + jets, t t̄ , tW andDibosonswhich is control by performingMultivariate analysis
with the substructure variable.We usemass of leading fatjetMJ1, mass of sub leading
fatjet MJ0, angular separation between two fatjet �RJ1,J0, N-subjettiness for both
the fatjet τ J0,J1

21 , azimuthal angle�	/E,J0 and P J0
T as input feature to train the boosted

decision tree (BDT) network. The events are passes through the BDT after applying
baseline cut as described in [11]. We show number of events after BDT analysis at
3000 f b−1 for diffrent Benchmark points with the reach at the LHC (Table26.2).

Table 26.2 Total number of signal events are, N bc
S (including 1JV and 2JV topologies) and with

number of background events NSM before BDTopt cut. The number of signal and background events
after the BDTopt cut are denoted by NS and NB , respectively

BP N bc
S BDTopt NS NB NS/

√NS + NB

1 1969 0.45 433 16439 3.3

2 2704 0.42 540 12329 4.7

3 3086 0.50 545 8799 5.6

4 2337 0.52 473 10274 4.5

5 1993 0.51 259 3698 4.1

6 1838 0.58 238 4109 3.6

7 1318 0.55 263 7397 3.0

NSM 4109940 – – – –
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The best LHC sensitivity is obtained for the BP3withmH± ≈ mA ∼ 350GeV and
significance decreases both sides of the spectrum. With the increase ofmH±,mA, we
get a higher boost for the decaying vector bosons, resulting in better discrimination
power of jet-substructure variables.

26.4 Conclusions

We discuss two different model and their collider signatures which is modeled by
utilizing the properties of jet-substructure. By looking into the jet-substructure char-
acteristics, boosted jets reveal useful information on their origin and topology. We
leveraged the same to achieve good discrimination between signal and background
in the opposite sign di-lepton+fatjet channel for inverse seesaw case and Di-fatjet +
missing transverse energy channel for inert doublet model.
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Chapter 27
Naturalness and Two Higgs Doublet
Models

Ambalika Biswas and Amitabha Lahiri

Abstract In this talk, we have presented the study made on the implication of a
criterion of naturalness for a broad class of two Higgs doublet models (2HDMs).
We have considered the cancellation of quadratic divergences in what are called the
type I, type II, lepton-specific and flipped 2HDMs. This results in a set of relations
among masses of the physical scalars and coupling constants, a generalization of
the Veltman conditions of the Standard Model. The model has been imposed with
a softly broken U (1) symmetry and we have studied the various limiting values of
the scalar mixing angles α and β. These correspond to the Standard Model Higgs
particle being the lighter CP-even scalar (alignment) or the heavier CP-even scalar
(reverse alignment), and also the limit in which some of the Yukawa couplings of
this particle are of the opposite sign from the vector boson couplings (wrong sign).
Imposing further the constraints from the electroweak T-parameter (or ρ parameter),
stability and perturbative unitarity conditions produce a range for the masses of each
of the remaining physical scalars. We also calculate the h → γγ decay rate in the
wrong sign limit. The talk is based on the below two papers.

• ‘Masses of physical scalars in two Higgs doublet models’ by A.Biswas and
A.Lahiri published in PHYSICAL REVIEW D 91, 115012 (2015).

• ‘Alignment, reverse alignment, and wrong sign Yukawa couplings in two Higgs
doublet models’ by A. Biswas and A. Lahiri published in PHYSICAL REVIEW
D 93, 115017 (2016).
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27.1 Introduction

Issues regarding the origin of neutrino masses, dark matter and CP violation are
among some of the unanswered questions that keep the door open for physics beyond
the Standard Model. The simplest extensions of the Standard Model are two Higgs
doublet models (2HDMs) [1]. Among the various motivations for 2HDMs, the one
that is important to us is their use in models of dark matter.

We will work with the scalar potential [2]

V = λ1

(
|Φ1|2 − v2

1

2

)2

+ λ2

(
|Φ2|2 − v2

2

2

)2

+ λ3

(
|Φ1|2 + |Φ2|2 − v2

1 + v2
2

2

)2

+λ4

(
|Φ1|2|Φ2|2 − |Φ†

1Φ2|2
)

+ λ5

∣∣∣Φ†
1Φ2 − v1v2

2

∣∣∣2 , (27.1)

with real λi . This potential is invariant under the global U(1) symmetry Φ1 →
eiθΦ1 , Φ2 → Φ2, except for a soft breaking term λ5v1v2�(Φ

†
1Φ2). This in turn

avoids FCNCs. Under U(1) symmetry the left-handed fermion doublets remain
unchanged, QL → QL , lL → lL . The transformations of right-handed fermion sin-
glets under U(1) determine the type of 2HDM: type I (none), type II (dR →
e−iθdR , eR → e−iθeR), lepton-specific (eR → e−iθeR), flipped (dR → e−iθdR). The
scalar doublets are parametrized as

Φi =
(

w+
i (x)

vi+hi (x)+i zi (x)√
2

)
, i = 1, 2, (27.2)

where the VEVs vi may be taken to be real and positive without any loss of general-
ity. Three of these fields get ‘eaten’ by the W± and Z0 gauge bosons; the remaining
five are physical scalar (Higgs) fields. The angle β diagonalizes both the CP-odd and
charged scalar mass matrices, leading to the physical states A and ξ±. The angle α
diagonalizes the CP-even mass matrix leading to the physical states H and h, with

tan β = v2

v1
, v =

√
v2
1 + v2

2 = 246 GeV. (27.3)

27.2 Veltman Conditions

The Yukawa potential for the 2HDMs is of the form

LY =
∑
i=1,2

[
−l̄LΦiG

i
eeR − Q̄LΦ̃iG

i
uuR − Q̄LΦiG

i
ddR + h.c.

]
, (27.4)
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where lL , QL are three vectors of isodoublets in the space of generations, eR, uR, dR
are three vectors of singlets, G1

e , etc. are complex 3 × 3 matrices in generation space
containing the Yukawa coupling constants, and Φ̃i = iτ2Φ∗

i .

Cancellation of quadratic divergences in the scalar masses gives rise to four mass
relations, which we may call the Veltman conditions [3] for the 2HDMs being con-
sidered. With g, g′ being the SU (2) and U (1)Y coupling constants, the Veltman
conditions are

2TrG1
eG

1†
e + 6TrG1†

u G1
u + 6TrG1

dG
1†
d = 9

4
g2 + 3

4
g′2 + 6λ1 + 10λ3 + λ4 + λ5

2TrG2
eG

2†
e + 6TrG2†

u G2
u + 6TrG2

dG
2†
d = 9

4
g2 + 3

4
g′2 + 6λ2 + 10λ3 + λ4 + λ5.

27.3 Bounds on the Masses of Heavy and Charged Scalars

Further restrictions on themasses arise from stability [1, 4] and perturbative unitarity
[5]. The conditions for the scalar potential to be bounded from below are

λ1 + λ3 > 0 , 2λ3 + λ4 + 2
√

(λ1 + λ3)(λ2 + λ3) > 0,

λ2 + λ3 > 0 , 2λ3 + λ5 + 2
√

(λ1 + λ3)(λ2 + λ3) > 0.

The perturbative unitarity condition puts some upper bounds on the absolute
values of the combinations of the quartic coupling constants as shown below:

| 2λ3 − λ4 + 2λ5| ≤ 16π , |2λ3 + λ4| ≤ 16π , |2λ3 + λ5| ≤ 16π ,

| 3(λ1 + λ2 + 2λ3) ±
√
9(λ1 − λ2)2 + (4λ3 + λ4 + λ5)2| ≤ 16π,

| (λ1 + λ2 + 2λ3) ±
√

(λ1 − λ2)2 + (λ4 − λ5)2| ≤ 16π, (27.5)

| 2λ3 + 2λ4 − λ5| ≤ 16π , |(λ1 + λ2 + 2λ3) ± (λ1 − λ2)| ≤ 16π.

Further restrictions arise from the introduction of new physics. The electroweak

rho parameter is defined as ρ = m2
W

cos2 θwm2
Z
. New physics modifies this relation as

ρ = 1
1−δρ

. Recent bound on δρ is δρ = −0.0002 ± 0.0007 [6].We impose this bound
on the 2HDMs.

27.4 Alignment and Reverse Alignment Limits

The lighter CP-even Higgs in the alignment limit and the heavier CP-even Higgs in
the reverse alignment limit are identified with the SM Higgs and hence mh = 125
GeV and mH = 125 GeV, respectively. The angles α and β are related as sin(β −
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Fig. 27.1 Type II 2HDM in
alignment limit

Fig. 27.2 Type II 2HDM in
reverse alignment limit

α) ≈ 1 ⇒ β − α = π
2 in the alignment limit and cos(β − α) ≈ 1 ⇒ β ≈ α in the

reverse alignment limit. Furthermore, the Yukawa coupling and the gauge coupling
of h and H are same as that of the SM Higgs boson in the alignment and reverse
alignment limits, respectively. The allowed mass range plots for the physical Higgs
bosons have been plotted for type II 2HDM for |λ5| ≤ 4π and tan β = 5 by imposing
the Veltman conditions, the restrictions coming from the stability conditions, the
perturbative unitarity conditions and the corrections from new Physics in Fig. 27.1
for alignment limit and in Fig. 27.2 for reverse alignment limit.

In Fig. 27.1 for alignment limit, we see that the range ofmH lies between 450and
620GeV and that of mξ lies between 550 and 700GeV. The above mass ranges
vary between a few GeV for the various 2HDMs. Direct searches have shown that
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mξ > 100 GeV and our results agree with this lower bound. The degeneracy in the
masses of the physical Higgs bosons for large enough tan β is evident from our plots.

In case of reverse alignment limit, we find from the plot in Fig. 27.2 that there
is no common region of intersection which obeys all the constraints. Thus, Reverse
alignment limit is not a consistent limit with the Naturalness condition for 2HDMs.

27.5 Wrong-Sign Limit

The wrong-sign Yukawa coupling regime [7–9] is defined as the region of 2HDM
parameter space inwhich at least one of the couplings of the SM-likeHiggs to up-type
and down-type quarks is opposite in sign to the corresponding coupling of SM-like
Higgs to vectors bosons. The wrong-sign limit needs to be considered in conjunction
with either the alignment limit or the reverse alignment limit. Since the reverse
alignment limit is prohibited by Naturalness, we will now calculate the regions of
parameter space when the wrong-sign limit is combined with the alignment limit.

Let us therefore consider a type II 2HDM where the Higgs–fermion Yukawa
couplings normalized with respect to the Standard Model are

hD̄D : − sinα

cosβ
= − sin(β + α) + cos(β + α) tan β , (27.6)

hŪU : cosα

sin β
= sin(β + α) + cos(β + α) cot β . (27.7)

Fig. 27.3 Allowed mass
range in wrong-sign and
alignment limit
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In the case when sin(β + α) = 1, the hD̄D coupling normalized to its SM value
is −1, while the normalized hŪU coupling is +1. Note that in this limiting case,
sin(β − α) = − cos 2β, which implies that the wrong-sign hD̄D Yukawa coupling
can only be achieved for values of tan β > 1. Likewise, in the case of sin(β + α) =
−1, the normalized hŪU coupling is −1, whereas the normalized hD̄D coupling is
+1. Then sin(β − α) = cos 2β, which implies that the wrong-sign hŪU couplings
can occur only if tan β < 1. Thus, the realistic situation for wrong sign is sin(β +
α) = 1. The wrong-sign limit approaches the alignment limit for tan β ≈ 17 as was
displayed in [8, 9] for the allowed parameter space of the type II CP-conserving
2HDM based on the 8 TeV run of the LHC. We have plotted the Veltman conditions,
stability, perturbative unitarity and new physics constraints on the mH − mξ plane
for tan β = 17 in Fig. 27.3. The range of mH is approximately (250, 330) GeV, and
that of mξ is approximately (260, 310) GeV. At higher values of tan β, both ranges
become narrower and move down on the mass scale.

27.6 Diphoton Decay Width

Diphoton decay width in wrong-sign and alignment limits is given by

Γ (h → γγ) = Gμα
2m3

h

128
√
2π3

|
∑

f
NcQ

2
f gh f f A

h
1/2(τ f ) + ghV V A

h
1(τW ) (27.8)

+ m2
Wλhξ+ξ−

2c2WM2
ξ±

Ah
0(τξ±) |2 ,

where ghtt = cosα
sin β

, ghbb = − sinα
cosβ

, ghWW = sin(β − α) and λhξ+ξ− = cos 2β sin

(β + α) + 2c2W sin(β − α) = λhAA + 2c2WghV V (cW = cos θW , θW being the Wein-
berg angle). The amplitudes Ai at lowest order for the spin 1, spin 1

2 and spin 0
particle contributions are given by

Ah
1/2 = 2 [τ + (τ − 1) f (τ )] τ−2 , Ah

1 = − [
2τ 2 + 3τ + 3(2τ − 1) f (τ )

]
τ−2 ,

Ah
0 = − [τ − f (τ )] τ−2 where τx = m2

h/4m
2
x and

f (τ ) =
{
arcsin2

√
τ , τ ≤ 1

− 1
4

[
log 1+√

1−τ−1

1−√
1−τ−1 − iπ

]2
, τ > 1.

(27.9)

From the plot, Fig. 27.4 for diphoton decaywidth, we see that the relative diphoton
decay width increases as mA increases. Maximum value of about 6% is reached as
compared to the SM value. Thus, this throws light on BSM Physics.
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Fig. 27.4 Diphoton decay
width in wrong-sign and
alignment limit
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Chapter 28
Extended Scalar Sectors, Effective
Operators and Observed Data

Atri Dey, Jayita Lahiri, and Biswarup Mukhopadhyaya

Abstract The available data on the 125 GeV scalar h is analysed to explore new
physics in the electroweak symmetry breaking sector. The first part of the study is
model-independent, with h couplings to standard model particles scaled by some
free parameters. At the same time, the additional loop contributions to h → γ γ and
h → Zγ , mediated by charged scalar contributions in the extended scalar sector,
are treated in terms of gauge-invariant effective operators. We fit the existing data
to obtain marginalized 1σ and 2σ regions in the space of the coefficients of such
effective operators, by considering the correlation between, say, the gluon fusion
and vector-boson fusion channels, as reflected in a non-diagonal covariance matrix.
After thus obtaining model-independent fits, the allowed values of the coefficients
are translated into permissible regions of the parameter spaces of several specific
models.

28.1 Introduction

The ATLAS and CMS experiments at the Large Hadron Collider (LHC) have discov-
ered a new boson mass 125 GeV. Though the properties of this particle are similar
to those of the Higgs boson predicted in the standard model (SM) of electroweak
interactions, everyone is on the lookout for any small difference that may reveal the
participation of some new physics. It is thus imperative to closely examine all inter-
actions (including supposedly ‘effective’ ones) of this particle with SM fermions and
gauge bosons. Theoretical models extending the SM, including those augmenting the
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electroweak symmetry breaking sector, are thus explored. It is a natural endeavour to
link the contributions of such new physics, in the form of modified Higgs interaction
strengths as well as effective operators generated by them, to the departure from
unity in the Higgs signal strengths in various final states f , defined as μ f = σ f

σ
f
SM

.

Fitting the available data with various μ f , therefore, enables one to analyse allowed
strengths of effective operators generated in various models and ultimately constrain
the model parameters themselves. This is particularly useful if the new particles
belonging to any new physics scenario do not have a copious rate for direct produc-
tion, but show up (i) by participating off-shell, and leading to higher dimensional
effective operators, and (ii) by modifying the coupling strength(s) of the 125 GeV
scalar to the other SM particles. The present study is devoted to such a situation.

Interestingly, significant constraints arise from the signal strengths for the loop-
induced decay channel such as h → γ γ . h → Zγ , although yet unobserved, can also
provide strong limits on new physics contributions, especially with accumulating
luminosity. These limits can be coupled with those arising from tree-level decay
modes such as h → WW, Z Z , etc. where perceptible effects can come mostly via
scaling of the SM coupling by a factor κ .

The effect of high-scale physics on low-energy processes can be formulated in
terms of higher dimension operators in the Lagrangian, which will be suppressed by
the new physics scale�. These higher dimensional operators can be derived from an
SU(2)L×U(1)Y -invariant basis, as they result from physics corresponding to a scale
much higher than the electroweak scale.

Here we have adopted a slightly different formulation of new physics contribu-
tions to the aforementioned loop-induced decays. The consequences of new physics
have been divided into two categories. The first of these is the scaling of the cou-
plings ht t̄, hbb̄, hτ τ̄ , hV V , where modifications to the SM couplings are inevitable
when additional fields mixing with the ones in SM are present. As we have already
mentioned, such modifications usually override the effects of higher dimensional
operators. Such scaling also affects loop effects such as h → γ γ, Zγ , via modified
vertices in the loop, where W’s or top quarks are involved, and the corresponding
amplitudes can be written down in terms of the scale factors κ . The second cate-
gory consists in loop diagrams mediated by new particles such as charged scalars.
Their contributions to loop amplitudes, we argue, can be expressed in isolation in
terms of effective couplings. As shown in Sect. 28.4, these couplings, at least those
ensuing from additional scalar fields, can be treated as ones derived by the aforesaid
gauge-invariant dimension-6 operators, so long as the masses of the new particles
are gauge-invariant and at least a little above the electroweak symmetry breaking
(EWSB) scale.

Keeping this in mind, we perform a global fit of the currently available Higgs
data to constrain the full parameter space including scale factors and the Wilson
coefficients corresponding to various dimension-6 operators. While using the Higgs
signal strength data in various channels we take into account the correlation between
various production processes such as gluon fusion and vector-boson fusion, thus
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including non-diagonal covariant matrices in our analysis. Model-independent 2σ
regions for the κ’s well as the Wilson coefficients are thus obtained.

We select specific models in the next step of the analysis. The present study
is restricted to additional scalars and includes various kinds of two Higgs doublet
models (2HDM) as well as those with one and two scalar triplets of the kind intro-
duced in Type-II see-saw mechanism. The marginalized 2σ regions in the space of
dimension-6 operators are then recast, keeping track of the correlation between the
scale factors κ and the Wilson coefficients for each model. These are finally trans-
lated into constraints in the space of masses and coupling strengths pertaining to all
the models.

28.2 Modified Higgs Couplings

There can be an extended Higgs sector comprising of additional neutral and charged
scalars. Their mixing may cause the coupling of the 125 GeV scalar to SM particles
to be modified. Modification may occur in two ways. First, there can be scaling of
the Higgs couplings, with unaltered Lorentz structure of the corresponding vertices,
expressed as

g̃hV V = κv × ghVV , (28.1)

g̃ht t̄ = κt × ght t̄ , (28.2)

g̃hbb̄ = κb × ghbb̄ (28.3)

g̃hτ τ̄ = κτ × ghτ τ̄ , (28.4)

where ghVV , ght t̄ , ghbb̄ and ghτ τ̄ are the couplings of the Higgs to the gauge bosons
and the fermions in the SM. The couplings of Higgs to W boson and Z boson are
scaled in the same way here.

Moreover, there can be heavy states running in the loop modifying Higgs cou-
plings. A general approach to parametrize such modification is to express it in terms
of gauge-invariant higher dimensional effective operators.

All Higgs interactions should, in principle, be modified via such operators. How-
ever, couplings which exist at the SM at tree level, namely, hWW , hZ Z , ht t̄ , hbb̄
and hτ τ̄ , are rather nominally affected by higher dimensional terms with (at least)
TeV-scale suppression (Fig. 28.1).

Dimension-6 effective interactions involving a Higgs and two gauge bosons can
be expressed in terms of the following gauge-invariant operators:

OBB = fBB
�2 �† B̂μν B̂μν�, OWW = fWW

�2 �†ŴμνŴμν�, OB = fB
�2 Dμ�† B̂μνDν�,

OW = fW
�2 Dμ�†ŴμνDν�.

The parts of the contributions from the effective operatorsOBB andOWW can be
expressed in Table 28.1.
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Table 28.1 The part of the amplitudes for h → γ γ and h → Zγ coming from new particle loops,
and expressed in terms of the dimension-6 operators OBB and OWW

h → γ γ h → Zγ

OBB −iMBB =
4 fBB

�2
g2

4 sin2 θwv×
(k1.k2gμν − k1μk2ν)ε∗μ(k2)ε∗ν(k1)

−iMBB =
−4 fBB

�2
g2

2
sin3 θw

cos θw
v×

(k1.k2gμν − k1μk2ν)ε∗μ(k2)ε∗ν(k1)

OWW −iMWW =
4 fWW

�2
g2

4 sin2 θwv×
(k1.k2gμν − k1μk2ν)ε∗μ(k2)ε∗ν(k1)

−iMWW =
4 fWW

�2
g2

2 sin θw cos θwv×
(k1.k2gμν − k1μk2ν)ε∗μ(k2)ε∗ν(k1)

Fig. 28.1 Feynman diagrams for h → γ γ and h → Zγ in themost general situation. Contributions
mediated by fields other than those in SM are lumped in the blob

28.3 The Global Fit

After parametrizing new physics effects, we investigate the region of eight-
dimensional parameter space favoured by the 8 and 13 TeV results at the LHC,
spanned by the four-scale factors κV , κt , κb and κτ (which parametrize the modifi-
cation of SM tree-level hV V, ht t̄, hbb̄, hτ τ̄ couplings) and fBB, fWW , fB and fW ,
which are theWilson coefficients in the dimension-6 hV V operators.We also use the
correlations between gluon fusion and vector-boson fusion production for each of
the major Higgs decay channels. From the χ2 minimization, one obtains the region
allowed by the experimental data at the 1- and 2σ levels. Here we give some of them
as an example.
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Fig. 28.2 Allowed regions at 1σ (red) and 2σ (blue) levels in the parameter space of scale factors

28.4 Extended Higgs Models and Dimension-6 Operators

Various new physics models predict extended electroweak symmetry breaking sec-
tors. It is naturally of interest to link the model-independent analysis presented above
to specific theoretical scenarios.Nowwe translate the results of the previous section to
those pertaining to extendedHiggsmodelswith charge scalars, taking into account the
additional constraints that connect model parameters. These charged scalars should
contribute to loop-induced decays of the SM-like Higgs, namely, h → γ γ , h → Zγ .
The corresponding decay widths deviate from the SM predictions due to (a) scaling
of the hWW, ht t̄ vertices and (b) the additional contributions from charge scalar
loops. The contribution to the amplitude from the charged scalar loops for h → γ γ

is of the form

− iM = Cvertex × (k1.k2gμν − k1μk2ν)ε
∗μ(k2)ε

∗ν(k1) × AH (γ γ )(mH±). (28.5)

While that for h → Zγ is

− iM = C̃vertex × (k1.k2gμν − k1μk2ν)ε
∗μ(k2)ε

∗ν(k1) × AH (Zγ )(mH± ,mZ ),

(28.6)
where Cvertex and C̃vertex are the vertex factors for h → γ γ and h → Zγ in the two
cases, while AH (γ γ ) and AH (Zγ ) are the loop integrals for h → γ γ and h → Zγ ,
respectively.

We can compare this terms with those which comes from gauge-invariant opera-
tors when the terms coming from the charge loops are independent of EWSB.We can
see that the loop amplitudes for h → γ γ does not involvemZ , and the charged scalar
masses arise from SU (2)L ×U (1)Y invariant terms. Thus, there is no dependence
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Fig. 28.3 Dependence of the additional scalar loop integral on the Z boson mass in h → Zγ

on mEWSB there. One would thus expect the same dependence (or lack of it) in the
amplitude for h → Zγ unless there are highly fine-tuned boundary conditions in the
RG running of parameters. A natural way of establishing consistency between the
two amplitudes, therefore, is to have no mZ -dependence in the loop amplitude for
h → Zγ as well. As one can see from Fig. 28.3.

28.4.1 Two Higgs Doublet Models

We consider Type-I, Type-II, eptonSpecific and Flipped 2HDMs. In Type-I, from the
Yukawa Lagrangian, the couplings of the fermions with the SM-like Higgs boson in
this case are

Chtt̄ = cosα

sin β
× CSM

htt̄

Chbb̄ = cosα

sin β
× CSM

hbb̄

Chτ τ̄ = cosα

sin β
× CSM

hτ τ̄ , (28.7)

while the gauge boson couplings are

ChVV = sin(β − α) × CSM
hVV . (28.8)

2σ allowed regions for them are found to be as in Fig. 28.4, which looks very similar
to the corresponding contours in Fig. 28.2.

And we translate them to get the 2σ regions in model’s parameter space directly
in Fig. 28.5.

For other kind of 2HDMs, we do same kind of things.
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Fig. 28.4 Allowed regions at 1σ (red) and 2σ (blue) levels in the parameter space of scale factors
and dimension-6 couplings in Type-I 2HDM

Fig. 28.5 Allowed regions at 1σ (red) and 2σ (blue) levels in the parameter space of f (mH± ) −
ghH+H− (left) and sin(β − α) − f (mH± ) (right) in Type-I 2HDM

28.4.2 Higgs Triplet Models

Here we consider two kind of triplet models. For both of them there are single
charged Higgs as well as doubly charged Higgs running in the loops. So in h → γ γ

and h → Zγ there are extra four loop contribution which can be compared with the
effective operators as well asmodified couplings. SU(2) invariance of the Lagrangian
plus the smallness demands of doublet–triplet mixing force masses of the triplet-
dominated states to benearly degenerate. In such a situation, SM-likeHiggs couplings
to fermions and gauge bosons are practically unaltered. Therefore, we can assume

κv ≈ κt ≈ κb ≈ κτ ≈ 1. (28.9)

So the 1σ and 2σ regions in the fBB- fWW plane can now be obtained on the
assumption that all κ’s are unity. One can define an effective coupling as gef fhH+H− =
g̃hH+H− + 4g̃hH++H−− , which can be directly extracted (Figs. 28.6 and 28.7).

Similarly for two-triplet scenarios,

gef f
hH+

1 H−
1

= g̃1hH+
1 H−

1
+ 4g̃1hH++

1 H−−
1
, gef f

hH+
2 H−

2
= g̃2hH+

2 H−
2

+ 4g̃2hH++
2 H−−

2
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Fig. 28.6 Allowed regions at 1σ (red) and 2σ (blue) levels in the parameter space of scale factors
and dimension-6 couplings in the single-triplet scenario (left) and two-triplet scenario (right)

Fig. 28.7 The ratio r in fBB - fWW plane for Type-I (top left), Type-II (top middle), Lepton-specific
(top right), Flipped 2HDM (bottom left) and triplet case (bottom right). The ellipses denote the
regions allowed at 2σ level

28.4.2.1 Comparison Among Various 2HDMs

We next ask the question: while allowed regions for the various 2HDM and triplet
scenarios are identified as above from available data, can some quantities be defined
further, which may act as differentiators among them? We are essentially occupied
with one such quantity as

r = μγγ

μZγ

(28.10)

.
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These figures can help us to understand that if in near future the f bb − f ww

plane can be more restricted what kind of model will be suitable from observed r
constraints.



Chapter 29
Search for Dark Matter in the
Mono−W/Z(qq̄) Channel at the ATLAS
Experiment

Bibhuti Parida

Abstract We present a search for Dark Matter (DM) particles production in the
mono-W/Z(qq̄) channel using pp collision data at a centre-of-mass energy of

√
s

= 13TeV corresponding to an integrated luminosity of 36.1 fb−1, recorded by the
ATLAS detector at the Large Hadron Collider (LHC). No significant excess over the
Standard Model (SM) prediction is observed. The search results are interpreted in
terms of limits on invisible Higgs boson decays into DM particles, constraints on the
parameter space of the simplified vector-mediator model and generic upper limits on
the visible cross section for W/Z+DM production.

29.1 Introduction

Discovery of DM particles and the understanding of their interactions with SM par-
ticles is one of the greatest quests in particle physics and cosmology today. Different
experimental approaches are being exploited. The indirect detection experiments
search for signs of DM annihilation or decays in outer space whereas the direct
detection experiments are related to low-energy recoils of nuclei induced by interac-
tions with DM particles from the galactic halo. The interpretation of these searches is
subject to astrophysical uncertainties in DM abundance and composition. Searches
at particle colliders, for which these uncertainties are irrelevant, are complementary
if DM candidates can be produced in particle collisions. DM signature which can
be detected at the LHC experiments is a large overall missing transverse momentum
(Emiss

T ) from a pair of DM particles that recoil against one or more SM particles.
Weakly Interacting Massive Particles (WIMPs), one of the leading DM candidates,
could be produced in pp collisions at theLHCand detected bymeasuring themomen-
tum imbalance associated with the recoiling SM particles. So far, several searches for
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DM signatures were performed with LHC pp collision data at centre-of-mass ener-
gies of 7, 8 and 13 TeV with no significant deviations from SM predictions observed
and set limits on various DM particle models. In this proceedings, we present the
latest results of DM particles production in association with a hadronically decaying
W or Z boson (mono-W/Z search).

29.2 Search Interpretation and Samples

Two signal models are used to describe DM production in the mono-W/Z final
state. These are (i) simplified vector-mediator model, illustrated by the Feynman
diagram in Fig. 29.1a, in which a pair of Dirac DM particles is produced via an s-
channel exchange of a vector mediator (Z

′
) [1, 2]. There are four free parameters

in this model: the DM and the mediator masses (mχ and mZ ′ , respectively), and the
mediator couplings to the SM and DM particles (gSM and gDM , respectively) and (ii)
invisibleHiggs boson decays inwhich aHiggs boson H produced in SMHiggs boson
production processes decays into a pair of DM particles which escape detection as
shown in Fig. 29.1b. The free parameter of this model is the branching ratio BH→inv.
The cross sections for different Higgs boson production modes are taken to be given
by the SM predictions.

Signal processes within the simplified Z ′ vector-mediator model are modelled at
the Leading Order (LO) accuracy with the MadGraph5_aMCNLO v2.2.2 generator
interfaced to the PYTHIA 8.186 and PYTHIA 8.210 parton shower models, respec-
tively. The A14 set of tuned parameters are used together with the NNPDF23lo PDF
set for these signal samples. The signal sampleswithin the simplified vector-mediator
model are generated in a grid of mediator and DM particle masses, with coupling
values set to gSM = 0.25and gDM = 1. The mediator mass mZ ′ and the DM particle
mass mχ range from 10 GeV to 10 TeV and from 1 GeV to 1 TeV, respectively. Pro-
cesses in the mono-W/Z final state involving invisible Higgs boson decays originate
from the V H , ggH and VBF SM Higgs boson production mechanisms and were
all generated with the POWHEG-BOX v2 generator interfaced to PYTHIA 8.212
for the parton shower, hadronization and the underlying event modelling. The Higgs

Fig. 29.1 Feynman diagrams for simplified vector-mediator model (left); invisible Higgs boson
decay (right)
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boson mass in these samples was set to mH = 125GeV and the Higgs boson was
decayed through the H → Z Z � → νννν process to emulate the decay of the Higgs
boson into invisible particles with a branching ratio of BH→inv = 100%.

The major sources of background are the production of top-quark pairs (t t̄) and
the production ofW and Z bosons in association with jets (V +jets, where V =W or
Z ). Other small background contributions include diboson (WW , WZ and Z Z ) and
single top-quark production. Their contribution is estimated from simulation. Events
containing leptonically decayingW or Z bosons with associated jets were simulated
using the Sherpa 2.2.1 generator. The NNPDF3.0 Next-to-Next-to-Leading Order
(NNLO) PDF set was used in conjunction with dedicated parton shower tuning. For
the generation of t t̄ events, Powheg-Box v2 was used with the CT10 PDF set in the
NLOmatrix element calculations. Electroweak t-channel, s-channel andWt-channel
single-top-quark events were generated with Powheg-Box v1. Diboson events with
one of the bosons decaying hadronically and the other leptonically were generated
with the SHERPA 2.1.1 event generator. The CT10 PDF set was used in conjunction
with dedicated parton shower tuning.

29.3 Object Reconstruction and Event Selection

The event selection of this analysis is based on dedicated 1-μ and 2� (� = μ or e) con-
trol regions and that relies on the reconstruction and identification of jets, electrons
and muons as well as on the reconstruction of the missing transverse momentum
(Emiss

T ). Three types of jets such as ‘small-R’ with radius parameter R = 0.4, ‘large-
R’ with radius parameter R = 1.0 and ‘track jets’ with radius parameter R = 0.2
using anti-kt jet clustering algorithm are employed in this search. The small-R cen-
tral jets containing b-hadrons are identified using b-tagging algorithm at an operating
point with a 70% b-tagging efficiency measured in simulated t t̄ events. As for the
small-R jets, the track jets containing b-hadrons are identified using the MV2c10
algorithm at a working point with 70% efficiency. Electron candidates are recon-
structed from energy clusters in the electromagnetic calorimeter that are associated
to an inner detector track. The electron candidates are identified using a likelihood-
based procedure in combination with additional track hit requirements. Muon can-
didates are primarily reconstructed from a combined fit to inner detector hits and
muon spectrometer segments. In the middle part of the detector (|η| < 0.1), where
the muon spectrometer coverage is suboptimal, muons are identified by matching a
reconstructed inner detector track to calorimeter energy deposits consistent with a
minimum ionizing particle. The vector missing transverse momentum, Emiss

T , is cal-
culated as the negative vector sum of the transverse momenta of calibrated small-R
jets and leptons, together with the tracks which are associated to the primary inter-
action vertex but not associated to any of these physics objects. A closely related
quantity, Emiss(no lepton)

T , is calculated in the same way but excluding the reconstructed
muons or electrons. The missing transverse momentum is given by the magnitude
of these vectors, Emiss

T = |Emiss
T | and Emiss(no lepton)

T = |Emiss(no lepton)
T |. In addition, the



208 B. Parida

track-based missing transverse momentum vector, pmiss
T , and similarly pmiss(no lepton)

T ,
is calculated as the negative vector sum of the transverse momenta of tracks with
pT > 0.5 GeV and |η| < 2.5 originating from the primary vertex. Events studied in
this search are accepted by a combination of Emiss

T triggers with thresholds between
70 and 110 GeV, depending on the data taking periods with the trigger efficiency is
measured using events with large Emiss

T accepted by muon triggers.
Two distinct event topologies are considered depending on the Lorentz boost

of the vector boson: a merged topology where the decay products of the vector
boson are reconstructed as a single large-R jet, and a resolved topology where they
are reconstructed as a pair of individual small-R jets. A priority merged selection
procedure has been considered, i.e each event is first passed through the merged-
topology selection and, if it fails, it is passed through the resolved-topology selection.
Thus, there is no overlap of events between the two final state topologies. In the
merged (resolved) event topology, at least one large-R jet (at least two small-R jets)
and Emiss

T values above 250 GeV (above 150 GeV) are required in the final state. The
events are again classified according to the number of b-tagged jets present in the
events such as with exactly zero (0b), one (1b) and two (2b) b-tagged jets to improve
the signal-to-background ratio and the sensitivity to Z → bb̄ decays. Small-R jets
(track jets) are used for the b-tagging in the resolved (merged) category. The events in
the 0b and 1b categories with merged topology are further classified into high-purity
(HP) and low-purity (LP) regions; the former category consists of events satisfying
the pT -dependent requirements on the jet substructure variable Dβ=1

2 , allowing an
improved discrimination for the jets counting V → qq̄ decays, while the latter one
selects all the remaining signal events. Mass window requirements are imposed on
the vector boson candidate in the 2b tag merged and 0b, 1b and 2b tag resolved
topologies whereas a W/Z tagger requirement has been applied for the 0b and 1b
tag merged topology. More details of the object reconstruction and event selection
used in the analysis can be found in the original published paper [3].

29.4 Background Estimation

The dominant background contribution originates from the t t̄ and V+jets production
and is estimated by the normalization factors extracted from the Control Regions
(CRs). The sub-dominant backgrounds are constraints by theoretical values. The 1-
μCR is designed to distinguishW+jets and t t̄ process whereas the 2�CR is designed
to estimate the contributions of the Z+jets process selecting Z → μ+μ− and e+e−
decays. More details of the background estimation procedure can be found in [3].

29.5 Systematic Uncertainties

Several experimental and theoretical systematic uncertainties affect the final results
of the analysis. Theoretical uncertainties on the signal yield are estimated to be about
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10–15% for the simplified vector-mediator model and it is 5–10% for the invisible
decays of the Higgs boson. The experimental systematics include large-R jet mass
scale and resolution (10%on signal and 5%on background). This is the largest source
of experimental systematic uncertainty in themerged topology. The uncertainty in the
large-R jet energy resolution is 3% on signal and 1% on background. The uncertainty
due to the D2

β=1 substructure parameter is 5–10%. The uncertainties due to the
small-R jet energy scale are 6% on signal and 10% on background. The small-R jet
resolution uncertainties affect 2–5% and the b-tagging calibration uncertainty affects
up to 10%. The uncertainties on the modelling of Emiss

T are 1–3% and 2–10% for the
background and signal processes, respectively. The uncertainty in the combined 2015
+ 2016 integrated luminosity is 2.1%.

29.6 Statistical Interpretation and Results

This search involves 40 analysis regions such as eight zero-lepton signal regions, six
one-lepton and six two-lepton control regions, as well as the corresponding sideband
regions for each of these twenty categories. A profile likelihood fit [4] is used in
the interpretation of the data to search for DM production. The fit variables for
different CR and SR are: Emiss

T (0� SR), Emiss
T,nomu (1�CR) and p

V
T (2�CR) respectively.

There is a good agreement of data and background prediction in all signal regions.
Out of the 40 analysis regions, Fig. 29.2 shows only the signal region distributions
of missing transverse momentum, Emiss

T with the resolved (left) and merged (right)
event topologies after the profile likelihood fit (with μ = 0). The total background
contribution before the fit to data is shown as a dotted blue line. The hatched area
represents the total background uncertainty. The signal expectations for the simplified
vector-mediator model withmχ = 1 GeV andmZ ′ = 600 GeV (dashed red line) and
for the invisible Higgs boson decays (dashed blue line) are shown for comparison.
The inset at the bottom of each plot shows the ratio of the data to the total post-fit
(dots) and pre-fit (dotted blue line) background expectation.

29.6.1 Limit Calculation

In the search for invisible Higgs boson decays, an observed (expected) upper limit of
0.83(0.58+0.23

−0.16) is obtained at 95% CL on the branching ratio BH→inv., assuming the
SM production cross sections and combining the contributions from V H , ggH and
V BF production modes. The expected limit is a factor of about 1.5 better (while the
observed is slightly worse) than the one reached by the previous analysis of Run 1
ATLAS data [5]. In the context of the mono-W/Z simplified vector-mediator signal
model, an exclusion limit at 95% CL is calculated on the DM-mediator masses for
Dirac DM particles and couplings, gSM = 0.25 and gDM = 1, which is shown in
Fig. 29.3a. For the given coupling choices, vector-mediator masses, mZ ′ , of up to
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Fig. 29.2 0 b-tags resolved event topology (left) and 0 b-tags, HP merged event topology (right)
[3]

Fig. 29.3 Exclusion limits at 95%CL in the grid of (mχ,mZ ′ ) (left) and on the visible cross section
σvis,W+DM (right) [3]

650 GeV are excluded at 95% CL for DM masses mØ of up to 250 GeV, agreeing
well with the expected exclusion of mZ ′ values of up to 700 GeV for mχ of up to
230 GeV. The expected limits are improved by 15–30%, depending on the DMmass,
compared to the analysis presented in [6]. In addition to these interpretations, the
results are also expressed in terms of generic CLs upper limits at 95% CL on the
allowed visible cross section σvis of potential W+DM or Z+DM production and
is shown in Fig. 29.3b for the W+DM case. The limits on these two processes are
evaluated separately to allow more flexibility in terms of possible reinterpretations,
as the new models might prefer one of these two final states.
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29.7 Summary

A search for DM has been performed in events having a large-R jet or a pair of small-
R jets compatible with a hadronic W or Z boson decay, and large Emiss

T . It improves
on previous searches by virtue of the larger dataset and further optimization of the
selection criteria and signal region definitions. The results are in agreement with the
SM predictions and are translated into exclusion limits on DM pair production. In
the search for invisible Higgs boson decay, an upper limit of 0.83 is observed at 95%
CL on the branching ratio BH→inv., while the corresponding expected limit is 0.58.
Limits are also placed on the visible cross section of the non-SM events with large
Emiss
T and a W or a Z boson without extra model assumptions.
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Chapter 30
Light Higgsinos at the LHC
with Right-Sneutrino LSP

Arindam Chatterjee, Juhi Dutta, and Santosh Kumar Rai

Abstract We study an extension of the minimal supersymmetric standard model
(MSSM) with additional right-handed singlet neutrino superfields in the context of a
natural SUSY spectra, i.e., focusing on low values of the Higgsino mass parameter.
While such an extension incorporates a mechanism for the neutrino mass, it also
opens up the possibility of having right-sneutrinos (̃ν) as the lightest supersymmetric
particle (LSP). Considering prompt decays of the Higgsino-like states, we consider
leptonic channels at the large Hadron collider (LHC) and conclude that mono-lepton
and opposite-sign di-lepton channels with low hadronic activity would be extremely
useful channels to look for sneutrino LSP while same-sign di-lepton would serve as
a strong confirmatory channel for discovery.

30.1 Introduction

In the light of the increasing TeV scale limits on the strong sector supersymmetric
particles (sparticles) from the LHC [1, 2], the electroweak sector of the minimal
supersymmetric standard model (MSSM) has gained considerable attention in recent
times. A light Higgsino sector is also favored to be an ingredient of a ‘natural’
supersymmetry (SUSY) [3, 4] and remains phenomenologically viable due to the
compression in theHiggsino sector [1, 2]. Note that in R-parity conserving scenarios,
the limits on the sparticle masses are crucially dependent on the nature of the lightest
supersymmetric particle (LSP). This warrants a thorough search with different LSPs.

In this work, we consider simple extensions of the MSSMwith right-handed neu-
trino superfields which address the issue of non-zero neutrino masses as established
from oscillation experiments via the Type-I see-saw mechanism [5–7]. It also pro-
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vides a candidate for the LSP and dark matter (DM), the right-sneutrino ν̃. Although
the Yukawa interactions of a right-sneutrino are small (yν ∼ 10−6 − 10−7), the pres-
ence of large soft-SUSYbreaking trilinear couplingmay lead to a large left-admixture
in the LSP, therefore increasing the interaction strengths. In the presence of a right-
sneutrino LSP candidate, new decay modes open up for the Higgsinos. This in turn
helps one to probe the naturally compressed Higgsino sector using leptonic channels
mainly due to the leptonic decay of the light chargino. Although leptonic channels
provide a cleaner environment for the new physics searches at a hadron machine
such as the LHC, one expects that the level of compression in the mass spectra of
the electroweakinos would also play a major role in determining the efficacy of the
leptonic channels.

30.2 The Model

We introduce right-handed neutrino superfields N in the MSSM. The new superpo-
tential (generation indices suppressed) is

W = WMSSM + yνLHuN
c + 1

2
MRN

cNc, (30.1)

where L is the left-handed lepton doublet superfield, Hu is the up-type Higgs super-
field, yν is the neutrino Yukawa coupling, MR is the �L = 2 Majorana mass term
and Nc is the left-chiral right-handed neutrino superfield. After electroweak symme-
try breaking occurs, Hu obtains a vev vu thus giving a Dirac mass to the neutrinos,
mD = yνvu .

The relevant soft-supersymmetry breaking terms in the soft scalar potential are

Vso f t = Vso f t
MSSM + m2

R|˜N |2 + 1

2
BM ˜Nc

˜Nc + Tν
˜LHu ˜Nc + h.c., (30.2)

where m2
R is the soft-supersymmetry breaking mass parameter for the right-

sneutrinos, BM is the soft-breaking term corresponding to the Majorana mass term
and Tν refers to the soft-SUSY breaking trilinear term. Diagonalizing the sneutrino
mass matrix, the mass eigenstates can be obtained with mass eigenvalues given by

m j2

1,2 = 1

2

(

m2
LL + m j 2

RR ±
√

(m2
LL − m j 2

RR)2 + 4m j 4
LR

)

, (30.3)

where

m2
LL = m2

L + 1

2
m2

Z cos 2β + m2
D

m j2
RR = m2

R + m2
D + M2

R ± BM

m j2
LR = (Tν ± yνMR)v sin β − μmD cot β. (30.4)
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Fig. 30.1 The BM − Tν

plane constrained by mass of
the heaviest neutrino as
shown in the colored palette.
The parameters of the scan
are discussed in the text

The left-right sneutrino mixing angle θ is given by

sin 2θ j = (Tν ± yνMR)v sin β − μmD cot β

m j2
2 − m j2

1

, (30.5)

where j denotes CP-even (e) or CP-odd (o) states. Note that the presence of a non-
zero BM term leads to radiative correction to the neutrino mass [8, 9] when the
soft-trilinear mixing parameter Tν , a soft-SUSY breaking parameter, is large leading
to large left-rightmixing in the sneutrino sector.We consider the effect of the neutrino
mass by varying the relevant parameters yν ∈ 10−6 − 10−7, μ = 300GeV,M1 = 1.5
TeV, M2 = 1.8 TeV, and msof t

ν̃ = 100 GeV. Figure30.1 shows the regions of the
parameter space with large BM and large Tν are severely constrained by the neutrino
mass constraint [8, 10].

The other relevant sector for our study is a light Higgsino sector primarily moti-
vated as an ingredient for natural SUSY spectrum [3, 4]. A low-lying Higgsino
sector consists of a nearly degenerate pair of neutralinos χ̃0

2 , χ̃0
1 and chargino χ̃±

1
with masses given by [11, 12]

mχ̃±
1

= |μ|
(

1 − M2
W sin 2β

μM2

)

+ O(
1

M2
2

) + rad.corr.

mχ̃0
a,s

= ±μ − M2
Z

2
(1 ± sin 2β)

(

sin θ2
W

M1
+ cos θ2

W

M2

)

+ rad.corr. (30.6)

Here the subscripts s (a) denote the symmetric (and anti-symmetric) states, respec-
tively. We scan over the parameter space to realize distinct regions of the parameter
space reflecting all possible mass hierarchy structures among the Higgsinos. The
parameters for the scan are as discussed in Table30.1.

From Fig. 30.2, we observe that the mass degeneracy among the Higgsinos,
parametrized in terms of�m1 = mχ̃±

1
− mχ̃0

1
and�m2 = mχ̃0

2
− mχ̃±

1
, increaseswith

increasingM1 andM2. This signifies that with decreasing Gaugino fraction, the mass
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Fig. 30.2 Variation of�m1 and�m2 with respect toM1 andM2 in the colored palette, respectively

Table 30.1 Relevant input parameters for the parameter space scan have been presented. Other
parameters kept at fixed values include MR = 100 GeV, BM = 10−3 GeV2, M3 = 2 TeV, MQ3 =
1.3 TeV, MU3 = 2 TeV, Tt = 2.9 TeV, ML1/2 = 600 GeV, msof t

ν̃
= 100 GeV, MA = 2.5 TeV and

yν = 10−7

Parameters |M1| (GeV) |M2| (GeV) |μ| (GeV) tan β Tν (GeV)

Values (500–3000) (500–3000) 300 5 0.5

Fig. 30.3 Spectra of interest

degeneracy among the Higgsinos increases. Notably the Higgsino spectrum depends
crucially on M1, M2 and sign(μ) as seen from (30.6). As we see in Fig. 30.2, there
exists regions of parameter space where the χ̃0

1 is mostly the lightest Higgsino while
in some regions of the parameter space where M1 < 0 and μ > 0, χ̃±

1 is the lightest.
Thus, the relevant spectra of interest are summarized in Fig. 30.3.

We now discuss the possible branching ratios of the Higgsinos in the presence
of a right-sneutrino LSP. Figure30.4a and b, respectively, discusses the leptonic
branching of χ̃±

1 → l±ν̃ and χ̃0
2 → χ̃±

1 W ∗ → l±ν̃W ∗. The features of the branching
ratios are correlated with the mass splitting among the Higgsinos. Since the usual
three-bodyMSSM decays of the Higgsinos, i.e., χ̃±

1 → χ̃0
1 f f̄ ′, χ̃0

2 → χ̃±
1 W ∗ χ̃0

2 →
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Fig. 30.4 Variation of the leptonic branching of χ̃±
1 and χ̃0

2 , respectively

χ̃0
1 Z

∗ are controlled by the phase space (�m5), in the presence of the sneutrino LSP,
the competing two-body decays may become relevant depending on the available
phase space. In Fig. 30.4a, the branching ratio for the two-body decay modes χ̃±

1 →
l±ν̃ is shown. Correlating from Fig. 30.2 we observe that with decreasing Gaugino
fraction, the branching ratio to the sneutrino mode increases owing to the decrease in
�m1. Similar features are observed for χ̃0

2 → χ̃±
1 W ∗ → l±ν̃W ∗. Therefore, leptonic

channels are of considerable interest in exploring this scenario.

30.3 Signal and Analysis

Our focus in this work has been on prompt decays of the Higgsinos. The leptonic
modes of the charginos and neutralinos lead to the following signals of interest:

• Mono-lepton + /ET ,
• Di-lepton + /ET ,

– Opposite-sign di-lepton + /ET , and
– Same-sign di-lepton + /ET .

The mono-lepton signals arise from χ̃0
i χ̃±

1 (χ̃0
i → νν̃, χ̃±

1 → l±ν̃) , χ̃+
1 χ̃−

1 (χ̃±
1 →

l±ν̃, χ̃±
1 → χ̃0

1W
∗) as well as from the leptonic decay of either χ̃0

2 /χ̃±
1 from χ̃0

2 χ̃0
1 .

Di-lepton signals arise from leptonic decay of χ̃0
2 and χ̃±

1 from χ̃0
2 χ̃±

1 and χ̃+
1 χ̃−

1
production processes. This may give rise to opposite-sign and same-sign di-lepton
signals due to theMajorana nature of χ̃0

2 .We choose some representative benchmarks
of the parameter space and performa collider analysis of the above signals at

√
s = 13

TeV LHC run. Our focus is primarily on the prompt decay of the chargino to hard
leptons (small�m1/2 and large Tν) which would be clean signals to observe at LHC.
The following production channels are of interest to us:

p p → χ̃±
1 χ̃0

2 , χ̃±
1 χ̃0

1 , χ̃+
1 χ̃−

1 , χ̃0
1 χ̃0

2 , χ̃0
1 χ̃0

1 χ̃0
2 χ̃0

2 , ˜l ˜l, ˜l ˜l∗, ˜l ν̃, ν̃ ν̃.

(30.7)
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Table 30.2 Low-energy input parameters and sparticle masses for the representative benchmarks
used in the current study. All the parameters are in GeV except for tan β which is dimensionless

Benchmarks Parameters

μ tan β M1 M2 mν̃ m
χ̃0
2

m
χ̃±
1

m
χ̃0
1

�m1 �m2

BP1 300 5 1500 1800 141.4 305.8 303.6 301.7 1.9 2.2

BP2 400 6.1 −1150 2500 331.7 407.5 407.2 407.3 −0.1 0.2

Table 30.3 Required luminosities for the 3σ excess observation in the signatures at 13 TeV LHC

Benchmark Luminosity required for 3σ excess

l + /ET l+l− + /ET l±l± + /ET

BP1 254 568 –

BP2 448 160 1052

Our focus while studying the collider signals would be to suppress the usual SM
backgrounds using key kinematic variables like stransverse mass MT2 , /ET , trans-
verse mass MT , and low jet multiplicity N j ≤ 1. We observe that important back-
grounds likeW + j , t t̄ andDrell Yan are effectively suppressed using appropriate cut
values for the above kinematic variables [13]. For example, MT > 150 GeV reduces
contributions from W + j background while MT2 > 90 GeV substantially reduces
backgrounds from top-quark and W bosons. A large missing energy /ET > 100 GeV
reduces SM background over the SUSY signal. We present the results for two sam-
ple benchmarks withμ = 300 − 500 GeV as discussed in Table30.2 and present the
results for them in all three signal regions.

We observe that conventional signals such as hadronically quiet mono-lepton and
opposite-sign di-leptons, i.e., with at most one jet or no jet, would be extremely
useful channels to look for cases of a sneutrino LSP. In addition, detecting same-sign
di-lepton channels would serve as a strong confirmatory channel for a sneutrino LSP
scenario and can exclude large portions of the regions of the parameter space with
M1 < 0. The required luminosities for observing a 3σ excess are shown in Table30.3
with all the channels well within the discovery of the high-luminosity LHC run.

30.4 Summary and Conclusions

We have studied an extension of the MSSM with additional right-neutrino super-
fields addressing the issue of mass generation of light neutrinos as well as yielding
right-sneutrinos as the LSP candidate. The presence of right-sneutrinos as the LSP
opens up new decay modes for the naturally compressed light Higgsino sector with
the compression in the sector stringently controlled by the Gaugino fraction in the
Higgsinos. We emphasize the crucial impact of the presence of a small Gaugino
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admixture (O(10−2)) in the Higgsino-like states owing to the heavier bino and wino
soft mass parameters, thereby affecting the decay of the Higgsino-like states signifi-
cantly. Considering prompt decays of the Higgsino-like states, we consider leptonic
channels at the large Hadron collider (LHC) and conclude that mono-lepton and
opposite-sign di-lepton channels with low hadronic activity would be extremely use-
ful channels to look for sneutrino LSP while same-sign di-lepton would serve as a
strong confirmatory channel for discovery.
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Chapter 31
Search for Vector Boson Fusion
Production of a Massive Resonance
Decaying to a Pair of Higgs Bosons in the
Four b-Quark Final State at the HL-LHC
Using the CMS Phase-2 Detector

Alexandra Carvalho, Jyothsna Rani Komaragiri, Devdatta Majumder,
and Lata Panwar

Abstract The search for a massive resonance produced by vector boson fusion and
decaying into a pair of Higgs bosons, each decaying to a b quark-antiquark pair, at the
High Luminosity Large Hadron Collider in proton-proton collisions at a centre-of-
mass energy of 14 TeV is explored. The Higgs bosons are required to be sufficiently
Lorentz-boosted for each to be reconstructed using a single large-area jet. We study
the signal sensitivity for a narrow bulk graviton in extradimensional scenarios using
a simulation of the upgraded CMS detector, assuming multiple proton-proton colli-
sions in the same bunch crossing (up to 200), for data corresponding to an integrated
luminosity of 3 ab−1. The expected significance for different assumed masses of the
bulk graviton is presented.

31.1 Introduction

The discovery of the Standard Model (SM) Higgs Boson in 2012, from data col-
lectedwithCMSandATLASdetector atCERN,Switzerland, has proven theStandard
Model the most successful theory of the particle physics. The spontaneous symmetry
breaking in the electroweak sector of the SMexplains theHiggs boson’s existence and
how Standard Model particles acquire masses. However, the SM has also shortcom-
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Fig. 31.1 The vector boson
fusion production of a
resonance X decaying to a
pair of Higgs bosons, where
both Higgs bosons decay
into 4b final state

q
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X
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H

b

b

b
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ings. It fails to provide a solution for e.g. the hierarchy problem,Gravity, DarkMatter,
neutrino oscillation etc. Then we start exploring the physics beyond the SM (BSM).

Several BSM scenarios predict the existence of resonances decaying to a pair of
Higgs bosons, such as Warped Extra Dimensional (WED) model [1], which has a
spin-0 Radion and a spin-2 first Kaluza–Klein (KK) excitation of the graviton. These
resonances may have a significant branching fraction to decay in a Higgs pair.

The search for KK graviton (X) in Vector Boson Fusion (VBF) production mode,
as shown in Fig. 31.1, has not yet been explored. While the s-channel production
cross section of a bulk graviton, assuming κ/M̄pl = 0.5, is in the range 0.05−5 fb
for masses between 1.5 and 3 TeV, the VBF production mode is expected to have
a cross section an order of magnitude smaller than s-channel. The results published
for s-channel [2] shows the negligible production rate of the signal which indicates
highly suppressed couplings of X with the SM quarks and gluons. This makes VBF
the dominant production process in pp collisions. Thus VBF production mode is
interesting to study with large amount of data collected at the high luminosity LHC
(HL-LHC).

In this report, we study the VBF production of WED spin-2 graviton resonance,
which decays to pair ofHiggs bosons, with 4b quarks in the final state, at theHL-LHC
with the upgraded CMS detector.

A simulation [3] of the upgraded Phase-2 CMS detector was used for this study.
The signal events for bulk graviton were simulated at leading order using MAD-
GRAPH5_aMC@NLO [4], for masses in the range 1.5 to 3 TeV and for a fixed
width of 1% of the mass. The main background is given by multijet events, and has
been simulated using PYTHIA8 [5], for events containing two hard partons, with the
invariant mass of the two partons is required to be greater than 1 TeV.

31.2 Analysis Strategy

For a very massive resonance, highly Lorentz-boosted Higgs bosons are more effi-
ciently reconstructed as a single large-area jet (Higgs jet). In addition, a signal event
will also have two energetic jets at large pseudorapidity η. Thus there are two sets
of event selections, (a) Higgs Jets selection, (b) VBF Jets selection.
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For (a), the two leading-pT large-radius anti-kT jets with a distance parameter of
0.8 (AK8 [6]) in the event, J1 and J2 , are required to have pT > 300 GeV and |η| <

3.0. To identify the two leading-pT AK8 jets with the boosted H → (bb) candidates
from the X → HH decay, these jets are groomed to remove soft and wide-angle
radiation effect using the soft-drop mass algorithm [7]. By undoing the last stage
of the jet clustering, one gets two subjets each for J1 and J2 . The invariant mass
of the two subjets is the soft-drop mass of each AK8 jet, which has a distribution
with a peak near the Higgs boson mass mH = 125 GeV. The soft-drop mass window
selection was optimised using a figure of merit of S/

√
B and required to be in the

range 90−140GeV for both leading jets. TheN-subjettiness [8] ratio τ21 = τ2/τ1 has
a value much smaller than unity for a jet with two subjets. For the signal selection,
J1 and J2, both are required to have τ21 < 0.6. The H-tagging of J1 and J2 further
requires identifying their subjet pairs to be b-tagged with a probability of about 49%
to contain at least one B-hadron, and the corresponding probability of about 1% of
having no B/D-hadrons using DeepCSV [9] b-tagger. Events are classified into two
categories: those having exactly three out of the four b-tagged subjets (3b category),
and those which have all four subjets b-tagged (4b category).

For (b), events are required to have at least two AK4 jets j1 and j2, which are
separated from the H jets by �R > 1.2, with pT > 50 GeV and |η| < 5. To pass
the VBF selections, these jets must lie in opposite η regions of the detector, and a
pseudo-rapidity difference |�η (j1 , j2 ) | > 5. The invariant mass mjj, reconstructed
using these AK4 jets, is required to pass mjj > 300 GeV.

The bulk graviton invariant mass mJJ is reconstructed from the 4-momenta of the
two Higgs jets, in events passing the above mentioned full selection criteria. The
main multijet background is smoothly falling above which the signal is searched as
a localised excess of events for a narrow resonance X. It is expected that the multijet
background component in a true search at the HL-LHC will rely on the data for a
precise result. From the analysis of current LHC data at

√
s = 13 TeV [2], it was
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Fig. 31.2 The mJJ distributions for bulk gravitons (BG) of masses 1.5, 2, and 3 TeV, assuming a
signal cross section of 1 fb. The distributions on the left are for the 3b and those on the right are for
the 4b subjet b-tagged categories and for an average pileup of 200 [10]
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Table 31.1 Event yields and efficiencies for the signal and multijet background for an average
pileup of 200. The product of the cross sections and branching fractions of the signals σ (pp → Xjj
→ HHjj) is assumed to be 1 fb [10]

Process 3b Category 3b Category 4b category 4b Category

Events Efficiency (%) Events Efficiency (%)

MultiJets 4755 1.6 × 10−3 438 1.5 × 10−4

BG(mX=1.5 TeV) 326 11 95.2 3.2

BG(mX=2.0 TeV) 316 11 81.2 2.7

BG(mX=3.0 TeV) 231 7.7 41.4 1.4

found that the multijet backgrounds, measured in data, are a factor of 0.7 smaller
than the estimated in simulation, hence themultijet background yield from simulation
has been corrected by this factor, assuming this also holds for the simulations of the
multijet processes at

√
s = 14 TeV . ThemJJ of the backgrounds thus obtained and are

shown in Fig. 31.2, while the event yields are given in Table31.1 after full selection.
The requirement of additional VBF jets does not result in any appreciable gain in
the signal sensitivity because of strong dependency of VBF Jets on pileup. It is
anticipated that the developments in the rejection of pileup jets in the high η region
will eventually help to suppress the multijets background and improve the signal
sensitivity further.

31.3 Results

The expected significance of the signal, assuming a production cross section of 1 fb is
estimated considering all the systematic uncertainties. These uncertainties are based
on the projected values for the full data set at the HL-LHC [11]. In addition, several

Fig. 31.3 The expected
signal significance for bulk
graviton with explicit masses
1500, 2000, and 3000 GeV,
assuming a production cross
section of 1 fb. The data set
corresponds to an integrated
luminosity of 3 ab−1 and
with a pileup of 200 [10]
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measurement uncertainties are considered based on the 2016 search for a resonance
decaying to a pair of boosted Higgs bosons [2], scaled by 0.5. The expected signal
significance of a bulk graviton with the mass 2000 GeV, produced through vector
boson fusion, with an assumed production cross section of 1 fb, is found to be 2.6σ
for an integrated luminosity of 3 ab−1.With highermass of bulk graviton, theremight
be possible evidence of it with this analysis strategy at HL-LHC (Fig. 31.3).
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Chapter 32
Exotic Leptonic Solutions to Observed
Anomalies in Lepton Universality
Observables and More

Lobsang Dhargyal

Abstract In this chapter, I will present the work that we did in [1–5] related to
observed lepton universality violation by Babar, Belle, and LHCb in R(D(∗)) and
RK (∗) as well as the reported deviation in muon (g-2) by BNL. We had shown that all
these anomalies as well as Baryon-genesis, Dark-matter, and small neutrino masses
could be explained by introducing new exotic scalars, leptons, and scalar-leptoquarks
only. It turns out that some of these models have very peculiar signatures such
as prediction of the existence of heavy stable charged particle [1, 2], vector-like
fourth-generation leptons [3] or even scalar Baryonic DM candidates, etc. Some
of these models turn out to have very unique collider signatures such as ee/pp →
μμ(ττ) + missing energy (ME), see [1, 2, 4]. This is interesting in the sense that
such peculiar signatures of these new particles can be searched in the upcoming HL-
LHC or with an even better chance of observing these signatures are in the upcoming
precision machines such as ILC, CEPC, etc.

In this chapter, I will present a short summary of interesting consequences of intro-
ducing new exotic leptons and scalars (LQ) to resolve the reported anomalies by
Babar, Belle, LHCb, BNL in R(D(∗)), RK (∗) , muon (g-2). In this brief article, the
emphasis is laid on the peculiar features (and interesting side observations) of the
models that we proposed to resolve the mentioned anomalies, for more details we
refer the readers to the sources [1–5]. In the following,we present the particle content,
achievements, and peculiar features and observations about the respective models.

(1): In [1] we extended the inert-doublet 2HDM (IDM) by introducing three exotic
leptons (FiR,L for i = 1, 2, 3) which is singlet under the SM SU (2)L and vector like
under the SMU (1)Y beside a newU (1)F to which only the right-handed new exotic
leptons are charged (all exotic leptons are odd under the Z2 to avoid very stringent
tree-level constrains). This model can explain the reported anomaly in muon (g-2) as
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well as why the anomaly is observed only in the muon sector and not in the electron
sector (due to a peculiar solution choice of the γ5 anomaly cancelation in [1]) besides
small neutrinomasses and Baryogenesis via leptogenesis (same as in the Scoto-genic
model). But in [2], we realized that if let the left handed of the exotic fermions charged
under the newU (1)F instead of the right-handed one as in [1], then besides themodel
explaining the anomalies explained by the model in [1], it is also able to incorporate
the observed deviations in RK (∗) as well (via box loop diagrams). Due to a peculiar
choice of γ5 anomaly free conditions in [1, 2], which besides explaining why the
anomaly is in the muon sector and not in the electron sector as mentioned before, it
also predicts one stable (long lived1) charged exotic lepton which can be very heavy
(in fact heavier than the unstable exotic lepton) which could turn up in LHC or HL-
LHC data or even more prominently in ee colliders such as future ILC, CEPC, etc.
If (somehow) this stable lepton has the same mass as the electron then only weak
interaction charged current will be able to differentiate between the SM electron and
the exotic electron properly.

(2): Taking inspirations from [1, 2], in [3] we built a NP model by introducing
vector like exotic leptons and scalars (LQ) to explain the observed deviations in
R(D(∗)) data at loop level. And in [4], we have introduced a pair of charged exotic
lepton doublets (L1L and L2R) and a pair of charged exotic lepton singlets (E1R

and E2L ),2 which is free of γ5 anomaly, besides new LQ and scalars and shown
that both the R(D(∗)) and RK (∗) can be explained within the limits of present error
estimates. One peculiar feature of the models in [3, 4] is that is to satisfy the very
stringent constraints from the K 0 − K̄ 0 and B0 − B̄0 mixings, we are forced to
restrict the CKM angles in π ≤ θ12 ≤ 3π

2 and 3π
2 ≤ θ13, θ23 ≤ 2π and impose a

constraint similar like GIM on the combinations of Yukawa couplings and CKM
elements which lead to requirements of at least one of the Yukawa couplings must
be complex which in fact predicts a small CP violation (in a particular choice of the
Yukawa couplings here, but it could be made large too in other choices!) in B0

s − B̄0
s

mixing due to new exotic leptons (box loop level), for details see [3, 4].
(3): In [5], we have proposed an NP model (two pair of SU (2)L singlet right-

handed leptons carrying opposite U (1)Y charges and their two left-handed counter-
parts which are neutral singlet leptons) where in the regime where the exotic leptons
masses are in the electroweak (EW) scale, the model will be able to explain the RK (∗)

and muon (g-2) as well as small neutrino masses via minimum-inverse seesaw sce-
nario (MISS), for more details, see [5] and references therein. In this model, when
the exotic fermion masses are well above the EW scale then we can have stable
scalar baryon (singlet under strong interaction) with charge -3 which could explain
the primordial Li problem by forming a hydrogen-like atom with the Li+3 nucleus
with a peculiar absorption or emission line of the first excited state in the X-ray
region at E2(Li) − E1(Li) ≈ 10.62MeV. Another peculiar but very interesting side
observation about this model is that when the new fermion masses are well above
the EW scale, then if we assign U (1)Y charges (unlike the way we did above) such

1Unless there also exists doubly charged scalar, in which case it need not be stable.
2Where doublets and singlets refer to SM gauge group SU (2)L .
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that there are vector like under U (1)Y , then it will not be able to explain the RK (∗)

and muon (g-2) as well as MISS is not possible now, but in this case, we can have
the exotic leptons decay into stable scalar quarks. These stable scalar quarks (if we
assign them a flavor SU (3)F similar/same like the SM quark u, d, and s flavors)
can have electromagnetically neutral (as well as Q = +2 depending on the charges
of the exotic fermions) stable scalar baryon and is expected to be suppressed under
the strong interaction at the level of OZI rule or smaller (due to scalar baryon being
singlet under both color and flavor and also due to heavy mass scale of scalar quarks
and small size (due to the lack of exclusion force)) which can be a DM candidate
and also in these kinds of models the origins of ordinary baryons and DM (scalar
baryons here) could be linked.
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Chapter 33
Constraints on Minimal Type-III Seesaw
Model from Naturalness, Lepton Flavor
Violation, and Electroweak Vacuum
Stability

Srubabati Goswami, K. N. Vishnudath, and Najimuddin Khan

Abstract We study the minimal Type-III seesaw model to explain the origin of
the non-zero neutrino masses and mixing. We show that the naturalness arguments
and the bounds from lepton flavor violating decay (μ → eγ ) provide very stringent
bounds on the model along with the constraints on the stability of the electroweak
vacuum up to high energy scale. We perform a detailed analysis of the model param-
eter space including all the constraints for both normal and inverted hierarchies of the
light neutrinomasses.We find that most of the regions that are allowed by naturalness
and lepton flavor violating decay fall into the metastable region.

PACS numbers: 14.60.St · 12.60.-i · 12.15.Lk

33.1 Introduction

The LHC so far has failed to identify any new physics signature beyond the standard
model. The Higgs signal strength data and measured value of the Higgs boson [1,
2] mass at 125.7 ± 0.3 GeV still can comfortably accommodate some new physics
beyond the standardmodel. Various new physics scenarios have already been consid-
ered to address different issues like the Higgs hierarchy problem and generation of
small neutrino masses, relic (dark matter) density of the Universe, etc. The quantum
radiative corrections to the Higgs mass coming from its self-interaction and cou-
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plings with fermions and gauge boson are being the primary cause for the hierarchy
problem. Although the dimensional regularization [3–5] can be able to throw away
the dangerous quadratic divergences, the presence of other finite and logarithmic
contributions causes similar naturalness problem. This naturalness sets a stringent
limit on the new physics mass scale as well as the coupling strength to the SM
Higgs fields. The found values of the SM parameters, especially the Higgs mass at
125.7 ± 0.3 GeV, top mass Mt , and strong coupling constant αs , have suggested that
an extra deeper minimum resides near the Planck scale, threatening the stability of
the present electroweak (EW) vacuum [6], i.e., the EW vacuum might tunnel into
that true (deeper) vacuum. Using the state-of-the-art NNLO, the decay probability
has been found to be less than one, which implies that the EW vacuum is metastable
at 3σ (one-sided).

In this work, the minimal Type-III seesaw model is proposed in which the SM is
extendedby adding twohyperchargeless SU (2)L triplet fermions to explain the origin
of the non-zero neutrino masses andUPMNS mixing [7]. In this scenario, the lightest
active neutrinowill bemassless.We here use the Casas-Ibarra parametrization for the
neutrinoYukawa couplingmatrix to explain the very tiny neutrinomasses andmixing
angles. We study this model in detail and put the bounds on these model parameters
focusing on the impact of the naturalness and the EW vacuum metastability as well
as lepton flavor violating (LFV) decays.

33.2 Type-III Seesaw Model and Present Bounds

In this section, we discuss the extended fermionic sectors of the models and present
bounds on the model parameters. The Lagrangians that are relevant to neutrino mass
generation are [7]

− L� = φ̃†�R

√
2Y�L + 1

2
Tr [�RM�c

R] + h.c., (33.1)

where L = (νl l−)T is the lepton doublet and φ̃ = iσ2φ
∗, σ ’s are the Pauli matrices,

�R j = (�1
R, �2

R, �2
R) j , j = 1, 2 are the two hyperchargeless fermionic triplets, and

�R = �i
Rσ i

√
2

=
[
�0

R/
√
2 �+

R

�−
R −�0

R/
√
2

]
, (33.2)

where�±
R = (�1

R ∓ i�2
R)/

√
2. M is proportional to the identity matrix in this case.
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Table 33.1 The oscillation parameters in 3σ range, for both NH and IH, are taken from the global
analysis of neutrino oscillation measurements with three light active neutrinos [10]

Parameter NH IH

�m2
21/10

−5eV 2 7.03 → 8.09 7.03 → 8.09

�m2
3l/10

−3eV 2 +2.407 → +2.643 −2.635 → −2.399

sin2 θ12 0.271 → 0.345 0.271 → 0.345

sin2 θ23 0.385 → 0.685 0.393 → 0.640

sin2 θ13 0.01934 → 0.02392 0.01953 → 0.02408

33.2.1 Neutrino Mass and Mixing

Once the Higgs field φ acquires a vacuum expectation value (VEV), the 5 × 5 neutral
fermion mass matrix Mν [7] could be written as

Mν =
(

0 MT
D

MD M

)
. (33.3)

Here, mD = Y�v/
√
2, where v = 246 GeV is the VEV of the SM Higgs. The given

mass matrix Mν could be diagonalized using a unitary matrix U0 as UT
0 MνU0 =

Mdiag
ν = diag(m1, m2 ,m3 , M�, M�), where M� is the degenerate mass for the

two heavy neutral fermions. We have used the Casas-Ibarra parametrization for the
new Yukawa coupling matrix Y� , such that the stringent bounds on the light neutrino
mixing angles aswell as themass squared differences as predicted from the oscillation
data are automatically satisfied [7]. Casas-Ibarra parametrization and structure of
the unitary matrix are discussed in detail in [8, 9]. The light neutrino masses for the

normal and inverted hierarchies are m1 = 0 , m2 =
√

�m2
sol , m3 = √

�m2
atm and

m1 = √
�m2

atm , m2 =
√

�m2
sol + �m2

atm , m3 = 0, respectively. We use the same
parametrization of the PMNS matrix. In the numerical analysis, we have considered
the values of mass squared differences and mixing angles in the ranges at 3σ as given
in Table33.1 and vary δ and α phases between −π to +π . In this present work, we
have taken the triplet common mass parameter M� ∼ O(104) GeV or higher, and
hence these heavy fermions are out of reach of the present collider detector at LHC
or ILC.

33.2.2 Naturalness

Theheavy right-handedneutrino loop corrections to the runningmass parameterμ are
required to be smaller than O(TeV2) for theHiggs naturalness. In theMS scheme and
taking the quantity (ln[M�

μR
] − 1

2 ) to be unity (whereμR is the renormalization scale),
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the correction using the Casas-Ibarra parametrization is δμ2 ≈ 3
4π2 Tr[Y †

�D2
�Y�] =

3M3
�

2π2v2
cosh(2Im[z])(m2 + m3) for (NH) and 3M3

�

2π2v2
cosh(2Im[z])(m1 + m1) for (IH),

where z is a complex parameter [7]. Hence, one can see that the δμ2 values for NH
an IH differ only by a factor (m1 + m2) and (m2 + m3).

33.2.3 The Lepton Flavor Violation

The decay width as well as the branching ratio (BR) for the lepton flavor violating
decayμ → eγ in this model has beenworked out in [11]. This BR gives the strongest
LFV bound on this minimal Type-III seesaw model parameter. In m� >> MW at
O( Y�v

M�
)2 limit, the BR(μ → eγ ) can be written as

BR(μ → eγ ) = 3

32

α

π
|(13

3
+ C)εeμ −

∑
i

xνi (UPMNS)ei (U
†
PMNS)iμ|2, (33.4)

where xνi = m2
i

m2
W

and C = −6.56. The second term is the contribution from neu-
trino mixing, while the first one is the explicit contribution of the fermion triplets.
The current experimental bound is Br(μ → e γ ) < 4.2 × 10−13 ⇒ εeμ < 1.7 ×
10−7 [12].

33.2.4 Vacuum Stability

In this analysis, we use two-loop [6] contributions to the effective Higgs potential
from the standard model particles whereas extra fermion triplet is considered up to
one loop only [7]. The contributions to the effective Higgs quartic coupling due to
the extra fermionic triplet for μ(t) = h(t) >> v are

λ�
e f f (h) = −

N∑
i=1

3 e4�(h)

64π2
(Y †

�Y�)2i i

(
ln

(Y ′†
�Y

′
�)i i

2
− 3

2
+ 2�(h)

)
, (33.5)

where�(h) = ∫ h
Mt

γ (μ) dlnμ indicates thewave function renormalization and γ (μ)

is the anomalous dimension of the Higgs field [13]. The running energy scale μ is
expressed in terms of a dimensionless parameter t as μ(t) = MZ exp(t). We have
reproduced the SM couplings at Mt as in references [6] by using the threshold
corrections [14–16]. We have written our own computer codes to compute these
threshold corrections. The extra femionic Yukawa contributions are added after the
threshold heavy fermionic mass scale. It is to be noted that we take care of the
important effect on the g2 gauge coupling due to the additional SU (2)L triplet [7].
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Then we evolve all the couplings up to the Planck scale to find the scale at which the
effective action S = ∫

d4x LHiggs of the Higgs potential becomes minimum. It is also
to be noted that if triplet mass M� is smaller than Mt , then the extra Yukawa starts to
contribute after the energy scale M� . However, this contribution is negligibly small
for the running from Mt to M� . The contribution is effective for M� > Mt up to the
Planck scale.

A quantum tunneling to the new deeper vacuum may occur. It is because of the
RGs running which make the quartic coupling λ negative at a high energy scale
and at the same time the value of βλ, i.e., the slope of the potential changes from
negative to positive. If the decay probability P0 of the EW vacuum [17] is less than
one, i.e., decay time is greater than the lifetime of the Universe τU ∼ 1017 secs and
in such a case, we say that the EW vacuum is metastable. In the other words, in
the region with λe f f (�B) < λe f f, min(�B) = −0.06488

1−0.00986 ln(v/�B )
[18] the EW vacuum

becomes unstable. The EW vacuum is absolutely stable at λe f f (�B) > 0 where the
probability of the EW vacuum decay is zero. The theory violates the perturbative
unitarity at λe f f (�B) > 4π

3 [18].

33.3 Results

The purple, green, and gray solid lines in Fig. 33.1(left) correspond to Mt = 171.3,
173.1, and 174.9 GeV, respectively, with fixed value of the new physics Yukawa
coupling Tr[Y †

�Y�] 1
2 = 0.283 along with degenerate heavy fermion mass at M�1 =

M�2 = M� = 107 GeV. The Higgs quartic coupling λ remains positive up to the
Planck scale for the first set of the parameter with top mass at Mt = 171.3 GeV,
and hence the EW vacuum remains absolutely stable. The second (gray line) and
third (red line) sets have been chosen such that the Higgs quartic coupling λ ∼

Fig. 33.1 (left) RG evolution of the Higgs quartic coupling for different values of Tr[Y †
�Y�] and

(Mt ) and other couplings. (right) The evaluation of the gauge coupling. The dashed purple line
indicates the SM g2 evolution
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Fig. 33.2 Left plot stands for normal hierarchy whereas right one indicates inverted hierarchy

λe f f becomes negative at the energy scale after ∼ 1010 GeV, which is known as
instability scale �I and remains negative up to MPl. However, we have checked
that an extra deeper minimum is formed and the effective action S = ∫

d4x LHiggs

becomes minimum around ∼ 1017 GeV. We find the EW vacuum corresponding
to these BMPs is metastable, i.e., P0 < 1. The EW vacuum, on the other hand,
remains unstable for the large values of the Yukawa coupling such as (red-dashed
line) Tr[Y †

�Y�] 1
2 = 0.707. The purple line(s) in Fig. 33.1(right) shows the effect of

the presence of extra fermion to the SU (2)L gauge coupling g2.
In Fig. 33.2, we have given the phase diagram in the Tr [Y †

�Y�] 1
2 − M� plane to

provide a quantitative measurement of (meta)stability in the new physics parameter
space. We generate this plot for the fixed value of the SM parameters Mt = 173.1,
Mh = 125.7, and αs = 0.1184. Here the line separating the unstable region (red)
and the metastable (yellow) region is obtained when βλ(μ) = 0 along with λ(μ) =
λmin(�B). The main result that we deduce from this plot is the parameter space
with Tr [Y †

ν Yν] 1
2 � 0.65 with the heavy fermion mass scale 200 − 1010 GeV were

excluded by instability of the EWvacuum. The red-dashed line separates the unstable
and metastable regions of the EW vacuum. The gray-dashed line corresponds to the
points for which the beta function of the quartic coupling λ is zero at the Planck scale,
i.e., the second minima is situated at that scale. One can see a very small green region
in bottom left corner of the plot for lower values of masses and couplings for which
the EW vacuum due to the effect of g2 is absolutely stable. However, this region is
disfavored from the LFV constraints (left side of the blue dotted line) whereas the
regions to the right of the purple, magenta, and brown solid lines are disallowed by
the naturalness bounds depending on the naturalness condition. It is to be noted that
the stability region will increase with the smallest value of Mt and the largest values
of Mh and αs [7]. Hence, the most stringent (liberal) bound is from vacuum stability
with maximum (minimum) value of Mt and minimum (maximum) values of Mh and
αs from their allowed 3σ ranges [7].



33 Constraints on Minimal Type-III Seesaw Model … 237

33.4 Summary

The important and main goal of this work is to examine the stability of EW vacuum
in the Type-III seesawmodel [7]. If the Type-III seesawmodel happens to be the only
heavy particle, which explains the tiny slandered model neutrino masses, then can
the presence of the new physics, i.e., extra fermionic triplet added at the TeV and/or
high scale, alter the stability of the EW vacuum? It is also well known that if we have
extra fermion, it destabilizes the EW vacuum. But if we are to solve both the neutrino
mass, mixing angles, flavor, and EW vacuum stability problems in the context of this
Type-III seesaw model, it is important to study the parameter space in detail which
allows us to do so. In this work, we have analyzed the implications of naturalness
of the Higgs mass, stability of the electroweak vacuum along with LFV decays in
the context of Type-III seesaw model. Important result we have found is that in the
parameter space which is allowed by both the LFV and naturalness constraints, the
EW vacuum is metastable and the major part of the allowed parameter space lies in
a region that could be tested in the future collider experiments.
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Chapter 34
Flavor Violation at LHC in Events with
Two Opposite Sign Leptons and a B-Jet

Nilanjana Kumar

Abstract Hints of flavor violation at both charged current and neutral current decays
have been observed in experiments such as LHCb, Belle, and Babar. The anomalies
in the result can be addressed in the Effective Field Theory (EFT) framework. The
effective operators predict different Beyond Standard Model (BSM) signatures and
the four-point interaction vertices can be probed at Large Hadron Collider (LHC).
In this context, the discovery projection of two opposite sign leptons and a b-jet
signature is studied in this paper at 13 TeV LHC.

34.1 Motivation

Recent experimental measurements at LHCb, Belle, and Babar present deviations
in the SM prediction of B-meson decays and hints toward Lepton Flavor Violation
(LFV). LFV has been observed in charged current decay at tree level, b → c�ν.
Taking into account R(D) and R(D∗) measurements by Babar [1], Belle [2] and
LHCb [3] and their correlations, the difference between SM and the data is nearly
3.8σ [4, 5]. The anomaly in Bc → J/ψ�ν measurement is at the 2σ level. Whereas
the neutral current transitions, namely, b → s�+�− show an opposite effect in the
measurements of RK and RK ∗ . The recent results by LHCb Collaboration [6] and
Belle [7], reflect that the data is more consistent with the SM. A deviation is also
seen in Bs → φμμ [8] that suggests that the discrepancies in RK and RK ∗ have been
caused by a diminution of the b → sμ+μ− channel, rather than an enhancement in
b → se+e−.

To address these anomalies, one can choose the models with leptoquarks [9] or
Z ′ [10]. Anotherway of addressing these anomalieswould be to consider an Effective
Field Theory (EFT) description with a set of Wilson coefficients. It is possible to
construct such a theory with a few unknown parameters, if symmetry relations exist
among the Wilson coefficients. As shown recently in [11–13], with a minimal set
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of New Physics (NP) operators, accompanied by a single lepton mixing angle, it is
possible to explain almost the flavor observables. The parameters of these models
can be determined phenomenologically and if the scale of the new physics is a few
TeVs, this leads to interesting collider signatures at LHC.

34.2 Theoretical Framework

The Hamiltonian for the new physics can be expressed in terms of two opera-
tors involving left-handed second- and third-generation quark doublets Q2L , Q3L ,
third-generation lepton doublet L3L , and right-handed singlet τR as defined in [11,
12], where the terms that we are interested in are (Q̄2Lγ

μQ3L)3 (L̄3Lγ
μL3L)3 and

(Q̄2Lγ
μQ3L)1 (τ̄Rγ μτR), with coefficients 3A1/4 and A5, following the literature

[11, 12]. Ai are real unknown coefficients with dimension TeV−2. The subscripts
“3” and “1” represent the SU (2)L triplet and singlet currents, respectively. The flavor
eigenstates can be expressed in terms of mass eigenstates by a field rotation

τ = cosθ(τ ′) + sinθ(μ′)
ντ = cosθ(ν ′

τ ) + sinθ(ν ′
μ).

As a result of the mixing, the coupling with the second generation of leptons are
induced. The magnitude of this mixing is found to be small (∼ 0.02) [11, 12]. Also,
for all class of models, the best fit values obtained can be approximated as A1 ∼3.8,
A5 ∼2.3.

The flavor violating processes, generated by these operators, are listed in
Table34.1. For a process (a,b) →(c,d) with coefficient X in the operator, we can
write the four-point coupling (λ2) in the mass basis as

λ∗
a,bλc,d

2M2 (a, b)(c, d) = εabcd 4GF√
2

(a, b)(c, d),

λ2 ∼ λ∗
a,bλc,d ∼ 2M2X ,

where M is the mass of the integrated-out field and λ’s are the dimensionless cou-
plings. From perturbativity, the bound on λ is λ2/(4π)2 ∼ 1.

Table 34.1 Operators and their effective coupling. For the notation of the operators, see [11]

Flavor basis Mass basis λ2

(3A1/4)(s, b)(ττ ) (3A1/4)cos2θ(s, b)(τ ′τ ′)L 2M2(3A1/4)cos2θ

– (3A1/4)sin2θ(s, b)(μ′μ′)L 2M2(3A1/4)sin2θ

– (3A1/4)sin2θ(s, b)(μ′τ ′)L 2M2(3A1/4)sin2θ

A5(s, b)(ττ ) A5cos2θ(s, b)(τ ′τ ′)R 2M2A5cos2θ

– A5sin2θ(s, b)(μ′μ′)R 2M2A5sin2θ

– A5sin2θ(s, b)(μ′τ ′)R 2M2A5sin2θ
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34.3 Results

As can be seen from Table34.1, there are three possible signatures:

– (μ±μ∓) and a b-jet,
– (μ±τ∓) and a b-jet, and
– (τ±τ∓) and a b-jet.

These processes can be generated at 13 TeV LHC via g-g and g-s fusion in p-p
collision, with the major contribution coming from g-s fusion. Now as the λ2 is a
function of A1 and A5, the cross section also varies with these parameters. We kept
the value of A1 fixed at the best fit 3.8 and varied at A5. The range of values of the
parameters is chosen such that the 95% C.L. upper bound of Br(Bs → τ±μ∓) <

4.2 × 10−5 [14] is satisfied.
The cross section of (μ±μ∓) and a b-jet is very small, because their coupling is

suppressed by (sin2 θ ) and hence we neglect it in this study. The cross section of
(μ±τ∓) and a b-jet will be suppressed by sin 2θ and hence will be comparatively
larger than the previous one, as shown in Fig. 34.1 (left). The cross section of (τ±τ∓)
and a b-jet is relatively very high as shown in Fig. 34.1(right) with red line. The tau
can also decay leptonically to a muon with branching ratio 0.174, enabling the final
states with (μ±τ∓) and a b-jet and (μ±μ∓) and a b-jet, as shown in Fig. 34.1 by
green and blue lines, respectively.

The major SM backgrounds for these channels are t t , single top (Wt), diboson
(W+W−,WZ , and Z Z ),W+jets,WW+jets, and Z/γ+jets. We found that the back-
ground for the signal with opposite sign same flavor states (μ±μ∓) or (τ±τ∓) and a
b-jet is higher than the opposite sign opposite flavor states. Also, the signal (τ±τ∓)
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Fig. 34.1 (L) The total production of one μ and one τ in association with one b-jet in g-g fusion
and g- s fusion. (R) The total production of two τ ,s in association with one b-jet in g-g fusion and
g- s fusion (red), also one μ and one τ + b-jet (green) and two μ’s+b-jet (blue) when tau (one or
both, respectively) decays leptonically
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Fig. 34.2 The 5σ discovery
projection at 13 TeV LHC in
(μ±μ∓) + b-jet and (μ±τ∓)
+ b-jet channel as a function
of the integrated luminosity
and model parameter A5
with the assumption of 25%
uncertainty in the
background events
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and a b-jet will suffer from tau tagging efficiency at LHC as both the tau decay
hadronically. Hence, we study two channels, (μ±μ∓)+b-jet and (μ±τ∓)+b-jet In
Fig. 34.2, we have shown the discovery projection of the these two channels as a
function of the integrated luminosity at LHC. We have followed the search strategy
as mentioned in [15, 16]. Figure34.2 shows that the (μ±μ∓)+b-jet channel requires
much larger luminosity than (μ±τ∓)+b-jet channel for 5σ discovery significance.

34.4 Conclusion

Recently observed anomalies in the decays of B-mesons hint toward new physics
interaction which involves a b-quark, a s-quark, and a pair of opposite sign leptons.
The four-point interactions can be probed at LHC p-p collision via the direct pro-
duction of b-quark and two opposite sign leptons. The opposite sign lepton pair has
either same or opposite flavor. In this study, 5σ discovery potential of (μ±μ∓) + b-jet
and (μ±τ∓) + b-jet channels are discussed as a function of the model parameters.
Overall, these channels have a very good detection prospect even with the currently
collected data at LHC and a limit on the model parameter space can be set with the
13 TeV LHC data.
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Chapter 35
Dark Matter in Leptoquark Portal

Rusa Mandal

Abstract A beyond the standard model portal scenario for Majorana fermion dark
matter (DM) particle with leptoquark being the mediator field is of the main focus
of this study. We explore the parameter space of the only unknown coupling in the
model which is sensitive to all three main features of a DM model, namely, relic
density, direct detection as well as indirect detection, while being consistent with
the collider searches. The AMS-02 data for antiproton flux imposes stringent bound
till date which excludes the DM mass up to 400GeV at 95% C.L. The LUX 2016
data for DM-neutron scattering cross section allows the region compatible with relic
density; however, the future sensitivity of LZ experiment can probe the model up to
its perturbative limit.

35.1 Introduction

The only known interaction of the darkmatter (DM) particle is gravitational in nature.
In this work, we speculate the DM candidate interacts to the standard model (SM)
sector through leptoquark; a colored particle having both baryon and lepton number.
By suppressing the color and generation indices, we quote such possible interaction
terms with the spin and SM quantum numbers (SU (3)C , SU (2)L , U (1)Y ) of the
mediator leptoquark in Table 35.1. Here QL and uR , dR are the SM SU (2)L quark
doublets and right-handed singlets, respectively. The boson X(μ) denotes the scalar
(vector) leptoquark and ψ is a SM singlet fermion that would be DM candidate.

For all three scalar and the first vector cases, the interaction of the leptoquark with
other SM fields induces baryon number violating processes [1] and thus generally
give rise to proton decay. Hence, we avoid such types from our considerations.
It should be noted that in the case of Dirac DM particle, the spin-independent (SI)
DM-nuclei cross-sectionmeasurements by XENON1T [2] and LUX [3] experiments
almost completely exclude the parameter space at its minimal content. For instance,
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Table 35.1 Details of interaction terms with the SM quantum numbers and spin of the mediator
leptoquark

Spin Interaction Quantum No. Spin Interaction Quantum No.

0 d̄CR X ψ (3̄, 1, 1/3) 1 Q̄C
L γ μXμ ψ (3̄, 2, −1/6)

0 ūCR X ψ (3̄, 1, −2/3) 1 ū R γ μXμ ψ (3, 1, 2/3)

0 Q̄L X ψ (3, 2, 1/6) 1 d̄R γ μXμ ψ (3, 1, −1/3)

for the last two cases, if ψ is an O (100 GeV) Dirac DM particle, for O (TeV)
mediator mass, the coupling of the interaction term > 0.05 is excluded at 90% C.L.
by XENON1T 2018 data [2], whereas the required coupling to satisfy observed relic
density is one order higher. Hence, we prefer to consider Majorana DM candidate
for the analysis of this work. Now we see in the next section that the thermal average
annihilation cross section of Majorana DM pair is proportional to the square of the
mass of final states quarks and thus in the case of DM pair annihilating to down-type
quark–anti-quark pair, the annihilation rate is insufficient to produce the observed
relic density within the perturbative limit of the interaction strength. Hence, the only
reasonable choice among the six portals shown above reduces to the fifth portal,
namely, a vector leptoquark with (3, 1, 2/3) quantum numbers under the SM gauge
group.

The Lagrangian can be written as

L ⊂ − 1

2
U †

μνU
μν + m2

U U †
μU

μ − 1

2
mχχχ

− yL Q̄LγμU
μLL − yR d̄RγμU

μeR − yχ ū RγμU
μχ + h.c. , (35.1)

where Uμν = Dν Uμ − Dμ Uν with Dμ = ∂μ − igs
λa

2 G
a
μ − ig′ 2

3 Bμ. Here LL and
eR are the SM SU (2)L lepton doublets and right-handed singlets, respectively. The
new fieldU is a vector leptoquark with charges under the SM as (3, 1, 2/3)whereas
χ is a Majorana fermion being singlet under the SM gauge group. If mχ < mU , the
two-body decay of χ is forbidden at tree level. However, the interaction of U with
the SM fields written in (35.1) will induce tree-level three-body decay and one-loop-
induced decay of χ . To avoid this situation, we introduce an extra symmetry, namely,
a Z2 symmetry and assume only the leptoquark U and χ are odd under it. In such
case, the fermion χ can serve as a cosmological stable DM candidate and only last
term of (35.1) is the relevant interaction which connects the visible sector to the dark
sector (χ ).

Note that in (35.1), we have assumed minimal coupling scenario, i.e., the inter-
action term igsU †

μ
λa

2 UνGa
μν is absent. It should also be noted that the coupling of

the DM particle χ to the three generations of up-type right-handed quarks can, in
general, be different; however, for simplicity, we assume them to be identical for all
three generations.
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35.1.1 Relic Density

It can be seen from (35.1) that the DM candidate χ can annihilate into the SM
up-type quark–anti-quark pair via a t-channel exchange of U . The thermal average
annihilation cross section is given by

〈σv〉 = 3 y4χm
2
q

8π
(
m2

χ + m2
U − m2

q

)2

(

1 − m2
q

m2
χ

)1/2

, (35.2)

where mq is the mass of up-type quark. It is apparent that for mχ > mt , χχ → t t̄ is
the most dominant annihilation mode.

For mχ < mt , with O(1) coupling, the annihilation channels to χχ → uū, cc̄
are insufficient to explain the observed relic density at present Universe. In such
parameter space, the processes like χχ → gg, Wtb, can also be important.

Themodel under consideration also poses co-annihilation channels such asχU →
tg through a t-channel U exchange. This process is significant only when the DM
and the mediator are very close in masses. Another interesting co-annihilation mode,
through a s-channel top quark, is χU → Wb and will only be efficient near the top
quark resonance.

The observed relic abundance by Planck data 
h2 = 0.1199 ± 0.0027 [4] can
be achieved by the thermal freeze-out condition, 〈σv〉 ≈ 2 × 10−9 GeV−2 and we
explore the region in the next section.

35.1.2 Direct Detection

The direct detection signal for this type of model can arise as well. After integrating
out the vector leptoquark and keeping terms only at leading order in ∂2/m2

U , the
effective Lagrangian can be written as

Leff � − y2χ
4

(
m2

U − m2
χ

) χ̄ (1 − γ5) γμu ū (1 − γ5) γ μ χ . (35.3)

Due to the fact that for a Majorana fermion χ̄γμχ = 0, after performing the Fierz
transformation we are left only with the spin-dependent (SD) interaction given by

Leff � du ūγμγ5u χ̄γμγ5χ ; du ≡ − y2χ
4

(
m2

U − m2
χ

) . (35.4)

The DM-nucleon scattering cross section is expressed as [5]
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σSD = 16m2
χm

2
N

π
(
mχ + mN

)2 d
2
u�

N
u
2
JN (JN + 1) , (35.5)

where mN � 1GeV and JN = 1/2 are the mass and spin of a nucleon, respectively.
The factor �N

u denotes the spin fraction carried by a u-quark inside a nucleon and
the estimates are �

p
u = 0.78 ± 0.02 for proton and �n

u = −0.48 ± 0.02 for neutron
[6, 7].

35.2 Results

The discussion in the preceding sections led us to explore the parameter space of
the model. The thermal averaged annihilation cross section (in (35.2)) and the DM-
nucleon scattering cross sections (in (35.5)) are the two key predictions of the portal
under consideration. It can be seen from (35.2) and (35.5), both the expressions
depend on three parameters, namely, mχ , mU , and yχ . As mentioned earlier for
mχ < mt , the annihilation cross section of the DM pair to lighter up-type quark
anti-quark is inadequate to produce the observed relic density. Thus, we consider
mχ > mt and vary up to O(TeV) range.

Collider bounds: The leptoquarks can directly be searched for via pair and/or
single production at the colliders. The signatures for the considered leptoquark portal
model areUŪ → t t̄χχ, j jχχ topologies. A latest result from CMS with 35.9 fb−1

data [8] imposes most stringent bound mU > 1.5TeV to date by considering 100%
branching fraction to tν. On the other hand, the DM mass is constrained from the
monojet +�ET searches from ATLAS collaboration at 13TeV center-of-mass energy
data with an integrated luminosity of 36.1 fb−1 [9]. To generate the parton-level
cross section for the process pp → χχ j , we use MadGraph5 [10] where the model
files are created by FeynRules [11]. We use NNPDF23LO [12] parton distribution
function (PDF) with five flavor quarks in initial states. The basic cuts used are the
following:�ET > 250 GeV, a leading jet with transverse momentum pT > 250 GeV
and pseudorapidity |η| < 2.4. Due to large parton distribution probability of the
gluon as compared to the quark or anti-quark in the proton, the qg → χχq process
dominates. We find the region satisfying relic density with yχ = 1 for DM mass
mχ � 200GeV is excluded at 95% confidence level. A similar observation wasmade
in [13] in context of a scalar leptoquark mediator withMajorana DM candidate using
8TeV data from CMS collaboration [14].

Combining the above discussions, we highlight the allowed region in Fig. 35.1
for mU > 1TeV and mχ > 200GeV for different choices of the coupling yχ . The
red curves satisfy the observed relic abundance by Planck data 
h2 = 0.1199 ±
0.0027 [4] where the textures solid, dot, and dash denote yχ = 1, 2, and

√
4π ,

respectively. The red shaded region is forbidden by perturbativity limit. The blue
and green curves present current limit from SD DM-neutron scattering cross-section
measurement by LUX [15] and future sensitivity of LUX-ZEPLIN (LZ) experi-
ment [16], respectively, for the corresponding values of yχ . The region below these
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Fig. 35.1 The allowed region of the mχ − mU plane for different choices of coupling λχ = 1
(solid), 2 (dotted) andperturbative limit

√
4π (dashed) are shown.The red curves satisfy the observed

relic density [4]. The blue and green curves represent current limit from spin-dependentDM-neutron
scattering cross-section measurement by LUX [15] and future sensitivity of LZ experiment [16],
respectively, for the corresponding values of yχ . The region below these direct detection bounds
is excluded at 90% confidence level. The brown curves depict the indirect detection bound from
AMS-02 measurements [17, 18] which excludes mχ ≤ 400GeV at 95% significance level

direct detection bounds is excluded at 90% confidence level. It can be seen that for
the current limit from LUX data, starting from yχ = 1, all higher values are allowed
and we have the entire parameter space compatible with relic abundance and direct
detection limit. However, the future sensitivity of LZ will rule out all the parameter
space up to the perturbative limit of yχ . We also impose the bounds from [17] where
the limits on DM pair annihilation cross section into different SM fields have been
obtained by using AMS-02 measurements of antiproton flux [18]. For the case in our
consideration, the dominant annihilation mode for the DM pair is to t t̄ and the limits
are depicted by brown curves for the respective yχ values. This is currently the most
stringent constraint on the model under consideration and for mχ ≤ 400GeV, the
region satisfying thermal freeze-out condition is excluded at 95% confidence level.

35.3 Summary

• DM model mediated by colored particle—leptoquark—is discussed. By briefly
reviewing the current status of the different models in leptoquark portal, we con-
centrate on a vector leptoquark portal with the leptoquark having charges under
the SM group as (3, 1, 2/3).
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• We consider a Majorana fermion DM candidate and assume the DM couples to all
generations of quarks with equal strength. This choice provides one Yukawa-type
coupling yχ sensitive to relic density, direct detection as well as indirect detection.

• Collider searches from monojet +�ET channel exclude DM mass < 200 GeV.
• Indirect detection experiment AMS-02 excludes DM mass < 400 GeV, which
satisfies the observed relic density, at 95% confidence level.

• LUX 2016 data on DM-neutron SD cross-section measurements allow region
compatible with relic density. The bound from DM-proton SD cross-section data
from LUX is less stringent.

• The proposed sensitivity of LZ experiment can probe entire region up to the per-
turbativity limit of yχ .
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Chapter 36
NSI in Electrophilic ν2HDM

Ujjal Dey, Newton Nath, and Soumya Sadhukhan

Abstract In the traditional neutrinophilic twoHiggs doublet model (ν2HDM), there
is no non-standard neutrino interaction (NSI), due to the tinymixing of the two scalar
doublets. Here, we generate significant NSI along with tiny Dirac neutrino mass,
modifying ν2HDM with a negative charge to eR under a global U(1) symmetry.
We discuss constraints from the LEP experiments, tree-level lepton flavor violat-
ing processes, big bang nucleosynthesis, etc., on the electrophilic ν2HDM. Those
constraints force this model to significantly restrict the range of permissible NSI
parameters, putting a strict upper bound on different NSIs.

36.1 Introduction

The Standard Model (SM) epitomizes our knowledge of fundamental interactions of
the particle world. Except for a few minor disagreements, SM is unblemished by the
direct observations from LHC up to now. The neutrinos are the most elusive particles
of SM which propels us toward physics beyond the SM to explain their tiny mass
and their flavor oscillation, confirmed by various experiments.

Non-standard interactions (NSI) of neutrinos can be inducedby themodels beyond
SM (BSM) when they provide corrections to the effective standard neutrino inter-
actions, through the effects in the six- and eight-dimensional higher dimensional
operators. These higher dimensional operators can be present in BSM scenarios like
gauge extended models with new Z ′ bosons, models with single or multiple charged
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heavy scalars, leptoquarks, R-parity violating supersymmetry, etc. For a detailed
review and phenomenological consequences of these operators, check [2, 3] and the
references therein. Neutral-current NSI in the presence of matter is described by the
6D four-fermion operators which are defined as [1]

LNC
NSI = −2

√
2GF (ναγ ρPLνβ)( f̄ γρPC f )ε f C

αβ + h.c. (36.1)

with NSI parameters ε
f C
αβ , α, β = e, μ, τ , C = L , R, and f = e, u, d.

In the standard ν2HDM, no NSI interaction is there due to the negligible left-
handed neutrino interactionwith the other leptons and quarks via the extra scalars.We
construct an electrophilic ν2HDM, making the second scalar doubletΦ2 couple only
to the electron and neutrinos. We assign a negative charge to eR under a globalU (1)
symmetry. The νL couples to the charged leptons through a charged scalar messenger
to contribute to NSI [4]. Along with the presence of NSI, here the fermion hierarchy
is moderate compared to SM. The second Higgs doublet takes care of neutrinos and
electron mass generation, with the first doublet providing mass to the rest. We apply
the constraints from lepton flavor violation (LFV), oblique parameters, μg−2, big
bang neucleosynthesis (BBN), etc., on this electrophilic ν2HDM.

36.2 Model Framework

We first discuss the standard neutrinophilic two Higgs doublet model (ν2HDM)
[5, 6]. Then, we construct an electrophilic ν2HDM to get the NSI effects.

36.2.1 Standard ν2HDM

We add an extra SM-like scalar doublet Φ2, three right-handed neutrinos (RHN) νRi

to generate the Dirac masses with the SM left-handed neutrinos. In this setup [5], a
globalU (1) symmetry is invoked with the fields Φ2 and νRi having +1 charge under
that, while all the SM fields are neutral. The Yukawa interaction of the neutrinos are
(−yi jν L̄ Li Φ̃2νRj ) where LL = (νL , 
L)

T , Φ̃ = iσ2Φ
∗. With an unbroken U (1), Φ2

has no vev and the neutrinos remain massless.
The most general scalar potential for the exact U (1) symmetric case is given by

V (Φ1, Φ2) = m2
11Φ

†
1Φ1 + m2

22Φ
†
2Φ2

+ λ1

2
(Φ

†
1Φ1)

2 + λ2

2
(Φ

†
2Φ2)

2 + λ3Φ
†
1Φ1Φ

†
2Φ2 + λ4Φ

†
1Φ2Φ

†
2Φ1 .

(36.2)
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We break the U (1) to provide masses to the neutrinos, by introducing a soft-
breaking term of the form (−m2

12Φ
†
1Φ2). The two scalar doublets can be presented as

Φa =
(

φ+
a

(va + ha + iηa)/
√
2

)
, a = 1, 2, (36.3)

with VEVs vΦ1 = v1, vΦ2 = v2, and v2 responsible for neutrino masses. The mass
matrix is diagonalized when the CP-even and CP-odd charged scalars mix through
angles α and β, respectively. For tiny neutrino mass, we have v2 � v1, which leads
to α, β � 1. The SM-like 125 GeV Higgs comes from Φ1 whereas the BSM scalars
are dominantly from Φ2 and therefore neutrinophilic. The Yukawa couplings of the
new scalars in the limit v2 � v1 are described as

LY ⊃ mνi

v2
H ν̄iνi − i

mνi

v2
Aν̄iγ5νi −

√
2mνi

v2
[U ∗


i H
+ν̄i PL
 + h.c.], (36.4)

where mνi are neutrino masses and U
i is the PMNS matrix. Due to U (1) charge
assignments of the different fields, νLs cannot couple to lR s through Φ1. Similar
couplings viaΦ2 are tiny, being proportional to sin β ≈ v2/v1, resulting in negligible
NSI effects.

36.2.2 Electrophilic ν2HDM

Here we modify the model, giving mass to the electron along with the neutrinos
through the second scalar doublet Φ2. The right-handed electron eR is given charge
(−1) under the global U (1) to arrange mass term for the electron. With this charge
assignment, the Lagrangian for the ν − e sector becomes

Lm
ν2HDM ⊃ ye L̄eΦ2eR + yν L̄eΦ̃2νR + h.c., (36.5)

where Le is the SM electron doublet. The first term of the Lagrangian provides
charged Higgs (H±) related terms as

LYuk
H± ⊃ yeν̄eL H

+eR + h.c.. (36.6)

With an order one Yukawa coupling to get me = 0.51 MeV, we need v2 ∼ MeV
which is large enough to reduce the neutrino Yukawas to be∼ 10−6. Thus the hierar-
chy is re-introduced in the Yukawa couplings to accommodate mass of ν, e together.
If the neutrinos are given mass through the SM Higgs mechanism, we need a hier-
archy of O(1012) in the Yukawas. In the standard ν2HDM, the neutrinos get mass
from a second doublet, demanding only a hierarchy of O(106). In the electrophilic
ν2HDM, a hierarchy of O(106) in Yukawa couplings explains the mass of the elec-
tron and neutrinoswith v2 ≈MeV.Another hierarchyO(103) arranges for themasses
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of the rest of the fermions with v1 ≈ 246 GeV. Overall hierarchy reduces being dis-
tributed into two sectors. In modified ν2HDM, electrophilic BSM scalar couplings
arise where H (A) couples as

LLP ⊃ ye√
2
HeLeR + i

ye√
2
AeLeR + h.c.. (36.7)

36.3 Rise of NSI in Electrophilic ν2HDM

The t-channel process of Fig. 36.1 through the charged Higgs propagator generates
non-standard interaction (NSI) terms between SM neutrinos and electrons. After
integrating out the heavy charged Higgs, the effective Lagrangian looks like

Leff ⊃ y2e
4m2

H±
(ν̄eLγ

ρνeL) (ēRγρeR) + h.c. (36.8)

Comparing this effective Lagrangian with the defined form of the NSI Lagrangian,
(36.1), the NSI parameter εee is written as

εee = 1

2
√
2GF

y2e
4m2

H±
. (36.9)

In this model, only the right-handed electron contributes in (36.8) to provide
εee = εeRee . With the sameU (1) quantum number assignment, the extra relevant terms
for the lepton sector that can be added are (Fig. 36.2):

Lm
ν2HDM ⊃ y1 L̄μΦ2eR + y2 L̄τΦ2eR + h.c., (36.10)

where Lμ/τ are the SM lepton doublets (νμ/τμ/τ)TL . These terms will provide the
NSI parameters εeμ, εeτ , εμτ , andεμμ. The complex nature of the Yukawa couplings
y1, y2 results in phases in the NSI parameters.

Fig. 36.1 The Feynman
diagram contributing to the
NSI in the electrophilic
ν2HDM
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Fig. 36.2 Allowed range of εee, with its distribution with charged Higgs mass,mH± andΦ2 vev v2

36.4 Constraints on Electrophilic ν2HDM

Along with the LEP and LFV constraints which are of more relevance due to Φ2

being coupled only to the leptons, constraints from (g − 2) as well as BBN are also
discussed.

36.4.1 Constraints from LEP

LEP ΓZ measurement allows no Z decays to BSM scalars, pushing their masses to
≥ mZ/2. The LEP charged Higgs search in e+e− → Z → H+H− with H± → τν

limits the charged Higgs mass as mH± > 80 GeV [7].
We recast LEP measurement of e+e− → e+e− cross section as a limit on an

effective four-electron interaction, with its scale λ > 9.1 TeV [8]. This process
e+e− → e+e− happens through both the CP-even (H ) and CP-odd (A) scalars of this
model to give rise to effective four-lepton operator that, for a globalU (1)-symmetric
ν2HDM with the degenerate CP-even and CP-odd scalars, translates to

Leff ⊃ ye2

4m2
H

(ēLγ
ρeL)(ēRγρeR),

which is compared to the earlier effective operator to provide the bound on ye
as y2e ≤ 8πm2

H/�2. In global U (1) symmetric electrophilic ν2HDM, the oblique
parameters (S, T ) allow the largest charged scalar-neutral scalar mass splitting for
mH± ∼ 100 GeV along with neutral scalars of several hundred GeVs. We take
mH = mA = 500GeV.A largem±

H ,whichdecreases themass splitting, constrains the
Yukawa coupling tightly to reduce the NSI parameters to tiny values. This constraint
translates to ye ≤ 0.28 which further puts the bound on Φ2 vev as v2 ≥ 2.5 MeV.

We fix the v2 at 2.5 MeV and use LEP e+e− → μ+(τ+)μ−(τ−) measurement to get
tight limits on other Yukawas y1, y2.
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Another constraint from the LEP dark matter search in the mono-photon signal
e+e− → DM DM γ . Mono-photon processes like e+e− → νe/τ νe/τ γ can occur in
electrophilic ν2HDM through the charged Higgs exchange. The limit from LEP DM
search is recast as

y4e + 2y2e y
2
2 + y42 ≤ 16m4

H±

�4
DM

, (36.11)

with DM scale �DM ≈ 320 GeV [9] for light DM particles.

36.4.2 Lepton Flavor Violation Constraints

The strongest bound on lepton flavor violating decay comes from the MEG exper-
iment which gives the upper limit as BR(μ → eγ ) < 5.7 × 10−13 [10]. Similar
bounds on the other LFVdecay channels (τ → eγ, τ → μγ ) areweaker. Though the
LFV processes like μ → eγ are loop-driven ones, strong experimental constraints
are there. The branching ratio for this charged Higgs mediated process is

BR(μ → eγ ) = BR(μ → eν̄ν)
αEM

192π
|〈m2

μe〉|2ρ2 , (36.12)

where ρ = (GFm2
H±v2

2)
−1 � 1.2 eV−2, which translates to a limit such that v2 � 1

eV for m±
H � 250 GeV. This is the tightest limit up to now on the v2 and mH±

parameter space.
Due to the non-zero vev of Φ2 in ν2HDM, lepton mass eigenstates e, μ, and τ

mix at the tree level, resulting in LFV decays like τ → 3e and μ → 3e through the
neutral scalar (H, A) mediation. The Yukawa couplings y1 and y2 get tight bounds
from these. From the Belle measurement [11], we get

Γ (τ → 3e)

Γ (τ → μνμντ )
≤ 1.58 × 10−7,

which implies ye y2 ≤ (0.16 mH )2

(1TeV)2
. This constrains ye − y2 plane tighter that the LEP

constraints. BR(μ → 3e) ≤ 1 × 10−12 put stronger bounds on ye-y1 plane as ye y1 ≤
(8.12×10−3 mH )2

(1TeV)2
. For ye ∼ 0.5 with allowed mH values, this bound reduces y1 ∼ 10−6

which renders any NSI parameter involving y1 insignificant (Fig. 36.3).
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Fig. 36.3 Allowed region
on the y2 − v2 plane for
different LEP constraints.
Here mH ,mA = 500 GeV,
mH± ∼ 100 GeV. This is the
maximal mass difference
allowed from S, T,U and
that maximal mass
difference is crucial to
generate large NSI values

36.4.3 g − 2 and BBN Constraints

The one-loop contribution to (g − 2)μ/e is negligible due to a suppression factor
m4

l /m
2
H± in the amplitude [6], along with the dependence on y1 ∼ 10−6. Instead

of significant two-loop contributions in 2HDM, g − 2 constraints are negligible in
ν2HDM due to tiny charged lepton couplings to H, A.

The right-handed neutrinos are very light, with mass ∼ eV . These neutrinos
can populate the early Universe through the charge scalar mediated process l̄l →
νRνR . Big bang neucleosynthesis (BBN) limits new relativistic degrees of free-
dom as �Neff ≡ Neff − 3.046 = 0.10+0.44

−0.43 [12] that translates to (Td,νR/Td,νL )
3 ≈

(σL/σR) = 4(v2mH+/(v1mνi |Uli |))4 [5] with decoupling temperatures
Td,νR ≈ 200 MeV and Td,νL ≈ 3 MeV. This puts a bound on the neutrino Yukawa
coupling yνi as

yνi ≤ 0.05 ×
[ mH±

100 GeV

] [
1/

√
2

|Uei |

]
. (36.13)

This constraint is relaxed for electrophilic ν2HDM as v2 ∼ 0.1 MeV reduces yνi

values to be much smaller.
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Chapter 37
Search for Supersymmetry with a
Compressed Mass Spectrum in the
Vector-Boson Fusion Topology with
Single Hadronic Tau Channel in Pp
Collisions at P

√
s = 13 TeV

Priyanka Kumari

Abstract Asearch for supersymmetric particles produced in the vector-boson fusion
topology is presented. The search targets final states with one lepton, large missing
transverse momentum (pmiss

T ), and two jets with large separation in rapidity. The
data sample corresponds to an integrated luminosity of 35.9 fb−1 of proton-proton
collisions at

√
s = 13 TeV collectedwith the CMS detector during 2016 at the CERN

LHC. The observed dijet invariant mass and transverse mass of lepton and missing
transverse energy (mT (l, Emiss

T )) spectra are found to be consistent with the expected
standard model predictions. Upper limits are set on the cross sections for chargino
and neutralino production with two associated jets, assuming the supersymmetric
partner of the lepton to be the lightest slepton and the lightest slepton to be lighter
than the charginos. For a so-called compressed mass spectrum scenario, in which
the mass difference between the lightest supersymmetric particle, χ̃0

1 , and the next
lightest, mass-degenerate, gaugino particle χ̃0

2 and χ̃±
1 is 30 GeV, a mass limit is set

for these latter two particles, which are the most stringent limits to date.

37.1 Introduction

The Large Hadron Collider (LHC) machine has proved its remarkable performance
with the discovery of Standard Model (SM) long-sought last particle “Higgs Boson”
in July 2012, which is considered as the biggest success for the SM as well as for the
CMS[1] andATLAS[2] experiments.But there are fewunsolvedproblemswhichSM
cannot explain like the unification of forces, neutrino oscillations, matter-antimatter
asymmetry, dark matter, etc. To solve such problems, various extensions of the SM
have been developed by the physicists. One of them is known as Supersymmetry
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(SUSY) [3–5] that associates every SM fermion with its “super-partner” boson and
vice versa. SUSY remains one of the best motivated of possible theories to explain
simultaneously the particle nature of darkmatter (DM) and solves the gauge hierarchy
problemof the standardmodel (SM).However, for all of its attractive features, there is
as yet no direct evidence of its existence. The strongly produced gluinos (g̃), aswell as
the squarks (q̃) of the first and second generations, have been ruled out below∼2 TeV
in certain scenarios [6]. On the other hand, the limit isweaker on themasses ofweakly
produced charginos (χ̃±

i ) and neutralinos (χ̃0
i ), as may be expected at the CERN

LHC where these particles suffer from much smaller production cross sections. The
chargino-neutralino sector of SUSY plays a significant role in DM connection of
SUSYmodels. The lightest neutralino χ̃0

1 is, as the Lightest Supersymmetric Particle
(LSP), the canonical DM candidate in R-parity conserving SUSY extensions of the
SM [7].

Various analyses on SUSY searches have been performed by CMS and ATLAS
coveringmost of the parametric space.However, in this paper,wewill present a search
for the electroweak production of SUSY particles in the Vector-Boson Fusion (VBF)
topology using data collected with the CMS detector in 2016 and corresponding to
an integrated luminosity of 35.9 fb−1 of proton-proton collisions at a center-of-mass
energy of

√
s = 13 TeV.

37.2 Analysis Strategy Through Vector-Boson Fusion
Processes

A classic strategy to search for charginos and neutralinos is through cascade decays
of heavier colored particles such as gluinos and squarks. Although a procedure must
be developed to directly probe non-colored sectors where colored objects are heavy
and production cross section is small. However, these searches are experimentally
difficult in cases where the mass of the LSP is only slightly less than the masses of
other charginos and neutralinos, making these so-called compressed spectrum sce-
narios important search targets using new techniques. So, to address these fascinating
compressed SUSY scenarios, chargino and neutralino production via VBF processes
of order α4

EW is very useful [8].
The charginos and neutralinos are produced in associationwith two forward jets, in

the opposite hemisphere of a detector having large dijet invariantmass and large pseu-
dorapidity. These pair-produced charginos and neutralinos further decay to sleptons
(l̃). The sleptons subsequently decay to the leptons (τh/e/μ) and lightest neutralinos
(χ̃0

1 ) which are LSP. The VBF jet and Missing Transverse Energy (MET) require-
ment reduces the background rate by a factor of 10−2 − 10−4. Figure37.1 shows
the Feynman diagrams for two of the possible VBF production processes: chargino-
neutralino and chargino-chargino production. The SUSY search with 13 TeV data
taken in 2016, presented in this paper, was performed on four final states, namely,
0l j j , e j j , μ j j , and τ h j j , where τ h denotes a hadronically decaying τ lepton. The
main focus of this paper will be on the τ h channel.
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Fig. 37.1 Feynman
diagrams of (left)
chargino-neutralino and
(right) chargino-chargino
pair production through
vector-boson fusion,
followed by their decays to
leptons and the LSP χ̃0

1 via a
light slepton
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The event selection criteria for selecting signal events are divided into two parts:
Central selections and VBF jet selections. Events are selected using a MET trigger
with a threshold of 120 GeV on both pmiss

T,tr ig and Hmiss
T,tr ig . While the compressed

mass spectrum SUSY models considered in this analysis results in final states with
multiple leptons, the compressed mass spectra scenarios of interest also result in
low-pt visible decay products, making it difficult to reconstruct and identify multiple
leptons. For this reason, events are required to have zero or exactly onewell-identified
soft lepton. In the τ h j j channel, an additional lepton veto is applied by rejecting
events containing a second tau (pt > 20GeV), an electron (pt > 10GeV), or amuon
candidate (pt > 8 GeV). Similarly, e j j and μ j j channel events are required not to
contain another electron, muon, or τ h candidate. For 0l j j channel, a well-identified
electron, muon, or τ h candidate is rejected. The veto on additional leptons maintains
high efficiency for compressed mass spectra scenarios and simultaneously reduces
the SM backgrounds. Muon, electron, and τ h candidates must have 8 < pT < 40
GeV, 10 < pT < 40 GeV, and 20 < pT < 40 GeV, respectively. The lower limit on
τ h pT is larger because of the known fact that it is difficult to reconstruct low-pT τ h

candidates, namely, that they do not produce a narrow jet in the detector, whichmakes
them difficult to distinguish from quark or gluon jets. All leptons are required to have
|η| < 2.1 in order to select high-quality and well-isolated leptons within the tracker
acceptance. This requirement is 99% efficient for signal events. Lepton candidates
are also required to pass the reconstruction and identification criteria, and they are
well identified and isolated. In addition to the 0l or 1l selection, we impose the
following requirements. The event is required to have pmiss

T > 250 GeV to suppress
the DY→ ll and QCDmultijet backgrounds. Jets originating from the hadronization
of bottom quarks (b-quark jets) are identified using the Combined Secondary Vertex
(CSV) algorithm and are considered as b-jets with pT > 30 GeV and |η| < 2.4. To
reduce the t t̄ background, we require the events not to have any jet identified as a
b-quark jet. A cut on mT (l, Emiss

T ) > 110 GeV, i.e., beyond the Jacobian mW peak
to reduce the backgrounds coming from W boson. Up to here, we call it Central
Selections.

The outgoing partons in the case of VBF SUSY signal processes have high pT as
theVBF system is required to have enoughmomentum to produce the twoSMvector-
boson as well as pair of heavy SUSY particles (as shown in Fig. 37.1). Therefore,
the VBF selections require the presence of two VBF jets with pT > 60 GeV in
opposite hemispheres (η1 · η2 > 0), large pseudorapidity gap |�η| > 3.8 and |η| <
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5.0. Only jets separated from the leptons by�R > 0.4 are considered. TheVBF dijet
candidates with the largest dijet mass are chosen and are required to have m j j > 1
TeV.

The Signal Region (SR) is defined as the events that satisfy the central and VBF
selection criteria.

37.3 Background Estimation

All the final states use the same general methodology for the background estima-
tion in the SR and are based on both simulation and data. Background-Enriched
Control Regions (CR) are constructed with some modification in nominal selections
orthogonal to those of SR. These CRs are defined to measure the efficiencies of the
VBF and central selections, to determine the correction factors to account for these
efficiencies and to derive the shapes of the mT and m j j from data when possible or
from Monte Carlo samples in such a way that distributions remain unbiased. The
correction factors are determined by assessing the level of agreement in the yields
between data and simulation. For both CR and SR, the same trigger is used for all
final states.
One b-quark jet in addition to SR selections is used to construct t t̄ CR, making sure
that those control samples contain the same kinematics and composition of fakes as
the SR so that the correction factors are not biased and can be used to correct the
prediction from the simulation in the signal region. The t t̄ background yields in the
1l j j channels are evaluated using the following equation:

N pred
t t̄ = NMC

t t̄ SFCR
t t̄ , (37.1)

where N pred
t t̄ is the predicted t t̄ background (BG) yield in the signal region, NMC

t t̄
is the t t̄ rate predicted by simulation for the SR selection, and SFCR

t t̄ is the data-
to-simulation correction factor, given by the ratio of observed data events to the t t̄
yield in simulation, measured in a t t̄-enriched CR. The measured data-to-simulation
correction factors SFCR

t t̄ are 0.8 ± 0.3, 0.8 ± 0.2, and 1.3 ± 0.5 for the ejj, μjj, and
τ h jj channels, within statistical uncertainty, respectively. Since themT shape between
data and MC is in well agreement within statistical uncertainty, the shapes for t t̄ in
the signal region are directly taken from the simulation.

TheW+jets plays a significant role in the SR for 1l j j channels. The efficiency for
the central selections is expected to be relatively well modeled by simulation (i.e.,
clean well-identified real lepton plus real Emiss

T from the W decay to a neutrino).
Mismodeling of the W + jets background rate and shapes in the signal region is
expected to come from the VBF selections and therefore evaluated by using two
control regions CR1 and CR2 given in the 37.2. The CR1 is defined to measure a
data-to-simulation scale factor to correct the modeling of all central selections and
CR2 is defined to measure the VBF efficiency and shapes directly from data.
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N pred
BG = NMC

BG SFCR1
BG (central) SFCR2

BG (VBF) (37.2)

where N pred
BG is the predicted BG yield in the SR, NMC

BG is the rate predicted by
simulation for the SR selection, SFCR1

BG (central) is the data-to-simulation correction
factor for the central selection, given by the ratio of data to the BG simulation in
control regionCR1, and SFCR2

BG (VBF) the data-to-simulation correction factor for the
efficiency of the VBF selections from CR2. CR1 is obtained with similar selections
to the SR, except that the VBF requirement is inverted (0 dijet candidates passing all
VBF cuts). Inverting the VBF requirement enhances the W+jets background yield
by two orders of magnitude while suppressing the VBF signal contamination to
negligible levels. To measure the VBF efficiency εW + jets(VBF cuts), we defined Z
+ jets-enriched events region (CR2) by taking the advantage of a relatively small
difference in mass between W and Z bosons (compared to the energy scale of the
search region). In CR2, VBF selections are also applied. The correction factors
SFCR1

W+jets(central) obtained for ejj and μjj channels are 0.97 ± 0.10 and 1.10 ± 0.10
within statistical uncertainty, respectively.

For the τ h jj channel, it is difficult to obtain a control sample enriched in W+jets
events because there is a significant contribution from QCD multijet events. There-
fore, the average of the correction factors obtained for the ejj and μjj channels,
1.04 ± 0.13, are used to scale the W + jets prediction from the simulation in the τ h jj
channel. This approach is justified since the W (→ τν)+jets prediction from simu-
lation is corrected to account for slight differences in the τ h identification efficiency
observed in data. The correction factor SFCR2

W+jets(VBF) determined from the CR2
control sample is measured to be 1.18 ± 0.09.

The QCDmultijet background plays a major role in the VBF j j + τh + Emiss
T and

0ljj channel and has a significant contribution in SR. To differentiate between QCD
BG and signal, the discriminating variables are VBF selection criteria, the minimum
separation between

−→
E miss

T and any jet |�φmin(
−→
E miss

T , j)|, and τ h isolation. Therefore,
to estimate the QCD multijet background, CRs are constructed by inverting these
requirements. In the τ h jj channel, we estimate the QCD multijet background using
a completely data-driven approach that relies on the matrix (“ABCD”) method. The
regions are defined as follows:

– CRA: inverted VBF selection, pass the nominal (tight) τ h isolation;
– CRB: inverted VBF selection, fail the nominal τ h isolation but pass loose τ h

isolation;
– CRC : pass the VBF selection, fail the nominal τ h isolation but pass loose τ h

isolation; and
– CRD: pass the VBF selection, pass the nominal τ h isolation.

We estimate the QCDmultijet component Ni
QCD in regions i = CRA,CRB,CRC by

subtracting non-QCD backgrounds (predicted using simulation) from data (Ni
QCD =

Ni
Data − Ni

�=QCD).We then estimate theQCDmultijet component inCRD (i.e., theSR)

to be NSR
QCD = NCRA

QCD
NCRC
QCD

NCRB
QCD

,where NCRC
QCD/NCRB

QCD is referred to as the “Pass-to-FailVBF”
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Fig. 37.2 The top plot shows the observed mT distribution in the signal region for τh j j , bottom
left and right plots show the expected and observed 95% confidence level upper limit (UL) on the
cross section as a function ofmχ̃±

1
= mχ̃0

2
for �m = 1 and 30 GeV mass gaps between the chargino

and the neutralino, assuming the light slepton model and W∗ and Z∗ model, respectively [9]

transfer factor (T FVBF). The shape of themT (τ h, pmiss
T ) distribution is obtained from

CRB (from the non-isolated τ h plus inverted VBF control sample). This “ABCD”
method relies on T FVBF being unbiased by the τ h isolation requirement.

37.4 Results and Conclusion

Figure37.2 (top plot) shows the predicted SM background, expected signal, and
observed data rates in bins of mT for τ h final state. The bin sizes in the distributions
are chosen to maximize the signal significance of the analysis. No excess of events
above the SM prediction in any of the search regions is observed. Therefore, the
search does not reveal any evidence for new physics. For the R-parity conserving
MSSMmodels, results are simplified in two scenarios: (i) the “light slepton” model
where ˜
 is the next-to-lightest SUSY particle and (i i) the “WZ” model where slep-
tons are too heavy and thus χ̃±

1 and χ̃0
2 decays proceed via W ∗ and Z∗.
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The main difference between the two models is the branching ratio of χ̃±
1 and

χ̃0
2 to leptonic final states. The bottom left distribution of Fig. 37.2 shows that for

a compressed mass spectrum scenario, in which �m = m(χ̃±
1 ) − m(χ̃0

1 ) = 1 (30)
GeV and in which χ̃±

1 and χ̃0
2 branching fractions to light sleptons are 100%, χ̃±

1
and χ̃0

2 masses up to 112 (215) GeV are excluded at 95% CL. The bottom right
plot shows that for the scenario where the sleptons are too heavy and decays of the
charginos and neutralinos proceed via W ∗ and Z∗ bosons, χ̃±

1 and χ̃0
2 masses up to

112 (175) GeV are excluded at 95% CL for �m = m(χ̃±
1 ) − m(χ̃0

1 ) = 1 (30) GeV.
This analysis obtains the most stringent limits to date on the production of charginos
and neutralinos decaying to leptons in compressed mass spectrum scenarios defined
by the mass separation 1 < �m < 5 GeV and 25 < �m < 50 GeV.
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Chapter 38
Alignment in A4 Symmetric
Three-Higgs-Doublet Model

Soumita Pramanick and Amitava Raychaudhuri

Abstract Amodel with three SU (2)L Higgs doublets transforming as a triplet under
A4was considered. It was shown that the alignment follows as a natural consequence
of the discrete symmetry A4 without any fine-tuning for all the four global minima
configurations. It was verified that the results were well in agreement with unitarity
and positivity criteria.

38.1 Introduction

This talk is based on [1]. An A4 triplet comprising of three SU (2)L doublet scalars
has been considered. We ensure A4 symmetry is preserved in the scalar potential.
The terms conserving A4 symmetry were allowed only in the scalar potential and no
soft breaking terms were entertained. It was found, owing to this A4 symmetry,1 all
the global minima of this scalar potential correspond to alignment of the vacuum [1].
No fine-tuning was needed for this. Needless to mention, such a scalar potential will
lead to 3 × 3 charged scalar, neutral real scalar and neutral pseudoscalar mass-square
matrices. After diagonalization, one of the modes of the neutral pseudoscalar and
charged scalar matrices will be massless corresponding to the neutral Goldstone and
charged Goldstone. Alignment implies that the above multiplet constitutes a mass
eigenstate and the corresponding direction of the neutral real scalar mass-square
matrix, in the mass-basis is the one that can be considered to be the analogue of the
standard model (SM) Higgs boson. For each of the global minima configurations,

1Brief account of A4 group can be found in [1, 2].
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the mass-eigenstate basis of the physical scalars were same as the ‘Higgs-basis’ in
which the vacuum expectation value (vev) was rotated to only one of three members
of the scalar multiplet in the direction corresponding to that of the SM Higgs. This
feature is studied case by case for all the four global minima configurations, and
the viability of the results are tested in the light of the constraints put on the quartic
couplings by demanding positivity and s-wave unitarity of the scalar potential in [1].
It is worth mentioning that this is a toy model. Models leading to realistic masses and
mixing of quarks and leptons using these scalar fields are not studied in this work.
Neutrino mass models based on A4 can be found in [2].

38.2 Objective

We consider, three colour singlet SU (2)L doublet scalar fields with hypercharge
Y = 1. Together these three scalars form a triplet of A4. Let us represent these
scalars collectively as

� ≡
⎛
⎝

�1

�2

�3

⎞
⎠ ≡

⎛
⎝

φ+
1 φ0

1
φ+
2 φ0

2
φ+
3 φ0

3

⎞
⎠ . (38.1)

Here A4 is acting vertically, SU (2)L is acting horizontally. The neutral fields can
be written in terms of scalar and pseudoscalar components as φ0

i = φi + iχi .
After spontaneous symmetry breaking (SSB) the neutral components develop

vev. The following four vev configurations correspond to global minima [3, 4] of
the scalar potential to be studied in the following section:

〈�〉1 = v√
2

⎛
⎝
0 1
0 0
0 0

⎞
⎠ , 〈�〉2 = v

2

⎛
⎝
0 1
0 eiα

0 0

⎞
⎠ , 〈�〉3 = v√

6

⎛
⎝
0 1
0 1
0 1

⎞
⎠ , 〈�〉4 = v√

6

⎛
⎝
0 1
0 ω

0 ω2

⎞
⎠ ,

(38.2)
where v = vSM ∼ 246 GeV.
To show that each of these four vev configurations automatically satisfy exact

alignment is the goal of this enterprise [1]. From [5], we know there exists a unitary
transformation U which leads to

U

⎛
⎝

�1

�2

�3

⎞
⎠ = � ≡

⎛
⎝

�1

�2

�3

⎞
⎠ ≡

⎛
⎝

ψ+
1 ψ0

1
ψ+

2 ψ0
2

ψ+
3 ψ0

3

⎞
⎠ , (38.3)

where in the � basis any one of the component acquires vev, i.e., 〈ψ0
i 〉 �= 0 and

〈ψ0
j 〉 = 0 for j �= i . In other words the unitary transformationU transports us to the

‘Higgs basis’. Simultaneously, the components of �i , viz., ψ
+
i and ψ0

i ≡ η0
i + iξ 0

i
serve as the mass eigenstate with massless neutral states and charged states and a
massive neutral state. Combinations of the other states� j ( j �= i) produce the other
mass eigenstates. Thus �i can be treated analogous to the SM Higgs doublet. The
notationweuse for the physical scalarmass-squarematrices in the�i basis is givenby
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Lmass = 1

2
(χ1 χ2 χ3) M

2
χiχ j

⎛
⎝

χ1

χ2

χ3

⎞
⎠ + 1

2
(φ1 φ2 φ3) M

2
φiφ j

⎛
⎝

φ1

φ2

φ3

⎞
⎠ + (φ−

1 φ−
2 φ−

3 ) M2
φ∓
i φ±

j

⎛
⎝

φ+
1

φ+
2

φ+
3

⎞
⎠

(38.4)

Here M2
χiχ j

, M2
φiφ j

and M2
φ∓
i φ±

j
represents the pseudoscalar, neutral scalar and the

charged scalar mass-square matrices. These matrices are diagonalized by the same
U mentioned in (38.3). This was demonstrated case by case for each of the four
global minima configurations in (38.2). To show that this alignment occurs as a
natural consequence of the A4 symmetry and no fine-tuning is required, is the prime
intent of this analysis [1].

38.3 The Scalar Potential, Positivity, Unitarity

The terms that conserve A4 symmetry and gauge symmetry are only allowed in the
scalar potential. No terms breaking A4 symmetry even softly were allowed. This
leads to the following potential for the scalar spectrum we have considered:

V (�i ) = m2

(
3∑

i=1

�
†
i �i

)
+ λ1

2

(
3∑

i=1

�
†
i �i

)2

+ λ2

2

(
�

†
1�1 + ω2�

†
2�2 + ω�

†
3�3

) (
�

†
1�1 + ω�

†
2�2 + ω2�

†
3�3

)

+ λ3

2

[(
�

†
1�2

) (
�

†
2�1

)
+

(
�

†
2�3

) (
�

†
3�2

)
+

(
�

†
3�1

) (
�

†
1�3

)]

+ λ4

[(
�

†
1�2

)2 +
(
�

†
2�1

)2 +
(
�

†
2�3

)2 +
(
�

†
3�2

)2 +
(
�

†
3�1

)2 +
(
�

†
1�3

)2]
.

(38.5)

All the quartic couplings λi (i = 1, . . . 4) are taken to be real. Note in general, only
λ4 can be complex.

Using 1 + ω + ω2 = 0 we get

V (�i ) = m2

(
3∑

i=1

�
†
i �i

)
+ λ1 + λ2

2

(
3∑

i=1

�
†
i �i

)2

− 3λ2
2

[(
�

†
1�1

) (
�

†
2�2

)
+

(
�

†
2�2

) (
�

†
3�3

)
+

(
�

†
3�3

) (
�

†
1�1

)]

+ λ3

2

[(
�

†
1�2

) (
�

†
2�1

)
+

(
�

†
2�3

) (
�

†
3�2

)
+

(
�

†
3�1

) (
�

†
1�3

)]

+ λ4

[(
�

†
1�2

)2 +
(
�

†
2�1

)2 +
(
�

†
2�3

)2 +
(
�

†
3�2

)2 +
(
�

†
3�1

)2 +
(
�

†
1�3

)2]
.

(38.6)

The form of the potential in (38.6) was used in the following analysis.
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The potential in (38.6) has to be bounded from below. This puts constraints on the
quartic couplings in (38.6). The ‘copositivity’ conditions for a general model with
three SU (2)L doublet scalars are well studied in [6]. Modifying the results in [6] for
A4 symmetric three-Higgs SU (2)L doublets case for real vevs, we have to look for
the copositivity of the following matrix:

Mcop =
⎛
⎝

λP λQ λQ

λQ λP λQ

λQ λQ λP

⎞
⎠ , (38.7)

with
λP = (λ1 + λ2)/2 , λQ = (2λ1 − λ2 + λ3 + 4λ4)/4 . (38.8)

Thus one has to obey

λP ≥ 0 , λP + λQ ≥ 0 , and
√

λ3
P + (3λQ)

√
λP +

√
2(λP + λQ)3 ≥ 0 . (38.9)

Demanding λP ≥ 0 and λQ ≥ − 1
2λP is sufficient for the constraints in (38.9). This

leads to
λ1 + λ2 ≥ 0 , 3λ1 + λ3 + 4λ4 ≥ 0 . (38.10)

For complex vev, one has to look at the posi tivi t y matrix. For example, in
case of 〈�〉4 in (38.2), where the phases associated with 〈�1〉, 〈�2〉, 〈�3〉 are
(0, 2π/3, 4π/3), the form of Mcop in (38.7) continues to be valid with the following
replacement:

λQ → λR = (2λ1 − λ2 + λ3 − 2λ4)/4 , (38.11)

leading to
λ1 + λ2 ≥ 0 , 3λ1 + λ3 − 2λ4 ≥ 0 . (38.12)

Unitarity for two SU (2)L doublet scalars was vividly studied in [7]. The results can
be adopted for our case of A4 symmetric three-Higgs doublet model. In Table38.1,
the different scattering channels, the dimension of the scattering matrix and the
eigenvalues are listed. Unitarity requires each of the eigenvalues to be bounded by
1/8π . For example, the first row of Table38.1 represents the matrix below:

8π S(1, 2)diag =
⎛
⎝

λ1 2λ4 2λ4

2λ4 λ1 2λ4

2λ4 2λ4 λ1

⎞
⎠ . (38.13)

For a detailed discussion on the unitarity conditions of this model see [1]. With the
unitarity and positivity constraints in hand, let us study alignment for each of the
four global minima configurations in (38.2).
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Table 38.1 Eigenvalues and dimension of the tree-level scattering matrices for different choices
of SU (2)L and Y are shown. Apart from SU (2)L and Y properties the initial and final states have
indices i, j corresponding to the two scalars participating in the scattering process belonging to
�i and � j with (i, j = 1, 2, 3). The processes with i = j (i �= j) are represented by ‘Diagonal’
(‘Off-diagonal’) types. To satisfy unitarity constraints the eigenvalues shown in the last column has
to be bounded by 1/8π

Quantum numbers Type Matrix Eigenvalues

SU (2)L Y size

1 2 Diagonal 3 × 3 |(λ1 − 2λ4)|, |(λ1 + 4λ4)|
1 2 Off-diagonal 3 × 3 |(λ3 − 3λ2)/2|
0 2 Off-diagonal 3 × 3 |(λ3 + 3λ2)/2|
1 0 Diagonal 3 × 3 |(λ1 − λ3/2)|, |(λ1 + λ3)|
1 0 Off-diagonal 6 × 6 |(3λ2 + 4λ4)/2|, |(3λ2 − 4λ4)/2|
0 0 Diagonal 3 × 3 |(6λ1 + 6λ2 − λ3)/2|, |(3λ1 − 6λ2 + λ3)|
0 0 Off-diagonal 6 × 6 |(−3λ2 + 2λ3 − 12λ4)/2|, |(−3λ2 + 2λ3 +

12λ4)/2|

38.4 Case 1: 〈φ0
i 〉 = v√

2
(1, 0, 0)

In this case 〈φ0
1〉= v√

2
and 〈φ0

2〉= 〈φ0
3〉= 0. Note this is already in the ‘Higgs basis’

and the unitary transformation matrixU in (38.3) is simply identity matrix. The task
we are left to do is to simply construct the physical scalarmass-squarematriceswhich
are expected to be diagonal as the unitary transformation matrix U is identity and
identify the mode corresponding to the SMHiggs. The off-diagonal i j-th entry of the
physical scalar mass-square matrices is proportional to the product viv j with (i �= j).
The combination viv j with (i �= j) is always zero for this choice 〈φ0

i 〉= v√
2
(1, 0, 0),

we get diagonal physical scalar mass-square matrices. The minimization equation
given by

m2 + v2

2
[λ1 + λ2] = 0 . (38.14)

The physical scalar mass-square matrices are given by

M2
φ∓
i φ±

j
= diag(0 , r+ , r+) where r+ = v2

4
(−3λ2) . (38.15)

M2
χiχ j

= diag(0 , p , p) where p = v2

4
(−3λ2 + λ3 − 4λ4) . (38.16)

M2
φiφ j

= diag(q , r0 , r0) where q = v2 (λ1 + λ2) , r0 = v2

4
(−3λ2 + λ3 + 4λ4) .

(38.17)
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The physical scalar mass eigenvalues are positive consistent with the constraints put
on the quartic couplings from the positivity and the unitarity constraints. Thus the
first of the three directions corresponds to that of the SM Higgs boson in the neu-
tral scalar mass-square matrix and the first direction for the charged scalar and the
pseudoscalar mass-square matrix are the massless charged Goldstone and neutral
Goldstone, respectively. Thus alignment has been achieved for this case.

Similar analysis was performed for vev configurations 〈φ0
i 〉 = v

2 (1, e
iα, 0) and

〈φ0
i 〉 = v√

6
(1, 1, 1) and alignment could be achieved. Details can be found in [1].

38.5 Case 4: 〈φ0
i 〉 = v√

6
(1, ω, ω2)

The minimization condition is

m2 + v2

12
[3λ1 + λ3 − 2λ4] = 0 . (38.18)

The charged scalar mass-square matrix is

M2
φ∓
i φ±

j
= v2

6

⎛
⎝
a b b∗
b∗ a b
b b∗ a

⎞
⎠ , (38.19)

with a = (2λ4 − λ3)/2 and b = (ω2λ3 + 4ωλ4)/4. The matrix in (38.19) is diago-
nalized by

U3 = 1√
3

⎛
⎝
1 1 1
1 ω2 ω

1 ω ω2

⎞
⎠ . (38.20)

The eigenvectors are given by

ψ±
1 = (φ±

1 +φ±
2 + φ±

3 )/
√
3 , ψ±

2 = (φ±
1 = ωφ±

2 + ω2φ±
3 )/

√
3 , ψ±

3 = (φ±
1 + ω2φ±

2 + ωφ±
3 )/

√
3 .

(38.21)
The corresponding eigenvalues are (a + 2Re(b)) = − v2

6 (3λ3/4), (a − Re(b) −√
3Im(b)) = 0, and (a − Re(b) + √

3Im(b)) = − v2

6 (3λ3/4 − 3λ4).
The vevs are complex. Hence there will bemixing between the neutral scalars and

pseudoscalars. The mass matrix will now be a (6×6) matrix in the (χ1, χ2, χ3, φ1,

φ2, φ3) basis given by

M2
�0

i �
0
j
= v2

6

⎛
⎜⎜⎜⎜⎜⎜⎝

2λ4 −λ4 −λ4 0
√
3λ4 −√

3λ4

−λ4 f2 f1 g1 g2 g3
−λ4 f1 f2 −g1 −g3 −g2
0 g1 −g1 (λ1 + λ2) h1 h1√
3λ4 g2 −g3 h1 h3 h2

−√
3λ4 g3 −g2 h1 h2 h3

⎞
⎟⎟⎟⎟⎟⎟⎠

. (38.22)
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Here,

f1 = − 3

4
[λ1 − λ2/2 + λ3/2] − λ4 , f2 = 3

4
(λ1 + λ2) + 1

2
λ4 ,

g1 =
√
3

4
{2λ1 − λ2 + λ3 − 4λ4} , g2 = −

√
3

4
{λ1 + λ2 − 2λ4} , g3 = −

√
3

4
{λ1 − λ2/2 + λ3/2 − 4λ4} ,

h1 = − 1

4
{2λ1 − λ2 + λ3 + 4λ4} , h2 = 1

8
{2λ1 − λ2 + λ3 − 8λ4} , h3 = 1

4
{λ1 + λ2 + 6λ4} . (38.23)

One of the eigenvalues of the matrix in (38.22) is zero corresponding to the neutral
Goldstone. A 6 × 6 unitary transformation matrix

U6r = 1√
3

⎛
⎜⎜⎜⎜⎜⎜⎝

1 1 1 0 0 0
1 −1/2 −1/2 0 −√

3/2
√
3/2

1 −1/2 −1/2 0
√
3/2 −√

3/2
0 0 0 1 1 1
0

√
3/2 −√

3/2 1 −1/2 −1/2
0 −√

3/2
√
3/2 1 −1/2 −1/2

⎞
⎟⎟⎟⎟⎟⎟⎠

. (38.24)

block diagonalizes the 6 × 6 mass matrix in (38.22) into 2 × 2 blocks and transports
(χ1, χ2, χ3, φ1, φ2, φ3) basis to (ξ1, ξ2, ξ3, η1, η2, η3) basis out of which ξ2 corre-
sponds to the neutral Goldstone. Needless to mention that the unitary transformation
matrix in (38.24) is a 6 × 6 version of the matrix in (38.20) with the real and imagi-
nary parts separated. Hence,

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

ξ1

ξ2

ξ3

η1

η2

η3

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

= 1√
3

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

χ1 + χ2 + χ3

χ1 − (χ2 + χ3)/2 − √
3(φ2 − φ3)/2

χ1 − (χ2 + χ3)/2 + √
3(φ2 − φ3)/2

φ1 + φ2 + φ3(√
3(χ2 − χ3)/2 + φ1 − (φ2 + φ3)/2

)

−√
3(χ2 − χ3)/2 + φ1 − (φ2 + φ3)/2

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(38.25)

The 2 × 2 blocks to which the 6 × 6 mass matrix in (38.22) decomposes in the
(ξ1, ξ3) and (η1, η3) basis are

M2
ξ1,ξ3

= v2

6

(
λA −λA

−λA λA + 18λ4

)
, M2

η1,η3
= v2

6

(
λA λA

λA λA + 18λ4

)
, (38.26)

with λA = 9
4λ2 − 3

4λ3 − 3λ4.m2
ξ2

= 0 andm2
η2

= v2 (3λ1/2 + λ3/2 − λ4). Defining
tan 2α = λA/9λ4, one can read off the eigenvalues and eigenvectors of the matrices
given in (38.26) as
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m2
1 = v2

6

[
λA + 9λ4 +

√
λ2A + 81λ24

]
, ξ1 = χ1 cosα − χ3 sin α , η1 = φ1 cosα + φ3 sin α

m2
3 = v2

6

[
λA + 9λ4 −

√
λ2A + 81λ24

]
, ξ3 = χ1 sin α + χ3 cosα , η3 = −φ1 sin α + φ3 cosα .

(38.27)

Also,

1√
3

⎛
⎝
1 1 1
1 ω2 ω

1 ω ω2

⎞
⎠ v√

6

⎛
⎝
0 1
0 ω

0 ω2

⎞
⎠ = v√

2

⎛
⎝
0 0
0 1
0 0

⎞
⎠ . (38.28)

Thus the second direction corresponds to the SM Higgs. The eigenvalues of the
physical scalar mass-square matrices are positive consistent with the positivity and
unitarity conditions. The detailed analysis can be found in [1]. Alignment is therefore
achieved for this case also.

38.6 Conclusions

A triplet of A4 consisting of three SU (2)L doublet scalars is considered [1]. The A4
conserving scalar potential arising out of such a scalar spectrum has four possible
vev configurations corresponding to the global minima. For each of these global
minima configurations, it was verified that alignment follows as a consequence of
the A4 symmetry.
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Chapter 39
Vector-Like Dark Matter and Flavor
Anomalies with Leptoquarks

Suchismita Sahoo, Shivaramakrishna Singirala, and Rukmani Mohanta

Abstract We study vector-like fermionic dark matter and flavor anomalies in a
standard model extension with vector-like multiplets of quark and lepton type. An
admixture of lepton type doublet and singlet is examined in relic density and direct
detection perspective. Furthermore, two leptoquarks, one scalar-type (3̄, 1, 1/3) and
a vector-type (3̄, 1, 2/3) are introduced to study muon anomalous magnetic moment
and the B(τ ) anomalies.

39.1 Introduction

The failure of standard model (SM) in explaning the matter-antimatter asymmetry,
neutrino mass, dark matter (DM) and dark energy indicates the presence of new
physics (NP) beyond it. Additionaly, the LHCb as well as Belle and BaBar have
provided a collection of interesting observables associated with the flavor chang-
ing neutral currect (FCNC) and charge current (FCCC) transitions, whose measured
data disagrees with their SM predictions. The measurements on decay rate of B(s) →
K ∗(φ)μ+μ− and P ′

5 observable of B → K ∗μ+μ− disagree with their SM predic-
tions at the level of 3σ [1]. Further, discrepancy at the level of 2.5σ [2] is observed
in the lepton nonuniversaity (LNU) ratios RK ≡ Γ (B+ → K+ μ+ μ−)/Γ (B+ →
K+ e+ e−) along with RK ∗ ≡ Γ (B0 → K ∗0μ+μ−)/Γ (B0 → K ∗0e+e−). The mea-
surements on RD(∗) ≡ Γ (B → D(∗) τ ν̄)/Γ (B → D(∗) lν̄) (l = e, μ) ratios also dis-
agreewith the SMat the level of∼ 3.08σ [3]. Discrepancy of 1.7σ is also observed in
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the RJ/ψ parameter [4]. In this concern, we would like to investigate these anomalies
by including an extra vector-like (VL) fermions and leptoquarks (LQ) to the SM.

The paper is organized as follows. In Sect. 39.2,we discuss the particle content and
Lagrangian of ourmodel. The constraints on newparameters from the darkmatter and
flavor observables are presented in Sect. 39.3. Section 39.4 contains the implication
of constrained couplings on RD(∗) , RJ/ψ ratios and our results are summarized in
Sect. 39.5.

39.2 New Model with Leptoquarks

We extend SM with vector-like fermion multiplets, i.e., two doublets of quark (ζ )
and lepton type (ψ), and also a lepton singlet (χ ). We also introduce the model with
a (3̄, 1, 1/3) scalar leptoquark (SLQ) and a (3̄, 1, 2/3) vector leptoquark (VLQ). All
the new field content is assigned with odd charge under a discrete Z2 symmetry.
The particle content with their corresponding charges is shown in Table39.1. The
interaction terms are given as

L = LSM − (yS1Qψ QL
C S1iσ

2ψ + h.c) − (yS1
ζ ζC S1
 + h.c) − (yS1dχ dRC S1χ + h.c)

− (yV1Qψ QLγμV
μ
1 ψ + h.c.) − (yV1
ζ ζγμV

μ
1 
 + h.c.) − (yV1uχ uRγμV

μ
1 χ + h.c.)

− (yDψ H̃χ + H.c) − Mχχχ − Mψψψ − Mζ ζ ζ + ζγ μ

(
i∂μ − g

2
τ a · Wa

μ − g′

6
Bμ

)
ζ

+ χγ μ
(
i∂μ

)
χ + ψγ μ

(
i∂μ − g

2
τ a · Wa

μ + g′

2
Bμ

)
ψ +

∣∣∣∣
(
i∂μ − g′

3
Bμ

)
S1

∣∣∣∣
2

− V (H, S1),

(39.1)

where the scalar potential is given by

V (H, S1) = μ2
H H

†H + λH (H †H)2 + μ2
S(S1

†S1)

+ λS(S1
†S1)

2 + λHS(H
†
2 H)(S1

†S1). (39.2)

Here, after electroweak symmetry breaking, the Higgs doublet can be written as H =
(0, (v + h)/

√
2)T . The discrete symmetry forbids the mixing of the new fermions

with the SM fermion content. Moreover, we consider that the LQs couple only to
second and third generation fermions in the present model. Now, the new neutral
fermions mixing takes the form

MN =
(
Mχ

yD√
2

yD√
2
Mψ

)
. (39.3)
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Table 39.1 Fields and their charges under SU (3)c × SU (2)L ×U (1)Y SM gauge group

Field SU (3)C × SU (2)L ×
U (1)Y

Z2

Fermions QL ≡ (u, d)TL (3, 2, 1/6) +
uR (3, 1, 2/3) +
dR (3, 1, − 1/3) +

L ≡ (ν, e)TL (1, 2, − 1/2) +
eR (1, 1, − 1) +

Vector-like fermions ζ ≡ (ζu, ζd )
T (3, 2, 1/6) −

ψ ≡ (ψν, ψl )
T (1, 2, − 1/2) −

χ (1, 1, 0) −
Scalars H (1, 2, 1/2) +

S1 (3̄, 1, 1/3) −
Vector V1 (3̄, 1, 2/3) −

One can diagonalize the above mass matrices by UT
α MNUα = diag [MN− , MN+],

where Uθ =
(

cosα sin α

− sin α cosα

)
, with α = 1

2 tan
−1

(
yDv√

2(Mψ−Mχ )

)
. The lightest mass

eigenstate N− is a probable dark matter in the present model.

39.3 Constraints on New Parameters from both Dark
Matter and Flavor Phenomenology

The neutral fermion N− communicates with the SM sector via Higgs, Z and LQs.
Higgs portal s-channels include f f̄ ,W+W−, Z Z , hh, and Z-portal gives f f̄ , Zh in
the final state. In SLQ (VLQ) portal, the t-channel processes with ss̄, bb̄ (cc̄, t t̄) as
output particles contribute to relic density. The formula for computing the abundance
is given as

Ωh2 = 2.14 × 109 GeV−1

Mpl g∗1/2
1

J (x f )
, J (x f ) =

∫ ∞

x f

〈σv〉(x)
x2

dx . (39.4)

Here the Planck mass, Mpl = 1.22 × 1019 GeV and g∗ = 106.75 and x f � 20.
Moving to direct detection, singlet-doublet mixing gives the Z-portal spin-

independent (SI) WIMP-nucleon cross section, re-scaled by sin4 α factor [5], taking
small mixing (sin α � 0.035) ensures the spin-independent contributionwithin strin-
gent experimental bound [6]. In LQ portal, the contribution gets suppressed by quark
mixing. For analysis, we fix (yD, sin α) = (1, 0.035), vary the new couplings within
the perturbative limit and the LQs masses within 1.2 − 3 TeV.We impose the Planck
limit on relic density [7] in 3σ range, to constrain the new parameters. The obtained
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allowed parameter space from DM studies are shown in Fig. 39.1 . We focus on the
couplings that are relevant both in DM and flavor studies.

We also constrain the new parameters from both the quark and lepton sectors,
which proceed through one loop box/penguin diagrams in the presence of an addi-
tional leptoquarks and vector-like fermions. The effective Hamiltonian mediating
the b → sl+l− transitions is given by [8]

Heff = −4GF√
2
VtbV

∗
ts

[ 6∑
i=1

Ci (μ)Oi +
∑

i=7,9,10

(
Ci (μ)Oi + C ′

i (μ)O′
i

) ]
, (39.5)

whereGF is the Fermi constant, Vqq ′ are the product of CKMmatrix elements,O(′)
i ’s

are the effective operators and C (′)
i ’s are their correspondingWilson coefficients. We

obtain an additional coefficients as well as new contributions to the SM Wilson
coefficients due to the presence of vector-like fermions and leptoquarks. We use
the exist measured data on the branching ratios of Bs → ll, B+ → K+ττ , B̄ →
K̄ ll, B̄ → K̄ (∗)νl ν̄l , B̄ → Xsγ , τ → μγ and τ → 3μ(μν̄μντ ) processes to compute
the allowed parameter space. We also further constrain from RK (∗) and the muon
anomalous magnetic moment. For SM predictions, the CKM matrix elements, all
the particle masses, life time of B(s) mesons are taken from [9] and the form factors
from [10]. The constraints on yS1q − MS1 (top-left), y

V1
q − MV1 (top-right), y

S1
μ − yS1τ

(bottom-left) and yV1
μ − yV1

τ (bottom-right) planes obtained by using the observables
of both DM and flavor, are presented in Fig. 39.1 . Here orange (magenta) and blue
(cyan) bands represent the constraints from only flavor and from both DM and flavor
observables in the presence of scalar (vector) LQ.

39.4 Impact on RD(∗) and RJ/ψ Ratios

In this section, we would like to see whether the new parameters influencing the dark
matter observables and the anomalies associated with quark and lepton sectors, also
have an effect on RD(∗) and RJ/ψ ratios, which are mediated by b → cτ ν̄l transi-
tions. The effective Hamiltonian of b → cτ ν̄l decay modes with only the left handed
neutrinos is given as [11]

Heff = 4GF√
2
Vcb

[
(δlτ + VL)Ol

VL
+ VROl

VR
+ SLOl

SL + SROl
SR + TOl

T

]
, (39.6)

where Vcb is the CKM matrix element. Though the Wilson coefficients, X (=
VL ,R, SL ,R, T ) are absent in the SM, we find new VL coefficients in the present
model. All the required input parameters like particle masses, lifetime and CKM
matrix elements are taken from [9] and the form factors from [12]. Using the allowed
parameter space from Fig. 39.1 , the variation of RD (top-left), RD∗ (top-right) and
RJ/ψ (bottom) ratios with respect to q2 is presented in Fig. 39.2 . Here the blue
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Fig. 39.1 Constraints on yS1q − MS1 (top-left), y
V1
q − MV1 (top-right), y

S1
μ − yS1τ (bottom-left) and

yV1μ − yV1τ (bottom-right) planes obtained from DM and flavor observables

Fig. 39.2 The q2 variation of RD (top-left), RD∗ (top-right) and RJ/ψ (bottom) parameters in the
presence of new particles beyond the SM
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dashed lines represent the SM predictions and the green bands are obtained by using
the constrained from both DM and flavor studies. We observe that the presence of
new particles provide significant deviation in RD(∗) and RJ/ψ ratios from their cor-
responding SM results.

39.5 Conclusion

We build a model by extending the standard model with an additional vector-like
fermions and leptoquark singlets. We constrain the new parameters consistent with
Planck limit on relic density, PICO-60 and LUX bounds on direct detection cross
section. We further constrain the parameter space from both the quark and lepton
sectors. We then check the impact of allowed parameter space on RD(∗) and RJ/ψ

ratios, which are found to be significantly larger.
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Chapter 40
Common Framework for Inflation, Dark
Matter, Baryogenesis and Neutrino
Masses in the Scotogenic Model

Debasish Borah, P. S. Bhupal Dev, and Abhass Kumar

Abstract We consider the scotogenic model involving an extra inert scalar doublet
and three SM-singlet fermions, all under an additionalZ2 symmetry, to explain infla-
tion, dark matter, baryogenesis and neutrino masses simultaneously. The inert scalar
doublet is coupled to gravity non-minimally and after a conformal transformation
forms the inflation in the early Universe.Later its lightest scalar component freezes-
out to give the dark matter candidate. Baryogenesis happens via leptogenesis by the
decay of N1 to SM leptons and the inert doublet particles. The Ni ’s and the inert
doublet combine with the SM neutrinos and the Higgs vacuum expectation value
(vev) to generate neutrino masses at the loop level. We show that with the scotogenic
model, we get a very economical model for combining inflation with dark matter,
baryogenesis and neutrino masses.

40.1 Introduction

The minimal scotogenic model with non-minimal gravity coupling contains an
extra scalar doublet coupled to gravity non-minimally and three SM-singlet heavy
fermions, both odd under an extra Z2 symmetry in which the SM particles are even.
Due to the Z2 symmetry, the scalar doublet doesn’t interact with SM fermions and
is called inert. The model details are given below [1]
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S =
∫

d4x
√−g

[
−1

2
M2

PlR − Dμ�1D
μ�

†
1−Dμ�2D

μ�
†
2−V (�1,�2) − ξ1�

2
1R−ξ2�

2
2R

]
,

(40.1)

V (�1,�2) = μ2
1|�1|2 + μ2

2|�2|2 + λ1

2
|�1|4 + λ2

2
|�2|4 + λ3|�1|2|�2|2

+ λ4|�†
1�2|2 +

[
λ5

2
(�

†
1�2)

2 + H.c.

]
. (40.2)

�1 = 1√
2

(
χ

h

)
, �2 =

(
H±

H 0+i A0√
2

)
. (40.3)

L ⊃ 1

2
(MN )i j Ni N j +

(
Yi j L̄ i�̃2N j + H.c.

)
, (40.4)

where S is the scalar part of the full action, Dμ is the combined covariant derivative
for the SU (2) gauge sector of the SM and the space-timemetric,�1 is the SMHiggs,
�2 is the inert doublet and also the inflation and its neutral lightest particle is the dark
matter, Ni , (i = 1, 2, 3) are the SM-singlet fermions, Li , (i = 1, 2, 3) are the SM
lepton doublets and Yi j is the Yukawamatrix for the interaction between SM leptons,
the inert doublet and the SM-singlet fermions. During inflation, all fields other than
�2 can be taken to be zero so that only �2 has a non-minimal gravity coupling.

40.2 Inflation and Reheating

Due to the term ξ2�
2
2R, a canonical treatment of the action in (40.1) is not

possible. We need to perform a conformal transformation to the so-called Ein-
stein frame to remove such terms by redefining the metric g̃μν = �2gμν with
�2 ≈ 1 + ξ

M2
Pl

(
2(H±)2 + H 2

0

)
[2]. The inflationary potential obtained from the �2

quartic self-coupling term after the transformation is

Ve � λ2M4
Pl

4ξ 2
2

[
1 − exp

(
−

√
2

3

X

MPl

)]2

, (40.5)

where X =
√

3
2MPl log

(
�2

)
. The potential in (40.5) belongs to the Starobinsky class

[3] and is sufficiently slow rolling when X � MPl . The slow roll parameters ε =
1
2M

2
Pl

(
V ′
e

Ve

)2
and η = M2

Pl

(
V ′′
e
Ve

)
can be calculated from the potential where V ′

e ≡
dVe/dX and V ′′

e ≡ d2Ve/dX2. We can now find the tensor-to-scalar ratio r = 16ε =
0.0029 and the scalar spectral index ns = 1 − 6ε + 2η = 0.9678 [2]. These are well
within the Planck 2018 [4] results r < 0.11 at 95% C.L. and ns = 0.9649 ± 0.0042
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at 68% C.L. The scalar power spectrum Ps is used to obtain a relationship between
λ2 and ξ2 with ξ2 � 5.33 × 104 λ

1/2
2 .

The reheating era [5] starts when X � MPl where potential is approximated by

Ve � λ2M2
Pl

6ξ 2
2

X2 ≡ 1
2ω

2X2 where ω2 = λ2M2
Pl

3ξ 2
2
. The inflation can produce relativistic

SM fermions either by decaying to the Higgs and the gauge bosons which further
produce relativistic SM fermions or directly by decayin to the Sm-singlet fermions
and the SM leptons. It was shown in [6] (see also [7, 8]) that significant relativistic
energy density is formed only when the production of the mediator bosons enters
a non-perturbative parametric resonance regime. It was also shown that the Higgs
channel contribution is much slower than the gauge boson channel making it the
dominant one. The requirement of parametric resonance imposes a lower bound on
λ2: λ2 � 1

60 [2]. The relativistic energy density produced by the gauge boson and
the direct decay channel are, respectively, [1]:

ρr,gauge � 1.06 × 1057 GeV4

λ2
. (40.6)

ρr,Yukawa � 6.16 × 1049 GeV4

√
λ2

(assuming Y ∼ 10−4). (40.7)

40.3 Dark Matter

Reheating ends when the quadratic approximation for the potential breaks down after
which the remaining inert doublet particles become a part of the thermal plasma.
These particles later freeze-out around the electroweak scales. The lightest neutral
component which we take to be the CP even scalar becomes a relic dark matter
candidate. Boltzmann equation is used to obtain the evolution of DM as it falls out of
equilibrium and Planck 2018 [9] bounds for the relic abundance are used to find the
relation between themassμ2 of the DMand the coupling λs = λ3 + λ4 + λ5 [1]. The
relationship is shown in Fig. 40.1. The DM spin-independent scattering cross section
is of � 10−45 − 10−46 cm2 which is within reach of near future DM direct detection
experiments like LZ [10], XENONnT [11], DARWIN [12] and PandaX-20T [13].

40.4 Neutrino Masses

Because of theZ2 symmetry,�2 does not get a vev and the usual see-sawmechanism
does not work. However, at one loop the SM-singlet fermions along with �2 and the
Higgs vev can radiatively generate neutrino masses [14] as seen in Fig. 40.2. Since
these neutrino masses and the Yukawamatrix elements are also used for leptogenesis
which leads to baryogenesis, we work in the Casas-Ibarra parametrization for the



284 D. Borah et al.

Fig. 40.1 The DM relic abundance. The horizontal band is the 68% C.L. observed DM relic
abundance from Planck 2018 data [9]. The vertical line shows a benchmark value of the DM mass
chosen for our subsequent analysis

Fig. 40.2 Radiative
generation of neutrino
masses

scotogenic model [15] which allows us to write the neutrino mass matrix in a form
similar to the type I see-saw formula Mν = Y M̃−1Y T , where the diagonal matrix M̃
has elements:

M̃i = 2π2

λ5
ζi
2Mi

v2
, (40.8)

and ζi =
(

M2
i

8(m2
H 0 − m2

A0)

[
Li (m

2
H 0) − Li (m

2
A0)

])−1

, (40.9)

with Mi being the masses of the SM-singlet fermions and Lk(m2) = m2

m2−M2
k
ln m2

M2
k
.
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Fig. 40.3 The baryon-to-photon ratio as a function of |λ5| for benchmark DM mass of 1.5 TeV.
The horizontal line gives the observed value

40.5 Baryogenesis

In vanilla leptogenesis, there exists an absolute lower bound on the lightest SM-
singlet fermion mass � 109 GeV [16, 17]. This can be lowered in the hierarchical
SM-singlet fermion mass set-up to 104 GeV if the lightest SM neutrino has a mass
of around 10−11 − 10−12 eV [18]. We use this to lower the leptogenesis scale in our
model where we use M1 = 10 TeV, M2 = 50 TeV and M3 = 100 TeV. Simultaneous
Boltzmann equations are solved for the decay of N1 and formation of B − L number
density nB−L which is converted to the baryon asymmetry of the Universe by the
sphaleron processes [1]. The results are shown in Fig. 40.3

40.6 Conclusion

We have used the scotogenic model with the extra scalar doublet coupled non-
minimally to gravity to simultaneously explain inflation, dark matter, baryogenesis
and neutrino masses. The inflationary parameters r and ns obtained in the model are
highly consistent with Planck 2018 results. After reheating, the remaining inflation
particles become part of the equilibrium to later freeze-out and become the dark
matter. The heavy SM-singlet fermions are used to generate masses for the SM neu-
trinos in conjunction with the inert doublet, thus combining inflation and dark matter
with neutrino masses. Further, the decays of the SM-singlet fermions into SM lepton
and the inert doublet particles become the source for a lepton asymmetry which is
converted to a baryon asymmetry by the sphaleron processes.
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Chapter 41
Fermion Singlet Dark Matter
in Scotogenic B-L Model

Debasish Borah, Dibyendu Nanda, Nimmala Narendra, and Narendra Sahu

Abstract We study the possibility of right-handed neutrino Dark Matter (DM) in a
gauged U (1)B−L × Z2 extension of the Standard Model (SM) which is augmented
by an additional scalar doublet, being odd under Z2 symmetry to explain the scoto-
genic radiative neutrinomasses. Due to lepton interactions, the right-handed neutrino
DM can have additional channels apart from the usual annihilations through scalar
and gauge portals, which give rise to much more allowed mass of DM from relic
abundance criteria. This enlarged parameter space is consistent with the neutrino
oscillation and relic density of DM. Due to the possibility of the Z2 odd scalar
doublet being the next to lightest stable particle (NLSP), one can have interesting
signatures like displaced vertex or disappearing charged tracks provided that the
mass splitting between DM and NLSP is small.

41.1 Introduction

Neutrino oscillation experiments confirmed that neutrinos have non-zero sub-eV
masses. Although these two problems appear to have a different origin, it is highly
appealing and economical to find a common origin. We note that this model was
proposed by the authors of [1] with limited discussions on right-handed neutrino
dark matter relic [2, 3]. In this model, we perform a more detailed study of right-
handed neutrino dark matter, pointing out all possible effects that can affect its
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relic abundance. Due to the existence of new Yukawa interactions, we find that the
parameter space giving rise to correct relic abundance [4] is much larger than the
resonance region MDM ≈ MZB−L/2 for usual right-handed neutrino DM inU (1)B−L

model. This is possible due to additional annihilation and co-annihilation channels
that arise due to Yukawa interactions. We also check the consistency of this enlarged
DM parameter space with constraints from lepton flavour violation (LFV), as well
as neutrino mass. Since the Z2 odd scalar doublet can be the next to lightest stable
particle (NLSP) in this case, it’s charged component can be sufficiently produced
at the Large Hadron Collider (LHC). Due to the possibility of small mass splitting
between NLSP and DM, as well as within the components of the Z2 odd scalar
doublet, we can have interesting signatures like displaced vertex or disappearing
charged track (DCT) which the LHC is searching for. We show that if the mass
splitting between the DM and NLSP is less than τ lepton mass, then we can get
displaced vertex upto 10cm. In addition to that, the parameter space also remains
sensitive to ongoing and near future experiments looking for lepton flavour violating
charged lepton decay like μ → eγ .

41.2 The Model

We extend theminimal gaugedU (1)B−L model by introducing an additional Z2 sym-
metry and a scalar doublet η. The right-handed neutrino and scalar doublet η are odd
under Z2 symmetry. We assume lightest one among Z2 odd sector particles to be N1,
hence a DM candidate. A singlet scalar χ is introduced in order to break theU (1)B−L

gauge symmetry spontaneously after aquiring a non-zero vacuum expectation value
(vev). The corresponding Lagrangian can be written as

LY =
3∑

j,k=1

−y jk� j L NkR η̃ − λ jk(N jR)c NkR χ + h.c − V (H, χ, η) (41.1)

where

V (H, χ, η) = −μ2
H H†H + λH (H†H)2 − μ2

χχ†χ + λχ (χ†χ)2 + μ2
ηη†η + λη(η†η)2

+ λHχ (H†H)(χ†χ) + λHη(H†H)(η†η) + λχη(χ†χ)(η†η)

+ λ1(η
†H)(H†η) + λ2

2

[
(H†η)2 + h.c.

]
(41.2)

where μ2
η > 0. The neutral component of only H, χ acquire non-zero VEV’s v and

u, respectively. Expanding around the VEV, we can write

H =
[

0
v+h√

2

]
, χ = u + s√

2
and η =

[
η+

ηR+iηI√
2

]
. (41.3)
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After diagonalising the SM Higgs and singlet scalar mixing matrix, we get the
mass eigenstates h1 and h2 as a linear combinations of h and s are h1 = h cos γ −
s sin γ, h2 = h sin γ + s cos γ .

41.3 Neutrino Mass

The Z2 symmetry forbids NR H̃ †L . However, the term: λ2
2 (H †η)2 allows us to get

radiative neutrino mass at one-loop level [5]. The one-loop expression for neutrino
mass is

(mν)i j =
∑

k

yik yk j Mk

32π2

[
M2

ηR

M2
ηR − M2

k

log

(
M2

ηR

M2
k

)
− M2

ηI

M2
ηI − M2

k

log

(
M2

ηI

M2
k

)]

(41.4)

where Mk is the right-handed neutrino mass. The 41.4 equivalently can be written
as (mν)i j ≡ (yTΛy)i j . Since the inputs from neutrino data are only in terms of the
mass squared differences and mixing angles, it is often useful to express the Yukawa
couplings in terms of light neutrino parameters. This is possible through the Casas-
Ibarra parametrisation [6] extended to radiative seesaw model [7] which allows us
to write the Yukawa couplings as

y = √
Λ

−1
R
√
mνU

†
PMNS. (41.5)

where R is a real orthogonal matrix. UPMNS is the leptonic mixing matrix.

41.4 Relic Density of N1 DM in Scotogenic B − L Model

Apart from usual annihilation contributions in minimalU (1)B−L model, there arises
fewmore annihilation and co-annihilation contributions after extending the model in
scotogenic fashion. We show the effects of co-annihilations on DM relic abundance
by considering different mass splittings δM1 = MNLSP − MN1 = 50, 100, 300, 500
GeV where NLSP is the scalar doublet η (and its components) and with the singlet
scalar-SM Higgs mixing sin γ = 0.1. The Yukawa couplings are generated through
the Casas-Ibarra parametrisation so that they satisfy the current experimental bounds
from solar and atmospheric mass squared differences and mixing angles. As can
be seen from Fig. 41.1, the co-annihilation effects can change the relic abundance
depending upon the mass splitting δM1 and λ11. In Fig. 41.1, allowing DM mass
away from the resonance regions.

To generate this plot, we fixed the h2 scalar mass and the MZB−L mass to be
Mh2 = 400 GeV and MZB−L = 2000 GeV, respectively. The gauge coupling is fixed
at gB−L = 0.035. Since the same Yukawa couplings also contribute to the charged
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Fig. 41.1 For differentmass splittings, the corresponding relic density and branching ratio Br(μ →
eγ ) as function of DM mass are shown in the left and right panel, respectively

Fig. 41.2 δM1 = Mη±,ηI − MN1 (left panel) and non-zero values of ye1 and yμ1 (right panel)
versus DMmass, which satisfy relic abundance, neutrinomass and LFV constraints. δM2 = MN2 −
MN1 = 2000 GeV, δM3 = MN3 − MN1 = 3000 GeV

lepton flavour violation. The corresponding scattered plot is shown in Fig. 41.1 and
has been comparedwith theMEG2016 boundBr(μ → eγ )=4.2× 10−13 in the plane
of Br(μ → eγ ) versus MN1 . We then show the allowed parameter space in the plane
of δM1 versusMN1 in Fig. 41.2 (left panel) that satisfies the constraints from observed
DMabundance, neutrinomass, as well as LFV constraints fromμ → eγ .We see that
for a given MN1 , relic density and LFV constraints can be satisfied in a large range
of δM1. We then consider the mass splitting in the range 0.5 MeV (electron mass) to
1.777 GeV (tau mass). We consider η-DM mass splitting to be below the tau lepton
mass threshold so that η± can decay to first two generation leptons giving displaced
vertex signatures if the Yukawa couplings are small. We allow ye1 and yμ1 to vary
within the range 10−8–10−5, while other Yukawa couplings are generated through
Casas-Ibarra parameterisation to obtain correct relic abundancewhile satisfying LFV
constraints. The results are shown in Fig. 41.2 (right panel) in terms of ye1, yμ1 versus
δM1. We see that as δM1 decreases, we need smaller and smaller ye1 and yμ1 values
to satisfy relic density and LFV constraints. For further details [8].
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41.5 Collider Signatures

The charged component of Z2 odd scalar doubler η can be the NLSP, while right-
handed neutrino is the LSP and it is a DM candidate. The decay width of η± can be
written as

Γη±→N1μ =
y2μ1

(
m2

η± − (mN1 + mμ)2
)

8mη±π

√

1 −
(
mN1 − mμ

m±
η

)2
√

1 −
(
mN1 + mμ

m±
η

)2

(41.6)
where yμ1 is the Yukawa coupling of the vertex η±N1μ. The decay length as a
function of η± mass for different values of yμ1 are given in Fig. 41.3 (left panel).
Another possibility arises when the mass splitting between η± and η0 is very small,
of the order of 100 MeV. For such mass splitting, the dominant decay mode of η±
can be η± → η0π±, if the corresponding Yukawa coupling of η±N1l vertex is kept
sufficiently small for the leptonic decay mode to be subdominant. The corresponding
decay width is given by

Γη±→η0π = f 2π g4

m4
W

(
m2

η± − m2
η0

)2

512mη±π

√

1 −
(
mη0 − mπ

m±
η

)2
√

1 −
(
mη0 + mπ

m±
η

)2

(41.7)
where fπ , g,mW are the form factor , gauge coupling andWbosonmass, respectively.
Such tiny decay width keeps the lifetime of η±

1 considerably long enough that it can
reach the detector before decaying. In the decay η± → η0π±, the final state pion

Fig. 41.3 Decay length corresponding to the pionic decay η± → η0 π± leading to DCT and its
comparison with the decay η± → N1 μ responsible for displaced vertex signature (left panel).
Decay length corresponding to the pionic decay η± → η0 π± for fixed mass splitting of 200 MeV
(left panel) and its comparison with the ATLAS bound for different benchmark values of mass
splitting (right panel)
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typically has very low momentum and it eventually decays into DM and a light
neutrino, hence remains invisible throughout. Therefore, it gives a signature where
a charged particle leaves a track in the inner part of the detector. The corresponding
decay length as a function of η± mass is shown in Fig.41.3 with a blue line.

41.6 Conclusions

We have studied a simple extension of the minimal gauged U (1)B−L with three
right-handed neutrinos in order to realise fermion singlet dark matter. The minimal
model is extended by a scalar doublet η and an additional Z2 symmetry so that the
right-handed neutrinos and η are odd under this Z2 symmetry. We studied the co-
annihilation effects and we constrain the parameter space from the requirements of
DM relic density, light neutrino masses and mixing, MEG 2016 bound on μ → eγ
and finally from the requirement of producing displaced vertex and disappearing
charge track signatures at the LHC.
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Chapter 42
Mixing Dynamics of Dimension-Five
Interactions (Scalar/Pseudoscalar-
Photon) in Magnetized Medium

Ankur Chaubey, Manoj K. Jaiswal, and Avijit K. Ganguly

Abstract In many extentions of standard model, dimension-5 scalar di-photon
(gγ γφφ FμνFμν ) or pseudoscalar di-photon (gγ γ aa F̃μνFμν , ) interaction material-
izes due to scale symmetry breaking or UA(1) symmetry breaking. In a magnetized
vacuum (i.e., in an external background field F̄μν), the transverse degrees of freedom
of the photons—for such systems—can be described in terms of the form factors con-
structed out of the background field strength tensor (F̄μν) and the same for dynamical

photon ( f μν); they happen to be F̄μν f μν and ˜̄Fμν f μν . These form factors transform
differently under CP transformation. While F̄μν f μν (describing polarization orthog-

onal to B (|γ|| >)) is CP even, the other one, ˜̄Fμν f μν (describing polarization along
B (|γ⊥ >), is CP odd. In the interaction Lagrangian, if the scalar is interchanged with
the pseudoscalar, the role of the two form factors just gets interchanged. Thus, for
nearly degenerate strengths of the coupling constants (gγ γφ and gγ γa ) and masses
(mφ andma) of the respective candidates, proper identification of one from the other
may become very difficult in laboratory or astrophysics based experiments. The basic
motivation of this investigation is to reduce this uncertainty through the incorpora-
tion of parity violating (originating through magnetized medium effects) part of the
photon self-energy in the effective Lagrangian. This step, in turn, affects the (Pseudo)
Scalar-Photon mixing dynamics drastically and brings out a significant change in the
spectrum of the electromagnetic beam undergoing such interaction.
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42.1 Introduction

Pseudoscalar particles like axions a(x) are common to be associatedwith the breaking
of chiral symmetries in many theories of unification (in physics beyond the standard
model) [1–9] through quantum effects; and so is also the case with the Goldstone
bosons of a spontaneously broken scale symmetry (dilaton) φ(x) [5, 6]. They both
have remained possible candidates of Dark matter for some times now. The interac-
tion dynamics of these exotic particles, i.e., scalars (φ(x)) or pseudoscalars (a(x))
with photon (γ ) is governed by Dim-5 operators gγ γφφFμνFμν or gγ γ aa F̃μνFμν .

The associated form factors F̄μν f μν and ˜̄Fμν f μν , for the transverse degrees of
freedom of the photons—in external background field F̄μν—for such systems have
different CP transformation properties. As a result, in the equation of motion, the
CP even form factor F̄μν f μν couples only to the CP even scalar field φ(x), while

the other CP odd one, ˜̄Fμν f μν , propagates freely. In other words, out of the three
available degrees of freedom, the mixing is between only two degrees of freedom—
having identical CP properties [10]. And most importantly: the mixing matrix is
2 × 2. On the other hand, for magnetized pseudoscalar photon system, the reverse

happens, i.e., the roles of the form factors F̄μν f μν and ˜̄Fμν f μν get interchanged.
Furthermore, the presenceof the external field compromises theLorentz symmetry

for both the systems identically. For an external magnetic field in the z direction (Bz),
except for rotational and boost symmetry around and along Bz , all other space-time
symmetries get compromised. This manifests itself by turning the vacuum into an
optically active and dichroic medium, for the photons [10–12] passing through such
region.Utilizing this, standard polarimetric observables like polarization or ellipticity
angle can be measured and used to determine the magnitude of the coupling constant
and mass gγ γφ and mφ for φ − γ γ system or gγ γ a and ma for a − γ γ system. This
process of determination is, however, subject to cross-correlated verification from
other experiments, for example, [13].

However, the 2 × 2 nature of the mixing matrix for both φ − (x)γ γ and
a − (x)γ γ system poses a problem, when the magnitude of the masses ma and
mφ , as well as the coupling constants (gγ γ a) and (gγ γφ) are close to each other. In
such a scenario, the identification of one from the other is difficult using the polari-
metric techniques. The reason being, as one moves from φ − (x)γ γ to a − (x)γ γ

system, the role of the two polarization form factors gets interchanged with each
other. As a result, the absolute magnitude of the ellipticity and polarization angle
remains the same. And the degree of polarization also remains insensitive to the
underlying theory.

The main motivation of this study is to explore other physical corrections, such
that the incorporation of them would eventually break the degeneracy in the 2 × 2
mixing pattern undergone by bothφ(x) − γ γ and a(x) − γ γ system in amagnetized
vacuum.

It so happens that, as one incorporates the parity violating part of photon-self-
energy-tensor (PSET), that appears once the effect of magnetized medium is incor-



42 Mixing Dynamics of Dimension-Five Interactions … 295

porated in the evaluation of PSET, in the effective Lagrangian of the system, the
apparent degeneracy in mixing gets lifted. This happens due to the discrete sym-
metries enjoyed by the respective form factors of the photon, as well as the scalar
or pseudoscalar field. With the incorporation of such effect, the mixing matrix for
φFμνFμν , type of interactions, turns out to be 3 × 3 and for aF̃μνFμν interaction the
mixing matrix is 4 × 4. That is there is the mixing of all four degrees of freedom—
three degrees of freedom of the in-medium photon and one degree of freedom of the
pseudoscalar, for a(x) − γ γ system.

42.2 Mixing Dynamics of Scalars and Pseudosclars in
Magnetized Plasma

The action for scalar photon system, as the quantum corrections due to ambient
medium and an external magnetic field eB are taken into account [14], turns out to
be

S =
∫

d4k

[
1

2
Aν(−k)

(
−k2 g̃μν + �μν(k) + �p

μν(k)
)
Aμ(k)

+igφγ γ φ(−k)F̄μνk
μAν(k) + 1

2
φ(−k)[k2 − m2]φ(k)

]
. (42.1)

Here �μν(k) is the in-medium polarization tensor and �
p
μν(k) the parity violat-

ing part of the same evaluated in a magnetized medium. One can get the same for
pseudoscalar/scalar-photon system from (42.1), by replacing φ(±k) by a(±k) and

F̄μν by
˜̄Fμν . Derivation of the equations of motions follows next.

42.2.1 Mixing Matrix of Scalar Photon Interaction

The equations of motion, of scalar-photon system follows from (42.1), given by

⎡
⎢⎣ k2I −

⎛
⎜⎝

ω2
p i

ω2
peB‖

(ωme)
−igφγ γ B⊥ω

−i
ω2

peB‖
(ωme)

ω2
p 0

igφγ γ B⊥ω 0 m2
φ

⎞
⎟⎠

⎤
⎥⎦

⎡
⎣ A‖(k)
A⊥(k)
φ(k)

⎤
⎦ = 0. (42.2)

The longitudinal degree of freedom doesn’t couple to anything, it propagates freely.
The same can be explained with the help of the discrete symmetries enjoyed by the
form factor associated with the longitudinal degree of freedom of the photon. Hence,
the mixing is between A‖(k), A⊥(k), and φ only. Where A‖(k), A⊥(k) are the form
factors associated with the degrees of freedom of photon those are—parallel and
perpendicular to the direction of magnetic field. We had obtained the solutions of
(42.2) by diagonalizing the mixing matrix.
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42.2.2 Mixing Matrix of Axion Photon Interaction

As before, the equations of motion for axion-photon system can be expressed in
matrix notation as

[
(ω2 + ∂2

z )I − M′]
⎛
⎜⎜⎝

A‖(k)
A⊥(k)
AL(k)
a(k)

⎞
⎟⎟⎠ = 0, (42.3)

where I is an identity matrix and matrix M′ is the 4 × 4 mixing matrix. The same,
in terms of its elements is given by

M′ =

⎛
⎜⎜⎜⎝

�T −�pN1N2Pμνb(1)μ I ν 0 0

�pN1N2Pμνb(1)μ I ν �T 0 −igaγ γ N2b
(2)
μ Iμ

0 0 �L −igaγ γ NLb
(2)
μ ũμ

0 igaγ γ N2b
(2)
μ Iμ igaγ γ NLb

(2)
μ ũμ m2

a

⎞
⎟⎟⎟⎠ .

(42.4)
We note that, projection operator Pμν appearing in the M ′

12 and M ′
21 elements of the

mixing matrix M ′ is a complex one, that makes the matrix M ′ a hermitian matrix,
that is expected even otherwise on general grounds.

It is also important to note that for pseudoscalar-photon interaction, because of
discrete symmetry considerations (PT symmetry to be specific ), the form factor
associated with longitudinal degree of freedom remains coupled with pseudoscalar
field. Hence, the mixing matrix becomes 4 × 4. Therefore, the mixing dynamics for
these two systems with incorporation of parity violating medium effect turns out to
be completely different. Due to this, the identification of one from the other using
polarimetric observables may become lot easier.

42.3 Optical Observables

Properties of polarized light waves can be described in terms of the Stokes parame-
ters evaluated from the coherency matrix. The same is constructed from the solutions
of the field equations; and is given by

D′(z) =
(

< A‖(ω, z)A∗
‖(ω, z) > < A‖(ω, z)A∗

⊥(ω, z) >

< A⊥(ω, z)A∗
‖(ω, z) > < A⊥(ω, z)A∗

⊥(ω, z) >

)
. (42.5)

In (42.5) above, <> represent the ensemble averages. The Stokes parameters are
obtained from the elements of the coherency matrix by the following identifi-
cations: I = D′

11(z) + D′
22(z), Q = D′

11(z) − D′
22(z) , U = 2Re D′

12(z), and V =
2Im D′

12(z).
The estimates of the other optical parameters, i.e., ellipticity angle, polarization

angle, degree of linear polarization, degree of total polarization, follows from the
expressions of I, U, Q, and V. The expressions for the polarization angle and ellip-
ticity angle associated with an electromagnetic wave are provided below.
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42.3.1 Polarization Angle & Ellipticity Angle

Polarization angle (represented by �) is the angle between major and minor axis of
ellipse, defined in terms of stokes parameters U and Q, is given by

tan(2�) = U(ω, z)

Q(ω, z)
. (42.6)

The ellipticity angle (denoted by χ ) is defined in terms of the same parameters as

tan(2χ) = V(ω, z)√
Q2(ω, z) + U2(ω, z)

. (42.7)

42.4 Results and Conclusions

Unlike polarization angle, the ellipticity angle remains invariant under rotation of the
axes. So we have compared the magnitude of the ellipticity angle produced through
axion-photon, as well as scalar-photon interaction, in the vicinity of a strongly mag-
netized compact astrophysical source. The parameters, that we have considered for

Fig. 42.1 Plot for ellipcity angle versus energy in case of coupled photon-axion system. The
abscissa of the plot, in the inset is, in units of 10−5 GeV
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the system are as follows: plasma frequency ωp = 1.6 × 10−10 GeV, coupling con-
stants gγ γ a = gγ γφ =10−11GeV−1 and mass ma and mφ both close to zero. The
magnetic field is taken to be B = 1012 Gauss and the path length considered here
is 2.5Km. The numerical estimates of the ellipticity angle for the two systems are
plotted in, Fig. 42.1.

As can be seen in the plot that—for the values of the parameters chosen here—the
numerical magnitudes of the angle for the aγ and φγ system, are extremely close
to each other. However, there is some departure, that can be seen in the inset of Fig.
42.1. In the energy range of 1 × 10−5 GeV to 1.5 × 10−5 GeV, there is some visible
difference in the ellipticity angle between axion photon and scalar photon systems.
For energies close 1 × 10−5 GeV the difference is around 3 × 10−7 rad. Though this
is little less for current sensitivity available for the detectors, however, we hope that
the future detectors would have similar sensitivity to resolve this difference and shed
light on the values of the parameters like gγ γφ or gγ γ a and mφ or ma . Studies along
this direction are currently under progress and would be communicated elsewhere
shortly.
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Chapter 43
Late Time Cosmology with Viscous
Self-interacting Dark Matter

Arvind Kumar Mishra, Jitesh R. Bhatt, and Abhishek Atreya

Abstract Self-interacting dark matter (SIDM) is an intriguing possibility to address
the small scale problems faced by the collisionless cold dark matter. The self inter-
action between the dark matter (DM) particles can lead to viscosity. At late times,
this viscosity can become strong enough to account for the present observed cos-
mic acceleration, and hence mimic the dark energy. In this work, using a power law
form of the average peculiar velocity gradient of the DM, we calculate the Hubble
expansion rate and the deceleration parameter for small redshifts (0 ≤ z ≤ 2.5). We
then estimate the model parameters from χ2 analysis and argue that the dissipational
effect of viscous SIDM is small at the early times and become prominent at the late
time. Later, we match our viscous SIDMmodel with the small redshift data and find
that this model explains the data very well. Our analysis is independent of any SIDM
particle Physics model.

43.1 Introduction

The observations suggest that the collisionless cold dark matter (CDM) paradigm
works well on the large cosmological scales but fail to explain the small scale data.
It has been argued that since the problems are related to the small length scale, hence
including the baryonic physics at the small scale could possibily resolve the tensions.
But whether the baryonic mechanism can ameliorate all the problems or not is still
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under debate. For a recent review on small scale issues and their possible solutions,
see [1].

Further, it has been suggested that instead of the collisionless dark matter, if the
dark matter is self-interacting, then it can potentially solve the small scale issues [2].
For this, the dark matter scattering cross section should be mildly dependent on the
DM velocity [3]. The beauty of SIDM lies in the fact that at the small scales, it solves
the crisis by contributing sufficiently large self interaction, but on the large scales,
it behaves like collisionless dark matter and respects the success of the standard
cosmology.

43.2 SIDM Viscosity and Late Time Accelerated Expansion

The collisional nature of SIDM particles on the small scale suggests that the SIDM
fluid can contribute to the cosmic viscosity. The origin of viscous coefficients is
attributed to the self interaction between the DM particles. In order to calculate the
SIDM viscosity, we use the kinetic theory in the relaxation time approximation.
Using the non-relativistic Maxwell–Boltzmann distribution function and rest frame
of fluid velocity, the shear, η and bulk viscous coefficient, ζ can be obtained as
[4, 5]

η = 1.18

3

m〈v〉2
〈σv〉 (43.1)

and ζ = 5.9

9

m〈v〉2
〈σv〉 , (43.2)

where m, n, 〈v〉 and 〈σv〉 represents the DMmass, average number density, average
velocity, and velocity weighted cross section average, respectively. We refer [6] for
a review on the cosmic viscosity for late and early time cosmology and [7] for the
recent constraints on the DM viscosity.

In order to study the effect of the SIDM viscosity, we need to set up the equation
for cosmic evolution. In the Landau frame and first-order gradient expansion, the
energy–momentum tensor for the viscous SIDM, T μν can be obtained as

T μν = εuμuν + (P + �B)	μν + �μν, (43.3)

where ε, P and uμ corresponds for the energy density, kinetic pressure and four
velocity of the SIDM particle. Also, 	μν = uμuν + gμν is the projection operator
that satisfy, uμ	μν = uν	

μν = 0. Further, the �B and �μν represent the bulk and
shear stress tensor, which are defined as

�B = −ζ∇μu
μ (43.4)
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and �μν = −η

[
	μα	νβ + 	μβ	να − 2

3
	μν	αβ

]
∇αuβ . (43.5)

Further, equippedwith the knowledge of T μν , one can get the evolution equation of
the energy density using the energy–momentum conservation equation, ∇μT μν = 0
as [8]

1

a
〈ε̇〉s + 3H

[〈ε〉s + 〈P〉s − 3〈ζ 〉s H
] = D , (43.6a)

where the D contains the information about SIDM viscous effect and given by

D = 1

a2
〈η

[
∂iv j∂iv j + ∂iv j∂ jvi − 2

3
∂ivi∂ jv j

]
〉s + 1

a2
〈ζ [∇ · v]2〉s + 1

a
〈v · ∇(P − 6ζH)〉s .

(43.6b)
In the above expression 〈A〉s represent the spatial average of A. Here, we consider the
convention for denoting differentiation Ȧ ≡ d A

dτ
and A′ ≡ d A

dz . Furthermore, the evo-
lution equation for the Hubble expansion rate is estimated using the spatial average
of the trace Einstein’s equation, 〈Gμ

μ〉s = −8πG〈T μ
μ 〉. This gives [8]

Ḣ

a
+ 2H 2 = 4πG〈ε〉s

3

(
1 − 3ŵeff

)
, (43.7)

where the effective equation of state, ŵeff is defined as 〈P〉s + 〈�B〉s = ŵeff〈ε〉s .
To study the late time cosmic evolution, we derive the equation for the deceleration
parameter, q, which can be defined in terms of the dimensionless parameter H̄ =
H/H0, where H0 is the present Hubble parameter, i.e., H(z = 0) = H0, as

q(z) = −1 + (1 + z)
H̄ ′

H̄
. (43.8)

Thus, applying the (43.6a ) and (43.7), we get the equation for q as [8]

− dq

d ln a
+ 2(q − 1)

[
q − (1 + 3ŵeff)

2

]
= 4πGD

3H 3

(
1 − 3ŵeff

)
. (43.9)

From the above equation, it becomes clear that the dynamics of q will depend on
D. For sufficiently large values of the velocity gradient and viscosity, D becomes
large and hence modifies the cosmic evolution. In the assumption | − dq

d ln a | � 1,
the condition for the accelerated expansion from (43.9) is given as

4πGD

3 H 3
>

1 + 3ŵeff

1 − ŵeff
, (43.10)

where ŵeff 	= 1. Thus, in order to study the dynamics of the Universe, we need to
estimate the dissipation term D.
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43.3 Calculation of D and Cosmic Evolution

To calculate the D term from the (43.6b), we use the following assumptions as
discussed in [5]: (1) SIDM is cold, i.e., ŵeff ≈ 0. (2) The viscous coefficients η and
ζ depends on the thermalization scale, which will be decided by the mean free path
calculation. The mean free path of the SIDM particle in the dilute gas approximation
is λSIDM ∼ 109(1/ρ)(m/σ) kpc, where σ/m is in cm2/g and ρ is in M�kpc−3 [4].
For cluster scale, λSIDM ∼ 1 Mpc, which is order of the cluster size. But for the
galaxy scale, the λSIDM ∼ 1 MPc, but the size of the galaxy ∼ 10 Kpc scale. Thus,
we find that for SIDM, the fluid hydrodynamics will be valid only on the cluster to
a larger scale. Hence, all the averaging and viscosity calculation should be done at
least on the cluster scale. (3) The cluster scale has virialized and hence viscosities are
fixed into the redshift range 0 ≤ z ≤ 2.5. (4) The velocity gradients are defined on
the scale larger than the hydrodynamic scales. We replace the velocity gradient from
the average and to study their evolution into the range of our interest 0 ≤ z ≤ 2.5,
we consider its form as power law [5]

〈∂v〉s ∼ v0

L
(1 + z)−n , (43.11)

where n ≥ 0 is free parameter and v0 corresponds to fluid velocity.
Thus, using the above assumptions and from (43.6b), the D term simplifies as

D = (
1 + z

)2 (
v0

L(1 + z)n

)2 (
4

3
η + 2ζ

)
. (43.12)

Hence, using (43.12) in (43.9), we get the simplified equation for the q as

dq

dz
+ (q − 1) (2q − 1)

(1 + z)
= β

(
1 + z

H̄ 3

)
, (43.13)

where β is the new dissipation parameter defined as

β = 3.88 × 1013
[
100hkm/(sec-Mpc)

H0

]3 [
(cm2/gm) km/sec

〈σv〉 /m

]( 〈v〉
c

)2 (
Mpc

L

)2 (
v0/c

(1 + z)n

)2
.

(43.14)
where H0 = 100h km/(sec-Mpc) and h = 0.715 and c is speed of light. Also the
cluster scale velocity, 〈v〉

c = 10−2

3 , 〈σv〉
m from [3] and fluid velocity is taken as the

supercluster scale velocity, i.e., v0/c = 2 × 10−2.
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Fig. 43.1 The joint
confidence region of model
parameters n and L have
been plotted. The region
correspond to 68.3, 95.4 and
99.73% confidence limits.
The best fit value is shown as
a point. The plot is taken
from the Ref. [5]

43.4 Estimation of Model Parameters

In order to study the cosmic evolution, we solve the coupled differential equations
(43.8) and (43.13), with the initial conditions at present, H̄(z = 0) = 1 and q0 =
−0.60 [9]. We thus find that the solution depends on the two parameters, n and L .
To estimate theses parameters, we use χ2 analysis with the cosmic chronometer data
set [10]. The χ2 is defined by

χ2(z, n, L) =
N∑
i=1

[
Hobs(zi ) − Hth(zi , n, L)

σi

]2

. (43.15)

Here Hobs(zi ),Hth(zi , n, L) corresponds to the i th observational Hubble data and the
theoretically predicted value for Hubble expansion rate and variance, respectively.
Here N is total number of chronometer data points. The model parameters can be
obtained from the χ2 minimization. The quantity χ2 per degree of freedom χ2

d.o.f =
χ2
min

N−M , where M is the number of parameters.
In Fig. 43.2, we plot the regions corresponding to 68.3% (red solid), 95.4% (black

dashed) and 99.73% (blue dotted) confidence limits and the best fit values as a point.
Also, the χ2

min , χ
2
d.o.f , 1 − σ values and the best fit values of parameters (n, L) are

listed in Table 43.1.

43.5 Results and Discussions

In this section, we will use the best fit values of the model parameters to study the
late time cosmology. In Fig. 43.1a, we have fitted the supernovae (SN) data [11, 12]
from the best fit model parameters of viscous SIDM model (red solid line) and also
compared with the case when the velocity gradients are constant with the redshift,
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Fig. 43.2 In Fig. 43.2 (a), the SN data is plotted with the best fit model parameters and constant
velocity gradient. In Fig. 43.2 (b), the q is plotted for best fit model parameters, constant velocity
gradient and �CDM model. The plot suggests that the best fit model parameters explain the SN
data and attain the correct value of q on large redshift. The plots are taken from the Ref. [5]

Table 43.1 The best fit model parameter

Data set 1-σ χ2
min χ2

d.o.f Best fit values

Cosmic chronometer 0.5083 ≤ 0.5770 ≤
0.6513

22.0207 0.6116 n = 0.5770

19.8002 ≤ 20.1265 ≤
20.4416

L = 20.1265 Mpc

i.e., n = 0 (blue dashed line). We find that on the large redshift the best fit model
differs from the constant velocity gradientmodel and explain the SNdata comparably
better.

Further, in Fig. 43.1b, we have also plotted the deceleration parameter for both
the best fit model parameters (red solid line) and constant velocity gradient with
the redshift (blue dashed line) and compare with the standard �CDM model (black
dotted line). We see that that the best fit model obtained the correct value of q at
large redshift and matches with the�CDMmodel very well but the constant velocity
gradient with the redshift doesn’t. Here we also note that at present time, i.e., z = 0,
the β = 4πGD/3H 3

0 ≈ 4.1. Hence, from (43.10), it is clear that the viscosity may
cause to present observed cosmic acceleration.

43.6 Conclusion

Self-interacting dark matter can solve the small scale problems through dark matter
scattering and also leads to the bulk and shear viscosity. The effect of the viscos-
ity becomes prominent at late time and modify the cosmic evolution. At present,
the contribution of these viscous effect becomes large and hence create the acceler-
ated expansion of the Universe. In this work, we have studied the late time cosmic
evolution within the framework of the viscous SIDM model.



43 Late Time Cosmology with Viscous Self-interacting Dark Matter 305

Assuming the cluster scale as a virialized structure at redshift range of our interest
and the SIDM viscosity to be constant, we study the cosmic evolution for the power
law form of the average velocity gradient. To find the values of model parameters,
we apply the χ2 analysis. The best fit values of the model parameters suggest that the
average velocity gradient and hence the viscous dissipation decreases at earlier times
(at large redshift). This explains the low redshift observation such as supernova data
and also produces the correct value of the deceleration parameter at large redshift.

Thus,we conclude that the viscous SIDMmodel can produce low redshift observa-
tions and produce the correct value of the cosmic acceleration without any necessary
of the extra dark energy component.
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Chapter 44
Constraining Axion Mass from Cooling
of Neutron Star

Avik Paul and Debasish Majumdar

Abstract Neutron star cooling takes place generally via the neutrino and gamma
emissions. Here additionally we studied the cooling of neutron star through axion
emission via the nucleon-nucleon axion bremsstrahlung processes. We consider the
nature of cooling of neutron star including the nucleon-nucleon axion bremsstrahlung
process for both the degenerate and non-degenerate cases. The effect of axion cooling
is demonstrated through the variation of luminositywith time and variation of surface
temperature with time. The thermal evolution of a neutron star is discussed with two
neutron star masses (1.4, 1.8 M�) and for each of the cases we consider three axion
masses namelyma = 10−5 eV, 10−3 eV, 10−2 eV. The results are compared with the
case when the neutron star is cooled only by neutrino and gamma emissions and no
axion induced cooling is considered. We use three data points from the observations
of pulsars namely PSR B0656+14, Geminga, and PSR B1055-52 and compared
these with the cooling curve obtained from our calculations. From these analyses,
we derive an upper bound on axion mass limit to be ma ≤ 10−3 eV, which indicates
that the axion decay constant fa ≥ 0.6 × 1010 GeV.

44.1 Introduction

Cooling of a neutron star (NS) generally takes place via the emission of photons
and neutrinos [1]. Several studies have indicated that axions can also be emitted
from a NS in addition to photon and neutrino and affects the cooling processes of
the NS [2, 3]. Axions are pseudo Nambu-Goldstone bosons arise out of the Peccei-
Quinn (PQ) solution of strong CP problem [4] of QCD Lagrangian where a chiral
U(1)A symmetry is introducedwhich is spontaneously broken at the PQ energy scale.

A. Paul (B) · D. Majumdar
Astroparticle Physics and Cosmology Division, Saha Institute of Nuclear Physics, HBNI,
1/AF Bidhannagar, Kolkata 700064, India
e-mail: avik.paul@saha.ac.in

D. Majumdar
e-mail: debasish.majumdar@saha.ac.in

© Springer Nature Singapore Pte Ltd. 2021
P. K. Behera et al. (eds.), XXIII DAE High Energy Physics Symposium,
Springer Proceedings in Physics 261,
https://doi.org/10.1007/978-981-33-4408-2_44

307

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4408-2_44&domain=pdf
mailto:avik.paul@saha.ac.in
mailto:debasish.majumdar@saha.ac.in
https://doi.org/10.1007/978-981-33-4408-2_44


308 A. Paul and D. Majumdar

Axions are related to the various processes in astrophysics and cosmology. They can
also be a particle candidate of dark matter in the Universe. Due to small couplings
of axion with photons, nucleons, and electrons, they can be produced inside a NS
and also can escape freely from the star. In this work, we consider the nucleon-
nucleon axion bremsstrahlung process for the axion production in the interior of the
NS. We calculate the axion energy loss rate for two cases namely degenerate and
non-degenerate limits. We obtain the energy loss rate of NS as a function of time,
and also the variation of temperature with time for the cases without axion and with
axion in addition to neutrinos and photons. From these analyses, we find that the
axion emission effects significantly on the cooling of neutron star when axion mass
is ∼10−5 eV and higher.

44.2 Formalism

The Hamiltonian for the interaction of nucleons with the axions can be expressed
as [5]

Hint = −CN

2 fa
ψNγμγ5ψN∂μa, (44.1)

where CN denotes dimensionless model dependent coupling constant, fa represents
the PQ energy scale for axions, the ψN is the nucleon Dirac fields, where N can be
a proton p or a neutron n, and “a" denotes the axion field. Due to axion-nucleon
coupling, axion can be produced inside the neutron star by nucleon-nucleon axion
bremsstrahlung process N + N → N + N + a and can escape freely from the star.
In this axion emitting process, nucleons are interacting through one-pion exchange
(OPE) potential. The expressions of the spin-summed squared matrix element for
the pure processes nn → nn + a and pp → pp + a are given as [6]

∑

spins

‖M‖2NN = 16(4π)3α2
παa

3mN
2

[(
K2

K2 + m2
π

)2

+
(

l2

l2 + m2
π

)2

+
K2l2 − 3

(
K.l

)2

(K2 + m2
π)(l2 + m2

π)

]
,

(44.2)
where mN represents the nucleon mass, mπ denotes the pion mass, axion-nucleon
“fine-structure constant" αa≡(CNmN/ fa)2/4π=g2aN/4π, where gaN = (CNmN/ fa)
is the axion-nucleon coupling constant, the pion-nucleon “fine-structure constant"
απ ≡ ( f 2mN/mπ)

2/4π ≈ 17 with the pion-nucleon coupling f ≈ 1.05. In 44.2
K = p2 − p4 and l = p2 − p3 where pi ’s are the momenta of the nucleons Ni .
The expressions of the spin-summed squared matrix element for “mixed" process
np → np + a is given as [6]
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∑

spins

|M|2np = 256π2α2
π

3mN
2

(gan + gap)
2

4

[
2

(
l2

l2 + m2
π

)2

−
4

(
K.l

)2

(K2 + m2
π)(l2 + m2

π)

]

+256π2α2
π

3mN
2

(g2an + g2ap)

2

[(
K2

K2 + m2
π

)2

+ 2

(
l2

l2 + m2
π

)2

+ 2
K2l2 −

(
K.l

)2

(K2 + m2
π)(l2 + m2

π)

]
.

(44.3)

In order to obtain the axion energy loss rate per unit volume, one needs to perform
the phase-space integration which has the following form [5]:

Qa =
∫

d3Ka

2ωa(2π)3
ωa

∫ 4∏

i=1

d3Pi

2Ei (2π)3
f1 f2(1 − f3)(1 − f4)

×(2π)4δ4(P1 + P2 − P3 − P4 − Ka)S
∑

spins

| M |2NN ,

(44.4)

where Ka is the four-momentum of the axion, fi ’s are the occupation numbers for the
nucleons Ni ’s. In 44.4, for identical particles in the initial and final states S = 1/4 for
pure processes and S = 1 for mixed processes. In this work, we consider degenerate
and non-degenerate limits for the above mentioned axion emission processes and the
simplified expressions for the axion energy loss rate are furnished below.

44.2.1 Non-degenerate Limit

In the Non-degenerate (ND) limit [6] (β ≡ 3〈(K̂.l̂)2〉 = 1.3078) total energy loss
rate per unit volume Qa using 44.2–44.4 is simplified as [7]

QND
a = 32

105
ξ(T )

α2
πn

2
BT

7/2

m9/2
N π3/2

g2ND, (44.5)

where gND =
(
Y 2
n g̃2nn + Y 2

p g̃
2
pp + 4YnYp g̃

2
np

)
is the total effective axion-nucleon

coupling constant for the non-degenerate limit where Yp and Yn are the proton and
neutron number fractions, respectively. Using the numerical values of Yp ≈ 0.1,

Yn ≈ 0.9, ξ(T ) ≈ 0.5 and with the relation ma = 6¯eV

(
1012GeV

fa

)
the values of

gND can be calculated numerically as

gND = 4.71 × 10−8
(ma

eV

)
. (44.6)

Using the above relation for gND, the axion energy loss rate per unit volume (44.5)
has the following form:
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QND
a = 2.90166 × 1031 erg cm−3 yr−1 T 3.5

9 ρ212 m
2
eV (44.7)

where meV ≡ ma/eV, T9 ≡ T/109K , and ρ12 ≡ ρ

1012g/cm3
= nBmN where nB is

the nucleon (baryon) density.

44.2.2 Degenerate Limit

In the degenerate (D) limit [6] (β = 0) total energy loss rate per unit volume Qa

using 44.2–44.4 is simplified as [7]

QD
a = 31π5/3(3nB)

1/3α2
πT

6

3780m2
N

g2D, (44.8)

where gD =
(
Y 1/3
n F(Yn)g̃2an + Y 1/3

p F(Yp)g̃
2
ap + Y 1/3

np F(Ynp)g̃2np
)
is the total effec-

tive axion-nucleon coupling constant for the degenerate limit where F(u) (u =
Ynp,Yp,Yn) has the following form [5]:

F(u)=1 − 5u

6
arctan

(
2

u

)
+ u2

3(u2 + 4)
+ u2

6
√
2u2 + 4

× arctan

(
2
√
2u2 + 4

u2

)
.

(44.9)
In the above u = mπ/pF,N and in this degenerate limit (ρB ≈ 2ρnuc) it’s value is
approximated as u ≈ 0.32Y−1/3

N . We calculate the values of F(u) for the pure and
mixed processes by considering the numerical values of nucleon number fractions
Yp = 0.01, Yn = 0.99 and Ynp = 0.06 and found F(Yn) ≈ 0.64, F(Yp) ≈ 0.12 and
F(Ynp) ≈ 0.31. With the above values, the effective coupling constant gD can be
calculated as

gD = 2.04 × 10−8
(ma

eV

)
. (44.10)

Using 44.8 and 44.10, the axion energy loss rate per unit volume for the degenerate
limit reduces to

QD
a = 4.84244 × 1030 erg cm−3 yr−1 T 6

9 m2
eV

( ρNS

ρnuc

)1/3
(44.11)

where ρNS denotes the neutron star density, ρnuc refers the nuclear density, meV ≡
ma/eV and T9 ≡ T/109K.
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44.2.3 Neutron Star Cooling

One can calculate the thermal evolution of the neutron star by solving the energy
balance equation for the neutron star which can be written as [2]

dEth

dt
= Cv

dT

dt
= −Lν(T ) − La(T ) − Lγ(Te), (44.12)

where Eth denotes the thermal energy content of the star, T is the internal temper-
ature, Te is the effective temperature of the NS and Cv represents the specific heat
capacity of the core. The quantities Lν , La and Lγ are the neutrino, axion and photon
luminosities, respectively, from the bulk of the NS. Several neutrino emitting pro-
cesses contribute in the cooling of neutron stars. In the present work, we used the
NSCool code [8] for calculating the neutrino and axion luminosities.

44.3 Calculations and Results

The thermal evolution of neutron star is computed by using NSCool numerical code
for studying the effect of axion emission on the cooling of NSs. For the equation of
state (EOS), we adopt Akmal-Pandharipande-Ravenhall (APR) EOS [9]. We have
chosen two different masses for the neutron stars namely 1.4M� and 1.8M� and
consider three axion masses namely ma = 10−5eV, 10−3eV, and 10−2eV in our
calculations. In Fig. 44.1, we plot the variation of luminosity with time while in
Fig. 44.2, variation of temperature with time are shown for both the degenerate and
non-degenerate cases. We compare our theoretical cooling curves with the obserrva-
tional data of three pulsars namely PSR B0656+14, Geminga, and PSR B1055-52.
These observational data are shown by dots with error bars in the Figs. 44.1–44.2.
For the NS mass 1.4M� the observational data points (PSR B0656+14, Geminga)
barely agree with these variations while for the higher NS mass of 1.8M� these
observational data points agree better with the theoretical calculations. In Fig. 44.3,
we compare the two cases namely degenerate and non-degenerate limits for 1.4M�
NS with the axion mass of 10−3eV. From Fig. 44.3 it can be seen that the cooling
patterns for the two cases are different.

Fig. 44.1 Variation of luminosity with time for M = 1.4M� and M = 1.4M� with axion masses
ma = 0eV, 10−5eV, 10−3eV, 10−2eV (from top to bottom). The theoretical cooling curves are
compared with the observational data of three pulsars namely PSR B0656+14, Geminga, and PSR
B1055-52 shown by dots with error bars from left to right in each plot. (Reproduced from Avik
Paul et al., Pramana 92, 44 (2019))
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Fig. 44.2 Variation of temperaturewith time using the same conditions as in Fig. 44.1. (Reproduced
from Avik Paul et al., Pramana 92, 44 (2019))

Fig. 44.3 Comparision between degenerate and non-degenerate cases with M = 1.4M� and
ma=10−3eV. (Reproduced from Avik Paul et al., Pramana 92, 44 (2019))

44.4 Summary and Discussions

In this work, we explore the nature of cooling of neutron star due to axion emission by
nucleon-nucleon axion bremsstrahlung process from the NS.We calculate axion loss
rate for both the degenerate and non-degenerate cases. We demonstrate the thermal
evolution of NS by calculating the variations of luminosity with time, as well as the
variation of temperature of the NS with time. We have performed the calculations
with considering three axion masses, namely 10−5eV, 10−3eV, and 10−2eV and
two neutron star masses of 1.4M� and 1.8M�. We also adopt the APR equation of
state for our calculations. We have compared our results with observational data of
three pulsars namely PSR B0656+14, Geminga, and PSR B1055-52. We find that
the emission of axions from the NS affects the cooling of NS through other emission
processes gamma rays and neutrinos. We also find that the form of cooling curves
are different for the degenerate and non-degenerate cases. From these analyses, we
derive an upper bound on axionmassesma ≤ 10−3 eVwhich indicates that the decay
constant fa ≥ 0.6 × 1010GeV.
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Chapter 45
Constraining Kähler Moduli Inflation
from CMB Observations

Mayukh Raj Gangopadhyay and Sukannya Bhattacharya

Abstract In models of inflation motivated by string theory, moduli vacuum mis-
alignment leads to an epoch in the post-inflationary history of the universe when
the energy density is dominated by cold moduli particles. This modifies the num-
ber of e-foldings (Npivot) between horizon exit of the CMB modes and the end of
inflation. Taking Kähler moduli inflation as a case, the shift in e-foldings is deter-
mined as a function of the model parameters which also determines the inflation-
ary observables. The scenario is studied in detail and confronted with the latest
Planck+BICEP2/Keck array data. We advocated a careful consideration of any post-
inflationary non-standard epoch and the effects of reheating in the era of precision
cosmology.

45.1 Introduction

In cosmology Inflation is described as the rapid exponential expansion of the universe
after the big bang. Inflation is a necessary add-on to the statndard Big Bang model to
describe the observed universe. Intense efforts are to probe the Cosmic Microwave
Background (CMB) for tensor modes and non-Gaussianity ( fnl). Observations of
these will strengthen the support for the inflationary paradigm. There are programs to
measure the spectral tilt of scalarmodes (ns)with greater accuracy are being planned.
The ground-basedCMB-S4 experiment [1], theLiteBIRD satellite [2], and theCORE
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satellite [3] can significantly reduce the uncertainty in the measurement of ns . Th
standard procedure to constrainmodel of inflation is to express the parameters such as
ns , r , and fnl and to compare with the observed values from CMB fluctuations. This
is the general procedure followed by the Planck collaboration to obtain constraints
on several inflation models [4]. In this methodology, it is important to remember that
the observables need to be calculated at certain e-folds back (Npivot) from the end
of inflation when CMB modes go outside the horizon. Thus, in this era of precision
cosmology, it is very important to precisely predict Npivot for the model of inflation
in question.

To constrain a particular model of inflation with data, a robust approach was
developed in [5] where one takes the coefficients of the inflation potential and the
parametrisation of the reheating epoch as the ‘model inputs’. Observational predic-
tions are examined directly in terms of the coefficients of the potential; estimates
and errors for the coefficients of the potential are directly obtained. One of the ways,
this can be achieved is by making use of ModeChord which provides a numerical
evaluation of the inflationary perturbation spectrum taking the potential coefficients
as input; which is then used as a plug-in for CAMB [7] and CosmoMC [8]. The
parameters are then estimated using a nested sampling method [9].

The inflationary models are sensitive to the ultraviolet degrees of freedom. Thus
to embed this paradigm in a ultraviolet complete theory is more realistic, and string
theory being the best of hope for such makes it very important to study string infla-
tionary models in great detail. The compactifications of large dimensions in string
theory is related to the massless moduli fields (see, e.g., [10]). The volume misalign-
ment of such fields leads to non-standard cosmological history. The most interesting
effect of such an era is the change of effective number of Npivot which has depen-
dence on themodel parameters. Given this, a complete numerical methodology using
ModeChord+CosmoMC is carried out in [11].

45.2 Theoretical Framework

We begin by briefly reviewing Kähler moduli inflation, the reader should consult
[12] for further details. Kähler moduli inflation is set in the Large Volume Scenario
(LVS) for moduli stabilisation of IIB flux compactification [13].

The simplest models of LVS are the ones in which the volume of the Calabi-Yau

takes the Swiss-cheese form: V = α

(
τ
3/2
1 − ∑n

i=2 λiτ
3/2
i

)
. τ1; the moduli τ2, ..., τn

are blow-up modes and correspond to the size of the holes in the compactification.
The potential for the scalars in the regime V � 1 and τ1 � τi (for i > 1) is
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VLVS =
n∑

i=2

8(ai Ai )
2√τi

3Vλi
e−2ai τi −

n∑
i=2

4ai AiW0

V2
τi e

−ai τi

+ 3ξ̂W 2
0

4V3
+ D

Vγ
. (45.1)

Here Ai , ai are the pre-factors and coefficients in the exponents of the non-
perturbative terms in the superpotential and W0 is the vacuum expectation value
of flux superpotential. The uplift term is Vup = D

Vγ with D > 0, 1 ≤ γ ≤ 3.
Integrating out the heavy directions and canonically normalising the inflaton ( σ ),

the potential (in Planck units) is

V = gs

8π

(
V0 − 4W0an An

V2
in

(
3Vin

4λn

)2/3

σ 4/3

× exp

[
−an

(
3Vin

4λn

)2/3

σ 4/3

] )
, (45.2)

where
σ

Mpl
=

√
4λn

3Vin
τ

3
4
n with V0 = W

¯
2
0

V3
in

. (45.3)

Vin is the value of the volume during inflation and β = 3
2λna

−3/2
n (lnV)3/2. Phe-

nomenological considerations put the volume atVin ≈ 105 − 107. Vacuummisalign-
ment and the resulting post-inflationary moduli dynamics in this model was studied
in detail in [14], During inflation, the volume modulus gets displaced from its global
minimum. Thus an epoch in the post-inflationary history in which the energy density
is dominated by cold moduli particles is unavoidable. The number of e-foldings that
the universe undergoes in this epoch is [14]

Nmod = 2

3
ln

(
16πa2/3n V5/2Y 4

10λn(lnV)1/2

)
. (45.4)

The presence of this epoch reduces the number of e-foldings between horizon exit
of the pivot mode and the end of inflation by an amount 1

4Nmod.

45.3 Methodology Of Analysis

For an inflationary scenario with instantaneous reheating (IRH) where the universe
goes to radiation domination instantly after inflation, the number of e-foldings at the
pivot scale is given by [6]
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N IRH
pivot = 55.75 − log

[
1016Gev

V1/4
pivot

]
+ log

[
V 1/4
pivot

V 1/4
end

]
. (45.5)

Here, Vpivot is the value of the inflation potential at which the pivot scale leaves the
horizon and Vend is the potential at the end of inflation. From the observational upper
limit of the strength of the gravitational wave (r < 0.11 [4]), the second term in
the above equation is negative, whereas the third term is positive definite, but it can
be very small for observationally favoured flat inflaton potential. The uncertainties
associated with reheating are accounted for by varying Npivot between 20 < Npivot <

N IRH
pivot, coined as the general reheating (GRH) scenario. The upper limit comes from

the fact that after inflation there is a direct transition to radition domination. The lower
limit comes from the requirement that at the end of inflation, all the cosmologically
relevant scales are well outside of the horizon. Here, the assumption is the absence
of any wre > 1/3.

If there is an epoch of moduli domination in the post-inflationary history, then
(45.5) gets modified. For Kähler moduli inflation Nmod is given by (45.4), and in this
case N IRH

pivot is

N IRH
pivot = 55.75 − log

[
1016Gev

V1/4
pivot

]
+ log

[
V 1/4
pivot

V 1/4
end

]

− 1

6
ln

(
16πa2/3n V5/2Y 4

10λn(lnV)1/2

)
. (45.6)

Note the additional dependence on the model parameters that arises from the last
term in (45.6). In our analysis for −1/3 < wre ≤ 1/3, we will vary Npivot between
20 and N IRH

pivot.
Npivot is determined by N IRH

pivot, wre and Nre:

Npivot = N IRH
pivot −

1

4
(1 − 3wre)Nre. (45.7)

The most general reheating case for the modulus can be treated with considering
−1/3 < wre < 1, where the upper bound comes from the positivity conditions in
general relativity. In this work, we have analysed two different scenarios: Case- i for
GRH scenario and Case- ii for three different wre including exotic scenarios.

45.4 Results

Case- I
First for the GRH scenario, the model parameters are varied in the following ranges:
W0 : 0.001 to 130, log10 V : 5 to 8 and An : 1.80 to 1.95. gs = 0.06, λn = 1 and
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Fig. 45.1 Favoured regions
in the W0- log10 V plane.
The 1-σ region is shaded as
dark blue, the 2-σ region is
shaded as light blue

W0

100 101 102

lo
g 10

V
3

4

5

6

7

8

Fig. 45.2 Favoured region
in the ns -r plane. The 1-σ
region is shaded as dark
blue, the 2-σ region is
shaded as light blue
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an = 2π are kept fixed as the observables depend mildly on these parameters. The
likelihoods used are Planck TT+TE+EE, Planck lowP, estimated using commander,
Planck lensing and Planck+BICEP2/Keck array joint analysis likelihood [15–17].
Figures 45.1 and 45.2 shows the 1-σ and 2-σ bounds on themodel parameters and the
inflationary observables, repectively. The detailed result is summarised in Table 45.1.

Case- II
For wre (wre = 0, 2/3, 1), the range for variation of Npivot is obtained using the
expression for N IRH

pivot and the requirement of successful BBN.
TheNre can be expressed in terms of the model parameters, the effective equation

of state during reheating and the reheating temperature:

Nre = −2

3

(
1

1 + wre

)
ln

[
16π2g

1/2
∗ V9/2(lnV)3/2T 2

re√
90M2

plW
3
0

]
. (45.8)
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Table 45.1 Constraints on the model parameters and the cosmological parameters. Data
combination used: Planck T T + T E + EE + lowP + lensing + BK Planck14

Parameters Central Value 1σ

W0 57 46

log10V 5.9 0.3

An 1.87 0.04

ns 0.953 0.002

r/10−8 1.34 0.1

Npivot 43 2

Fig. 45.3 1-σ and 2-σ
confidence levels in the ns -r
plane for wre = 0 (blue
contours), wre = 2/3 (green
contours) and wre = 1 (red
contours)

ns
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r (
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0-8
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1.8

wre = 0 wre = 2/3 wre = 1

Table 45.2 Constraints on the model parameters and cosmological parameters forwre = 2/3, 1, 0.
Data combination used: Planck T T + T E + EE + lowP + lensing + BK Planck14

wre = 0 wre = 2/3 wre = 1

Parameters Best-fit±1σ Best-fit±1σ Best-fit±1σ

W0 56.9±46.5 58±45 59±48

log10V 5.9±0.3 5.9±0.3 5.9±0.3

An 1.87±0.04 1.867±0.03 1.865±0.05

ns 0.9535±0.002 0.9555±0.003 0.9575±0.003

r/10−8 1.34±0.1 1.33±0.1 1.31±0.1

Npivot 43±2.5 45.2±2.25 47.7±2

Successful nucleosynthesis requires Tre > TBBN = 5.1 MeV [18]. Using all these
conditions theMCMC analysis is carried out which is shown in the Fig. 45.3 exhibit-
ing the constraints on the observables ns and r for three different wr e. The results
are summarised in Table 45.2. The variation of Tre with wr e is shown in Fig. 45.4
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Fig. 45.4 Reheating
temperature(Tre) as a
function of equation of
states(wre)
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45.5 Conclusion

In this work, we have constrained a string motivated model of inflation directly from
data and concluded the importance of precise determination of Npivot while calcu-
lating the observable parameters from those models. There are several interesting
directions to pursue from this. One such case would be to cross correlate with parti-
cle physics observables and dark radiation [19, 20] in LVS. An elaborate analysis in
that direction is left for future analysis.
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Chapter 46
Estimation of the Parameters of Warm
Inflationary Models

Richa Arya and Raghavan Rangarajan

Abstract Observations of the temperature anisotropies in the Cosmic Microwave
Background (CMB) radiation reveal key information about the early Universe phe-
nomenon that possibly generated them, known as inflation. Here we study some
single field monomial potential models of warm inflation and estimate their param-
eters that are consistent with the observations. We also obtain the ns and r values
for these models and find them to be within the Planck allowed range, implying that
these are observationally viable models in the context of warm inflation. Also, the
values of the tensor-to-scalar ratio, r , for some of our models is within the sensitivity
of the future CMB polarisation experiments, that can serve for the testability of these
models.

46.1 Introduction

Inflation is a phase of accelerated expansion of the early Universe that lasted for a
very brief period of time. This phase in the cosmic evolution is assumed to resolve
many shortcomings of the standard cosmology, like the horizon, flatness, monopole
problem, etc. [1, 2].

In the standard description of inflation, also known as cold inflation, the number
densities of all species dilute away during inflation and the Universe becomes super-
cooled. However, there is a separate phase after inflation, known as reheating, in
which the inflation oscillates and decays into other particles, leading to a generation
of thermal bath in the Universe. In this description, it is assumed that the inflaton’s
coupling to the other particles is negligible during inflation and particle production
takes place only during the reheating phase.
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As an alternative to this, there is another description of inflation in which one
presumes that the inflation is sufficiently coupledwith the other fields during inflation,
such that it dissipates its energy into them. These produced particles constitute the
thermal bath in the Universe and maintain temperature even during inflation. This
description of inflation is known as warm inflation [3, 4].

46.2 Basics of Warm Inflation

In warm inflation, the homogeneous inflaton field φ evolves as

φ̈ + (3 H + ϒ)φ̇ + V ′(φ) = 0 , (46.1)

where H is the Hubble expansion rate, ϒ φ̇ is the dissipative term due to inflaton
dissipation into other fields and ϒ(φ, T ) is known as the dissipation coefficient. In
our notation, overdot and ′ represent the derivative w.r.t time and φ, respectively. We
define a dissipation parameter Q ≡ ϒ/3H and rewrite Eq. (46.1) as

φ̈ + 3 H(1 + Q)φ̇ + V ′(φ) = 0. (46.2)

The regime with Q � 1 is termed as the strong dissipative regime and Q � 1 is
termed as the weak dissipative regime of warm inflation.

The energy dissipated by the inflaton is transferred to the radiation, and hence the
continuity equation can be written as

ρ̇r + 4Hρr = ϒ φ̇2 . (46.3)

In the slow roll approximation, we can assume φ̈ ≈ 0 in Eq. (46.2) and ρ̇r ≈ 0 in Eq.
(46.3) and obtain

φ̇ ≈ −V ′(φ)

3H(1 + Q)
, ρr ≈ ϒ

4H
φ̇2 = 3

4
Qφ̇2. (46.4)

46.2.1 Forms of the Dissipation Coefficient

We consider the following two forms of dissipation coefficient [5, 6] in this study.

1. Dissipation coefficient with a cubic dependence on the temperature

ϒ(φ, T ) = Cφ
T 3

φ2
. (46.5)
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This form of dissipation coefficient contributes in the low temperature limit,
when the inflaton is coupled with the heavy intemediate X fields (mX � T ),
which are then coupled to the radiation Y . The constant Cφ = 0.02 h2NY NX

where h is the coupling between X and Y , and NX,Y are the multiplicities of the
X and Y fields.

2. Dissipation coefficient with a linear dependence on the temperature

ϒ(φ, T ) = CT T . (46.6)

This form of dissipation coefficient arises in the high temperature limit of warm
inflation when the inflaton is coupled to light intermediate X fields (T � mX ).
Here the constant CT = 0.97g2/h2, where g is the coupling between φ and X .

46.2.2 Primordial Power Spectrum

The primordial power spectrum for the warm inflation is given in Refs. [7, 8] as

PR(k) =
(

H 2
k

2πφ̇k

)2
[
1 + 2nk +

(
Tk
Hk

)
2
√
3πQk√

3 + 4πQk

]
G(Qk), (46.7)

where the subscript k refers to the epoch when the kth mode of cosmological pertur-
bations leaves the horizon during inflation. Here nk is the Bose-Einstein distribution
of the inflaton particles. The growth factor G(Qk) arises because of the inhomoge-
neous perturbations in the radiation contributing to the inflaton perturbations and is
given in Ref. [9] as

For ϒ ∝ T G(Qk)linear = 1 + 0.0185 Q2.315
k + 0.335 Q1.364

k .

For ϒ ∝ T 3 G(Qk)cubic = 1 + 4.981 Q1.946
k + 0.127 Q4.330

k .

If Q � 1, G(Qk) is almost 1. But for Q � 1, G(Qk) contributes significantly to the
power spectrum.

46.3 Results and Discussion

In our study [10], we parameterize the primordial power spectrum for our models
of warm inflation in terms of two model parameters, the inflaton self-coupling λ,
and the dissipation parameter, QP (subscript P stands for the pivot scale, kP = 0.05
Mpc−1) and run the numerical code CosmoMC (Cosmological Monte Carlo) to
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estimate them. We also calculate the spectral index, ns and the tensor-to-scalar ratio,
r for our models and compare it with the allowed values from Planck 2015 (TT, TE,
EE+ lowP) dataset [11].

46.3.1 V (φ) = λφ4 with Dissipation Coefficient ϒ = CTT

We list the priors and the obtained values of the parameters in Tables 46.1, 46.2 and
the joint probability distribution for the QP , λ in Fig. 46.1. We find that the values
of ns and r for the mean values of λ and QP are within the Planck 95% C.L., which
implies that this model of warm inflation is consistent with the observations. We also
find that the value of r for the weak dissipative regime is within the sensitivity of the
future CMB polarisation experiments.

For the mean values of λ and QP , the constant CT corresponds to a value of
1.75 × 10−4 in the weak dissipative regime, and a value equal to 3.66 × 10−2 in
the strong dissipative regime for the upper limit of QP . These values signify that
the ratio of couplings g/h is O(10−2) in the weak dissipative regime and O(10−1)

in the strong dissipative regime. Previously, in Ref. [12], we have also studied λφ4

potential of warm inflation with a cubic dissipation coefficient.

46.3.2 V (φ) = λ φ6

M2
Pl

with Dissipation Coefficient ϒ = CTT

We list the priors and the obtained values of the parameters in Tables 46.3 and
46.4 and the joint probability distribution for the QP , λ in Fig. 46.2. For the mean
values of λ and QP , the values of ns and r are obtained to be within the 95% C.L.
allowed from Planck 2015 data, thus making this model a viable model. Here also,

Table 46.1 V (φ) = λφ4 with ϒ = CT T in the weak dissipative regime

Parameter Priors 68% C.L.

�bh2 [0.005,0.1] 0.02168 ± 0.00014

�ch2 [0.001,0.99] 0.1217 ± 0.0010

100θ [0.50,10.0] 1.04027+0.00029
−0.00033

τ [0.01,0.8] 0.048+0.016
−0.031

− log10 λ [13.7,15.5] 14.39+0.34
−0.24

− log10 QP [0.0,5.4] 3.64+0.76
−1.1

Mean value of λ = 4.07 × 10−15

Mean value of QP = 2.29 × 10−4

For these values, we obtain
ns = 0.967
r = 0.0330
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Table 46.2 V (φ) = λφ4 with ϒ = CT T in the strong dissipative regime

Parameter Priors 68% C.L.

�bh2 [0.005,0.1] 0.02174 ± 0.00013

�ch2 [0.001,0.99] 0.1200 ± 0.0011

100θ [0.50,10.0] 1.04044 ± 0.00029

τ [0.01,0.8] 0.061 ± 0.024

− log10 λ [15.0,15.6] 15.166+0.036
−0.056

log10 QP [0.0,0.6] < 0.156

Mean value of λ = 6.82 × 10−16

Upper limit of QP = 1.43
For the upper limit, we obtain
ns = 0.973
r = 0.000214

Fig. 46.1 Joint probability distribution for the model V (φ) = λφ4 and ϒ = CT T in the (Left)
weak dissipative regime and (Right) strong dissipative regime. Here we count the number of efolds
from the end of inflation such that at the pivot scale, NP = 60

the tensor-to-scalar ratio for the weak dissipative regime can be testified with future
experiments. The constant CT corresponds to a value of 2.04 × 10−4 in the weak
dissipative regime, and a value equal to 4.81 × 10−2 in the strong dissipative regime,
which signifies that the ratio of couplings g/h is O(10−2) in the weak dissipative
regime and O(10−1) in the strong dissipative regime of warm inflation.

46.3.3 V (φ) = λ φ6

M2
Pl

with a Cubic Dissipation Coefficient

ϒ = Cφ
T3

φ2

We list the priors and the obtained values of the parameters for the QP and λ in
the weak dissipative regime in Table 46.5. and their joint probability distribution
in Fig. 46.3. For the mean values of λ and QP , the ns and r values are obtained
to be consistent with the Planck bounds, signifying that this is a viable model of
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Table 46.3 V (φ) = λ φ6

M2
Pl

with ϒ = CT T in the weak dissipative regime

Parameter Priors 68% C.L.

�bh2 [0.005,0.1] 0.02157 ± 0.00013

�ch2 [0.001,0.99] 0.12484 ± 0.00099

100θ [0.50,10.0] 1.03989 ± 0.00029

τ [0.01,0.8] 0.056 ± 0.020

− log10 λ [15.4,16.6] 16.07+0.27
−0.19

− log10 QP [1.8,5.4] 3.54+0.68
−0.82

Mean value of λ = 8.51 × 10−17

Mean value of QP = 2.88 × 10−4

For these values, we obtain
ns = 0.956
r = 0.0451

Table 46.4 V (φ) = λ φ6

M2
Pl

with ϒ = CT T in the strong dissipative regime

Parameter Priors 68% C.L.

�bh2 [0.005,0.1] 0.02170 ± 0.00014

�ch2 [0.001,0.99] 0.1206 ± 0.0015

100θ [0.50,10.0] 1.04037 ± 0.00030

τ [0.01,0.8] 0.066 ± 0.022

− log10 λ [14.8,15.9] 15.253 ± 0.029

log10 QP [0,1.5] 0.596 ± 0.048

Mean value of λ = 5.59 × 10−16

Mean value of QP = 3.94
For these values, we obtain
ns = 0.970
r = 0.0000426

Fig. 46.2 Joint probability distribution for the model V (φ) = λ φ6

M2
Pl

and ϒ = CT T in the Left:

weak dissipative regime and Right: strong dissipative regime. Here NP = 60
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Table 46.5 V (φ) = λ φ6

M2
Pl

with ϒ = Cφ
T 3

φ2 in the weak dissipative regime

Parameter Priors 68% C.L.

�bh2 [0.005,0.1] 0.02170 ± 0.00013

�ch2 [0.001,0.99] 0.1207 ± 0.0014

100θ [0.50,10.0] 1.04036 ± 0.00030

τ [0.1,0.8] 0.061 ± 0.023

− log10 λ [15.8,17.0] 16.064 ± 0.38

− log10 QP [0,1.5] 0.799+0.068
−0.10

Mean value of λ = 8.63 × 10−17

Mean value of QP = 0.1588
For these values, we obtain
ns = 0.969
r = 0.00480

Fig. 46.3 Joint probability distribution for the model V (φ) = λ φ6

M2
Pl

with ϒ = Cφ
T 3

φ2 in the weak

dissipative regime. Here NP = 60

inflation. The constant Cφ corresponds to a value of 4.87 × 107, which signifies a
hugemultiplicity of X of order 109.We did not consider the strong dissipative regime
for this model, as for QP greater than 1, the calculated value of the spectral index
does not lie in the Planck allowed range.

46.4 Summary

Warm inflation is a description of inflation, in which the inflation dissipates into
radiation during inflation, and therefore, the Universe has a temperature during the
inflationary phase.We study somemodels of warm inflation and estimate their model
parameters, the inflation self-coupling λ and the dissipation parameter, QP . These
parameters signify the couplings and multiplicities of the fields coupled to the infla-
ton, and hence their estimation is necessary for the inflation model building. In our
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study, we argue that the λφ4 and λφ6 potentials of warm inflation are consistent with
the present observations and can be tested with the next generation CMB polarisation
experiments.
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Chapter 47
One-Loop Effective Action for
Nonminimal Natural Inflation Model

Sandeep Aashish and Sukanta Panda

Abstract Recent and upcoming experimental data, as well as the possibility of rich
phenomenology, has spiked interest in studying the quantum gravitational effects in
cosmology at low (inflation-era) energy scales. While Planck scale physics is under
development, it is still possible to incorporate quantum gravity effects at relatively
low energies using quantum field theory in curved spacetime, which serves as a
low-energy limit of Planck scale physics. We use the Vilkovisky-DeWitt’s covariant
effective action formalism to study quantum gravitational corrections to a recently
proposedNatural Inflationmodel with periodic nonminimal coupling.We present the
1-loop effective action for this theory valid in the flat-potential region, considering
perturbative corrections up to quadratic order in background scalar fields.

47.1 Introduction

Natural inflation was first introduced by Freese et al. [1] as an approach where
inflation arises dynamically (or naturally) from particle physics models. In natural
inflation models, a flat potential is effected using pseudo Nambu-Goldstone bosons
arising from breaking the continuous shift symmetry of Nambu-Goldstone modes
into a discrete shift symmetry. As a result, the inflation potential in a Natural inflation
model takes the form

V (φ) = �4 (1 + cos(φ/ f )) (47.1)

where the magnitude of parameter �4 and periodicity scale f are model dependent.
However, majority of natural inflation models are in tension with recent Planck 2018
results [2].
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Recently, an extension of the original natural inflation model was proposed that
introduces a new periodic nonminimal coupling to gravity [3]. This modification
leads to a better fit with the observed data, with ns and r values well within 95% C.L.
region in the combined Planck 2018+BAO+BK14 data. Moreover, f becomes sub-
Planckian, contrary to a super-Planckian f in the original natural inflation model,
and addresses issues related to gravitational instanton corrections.

Our objective here is to study one-loop quantum gravitational corrections to
the natural inflation model with nonminimal coupling, using Vilkovisky-DeWitt’s
covariant effective action approach [4]. A caveat is that effective action cannot be
calculated exactly, so only perturbative results are feasible. Hence, we apply a couple
of approximations. First, we work in the regime where potential is flat, i.e., φ � f .
Second, the background metric is Minkowski.

The action for the nonminimal natural inflation in the Einstein frame is given by

S =
∫

d4x
√−g

(
−2R

κ2
+ 1

2
K (φ)φ;aφ;a + V (φ)

(γ(φ))4

)
(47.2)

where

γ(φ)2 = 1 + α

(
1 + cos

(
φ

f

))
, (47.3)

and

K (φ) = 1 + 24γ′(φ)2/κ2

γ(φ)2
. (47.4)

V (φ) is as in Eq. (47.1). In the regionwhere potential is flat,φ/ f � 1, andwe expand
all periodic functions in Eq. (47.2) upto quartic order in φ

S =
∫

d4x
√−g

(
−2R

κ2
+ 1

2m
2φ2 + 1

24λφ4 + 1
2 (k0 + k1φ

2)φ;aφ;a
)

+ O(φ5)

(47.5)
where parameters m,λ, k0, and k1 have been defined out of α, f , and �4 from
Eq. (47.2)

m2 = �4(2α − 1)

(1 + 2α)3 f 2
;

λ = �4(8α2 − 12α + 1)

(1 + 2α)4 f 4
;

k0 = 1

1 + 2α
;

k1 = α(κ2 f 2 + 96α2 + 48α)

2κ2 f 4(1 + 2α)2
. (47.6)

We have also omitted a constant term appearing in (47.5) because such terms are
negligibly small in early universe.
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47.2 Effective Action Formalism

The quantization of a theory S[ϕ] with fields ϕi is performed about a classical back-
ground ϕ̄i : ϕi = ϕ̄i + ζ i , where ζ i is the quantum part. In our case, ϕi = {gμν,φ};
ϕ̄i = {ημν, φ̄}, where ημν is the Minkowski metric; and ζ i = {κhμν, δφ}.

The 1-loop effective action is given by

� = − ln
∫

[dζ] exp
[
ζ iζ j

(
S,i j [ϕ̄] − �̄k

i j S,k[ϕ̄]
)

+ 1

2α
χ2

β

]
− ln det Qαβ[ϕ̄] (47.7)

as α −→ 0 (Landau-DeWitt gauge). Here, S,i and S,i j are first and second func-
tional derivative w.r.t the fields (gμν,φ) at background (ημν, φ̄), respectively. �̄k

i j are
Vilkovisky-DeWitt connections that ensure covariance. χβ is the gauge condition
for the GCT symmetry and Qαβ is the ghost term that appears during quantization.
Fortunately, upto quadratic order in background fields, and upto κ2 order in quartic
order terms, ghost determinant does not contribute. Hence, we will omit writing Qαβ

in our calculations.
For convenience, we write the exponential in the first term of � as

exp[· · · ] = exp
(
S̃[ϕ̄0] + S̃[ϕ̄1] + S̃[ϕ̄2] + S̃[ϕ̄3] + S̃[ϕ̄4]

)

≡ exp(S̃0 + S̃1 + S̃2 + S̃3 + S̃4) (47.8)

Treating S̃1, ..., S̃4 terms as perturbative, the final contribution to � at each order of
ϕ̄ is

O(ϕ̄) = 0

O(ϕ̄2) = 〈S̃2〉 − 1

2
〈S̃21 〉

O(ϕ̄3) = 0

O(ϕ̄4) = 〈S̃4〉 − 〈S̃1 S̃3〉 + O(κ4) − ln det Qαβ (47.9)

The correlators are calculated using Wick’s theorem and basic propagator relations

〈hμν(x)hρσ(x ′)〉 = Gμνρσ(x .x ′);
〈δφ(x)δφ(x ′)〉 = G(x, x ′);

〈hμν(x)δφ(x ′)〉 = 0, (47.10)

where, G(x, x ′) and Gμνρσ(x, x ′) are respective green’s functions for gravity and
scalar field.
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47.3 Results and Conclusions

In what follows, an integration over coordinates (
∫
d4x) and coordinate dependence

is assumed unless stated otherwise. Our results for S0,1,2 are as follows:

S0 = 1
2m

2(δφ)2 + 1
2 k0δφ,aδφ

,a + habha
c
,b,c − habha

c
,b,c

α
− haah

bc
,b,c

+ haahbc,b,c

α
− 1

2h
abhab

,c
,c + 1

2 h
a
ah

b
b
,c

,c − haahbb,c
,c

4α
(47.11)

S1 = 1
2m

2κδφhaaφ − 1

4
m2κνδφhaaφ − 1

2
k0κδφhbbφ

,a
,a + 1

4 k0κνδφhbbφ
,a

,a

− 1
2 k0κδφhbb,aφ

,a + κωδφhbb,a φ,a

2α
+ k0κδφφ,a ha

b
,b − κωδφφ ,aha

b
,b

α

+ k0κδφhabφ
,a ,b (47.12)

S2 = − 1
8m

2κ2 habh
abφ2 + 1

16m
2κ2 haah

b
bφ

2 + 1
4λφ2(δφ)2 − 1

8m
2κ2νφ2(δφ)2

+ 1
2 k1φ

2δφ,aδφ
,a + 2k1δφφφ,aδφ

,a − 1
8 k0κ

2 hbch
bcφ,aφ

,a + 1
16 k0κ

2νhbch
bcφ,aφ

,a

+ 1
16 k0κ

2 hbbh
c
cφ,aφ

,a − 1
32 k0κ

2νhbbh
c
cφ,aφ

,a + 1
2 k1(δφ)2φ,aφ

,a − 1
16 k0κ

2ν(δφ)2φ,aφ
,a

+ κ2ω2(δφ)2φ,aφ
,a

4α
+ 1

2 k0κ
2 ha

chbcφ
,aφ,b − 1

4 k0κ
2νha

chbcφ
,aφ,b − 1

4 k0κ
2 habh

c
cφ

,aφ,b

+ 1
8 k0κ

2νhabh
c
cφ

,aφ,b (47.13)

In our case, S0 leads to the free theory propagators for gravity and massive scalar
field, which are well known. S1 contains cross terms of hμν and δφ, and does not con-
tribute atO(φ̄), since 〈S1(x)〉 = 0. Contribution from S1 comes atO(φ̄2) from terms
consisting of 〈S1(x)S1(x ′)〉 (Eq. 47.9). Expectation value of S2(x) describes contribu-
tions from tadpole diagrams. 〈S1(x)S1(x ′)〉 encompasses interaction terms between
gravity and scalar field. For bookkeeping, parameters like ω and ν have been intro-
duced to track gauge dependent terms and Vilkovisky-DeWitt terms, respectively.
Playing with these parameters is an interesting exercise to check the gauge invari-
ant nature of Vilkovisky-DeWitt approach [5]. We present here the divergent part of
Gamma atO(φ̄4), obtained after regularizing these path integrals using dimensional
regularization (a factor of 1/(n − 4) is assumed with the limit n → 4)

divp(S2) = ik1m4φ2

16k20π
2

− im2λφ2

32k0π2 + im4κ2νφ2

64k0π2 + ik1m2φφ,a
,a

16k0π2 − im2κ2νφφ,a
,a

128π2 + im2κ2ω2φφ,a
,a

32k0π2α

(47.14)

divp(S1S
′
1) = − 3im4κ2φ2

16π2 + im4ακ2φ2

16π2 + 3im4κ2νφ2

16π2 − im4ακ2νφ2

16π2

− 3im4κ2ν2φ2

64π2 + im4ακ2ν2φ2

64π2 + 3ik0m2κ2φφ,a
,a

16π2 − 9ik0m2κ2νφφ,a
,a

32π2

+ 3ik0m2ακ2νφφ,a
,a

32π2 + 3ik0m2κ2ν2φφ,a
,a

32π2 − ik0m2ακ2ν2φφ,a
,a

32π2 − im2κ2ωφφ,a
,a

8π2

+ im2κ2ω2φφ,a
,a

16k0π2α
− ik20κ

2νφφ,b
,b

,a
,a

32π2 + ik20ακ2νφφ,b
,b

,a
,a

32π2 − ik0m2ακ2φφ,a
,a

16π2
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+ ik0m2ακ2νφφ,a
,a

32π2 + im2κ2ωφφ,a
,a

16π2 − im2κ2νωφφ,a
,a

32π2 − ik20ακ2φφ,a
,b

,b
,a

16π2

− ik20ακ2νφφ,a
,b

,b
,a

32π2 + ik0κ2ωφφ,a
,b

,b
,a

16π2 + ik0κ2νωφφ,a
,b

,b
,a

32π2 + ik20ακ2φφ,a
,a

,b
,b

16π2

+ ik20κ
2νφφ,a

,a
,b

,b

8π2 − ik20ακ2νφφ,a
,a

,b
,b

16π2 − 3ik20κ
2ν2φφ,a

,a
,b

,b

64π2 + ik20ακ2ν2φφ,a
,a

,b
,b

64π2

(47.15)

Note that there are gauge dependent terms in both Eqs. (47.14) and (47.15), two of
which diverge as α → 0 (Landau gauge). However, when all contributions are added
to evaluate �, these terms vanish so that the final result is gauge invariant. Final
result for divergent part of � obtained from Eq. (47.9) after removing bookkeeping
parameters (ω → 1, ν → 1) in the Landau gauge (α → 0)

divp(�) = L
∫

d4x
[ ik1m4φ2

2k20
+ 3

16 im
4κ2φ2 + im4κ2φ2

8k0
− im2λφ2

4k0
+ ik1m2φφ,a

,a
2k0

+ 5
16 im

2κ2φφ,a
,a

− 3
8 ik0κ

2φφ,a
,a

,b
,b − 3

16 ik
2
0κ

2φφ,a
,a

,b
,b

]
(47.16)

where L = 1

8π2(n − 4)
.

One can, in principle, construct counterterms from the classical action functional
to absorb the divergent part inEq. (47.16),whichwill inturn induce 1-loop corrections
to parameters of the theory (47.2). Unfortunately, no counterterms can be found for
the last two terms in Eq. (47.16) which are indeed fourth order derivative terms, and
highlight the issue of renormalizability of gravity theories. A subsequent work will
contain more detailed calculations upto quartic order in background fields, and the
effect of quantum corrections in the context of inflation [6].
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Chapter 48
Majorana Dark Matter, Neutrino Mass,
and Flavor Anomalies in Lμ − Lτ Model

Shivaramakrishna Singirala, Suchismita Sahoo, and Rukmani Mohanta

Abstract We investigate Majorana dark matter in a new variant of U (1)Lμ−Lτ

gauge extension of Standard Model, where the scalar sector is enriched with an
inert doublet and a (3̄, 1, 1/3) scalar leptoquark. We constrain the parameter space
consistent with Planck limit on relic density, PICO-60 bound on spin-dependent
direct detection cross section. Further, we constrain the new couplings from the
present experimental data on Br(τ → μντ ν̄μ), Br(B → Xsγ), Br(B̄0 → K̄ 0μ+μ−),
Br(B+ → K+τ+τ−), and Bs − B̄s mixing. Using the allowed parameter space, we
estimate the P ′

4,5 observables and the lepton nonuniversality parameters, RK (∗) and
Rφ. We also briefly discuss about the neutrino mass generation at one-loop level.

48.1 Introduction

ThoughStandardModel (SM) is considered as a beautiful theory of particle physics, it
fails to answer some of the open questions likematter-antimatter asymmetry, neutrino
mass, nature dark matter (DM), and dark energy, thus indicating the presence of new
physics (NP) beyond it. Recently, discrepancy of ∼ 3σ is observed in the decay
rate and P ′

5 of B̄ → K̄ ∗μμ [1]. The Bs → φμμ also has tension [2]. The lepton
nonuniversality (LNU) ratio, RK [3]

RExp
K = 0.846+0.060 +0.0016

−0.054 −0.014 , (48.1)
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show a deviation of 2.5σ from its SM result [4] and the measurements on RK ∗

ratios [5]

RLHCb
K ∗ = 0.660+0.110

−0.070 ± 0.024, (0.045 ≤ q2 ≤ 1.1) GeV2 ,

= 0.685+0.113
−0.069 ± 0.047, (1.1 ≤ q2 ≤ 6.0) GeV2, (48.2)

has 2.2σ(2.4σ) discrepancy from the respective SM predictions [6] in q2 ∈ [0.045,
1.1]([1.1, 6]) bins, respectively. Hence, we would like to resolve these issues in an
U (1)Lμ−Lτ

gauge extension of SM with a scalar leptoquark (SLQ).
The paper is organized as follows. In Sect. 48.2, we present the particle masses

and Lagrangian of our model. Sections 48.3 and 48.4 discuss the neutrino mass
generation and the parameter space consistent with DM (flavor) study. Section 48.5
describes the impact of NP on LNU ratios and our results are summarized in Sect. 5.

48.2 New Lμ − Lτ Model with a Scalar Leptoquark

We study U (1)Lμ−Lτ
[7] extension of SM with three additional neutral fermions

Ne, Nμ, Nτ , with Lμ − Lτ charges 0, 1 and −1, respectively. A scalar singlet φ2, an
inert doublet η and a scalar leptoquark S1(3̄, 1, 1/3) are added to the scalar content of
the model. We impose an additional Z2 symmetry under which all the new fermions,
η and the leptoquark are odd and rest are even. The particle content and their corre-
sponding charges are displayed in Table 48.1. The Lagrangian of the present model
can be written as

L = LSM − 1

4
Z ′

μν Z
′μν − gμτ μLγμμL Z

′
μ − gμτ μR γμμR Z

′
μ + gμτ τ LγμτL Z

′
μ + gμτ τ R γμτR Z

′
μ

+ Nei /∂ Ne + Nμ

(
i /∂ − gμτ Z ′

μγμ
)
Nμ + Nτ

(
i /∂ + gμτ Z ′

μγμ
)
Nτ − fμ

2

(
Nc

μNμφ†2 + h.c.
)

− fτ
2

(
Nc

τ Nτ φ2 + h.c.
)

− 1

2
MeeNc

e Ne − 1

2
Mμτ (Nc

μNτ + Nc
τ Nμ) −

∑

q=d,s,b

(yqR dcqR S1Nμ + h.c.)

−
∑

l=e,μ,τ

(Yβl (�L )β η̃NlR + h.c) +
∣∣∣∣
(
i∂μ − g

2
τa · Wa

μ − g′
2
Bμ

)
η

∣∣∣∣
2

+
∣∣∣∣
(
i∂μ − g′

3
Bμ + gμτ Z ′

μ

)
S1

∣∣∣∣
2

+
∣∣∣
(
i∂μ − 2gμτ Z ′

μ

)
φ2

∣∣∣2 − V (H, η,φ2, S1). (48.3)

V (H, η,φ2, S1) = μ2H H†H + λH (H†H)2 + μη(η†η) + λη(η†η)2 + λ′
Hη(H†η)(η†H) +

λ′′
Hη

2

[
(H†η)2 + h.c.

]

+μ22(φ
†
2φ2) + λ2(φ

†
2φ2)

2 + μ2S (S1
†S1) + λS (S1

†S1)
2 + λS2(φ

†
2φ2)(S1

†S1) + λη2(φ
†
2φ2)(η

†η)

+
[
λH2(φ

†
2φ2) + λHS (S†1 S1 + λHη(η†η))

]
(H†H) + λSη(S1

†S1)(η
†η).

The U (1)Lμ−Lτ
symmetry gets spontaneously broken by assigning VEV v2 to φ2.

Then the SM Higgs doublet breaks the SM gauge group to low energy theory. The
fermion and scalar mass matrices take the form
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Table 48.1 Fields and their charges of the proposed U (1)Lμ−Lτ model

Field SU (3)C ×
SU (2)L ×U (1)Y

U (1)Lμ−Lτ Z2

Fermions QL ≡ (u, d)TL (3, 2, 1/6) 0 +
uR (3, 1, 2/3) 0 +
dR (3, 1, − 1/3) 0 +
eL ≡ (νe, e)TL (1, 2, − 1/2) 0 +
eR (1, 1, − 1) 0 +
μL ≡ (νμ, μ)TL (1, 2, − 1/2) 1 +
μR (1, 1, − 1) 1 +
τL ≡ (ντ , τ )TL (1, 2, − 1/2) −1 +
τR (1, 1, − 1) −1 +
Ne (1, 1, 0) 0 −
Nμ (1, 1, 0) 1 −
Nτ (1, 1, 0) −1 −

Scalars H (1, 2, 1/2) 0 +
η (1, 2, 1/2) 0 −
φ2 (1, 1, 0) 2 +
S1 (3̄, 1, 1/3) −1 −

MN =
(

1√
2
fμv2 Mμτ

Mμτ
1√
2
fτv2

)
, MS =

(
2λHv2 λH2vv2
λH2vv2 2λ2v

2
2

)
. (48.4)

One can diagonalize them using a 2 × 2 rotation matrix as UT
α(ζ)MN (S)Uα(ζ) =

diag [MN−(H1), MN+(H2)]. The lightest mass eigenstate N− qualifies as DM and H1

is considered to be the observed Higgs with MH1 = 125 GeV. The neutrino mass
generated at one-loop level is given by

(Mν)βγ = λ′′
Hηv

2

16π2

∑
l=e,μ,τ

YβlYγl MDl

m2
0 − M2

Dl

[
1 + M2

Dl

m2
0 − M2

Dl

ln
M2

Dl

m2
0

]
. (48.5)

Here MDl = (UT MNU )l = diag(Mee, M−, M+).

48.3 Dark Matter Phenomenology

Relic Density

Theannihilations include s-channel processesmediatedbyH1, H2 with f f̄ ,W+W−,

Z Z , Z ′Z ′, Hi Hj in the final state, Z ′ portal giving Z ′Hi , pair of leptons of μ and τ
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Fig. 48.1 Left panel depticts the relic density as a fucntion of DM mass for
(MS1 , Mη+ , Mηe,o , MH2 ) = (1.2, 2, 1.5, 2.2) TeV. Horizontal dashed lines correspond to Planck
limit [8]. Right panel shows the paramter space consistent with 3σ range of Planck central value

type in output. Finally, in S1-portal dd̄, ss̄, bb̄ arise as output and in η-portal, pair
of charged and neutral leptons arise in the final state. The model parameters to be
analyzed are (M−, gμτ , MZ ′ ,Yβl , yqR). Left panel of Fig. 48.1 shows relic density
with DM mass for various values of Yukawa coupling.

Direct Searches

In the scalar portal, one can obtain contribution from spin-dependent (SD) interaction
mediated by SLQ, of the form N−γμγ5N−qγμγ

5. The corresponding cross section
is given by [9]

σSD = μ2
r

π

cos4 α

(M2
S1

− M2−)2

[
y2dR�d + y2sR�s

]2
Jn(Jn + 1), (48.6)

where, Jn = 1
2 , μr = M−Mn

M−+Mn
with Mn 
 1 GeV for nucleon. The values of quark

spin functions�q are provided in [9]. Right panel of Fig. 48.1, depicts the parameter
space consistent with 3σ range of Planck limit, with green data points violate the
PICO-60 bound [10].

48.4 Flavor Phenomenology

After obtaining the allowed parameter space fromDM study, we further constrain the
new parameters from the present experimental limits on Br(τ → μντ ν̄μ), Br(B →
Xsγ), Br(B̄0 → K̄ 0μ+μ−), Br(B+ → K+τ+τ−) and Bs − B̄s mixing. The effective
Hamiltonian responsible for b → sll quark level transition is given by [11]

Heff = −4GF√
2

λt

[ 6∑
i=1

Ci (μ)Oi +
∑

i=7,9,10

(
Ci (μ)Oi + C ′

i (μ)O′
i

) ]
, (48.7)
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Fig. 48.2 Constraints on MZ ′ − gμτ (left panel) and M− − y2qR (right panel) planes

whereGF is the Fermi constant, λt = VtbV ∗
ts is the product of CKMmatrix elements,

O(′)
i ’s are the effective operators and C (′)

i ’s are their corresponding Wilson coeffi-
cients. We use the CKM matrix elements, life time, and masses of particles from
[12] and the required form factors from [13], in order to compute the SM values of
the observables. Now correlating the theoretical predictions with their respective 3σ
experimental data, we compute the allowed parameter space of MZ ′ − gμτ (left) and
M− − y2qR (right), presented in Fig. 48.2. In the right panel, the blue points repre-
sent the allowed space obtained from both DM and flavor observables (DM+Flavor).
Both the red and blue points represent the constraints from only DM study, which
are denoted as DM-I and DM-II region in the next section.

48.5 Effect on RK (∗) and Rφ Lepton Nonuniversality Ratios

In this section, we discuss the effect of constrained new parameters obtained from
DM and flavor phenomenology on the lepton nonuniversality ratios associated with
b → sll decay modes, RK (∗) and Rφ. For numerical analysis, all the required input
parameters are taken from [12] and the form factors from [13]. Using the allowed
parameter space from Fig. 48.2, we showed the q2 variation of RK (top-left), RK ∗

(top-right), and Rφ (bottom) ratios in Fig. 48.3 in the full q2 region excluding the
intermediate dominant cc̄ resonance region. Here blue dashed lines stand for SM
predictions, cyan (magenta) bands represent the DM-I (DM-II) contributions, and
the orange bands are obtained by using theDM+Flavor allowed parameter space. The
experimental data are presented in black color [3, 5].Weobserve that though theLNU
ratios deviate significantly from their SMpredictions for all the regions of the allowed
parameter space, the constraint obtained from DM observables comparatively has a
larger impact on these ratios.
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Fig. 48.3 The q2 variation of RD (top-left), RD∗ (top-right) and Rφ (bottom)

48.6 Conclusion

We scrutinized the darkmatter, neutrinomass, and flavor anomalies in theU (1)Lμ−Lτ

extended SM. We constrained the new parameters from both the dark matter and
flavor phenomenology. We then checked the effects of allowed parameter space on
RK (∗) , Rφ. We found that the constraint obtained from the only DM study showed a
comparatively good impact than the flavor observables.

References

1. LHCb, R. Aaij et al., Phys. Rev. Lett. 111, 191801 (2013)
2. LHCb, R. Aaij et al., JHEP 09, 179 (2015)
3. LHCb, R. Aaij et al., Phys. Rev. Lett. 113, 151601 (2014). arXiv:1903.09252
4. C. Bobeth, G. Hiller, G. Piranishvili, JHEP 0712, 040 (2007)
5. LHCb, R. Aaij et al., JHEP 08, 055 (2017)
6. B. Capdevila, A. Crivellin, S. Descotes-Genon, J. Matias, J. Virto, JHEP 01, 093 (2018)
7. X.G. He, G.C. Joshi, H. Lew, R.R. Volkas, Phys. Rev. D 43, R22 (1991)
8. N. Aghanim et al. (Planck Collaboration). arXiv:1807.06209
9. P. Agrawal, Z. Chacko, C. Kilic, R.K. Mishra, arXiv:1003.1912
10. C. Amole et al. (PICO Collaboration), Phys. Rev. Lett. 118, 251301 (2017)
11. C. Bobeth, M. Misiak, J. Urban, Nucl. Phys. B 574, 291 (2000)
12. M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)
13. P. Colangelo, F. De Fazio, P. Santorelli, E. Scrimieri, Phys. Lett. B 395, 339 (1997), M. Beneke,

T. Feldmann, D. Seidel, Eur. Phys. J. C 41, 173 (2005)

http://arxiv.org/abs/1903.09252
http://arxiv.org/abs/1807.06209
http://arxiv.org/abs/1003.1912


Chapter 49
Goldstone Inflation in Non-canonical
Settings

Sukannya Bhattacharya and Mayukh Raj Gangopadhyay

Abstract Latest cosmic microwave background (CMB) observations favor a flat
inflationary potential, which can be realized by the symmetry breaking of a pseudo
Nambu-Goldstone boson (pNGB). A general extension of pNGB natural inflation
is Goldstone inflation, which requires fine-tuning of the model parameters to be
observationally allowed. A non-canonical kinetic term in the Goldstone inflation
Lagrangian effectively slows down the inflation field. As a result, the prediction
of inflationary observables also changes, so that it may even be possible to obtain
observationally viable predictions for subPlanckian symmetry breaking scales. This
work analyzed non-canonical Goldstone inflation phenomenologically using the lat-
est CMB data.

49.1 Introduction

CMBobservations constrain the early universewith the primordial spectrumof scalar
and tensor perturbations, generated from the quantum fluctuations during inflation.
Although models of inflation are plenty in number and construction in the current
literature [1], the growing precision of current and forthcoming CMB experiments
put tight constraints on the inflationary observables and on model parameters. In
this light, the phenomenological analysis of theoretically well-motivated models of
inflation is gaining much focus.
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Natural inflation (NI) [2] arises from the broken Peccei-Quinn symmetry of a
pNGB. Despite being an excellent bridge between particle physics theory and infla-
tionary cosmology, vanilla NI model is refuted by recent CMB observations by
Planck 2018 [3]. A more general form of the Goldstone potential

V (φ) = Λ4(CΛ + α cos(φ/ f ) + β sin2(φ/ f )), (49.1)

where α = 1,β = 0 returns the natural inflation potential, has been introduced in
the context of inflationary model building in [4]. But the canonical Goldstone infla-
tion model can conform with observational constraints only by fine tuning of the
parameters of the model.

The introduction of a non-canonical kinetic energy term in the Lagrangian, in
general, slows down the roll of the inflaton field and modifies the dynamics of infla-
tion. This affects the inflationary observables in CMB, most important of which are
the scalar spectral index ns and the tensor-to-scalar ratio r .

Current and upcoming precision observations of CMB motivate the analysis of
Goldstone inflation in the non-canonical domain. A full numerical study of the phe-
nomenological deviation of non-canonicalGoldstone inflation fromcanonical natural
inflation is done in [5].

49.2 Non-canonical Inflation

Depending on the inflaton potential V (φ) and the excursion �φ of the inflaton field,
the field velocity φ̇ may have a nontrivial evolution when the action contains a non-
canonical form of the kinetic energy, still providing enough number of inflationary
e-folds. The generic action here can be written as [6]

S =
∫ √−g p(φ, X)d4x , (49.2)

where p(φ, X) = K (φ, X) − V (φ) and X ≡ 1
2∂μφ∂μφ. For a homogeneous back-

ground inflaton field, X ≡ φ̇2

2 . In the most general case, K (φ, X) is an arbitrary
function of φ and φ̇. To simplify, let

K (X,φ) = K1(φ)K2(X) , (49.3)

where K1(φ) = 1 and K2(X) = X returns the canonical action. However, nontriv-
ial arbitrary forms of these functions have been studied in the context of several
inflationary models in literature.
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49.2.1 Case 1: Arbitrary K1(φ) and K2(X) = X

TheLagrangian in this case isL = K1(φ)X − V (φ). The inflatonEquation ofMotion
(EoM) is then

φ̈ + 3H φ̇ + K1,φ

2K1
φ̇2 + V,φ

K1
= 0, (49.4)

where V,φ = dV/dφ and K1,φ = dK1/dφ. The canonical field ψ is such that ψ =∫
dφ

√
K1(φ). Themodified velocity profile of φ also affects the slow roll parameters

such that

εV = M2
Pl

2

(
V,ψ

V

)2

= M2
Pl

2K1

(
V,φ

V

)2

= ε(c)
V

K1
, (49.5)

ηV = M2
Pl

(
V,ψψ

V

)
= M2

Pl

V

(
V,φφ

K1
− V,φK1,φ

2K 2
1

)
= η(c)

V

K1
−

√
ε(c)
V

2

K1,φ

K 2
1

, (49.6)

where ε(c)
V and η(c)

V are the slow roll parameters for the canonical kinetic form of φ.
The number of e-folds of inflation are

N = 1

MPl

∫ φe

φi

V

V,φ

√
K1

dφ. (49.7)

Here, φi and φe represents the values of the inflaton field at the horizon exit of the
CMB print scale and end of inflation, respectively. The inflationary observables in
this case are

ns − 1 = 2ηV − 6εV and r = 16εV . (49.8)

The above relations are true for any inflaton potential V (φ) and arbitrary K1(φ).
To study Goldstone potential1 (Eq. 49.1) in this non-canonical setting, we chose the
form K1(φ) = V (φ)/Λ4 to attain an effective flatness of the potential.2

49.2.2 Case 2: K1(φ) = 1 and K2(X) = kn+1Xn

The most generic function for the non-canonical kinetic energy as function of the
derivatives of φ is a power law form K2(X) = kn+1Xn (k-inflation), where n = 1
is the canonical limit and kn+1 is a dimensionful constant. Here, the Lagrangian is
L = kn+1Xn − V (φ) and the energy density of the system is [7]

1This work assumes CΛ = 1 since it can be absorbed into the scale of inflation.
2Other functional forms of K1(φ), arising from non-minimal gravitational couplings of the inflaton,
would result in a different set of points in the ns -r plane but this is not included in this work.
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ρ = 2Xp,X − p(φ, X). (49.9)

The speed of sound is

c2s = p,X

ρ,X
= 1

(2n − 1)
. (49.10)

The EoM for the inflaton in this case is modified as

φ̈ + 3H

2n − 1
φ̇ + V,φ

(2n2 − n)kn+1Xn−1
= 0. (49.11)

The potential slow roll parameters in this case are

εV = 1

2
γ(n)

(
V,φ

2n

V (3n−1)

) 1
2n−1

and ηV = γ(n)

(
V (2n−1)

,φφ

V nV (2n−2)
,φ

) 1
2n−1

, (49.12)

where γ(n) =
(

6n−1

nkn+1
M2n

Pl

) 1
2n−1

. The inflationary observables are calculated in terms

of εV and ηV as

ns − 1 = 1

2n − 1
[2nηV − 2(5n − 2)εV ] and r = 16csεV . (49.13)

The inflationary number of e-folds

N =
∫ φe

φi

1

γ(n)

(
V n

V,φ

) 1
2n−1

dφ. (49.14)

Interestingly, here εV , ηV , and N depend on the constants Λ and kn+1, which is not
the case for a canonical picture. So, one has to take care of Λ and kn+1 to obtain
enough slow roll (εV cs � 1). The scalar power spectra Ps ∝ V

εV cs
|csk=aH also gets

affected by Λ and kn+1 so that

P (n)
s

P (n=1)
s

= 1

csγ(n)

(
V 2n−2

φ

V n−1

) 1
2n−1

. (49.15)

For example, in case of natural inflation for n = 2, the ratio of the scalar power for

general n to the power for a canonical case is P (n=2)
s

P (n=1)
s

∝ (k3Λ4)1/3

f 2/3 . Since current bounds
on the pivot scale amplitude of the scalar power are very precise, the allowed values
for Λ and kn+1 are to be chosen very carefully to obtain a viable natural inflation.

Similarly, for Goldstone inflation potential (Eq. 49.1) in such a kinetic setting, we
obtain the inflationary observables as functions of f and β/α. Here, we analyze the
model only forn = 2, primarily because ourmotivation is to studywhetherGoldstone
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Fig. 49.1 In a, the field excursion �φ (in MPl units) of the inflaton is shown as a function of f (in
MPl units) for non-canonical Goldstone inflation case 1. Black, red, blue, magenta, and cyan curves
signify β/α = 0 (canonical), 0 (non-canonical), 0.25, 0.5, and 0.75, respectively. The predictions
for ns and r in this case are shown in b with β/α = 0 (non-canonical natural inflation in red),
0.25 (cyan), 0.5 (magenta), and 0.75 (green). The green dot-dashed line connects the points with
f = 5MPl in all the curves. The solid black lines signify 68% and 96% confidence limits (CL) for
Planck TT,TE,EE+lowE+lensing data (2018) [3], whereas the dashed black lines signify 68% and
96% CL for Planck TT,TE,EE+lowE (2018)+lensing+BK14 [8]+BAO data [9]

inflation is allowedbyCMBdata, even for thefirst order deviations from the canonical
case. Moreover, n ≥ 2 already introduces problems in the renormalisability of the
system and higher n is constrained from the bound on cs from recent CMB data [3].

49.3 Results

Thorough numerical analysis was done to evaluate the dynamics for Goldstone infla-
tion for the two cases (Sects. 49.2.1 and 49.2.2) of the non-canonical kinetic term.
For case 1, Fig. 49.1a shows the modification in the field excursion from the natural
inflation case in terms of the breaking scale for different values of β/α. As discussed
earlier, the field excursion �φ monotonously decreases with increasing β/α due to
increased friction for the inflaton.3

Figure 49.1b shows the prediction of Goldstone inflation in the non-canonical
regime for case 1. Each curve represents a particular β/α for maximum symmetry
breaking scale at f = 16MPl . The minimum f up to which the effective potential
remains flat enough to provide 50–60 e-folds of inflation varies with the value of
β/α. This is expected since the shape of the potential gets modified by changing
β/α. All of the curves in Fig. 49.1b go out of the observationally allowed region for

3The cases with β/α = 0, 0.75 are shown for only three points here because further decrease in f
makes the potential steep enough to prevent obtaining enough number of inflationary e-folds. The
points corresponding to f ≤ MPl predict ns and r in the observationally excluded region, but they
are plotted in Fig. 49.1a for demonstration purpose.
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Fig. 49.2 Plot a shows the slow roll phase space of kinetic Goldstone inflation (case 2, n = 2)
for β/α = 0 (red), 0.25 (blue), 0.5 (magenta), and 0.75 (green). The solid curves are plotted for
f = 10MPl and the dashed ones are for f = MPl . Oscillations after the end of inflation are not
shown here. The quantity in the y-axis, derived for slow roll from Eq. 49.4, is dimensionless.
In b, the ns -r plot for kinetic inflation. Kinetic natural inflation curve is plotted in red, whereas
kinetic Goldstone inflation curves for β/α = 0.2 (magenta), 0.5 (blue). The Planck 2018 CL for
two different data combinations are shown in black solid and dashed curves similar to Fig. 49.1

f > MPl . Therefore, for case 1 of non-canonical kinetic term, it is not possible to
obtain a subPlanckian symmetry breaking scale for the Goldstone boson that is also
consistent with CMB observations.

The non-canonical Goldstone inflation for case 2 has been numerically analyzed
for n = 2. The slow roll inflationary attractor in phase space of φ is shown in
Fig. 49.2a where the y-axis is φ( k3

Λ2 )
1/3. As discussed earlier, the attractor dynamics

depend on the constants of the system k3 and Λ, which are kept fixed for each β/α
while evaluating ns and r to obtain enough number of inflationary e-folds. The pre-
dictions for the inflationary observables in this case is given in Fig. 49.2b, where the
lowest value of r of each curve is for f = 0.5MPl .

49.4 Discussions

It is evident from Fig. 49.1 that the non-canonical Goldstone inflation for case 1
predicts viable values of ns and r , but only for the superPlanckian symmetry break-
ing scales. Case 1 of non-canonical Goldstone inflation predicted lower values of
tensor power than that of canonical and non-canonical natural inflation. Case 2 of
non-canonical Goldstone inflation (n = 2) can be viable even for subPlanckian f ,
although with an r value at the edge of the tightest 1σ confidence limit. k-inflation
may produce high primordial non-Gaussianity for large n values [10], but for n = 2
studied here, the non-Gaussianity parameter fN L ∼ 0.5, i.e., quite small, for all β/α.

An interesting future problem is to check the effects of arbitrary K1(φ) and K2(X)

in a phenomenologically constructive way to obtain Goldstone inflation potential
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with subPlanckian f . The viability of non-canonical Goldstone potential can also be
checked with upcoming CMB experiments (e.g., CMB-S4 [11], CORE, etc., [12]),
which propose to constrain r with very high precision (σ(r) ∼ 10−3).
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Chapter 50
Infrared Finiteness of Theories with
Bino-Like Dark Matter at T = 0

Pritam Sen, D. Indumathi, and Debajyoti Choudhury

Abstract We use the technique of Grammer and Yennie to show that the field theo-
ries of darkmatter particles interactingwith charged scalars and fermions are infrared
(IR) finite to all orders in perturbation theory. This has important consequences for
the consistency of such models.

50.1 Introduction

Dark matter (DM) has become a central element in modern precision cosmology
on account of a multitude of astrophysical observations and theoretical arguments
trying to explain these. Models trying to incorporate DM, hence should satisfy the
stringent relic abundance constraints available in this era of precision cosmology.
Among quite a handful of candidates eligible for this dark matter paradigm, we
consider a simplified model of bino-like dark matter, which can be described by the
Lagrangian density

L = −1

4
FμνF

μν + f
(
i /D − m f

)
f + 1

2
χ

(
i /∂ − mχ

)
χ

+ (Dμφ)†
(
Dμφ

) − m2
φφ

†φ + (
λχPL f −φ+ + h.c.

)
,

(50.1)

which is an extension of the Standard Model (SM) containing left-handed lepton
doublets, f = ( f 0, f −)T , together with an additional scalar doublet,φ = (φ+,φ0)T ,
and the SU (2) ×U (1) singlet Majorana fermion χ being the dark matter candidate.
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Although this may seem to be a specific choice, it actually captures the essence of IR
behaviour of a wide class of models in MSSM without much loss of generality [1].

We assume the bino to be a TeV scale particle, such that the freeze-out occurs after
the electroweak phase transition. Thus, only electromagnetic interactions are relevant
at these scales andwe keep only the electromagnetic term in the covariant derivatives.
Hence, only the charged (s)fermion interactions with χ has been considered in the
above Lagrangian; as those with the neutral component will not receive any higher
order electromagnetic corrections and are, hence not germane to the issue at hand.

In such a model, the DM candidate (presumably coming into existence during
the post-inflation reheating phase) χ stays in equilibrium with the SM sector via
interactions of the form

χ + χ ↔ FSM + FSM , χ + FSM ↔ χ + FSM , (50.2)

etc., where FSM is a generic SM particle. When χ couples to the SM sector with
strength comparable to the weak gauge coupling, and has mass in the range of the
weak scale, the relic abundance turns out to be of the correct order.

A typical diagram contributing to DM annihilation cross section according to this
model is shown in Fig. 50.1.

Usually, most of the DM relic density computations involve estimating DM anni-
hilation cross section at zero temperature. But, recently, these calculations were
extended [2] to incorporate thermal corrections at next-to-leading (NLO) order.
Infrared (IR) divergences were found to cancel out in such collision processes at
NLO involving both charged fermions and changed scalars.

Here, in this paper, our attention is focussed on the proof of IR finiteness of such
models, which include both charged scalars and charged fermions, alongwith neutral
DM fields, to all orders at zero temperature. We discuss the case of finite temperature
in a companion paper.

Fig. 50.1 L: A typical dark matter annihilation process; here the scalars and SM fermions are
assumed to be charged. R: Schematic diagram of a nth order graph of the scalar QED subprocess,
γ∗φ → φ, with r vertices on the p leg and s on the p′ leg, such that r + s = n. Here V labels the
special but arbitrary photon–scalar vertex
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To analyze the IR finiteness of such processes, both the higher order virtual correc-
tions involving photons and the real (soft) photon emissions have to be considered.
To prove the IR finiteness to all orders, we will use the approach of Grammer and
Yennie [4] (henceforth, referred to as GY) by rearranging the photon polarization
sum in terms of K and G photons. The photon propagator will then be expressed as

−i
gμν

k2 + iε
= −i

k2 + iε

[(
gμν − bk(p f , pi )kμkν

) + (
bk(p f , pi )kμkν

)]

≡ −i

k2 + iε

[
Gμν + Kμν

]
, (50.3)

where bk depends on the momenta p f , pi , where the final and initial vertices are
inserted

bk(p f , pi ) = 1

2

[
(2p f − k) · (2pi − k)

((p f − k)2 − m2)((pi − k)2 − m2)
+ (k ↔ −k)

]
. (50.4)

With this definition [3], the G photon insertions lead to finite corrections whereas
the K -photon terms contain all the IR divergent pieces. With the understanding that
the effect of inserting (n + 1)th K or G photon can be considered independently in
the fermion and scalar sector, the IR behaviour of both the fermionic QED and the
scalar QED turns out to be crucial while determining the IR behaviour of the theory
involving bino-like dark matter. Fermionic QED is well known to be IR finite [4–6].
Thus, we proceed to prove the IR finiteness of scalar QED in the next section.

50.2 Infrared Behaviour of Scalar QED

To analyze the IR behaviour of scalar QED, we will start with the higher order
corrections (both virtual and real) to a generic n-photon diagram (related to the
hard scattering process γ(∗) + φ(∗) → φ(∗) ), which is schematically represented in
Fig. 50.1, having r vertices on the p leg and s on the p′ leg such that r + s = n.

Apart from the usual trilinear (scalar-scalar-photon) vertices,we have also the pos-
sibility of quadrilinear (scalar-scalar-photon-photon) vertices in scalar QED. There-
fore, if m number of photons participated in quadrilinear insertions in the n-photon
diagram then the number of vertices would have reduced to (n − m/2) from n [7].
This is the major difference between the fermionic and scalar case. The results pro-
vided below are inclusive of this factor.
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50.2.1 Insertion of Virtual K Photon

Virtual K photon insertions can be grouped into three broad classes,
Insertion between p and p′ legs: Upon considering all the possible insertions of
the K photon, the matrix element factorises and can be written in terms of the lower
order matrix element, namely

MKγ,p′ p
n+1 = −ie2

∫
d4k

(2π)4
1

k2 + iε
bk(p

′, p)Mn . (50.5)

Both insertions are on p′ leg: This is the most complicated calculation, as tadpole
insertions are allowed too. Apart from this, both the insertions being on the same leg
proliferate the number of higher order diagrams. After including all the higher order
diagrams, the matrix element becomes

Mn+1 ∝ {O(k)k deno + Seagull} + O(k)no k deno + {O(k2) + tadpole} + Mn ,

∝ Mn , (50.6)

where theO(k) andO(k2) denote, respectively, the finite linear and quadratic remain-
ders other thanMn , and the suffixes ‘k deno’ and ‘no k deno’ suggest, respectively,
the presence and absence of photon momentum k dependence in the denominator of
remainder terms. While theO(k)no k deno term vanishes, the integrand being odd, the
rest of the finite remainders cancel exactly against the seagull and tadpole contribu-
tions, leading to the vanishing of the sums enclosed by the curly braces. This leaves
us again with a term proportional to the lower order matrix element as before.
Both insertions are on p leg: A similar exercise for p leg can be done, keeping in
mind that the outermost self energy insertion has to be neglected to compensate for
wave function renormalisation. After symmetrising the result between the p and p′
legs, we have

MKγ,tot
n+1 = ie2

∫
d4k

(2π)4
1

2(k2 + iε)

[
b(p′, p′) − 2b(p′, p) + b(p, p)

] Mn ,

= ie2
∫

d4k

(2π)4
1

2(k2 + iε)

[
J 2(k)

]Mn ≡ [B]Mn . (50.7)

50.2.2 Insertion of Virtual G Photons

The leading divergence structure after including all the possible G photons is

MGγ;fermion
n+1 ∼ {

gμν − b(p f , pi )kμkν

} × pμ
f p

ν
i = 0 + O(k) . (50.8)
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As the leading divergence was already logarithmic, theO(k) terms are IR finite. The
terms arising from 4-point insertions give a factor proportional to −2gμμq (2p

′ · k +
k2) and, following the above argument, are also IR finite.

50.2.3 Emission of Real ˜K and ˜G Photons

The case of emission of real photons is a little bit different as a physical momentum
is carried away. After realizing that the photon polarization sum can be written as∑

pol ε
∗
μ(k) εν(k) = −gμν ; and using the technique of GY it can be rearranged as

contribution of K̃ and G̃ as

−gμν = −
[(

gμν − b̃k(p f , pi )kμkν

)
+ b̃k(p f , pi )kμkν

]
≡ − {

G̃μν − K̃μν

}
,

(50.9)

where b̃k(p f , pi ) = bk(p f , pi )|k2=0. Following a similar analysis as above, the K̃
photon contributions turn out to be

∣∣∣MK̃γ,tot
n+1

∣∣∣
2 ∝ −e2

[
b̃k(p, p) − 2b̃k(p

′, p) + b̃k(p
′, p′)

]
≡ −e2 J̃ 2(k) . (50.10)

The diverging factor here has a form exactly similar and consistent with ‘Weinberg’s
soft photon theorem’. An investigation of the universality of this factor may turn out
to be interesting. All the contributions for the G̃ photon emissions also turn out to
be finite.

The total cross section, after fully symmetrising thematrix elements and including
correct phase space factor dφp′ for real photon emissions turn out to be [7]

dσtot =
∫

d4x e−i(p+q−p′)·x dφp′ exp
[
B + B∗ + B̃

]
σfinite(x) , (50.11)

where σfinite(x) contains all the finite parts, and all the divergences are inside
exp

[
B + B∗ + B̃

]
term. At the IR limit, these terms in the exponential combine

to give an IR finite sum

(B + B∗) + B̃ = e2
∫

dφk
[
J (k)2 − J̃ (k)2eik·x

] k→0−→ 0 + O(k) . (50.12)

Hence, the theory of scalar QED is IR finite.
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50.3 The IR Finiteness of the Dark Matter Interactions

We can now generalize the result obtained in the above section with the under-
standing that both charged scalars and charged fermions are involved in the DM
scattering/annihilation. The key to the factorisation in the case of the generic scatter-
ing process with two vertices, χ(q + q ′)F(p) → F(p′)χ(q ′), where p + q = p′, is
the identification of the special vertex V that separates the p and p′ legs. We identify
the p′ leg with the final state fermion and the p leg with both the initial fermion
and intermediate scalar line. With this definition, it can be shown [1] that the matrix
element factorises exactly in the similar fashion as above, having a non-trivial double
cancellation to achieve this factorisation.

50.4 Conclusion

In this age of precision cosmology, the extremely accurate measured values of relic
abundance are imposing strong constraints on the parameter space of an eligible
model of dark matter (DM). Treating the MSSM as a prototype theory, we here
consider the DM to be a (bino-like) Majorana fermion, interacting with SM fields
mediated by sfermions (charged scalars). Armed with the IR finiteness of fermionic
QED and after an explicit proof of IR finiteness of scalar QED, we find that the
higher order corrections due to virtual and real (soft) photon emissions, to a generic
hard scattering process involving DM particles emerge to be IR finite at all orders.
Seagull diagrams and tadpole contributions played a crucial role in the scalar sector
to achieve this clear factorisation and resummation of soft contributions for a generic
amplitude in the full theory of DM.
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Chapter 51
Evaluating Performance of Usual ILC
and Global ILC Approach in Pixel Space
Over Large Angular Scales of the Sky

Vipin Sudevan and Rajib Saha

Abstract During the implementation of usual Internal Linear Combination (ILC)
method in pixel space, the foreground minimization is performed without taking
into consideration the covariance structure of the CMB anisotropies. A new fore-
ground model independent method, the Global ILC method, is developed where we
incorporate the CMB theoretical covariance matrix in the foreground minimization
algorithm. In this paper, we evaluate the performance of the usual ILC and the new
Global ILC methods implemented in pixel space over large angular scales of the sky.
We use the observed CMB maps provided by WMAP and Planck satellite missions.
We also perform detailed Monte Carlo simulations to validate our results. We find
that the cleaned CMB map and the CMB angular power spectrum obtained using
the Global ILC method has significantly lower reconstruction error as compared to
those obtained by usual ILC method.

51.1 Introduction

Among various foreground minimization techniques available, the Internal Linear
Combination (ILC)method [1–3] is amodel independentmethodwhere a foreground
minimized CMB map is obtained by making minimal physical assumptions on the
spectral distribution of foregrounds. The cleaned CMB map is obtained by linearly
combining the observed CMB maps with some amplitude terms known as weight
factors. Themethod is based on the assumption that the foreground spectra is different
from the CMB spectrum which follows a black-body spectrum. The ILC method
in pixel space has been implemented by the WMAP team using high resolution
data to obtain a cleaned CMB map by employing local information of the spectral
distribution of foregrounds [1]. The usual ILC method does not take into account
the covariance structure of the CMB maps while estimating the weights. In [4, 5],
the authors have developed a Global ILC method where the prior information about
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the CMB theoretical covariance matrix is used during the weight estimation. In this
work, we evaluate the performance of the usual ILC method and the Global ILC
method in the pixel space over large angular scales of the sky.

51.2 Formalism

In the pixel space usual ILC method, a cleaned CMB, ŝ, is defined as

ŝ =
n∑

i=1

wiXi . (51.1)

Here ŝ and Xi are N × 1 vectors describing full sky HEALPix [6] maps with N
pixels for a pixel resolution parameter Nside (N = 12 N 2

side).Xi denotes the observed
CMB map at i th frequency channel with i = 1, 2, . . . , n. The weights, wi , follow a
constrain equation

∑n
i=1 wi = 1. In the usual ILC method, the weights are obtained

by minimizing the variance in the cleaned maps, σ2 = ŝT ŝ, while in the new Global
ILC method, we minimize

σ2
red = ŝTC†ŝ. (51.2)

Here, σ2
red is the CMB covariance weighted variance or reduced variance, C† is

the Moore-Penrose generalized inverse of the CMB theoretical covariance matrix.
The structure of the CMB theoretical covariance matrix is given in [4]. The weights
which minimize the variance are obtained after following a Lagrange’s method of
undetermined multipliers, i.e.

W = eAT

eAT eT
, (51.3)

where, W = (w1, w2, . . . , wn) is a 1 × n row vector of weights corresponding to
different frequency maps, e is a 1 × n unit row vector representing the shape vector
of CMB in thermodynamic temperature unit. The elements of n × n matrix A is
given as

Ai j =
{
XiX j for usual ILC method,

XiC†X j for Global ILC method.
(51.4)

51.3 Methodology

We use Planck 2015 and WMAP 9year difference assembly (DA) maps in our anal-
ysis. Since we are working at large angular scales of the sky, we downgrade all the
high resolution input maps to a pixel resolution Nside = 16 and smoothed by a Gaus-
sian beam of 9◦ after properly taking care of the beam and pixel window functions
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of the individual maps [4]. We convert all the input maps to μK (thermodynamic)
temperature units and then subtract from each frequencymap its correspondingmean
temperature. Using these low pixel resolution input maps, we perform the foreground
minimization employing the following methods. In Method 1, we use Global ILC
method in a single iteration where we estimate the weights (51.3) using the full sky
CMB theoretical covariance matrix. The iterative version of Global ILC method is
employed in Method 2 to obtain a cleaned CMB map. The details about the iterative
implementation of theGlobal ILCmethod are given in [4]. Finally, we perform a fore-
ground minimization over large angular scales of the sky using usual ILC approach
in pixel space in Method 3. We discuss the results in the next section.

51.4 Results

We show the cleaned CMBmap (hereafter CMap1) obtained after followingMethod
1 in the top panel of the Fig. 51.1, followed by the difference plots obtained after tak-
ing the difference between COMMANDER CMBmap (at Nside = 16 and smoothed
by aGaussian beamof FWHM=9◦) andCMap1, andCOMMANDERCMBmap and
cleanedmap fromusual ILCmethod (hereafter ILCCMap) in secondand third panels,
respectively. A visual inspection of the difference plots shows that the cleaned map
obtained after using Method 1 and the COMMANDER CMB map agrees well with
each other as compared to the ILCCMapwhich contains residual foreground contam-
inations present not only in the Galactic region, but also in higher Galactic regions. In
the last panel of Fig. 51.1, we show the difference between the cleanedmaps obtained
after following Methods 1 and 2. The CMap2 (fromMethod 2) matches very closely
with CMap1 and it has slightly less foreground residuals along both sides of the
galactic plane at the expense of some additional detector noise residuals along the
ecliptic plane. Similarly, we show, in the top panel of Fig. 51.2, the CMB angular
power spectrum obtained after correcting the beam and pixel effects from the CMap2
and the ILC CMap from Method 3. We compare both the power spectra against the
Planck 2015 [7] theoretical CMB angular power spectrum and the angular power
spectrum estimated from COMMANDER CMB map. In the second and third panel
of the Fig. 51.2, we show the difference between the COMMANDER and CMap2
angular power spectrum and COMMANDER and ILC CMap angular power spec-
trum, respectively. We see a close match between the COMMANDER and CMap2
angular power spectrum. The difference between CMap1 and CMap2 CMB angular
power spectrum is plotted in the bottom panel of the Fig. 51.2. An interesting fact
to note here is the close match between the cleaned maps CMap1 and CMap2 and
their corresponding angular power spectra shows that using the Global ILC method,
where prior information from the CMB theoretical covariance matrix is incorporated
into the cleaning algorithm, we do not require more number of iterations to minimize
the foregrounds present in the observed CMB maps. In order to understand the error
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Fig. 51.1 In the top panel we show the cleaned CMBmap (CMap1) fromMethod 1. In second and
third panels, we plot COMMNDER—Method 1 and COMMANDER—Method 3 difference maps,
respectively, and Methods 1–3 difference map is plotted in the bottom panel. All the plots are in
μK units
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Fig. 51.2 Top panel shows the power spectrum (PS) estimated from CMap1 and ILC CMap along
with PS from COMMANDER CMB map. (For visual purpose, ILC CMap PS is slightly shifted
along the horizontal axis from the actual positions of the integer multipoles). We plot Method 2—
COMMANDER and Method 3—COMMANDER PS in second and third panels, respectively, and
finally Methods 1–2 PS in the last panel
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while reconstructing the cleaned CMB map and its angular power spectrum using
the different methods, we perform detailedMonte Carlo simulations after simulating
a realistic model of foreground contaminated CMB maps at different Planck and
WMAP frequency channels.

51.5 Monte Carlo Simulations

We simulate 200 sets of all 12 foreground contaminated maps corresponding to
different WMAP and Planck frequency bands following the procedure as outlined
in [4, 8]. Our foreground model consists of synchrotron emission with constant
spectral index of −3.0, free-free and thermal dust emission. Using these sets of
simulated foreground contaminatedmaps,we perform foregroundminimization after
implementingmethods 1, 2, and 3.Using all the three sets of 200 such differencemaps
we obtain the standard deviation maps which are shown in Fig. 51.3. The pixel value
corresponding to each pixel in the standard deviation map gives the reconstruction
error in the final cleaned map. Upon inspecting the standard deviation plots for
Methods 1 and 2 shown in the first and second panel of Fig. 51.3 respectively, and
the plot corresponding to the usual ILC method in the bottom panel, we see that
cleaned maps obtained after following Methods 1 and 2 have lower reconstruction
error as compared to the cleaned map from usual ILC method. We show the mean
cleaned CMB angular power spectrum obtained from Methods 2 and 3 in the top
panel of Fig. 51.4 and the mean difference between the cleaned CMB angular power
spectrum and corresponding input angular power spectrum for Methods 2 and 3 in
the second and third panels, respectively. We see from the first panel of Fig. 51.4,
the presence of negative bias [2, 9] at lower multipole (� < 5) in the mean angular
power spectrum obtained using Method 3 (the usual ILC approach), while the same
is absent in the power spectra estimated using the cleaned maps from Method 2. At
higher multipoles � > 5, we observe excess power in the spectrum obtained from
usual ILCmethod. This excess power in mean power spectrum is due to the presence
of residual foreground contamination in the final cleaned maps from Method 3. In
the last panel of Fig. 51.4, we show the close match between the CMap1 and CMap2
mean angular power spectra.

51.6 Conclusions

Using the new foreground minimization method, the Global ILC approach where
the prior information from the CMB theoretical covariance matrix is used, provides
better cleaned CMB maps (both Methods 1 and 2) as compared to the cleaned map
provided by the usual ILCmethod (Method 3) implemented in pixel space over large
angular scales of the sky. The difference plot between CMap1 and CMap2 shows
that the results from Methods 1 and 2 agree very closely which is further evident
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Fig. 51.3 Standard deviation maps obtained from the difference of foreground minimized CMB
map and corresponding randomly generated input CMBmap using 200Monte Carlo simulations of
foreground minimization following Methods 1, 2, and 3 are plotted in the top, middle, and bottom
panels, respectively. All the plots are in (μK)2 units
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Fig. 51.4 Mean PS fromMethods 1 and 3 along with their corresponding error bars is plotted in top
panel (For visual purpose, the PS from Method 3 is slightly shifted along the horizontal axis from
the actual positions of the integer multipoles). We have shown the Planck 2015 theoretical PS as
the red line and the filled color band is the cosmic variance. In the middle panel, we show Method
2—Planck PS and Method 3—Planck PS. Methods 1–2 PS is shown in the bottom panel

after comparing their respective angular angular power spectra. This shows that
the Global ILC method is truly global since by incorporating the prior information
from the CMB theoretical covariancematrix in theminimization algorithmwe do not
require to performmore number of iterations tominimize the foregrounds effectively.
The results obtained after performing detailed Monte Carlo simulations validate the
results obtained using the observed CMB maps. We see that, from the simulation
results, both the cleanedmaps provided byMethods 1 and 2 have lower reconstruction
error as compared to cleaned map from Method 3. We also see the presence of
negative bias in the lower multipoles of the mean angular power spectrum obtained
using Method 3, while the same is absent in the case of mean angular power spectra
obtained from both the Methods 1 and 2.



51 Evaluating Performance of Usual ILC and Global ILC Approach . . . 365

References

1. C. Bennett et al. [WMAP Collaboration], Astrophys. J. Suppl. 148, 97 (2003). https://doi.org/
10.1086/377252 [astro-ph/0302208]

2. R. Saha, P. Jain, T. Souradeep, Astrophys. J. 645, L89 (2006). https://doi.org/10.1086/506321
[astro-ph/0508383]

3. M. Tegmark and G. Efstathiou, Mon. Not. Roy. Astron. Soc. 281, 1297 (1996). https://doi.org/
10.1093/mnras/281.4.1297 [astro-ph/9507009]

4. V. Sudevan,RSaha,Astrophys. J.867(1), 74 (2018). https://doi.org/10.3847/1538-4357/aae439,
arXiv:1712.09804 [astro-ph.CO]

5. V. Sudevan, R. Saha, arXiv:1810.08872 [astro-ph.CO]
6. K.M. Gorski et al., Astrophys. J. 622, 759 (2005). https://doi.org/10.1086/427976 [astro-

ph/0409513]
7. P.A.R. Ade et al., [Planck Collaboration], Astron. Astrophys. 594, A13 (2016). https://doi.org/

10.1051/0004-6361/201525830, arXiv:1502.01589 [astro-ph.CO]
8. V. Sudevan, P.K. Aluri, S.K. Yadav, R. Saha, T. Souradeep, Astrophys. J. 842(1), 62 (2017).

https://doi.org/10.3847/1538-4357/aa7334, arXiv:1612.03401 [astro-ph.CO]
9. R. Saha, S. Prunet, P. Jain, T. Souradeep, Phys. Rev. D 78, 023003 (2008). https://doi.org/10.

1103/PhysRevD.78.023003, arXiv:0706.3567 [astro-ph]

https://doi.org/10.1086/377252
https://doi.org/10.1086/377252
https://doi.org/10.1086/506321
https://doi.org/10.1093/mnras/281.4.1297
https://doi.org/10.1093/mnras/281.4.1297
https://doi.org/10.3847/1538-4357/aae439
http://arxiv.org/abs/1712.09804
http://arxiv.org/abs/1810.08872
https://doi.org/10.1086/427976
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
http://arxiv.org/abs/1502.01589
https://doi.org/10.3847/1538-4357/aa7334
http://arxiv.org/abs/1612.03401
https://doi.org/10.1103/PhysRevD.78.023003
https://doi.org/10.1103/PhysRevD.78.023003
http://arxiv.org/abs/0706.3567


Chapter 52
Inflation with an Antisymmetric Tensor
Field

Sandeep Aashish, Abhilash Padhy, Sukanta Panda, and Arun Rana

Abstract We investigate the possibility of inflation with models of antisymmet-
ric tensor field having minimal and nonminimal couplings to gravity. Although the
minimal model does not support inflation, the nonminimal models, through the intro-
duction of a nonminimal coupling to gravity, can give rise to stable de-Sitter solutions
with a bound on the coupling parameters. The values of field and coupling parame-
ters are sub-planckian. Slow roll analysis is performed and slow roll parameters are
defined which can give the required number of e-folds for sufficient inflation. Stabil-
ity analysis has been performed for perturbations to antisymmetric tensor field while
keeping the metric unperturbed, and it is found that only the sub-horizon modes are
free of ghost instability for de-Sitter space.

52.1 Introduction

The theory of inflation, have played a crucial role in explaining the evolution of the
universe which is consistent with the experimental observations [1, 2]. But the source
of inflation still remains debatable. As ordinary matter or radiation cannot source
inflation, several models have been built to describe inflation where a hypothetical
field may it be scalar, vector or tensor drives the inflation [3]. Most of the scalar field
models having the simple form of potential are ruled out as they are not compatible
with the Planck’s observational data for the cosmicmicrowave background [3]. Simi-
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larly [4–6], almost all of the vector field inflation models suffer from instabilities like
ghost instability [7] and gradient instability [8] which leads to an unstable vacuum.

In such a case, string theory provides an interesting alternative to the traditional
model building. A particular theory of interest is that of rank 2 antisymmetric tensor
field.[9, 10].

Our research interest is to study the possibility of inflation with antisymmetric
tensor field by considering nonminimalmodels originally considered inAltschul et al.
[11]. The nonminimal coupling terms we incorporate here are part of a general action
constructed in [11] and are inspired by spontaneous Lorentz violation theories. We
also set up a perfect slow roll scenario for this inflationary model, prior to developing
a full perturbation theory for antisymmetric tensor in future works. However, an
instability analysis only for the perturbations to the antisymmetric tensor field is
performed, where as the metric is kept unperturbed.

52.2 Background Dynamics

An obvious choice for the background metric is the FriedmannLematreRobertson-
Walker (FLRW)metric, motivated by the cosmological principle that imposes homo-
geneity and isotropy symmetries on the background universe. With the choice of
metric signature (− + ++), the (background) metric components gμν read

g00 = −1, gi j = a(t)2δi j , (52.1)

where a(t) is the scale factor for expansion of universe.
We are interested in a theory where the inflation-driving field is an antisymmetric

tensor Bμν

Bμν = −Bνμ. (52.2)

In general, Bμν has six independent components and a structure similar to that
of the electromagnetic field strength tensor. A convenient representation of Bμν ,
analogous to the electrodynamic decomposition of field strength into electric and
magnetic fields, is given by [11]

B0 j = −� j , Bjk = ε jkl�
l . (52.3)

For setting up the background dynamics, we can exploit the freedom to choose
a structure for Bμν that simplifies the calculations of the present work without los-
ing generality. This choice of Bμν structure manifests in the constraint equations
for off-diagonal components of spatial part of energy momentum tensor, ensuring
homogeneity and isotropy of backgroundmetric gμν . For our convenience, we choose
� j = 0, and �l = B(t), l = 1, 2, 3, so that
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Bμν =

⎛
⎜⎜⎝
0 0 0 0
0 0 B(t) −B(t)
0 −B(t) 0 B(t)
0 B(t) −B(t) 0

⎞
⎟⎟⎠ . (52.4)

If the minimal coupling with the curvature term is considered only, then that will
lead to a negative acceleration of the scale factor here by contrasting the idea of
inflation. The requirement of positive acceleration of the scale factor is met by a
simple extension of theory consisting of a nonminimal coupling to gravity [11]. The
action can be expressed as

S =
∫

d4x
√−g

[
R

2κ
− 1

12
HλμνH

λμν − m2

4
BμνB

μν + LNM

]
, (52.5)

where LNM is the nonminimal coupling term. In the most general case, the LNM can
be expressed as

LNM = 1

2κ
ξBμνBμνR + 1

2κ
ζBλνBμ

νRλμ + 1

2κ
γBκλBμνRκλμν (52.6)

We will consider only the case, with LNM = 1
2κξBμνBμνR for the sake of conve-

nience in order to make our calculation easy. The nonminimal coupling term LNM ,
is parametrized by ξ for couplings with R. The parameters ξ has dimension of M−2

pl .
WithLNM = 1

2κξBμνBμνR in (52.5), the corresponding energymomentum tensor
is given by

Tμν = T M
μν + T ξ

μν, (52.7)

where,

T ξ
μν = ξ

κ

[∇μ∇ν(BαβB
αβ) − gμν∇λ∇λ(BαβB

αβ) − Gμν(BαβB
αβ) − 2RBα

μBαν

]
.

(52.8)

Following the steps of previous section, we write the Einstein equations

G00 = κT00 =⇒ H 2 + 6ξ(2Hφφ̇ + H 2φ2) = κ

2
[(φ̇ + 2 Hφ)2 + m2φ2], (52.9)

Gi j = κTi j =⇒ 2Ḣ + 3H 2 + 6ξ(2φφ̈ + 2φ̇2 − 2Ḣφ2 − 5 H 2φ2 + 4Hφφ̇)

= κ

2
[(φ̇ + 2 Hφ)2 − m2φ2], i = j, (52.10)

Similarly, the constraint equation for off-diagonal components of Ti j becomes
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κ

2
[(φ̇ + 2 Hφ)2 − m2φ2] = −6ξ(Ḣ + 2H 2)φ2. (52.11)

The question of whether an exact de-Sitter space exists boils down to finding non-
zero solutions (φ0, H0) to the Einstein equations (52.9)–(52.11) in the de-Sitter limit,
Ḣ = φ̇ = 0. First, using the constraint (52.11) in (52.10), we get for the coupling
with R

2Ḣ + 3H 2 + 12ξ(φφ̈ + φ̇2 + 2Hφφ̇ − 1

2
Ḣφ2 − 3

2
H 2φ2) = 0. (52.12)

Then, applying the de-Sitter limit to (52.9) and (52.12), de-Sitter solutions φ0 and
H0 are obtained as

φ2
0 = 1

6ξ
(52.13)

H 2
0 = κm2

4(6ξ − κ)
(52.14)

from the above results, it can be observed that the de-Sitter inflation is possible in

this model under a condition on the coupling parameter ξ, that is ξ >
κ

6
.

We now consider a nearly de-Sitter spacetime for building an inflationary model.
For a successful inflation, the duration of inflation should be more than 70 e-folds.
One of the slow roll conditions relevant for the acceleration is ε, given in terms of
Hubble parameter

ε = − Ḣ

H 2
. (52.15)

It can be seen that ε has to be small in order for acceleration to be positive. A
second slow roll parameter in terms of φ must be introduced to control the duration

of inflation. δ ≡ φ̇

Hφ
can act as a possible slow roll parameter which can be related

to ε as follows:

ε = δ

[
(6ξ − 2κ)φ2

1 + (6ξ − 2κ)φ2 + δ(12ξ − 2κ)φ2
− φVφ

2V

]
.

(52.16)

where Vφ = dV/dφ. An explicit relation between ε and δ is obtained by using the
flat potential condition, Vφ << V . In the above expression, the condition on the
constituent parameters can lead to the approximation δ ≈ ε. The small δ indicates
that the background field should be nearly constant which eventually leads to flat
potential satisfying the requirement of slow roll. The duration of inflation can be
expressed by the number of e-folds. The number of e-folds can be calculated to be
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N =
∫ t

ti

Hdt =
∫ φ

φi

dφ
H

φ̇
= 1

δ

∫ φ

φi

dφ

φ
= 1

δ
ln

(
φ

φi

)
. (52.17)

Clearly, it is feasible now to get 70 or more e-folds since δ is the only controlling
parameter, and its smallness ensures sufficient duration of slow-rolling inflation.

52.3 Stability of Perturbations to Bμν

Although this model is able to provide a stable de-sitter type inflation with a lightly
tuned nonminimal coupling with curvature terms, it should be free from the instabil-
ities in order to give a sustainable inflationary model. A complete stability analysis
would include perturbations to Bμν and the metric. However, as an initial check, we
consider here only the perturbations to the background antisymmetric tensor field
Bμν , leaving the metric unperturbed. The choice of background structure of Bμν

remains the same as in (52.4). The perturbed field is given by Bμν + δBμν , where

δB0i = −Ei , δBi j = εi jkMk . (52.18)

Substituting this perturbation in the action (52.5) results in the perturbed action
containing terms upto quadratic order in perturbation. The second order part of the
perturbed action reads

S2 =
∫

d4x

[
1

2a

(−̇→
M · −̇→

M + 2
−̇→
M · (

−→∇ × −→
E ) + (

−→∇ × −→
E ) · (

−→∇ × −→
E )

)
− 1

2a3
(
−→∇ · −→

M )2

+
(
m2

2
− 6ξ

κ
Ḣ − 12ξ

κ
H2

)
a(

−→
E · −→

E )

−
(
m2

2
− 6ξ

κ
Ḣ − 12ξ

κ
H2

)
(
−→
M · −→

M )

a

]
. (52.19)

From (52.19), it can be observed that Ei ’s are merely auxiliary fields, whose
equations of motion give unique solutions to Ei in terms of the dynamical modes
Mi . To proceed, it is convenient to transform to 3-momentum space in order to get
rid of the spatial derivatives. A further simplification is introduced by choosing the
z-axis along the direction of 3-momentum k. Consequently, the nondynamic modes
Ei s are replaced with the dynamical modes Mi s. Finally, the kinetic part of the
effective action is obtained to be

(
Sef f

)
Kin.

=
∫

dt d3k

[
N

2a(N − κk2)
˙̃M†
x

˙̃Mx + N

2a(N − κk2)
˙̃M†
y

˙̃My + 1

2a
˙̃M†
z

˙̃Mz

]
,

(52.20)

where, N = κ(2k2 + m2a2) − 12ξa2 Ḣ − 24ξa2H2.
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Clearly, (52.20) implies that there is no ghost instability in the longitudinal mode M̃z ,
whereas the coefficients of the remaining two transverse modes may come with a negative
sign and hence give rise to instability. If we demand that Seff be free of ghosts, then the
following condition needs to be satisfied:

k2

a2
+ m2 >

H2

κ
(24ξ − 12ξε) . =⇒ k2 > 4a2 H2

0 . (52.21)

Equation (52.21) indicates that there will be no ghost in the action for sub-horizon modes
only. While for super-horizon modes the action will encounter a ghost.

52.4 Conclusion with a Possible Resolution

The possibility of inflation is analyzed in a model with nonminimal coupling with ricci scalar,
where tensor field Bμν acted as the source for inflation. As a result, it is observed that an exact
de-Sitter solution is possible in this model with some constraints on the coupling parameter.
In addition to that from the slow roll analysis of the model, it is verified that sufficient e-folds
for inflation can be achieved. A notable feature of the present analysis is that the values of ξ
and φ are sub-planckian in these models.

The ghost instability analysis has been performed for perturbations to Bμν (keeping the
metric unperturbed). We find that while the longitudinal modes are ghost free, the transverse
modes may admit ghosts. For a special case of exact de-Sitter space, only the sub-horizon
modes are ghost free. It is noteworthy that the conditions encountered here are common in
vector field models as well [7, 12].

An interesting possibility arises by adding aU (1) symmetry breaking kinetic term to (52.5).
The possible addendum to the kinetic term is

Sτ =
∫

d4x
√−g(τ (∇λB

λν)(∇μB
μ
ν))

≡
∫

d4x

[
1

2a

(−̇→
M .

−̇→
M + τa2

−̇→
E .

−̇→
E

)
+ Lnonkinetic

]

The contribution of this term to the energy momentum tensor is

T τ
μν = τ

[
gμν

(
(∇λB

σλ)(∇ρB
ρ
σ) + 2Bσλ∇λ∇ρB

ρ
σ

)
+ 2(∇λB

λ
μ)(∇ρB

ρ
ν)

+ 2
(
B λ

μ ∇λ∇ρB
ρ

ν + B λ
ν ∇λ∇ρB

ρ
μ

) ]

the important points to be noted here are that the additional term does not play role in the
background dynamics, where as in the perturbed scenario it adds dynamics to the previously
nondynamical Ei modes making coefficients of both the kinetic term positive, here by putting
forward a probable resolution to remove the ghost from this model. The complete perturbation
scenario has to be investigated to construct a stable inflationary model.
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Chapter 53
IR Finiteness of Theories with Bino-Like
Dark Matter at Finite Temperature

Pritam Sen, D. Indumathi, and Debajyoti Choudhury

Abstract We consider a theory of bino-like dark matter particles interacting with
charged scalar and fermion fields at a finite temperature T . We show that such a
theory is infrared finite to all orders in thermal field theory. Such a result is important
for calculations of DM relic densities, including thermal corrections.

53.1 Introduction

With the advent of precision cosmology, the contribution to the energy budget of the
universe in the form of the DarkMatter (DM) has beenmeasuredwith high precision.
Consequently, theoretical predictions of the relic abundance of DM need to be very
accurate and the inclusion of higher order calculations is amust.Although some effort
has beenmade to this end, these seldom include corrections due to finite temperature.
Initial efforts in this direction stopped at the next-to-leading order (NLO) [1] alone,
demonstrating the cancellation of the Infrared divergences to this order. In this paper,
we present an all order proof of the IR finiteness of such models. Although we focus
here on a bino-like DM candidate, the analysis captures the essence of a broad class
of models [2].
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The Lagrangian density relevant to this model is described by

L = −1

4
FμνF

μν + f
(
i /D − m f

)
f + 1

2
χ

(
i /∂ − mχ

)
χ

+ (Dμφ)
† (

Dμφ
) − m2

φφ†φ + (
λχ PL f −φ+ + h.c.

)
,

(53.1)

where χ , the dark matter candidate, is a SU (2) ×U (1) singlet Majorana fermion,
along with left-handed fermion doublet, f = ( f 0, f −)T , with an additional scalar
doublet, φ = (φ+, φ0)T which is the supersymmetric partner of f . We assume the
bino to be a TeV-scale particle such that freeze-out happens after electroweak phase
transition. Consequently, only electromagnetic interactions are of relevance as far as
IR finiteness is concerned. For analyzing the IR finiteness of this model, we will start
with the simplest of processes like χ + χ → F + F or χ + F → χ + F (whereF
is a generic Standard Model fermion), and consider all higher order contributions to
these.As both the charged scalars and charged fermions participate in these processes,
the IR finiteness of both of these play a crucial role in determining the IR finiteness
of the whole model. The thermal fermionic QED is already known to be IR finite [3,
4]. Hence, we will proceed via proving the IR finiteness of thermal scalar QED at all
order. But at first, we will address some complications arising due to the presence of
temperature in the next section.

53.2 Real-Time Formulation of the Thermal Field Theory
and Additional IR Divergences

In the real-time formalism [5–7] of thermal field theory, fields (scalar, fermion and
photon) in equilibrium with a heat bath of temperature T obeys periodic and anti-
periodic boundary conditions given by φ(t0) = ±φ(t0 − iβ), respectively, for boson
and fermion fields. These conditions result in the well-known field doubling, with
the propagators acquiring a 2 × 2 matrix form. The original (and physical) fields
(hereafter called Type-1) can appear as both external (asymptotic) and internal lines,
whereas their mimics, the thermal ghosts (Type-2), can occur only as internal lines.
The thermal part of the propagators now carry a number operator corresponding to the
field statistic. In particular, the photon propagator (in Feynman gauge) corresponding
to a momentum k can be expressed as iDab

μν(k) = −gμν i Dab(k), with

iDab(k) ∼
[

i

k2 + iε
δab ± 2π δ(k2) N (|k0|) Dab

T

]
, (53.2)

where the first and second term, respectively, correspond to the zero and finite tem-
perature contribution. In the soft limit, the bosonic number operator worsens the
IR divergence (the fermionic number operator is well behaved in the soft limit and
converges to 1/2).
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N (|k0|) ≡ 1

exp{|k0|/T } − 1
k→0−→ T

|k0| , (53.3)

leading to a linear leading IRdivergence at finite temperature rather than a logarithmic
one as in T = 0 case. Hence, subleading logarithmic divergences (which were not
present at T = 0) also arise at finite temperature. Exactly similar factors also arise
from thermal scalar fields. All these extra diverging factors make the proof of IR
finiteness of the scalar QED highly non-trivial.

53.3 Infrared Behaviour of Thermal Scalar QED

To analyze the IR behaviour of thermal scalar QED,wewill include higher order con-
tributions due to photon insertion (both virtual and real) to a genericn-photondiagram
related to the hard scattering process γ (∗)(q) + φ(∗)(p) → φ(∗)(p′), schematically
represented in Fig. 53.1, having r and s number of vertices, respectively, on the p
and p′ leg such that r + s = n.

While adding higher order photon contributions, we will follow the technique due
to Grammer and Yennie [8] (henceforth mentioned as GY) by separating the virtual
(real) photon contributions into K (K̃ ) and G (G̃) photon contributions. For virtual
photons, we will rearrange the gμν factor in the propagator as

gμν = [(
gμν − bk(p f , pi )kμkν

) + (
bk(p f , pi )kμkν

)] ≡ [
Gμν + Kμν

]
, (53.4)

Fig. 53.1 Schematic diagram of a nth order graph of γ ∗φ → φ, with r + s = n. Here V labels the
special but arbitrary scalar–photon vertex
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whereas for real photons, we reexpress the polarization sum
∑

pol ε
∗
μ(k) εν(k) =

−gμν as

−gμν = −
[(

gμν − b̃k(p f , pi )kμkν

)
+ b̃k(p f , pi )kμkν

]
≡ −G̃μν − K̃μν.

(53.5)

Here, bk (b̃k = bk |k2=0) [3] is defined in such a way that the G (G̃)-photon terms
are IR finite and the K (K̃ )-photon terms contain all the IR divergent pieces

bk(p f , pi ) = 1

2

[
(2p f − k) · (2pi − k)

((p f − k)2 − m2)((pi − k)2 − m2)
+ (k ↔ −k)

]
. (53.6)

In contrast to thermal fermionic QED, we, now, also have 4-point scalar-scalar-
photon-photon vertices and, consequently, seagull and tadpole diagrams. Only with
the inclusion of these diagrams, we will be able to obtain a neat factorization leading
to resummation. In fact, we find that the IR finite tadpole contribution is crucial in
obtaining the factorization and subsequent resummation of IR divergent pieces to all
orders.

53.3.1 Insertion of Virtual K Photon

After allowing for all possible insertions of K photons and realizing that the exter-
nal scalar legs and the special scalar-photon hard vertex V is of type-1, the whole
contribution due to K photon can be written as

MKγ,tot
n+1 = ie2

2

∫
d4k

(2π)4
D11(k)

[
bk(p

′, p′) − 2bk(p
′, p) + bk(p, p)

] Mn ,

≡ ie2

2

∫
d4k

(2π)4
D11(k)

[
J 2(k)

]Mn ≡ [B]Mn. (53.7)

53.3.2 Insertion of Virtual G Photon

G photon contributions, after including all the possible insertions, are IR finite as

MGγ

n+1 ∼
∫

d4k

[
i

k2 + iε
δtμ,tν ± 2πδ(k2)N (|k|)Dtμ,tν

]

× [
0(p f · pi ) + 2(p f + pi ) · k] [O(1) + O(k) + O(k2) + · · · ] . (53.8)
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From the above expression, it is easily seen that the leading linear divergence aris-
ing from the finite temperature part vanishes [9]. The leading logarithmic divergence
arising from T = 0 part cancels trivially from the construction of bk . While a part of
the subleading logarithmic divergence is seen to vanish as well, the detailed proof of
IR finiteness of the G photon contribution is cumbersome; see [2]. We find that the
G photon contribution is IR finite, just as in the zero temperature case.

53.3.3 Emission and Absorption of Real ˜K and ˜G Photon

The separation into K̃ and G̃ photon contributions when including additional real
photons is achieved by the definitions in (53.5). Unlike for zero temperature field the-
ory, in thermal field theory the real K̃ and G̃ photons can be both emitted and absorbed
with respect to the heat bath. And as the real photons carry physical momenta, the
phase space gets modified to dφi = (d4ki/(2π)4) 2πδ(k2i )

[
θ(k0i ) + N (|ki |)

]
. The

resultant K̃ photon contribution is proportional to

∣∣∣MK̃γ,tot
n+1

∣∣∣
2 ∝ −e2

[
b̃k(p, p) − 2b̃k(p

′, p) + b̃k(p
′, p′)

]
≡ −e2 J̃ 2(k). (53.9)

The G̃ photon calculations after following a similar approach as G, photon cal-
culation turns out to be IR finite.

After including the correct phase space factors dφp′ for real photon emission and
absorption and after fully symmetrizing the matrix elements, the total cross section
turns out to be [9]

dσ tot =
∫

d4x e−i(p+q−p′)·x dφp′ exp
[
B + B∗ + B̃

]
σ finite(x) , (53.10)

where all the divergences (from virtual and real contributions) are contained inside
the exponential term and combine to give an IR finite sum in the soft limit

(B + B∗) + B̃ = e2
∫

dφk

[
J (k)2

{
1 + 2N (|k0|)}

− J̃ (k)2
{(
1 + N (|k0|)) eik·x + N (|k0|)e−ik·x}

]
,

k→0−→ 0 + O(k2).

Therefore, the theory of thermal scalar QED is IR finite to all orders.
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Fig. 53.2 Schematic diagram to define the p and p′ legs for the process, χF → Fχ . Here, r +
s + u = n

53.4 The IR Finiteness of the Dark Matter Interactions

With both the results of thermal scalar and fermionic QED at hand now, we will
be interested in the higher order corrections to a generic scattering process χ(q +
q ′)F(p) → F(p′)χ(q ′) as schematically represented in Fig. 53.2 where, p + q =
p′. The final state fermion has been identified with the p′ leg, and both the initial
fermion and intermediate scalar line has been identified with p leg and an analysis
similar to that above effected. On inclusion of each of the higher order K , G, K̃ and
G̃ contributions, the matrix element can be shown to factorize exactly [2] in a fashion
similar to that above, benefitting from a non-trivial double cancellation around the
vertices V and X as seen in Fig. 53.2.

The G and G̃ photon contributions turn to be IR finite here too. Together with
the cancellation of IR divergent terms between K and K̃ terms in the soft limit, this
ensures that the thermal theory of bino-like dark matter is infrared finite to all orders.

53.5 Conclusion

Finite temperature corrections can turn out to be of prime importance when delineat-
ing the parameter space allowed to a particular model of dark matter (DM). Armed
with the IR finiteness of thermal fermionic QED, and after providing an explicit
proof of IR finiteness of scalar QED we obtain the theory of bino-like DM to be IR
safe to all orders. The inclusion of seagull and tadpole contributions along with both
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emission and absorption of real photons with respect to the heat bath are essential to
obtain this IR safety. This result is important in the context of obtaining relic densities
for dark matter including thermal effects.
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Chapter 54
Modified Higgs Couplings in the Minimal
Composite Higgs Model and Beyond

Avik Banerjee

Abstract Composite Higgs scenario, where the Higgs boson emerges as a pseudo-
Nambu-Goldstone boson (pNGB), is well motivated as an approach to solve the
Hierarchy problem of the Standard Model. One of the main phenomenological con-
sequences of this setup is sizable deviations of the Higgs couplings from their Stan-
dard Model predictions. We discuss how the modification of the Higgs couplings
with weak gauge bosons and quarks arise in the minimal composite Higgs model
and its impact on the scale of compositeness. We take an effective field theoretic
approach to illustrate our results. The coupling modifications in models beyond the
minimal scenario where the scalar sector is extended with Standard Model singlets
and triplets are also discussed.

54.1 Introduction

The discovery of the Higgs boson at the Large Hadron Collider (LHC) paved the
path towards the precision study of the properties and origin of the Higgs. Several
motivated beyond the Standard Model (BSM) scenarios predict deviations of the
Higgs couplings compared to their Standard Model (SM) values. These deviations
can in principle be tested at the LHC and proposed future colliders and yield signif-
icant information about the nature of the Higgs boson. Composite Higgs models [1,
2] provide an alternative to supersymmetry to solve the Hierarchy problem of SM.
It consists of a framework where the Higgs boson originates as a pseudo-Nambu-
Goldstone boson (pNGB) of a strong sector with spontaneously broken global sym-
metry (analogous to the pions in QCD) [3–5]. The scale at which the strong sector
condenses sets the geometric dimension of the composite Higgs and is known as the
scale of compositeness ( f ). The SM gauge bosons and fermions, on the other hand,
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are elementary and their interaction with the strong sector resonance states via linear
mixing explicitly breaks the global symmetry. This endows the Higgs boson with a
potential and is responsible for the electroweak symmetry breaking. The couplings
of the Higgs in this scenario are modified due to the strong dynamics compared
to the corresponding SM values, and the measurements of the Higgs couplings at
LHC, in turn, put stringent limits on the scale of compositeness. However, in the
absence of any signal of new physics at the LHC, effective field theoretic frame-
works become more popular in the study of Higgs boson [6]. The idea behind using
an effective theory is that the effect of new dynamics appearing at a high scale can be
captured by constructing higher dimensional operators, which respect symmetries
at low energies. The higher dimensional operators contribute to the modifications of
the couplings of the Higgs boson with other SM particles.

The other yet unknown aspect of the electroweak symmetry breaking is the full
constituents of the scalar sector. Apart from the usual SU(2)L doublet Higgs, addi-
tional singlet, doublet or triplet scalars can exist. The presence of the additional
scalars also modifies the couplings of the 125 GeV Higgs boson. Moreover, these
scenarios contain other neutral and charged scalars with different CP eigenstates
providing interesting phenomenological consequences.

In what follows, we discuss the modifications of Higgs coupling in composite
Higgs setup (Sect. 54.2). We also show the use of the strongly interacting light Higgs
framework to construct the higher dimensional operators and calculate the coupling
modifiers. Then we discuss some models with extended scalar sectors and show how
the couplings of the Higgs boson changes in those cases (Sect. 54.3). Finally, we
conclude (Sect. 54.4).

54.2 Minimal Composite Higgs Model (MCHM)

The minimal realization of the composite Higgs setup, compatible with electroweak
precision constraints, consists of a coset SO(5)/SO(4) producing four pNGBs [7].
In the unitary gauge, the pNGB Higgs can be parametrized as

Σ = (0, 0, 0, sh, ch)
T , (54.1)

where sh ≡ sin(h/ f ), ch ≡ cos(h/ f ). The gauge interactions of the pNGB Higgs
with SM gauge bosons are given by

Lgauge � g2 f 2

4
sin2

(
h + V

f

) [
W+

μ W μ− + 1

2 cos2 θw

ZμZ
μ

]
. (54.2)

While the masses of gauge bosons set the definition of the electroweak vacuum
expectation value (vev) as

vEW = f sin
V

f
, (54.3)
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the couplings of the physical (125 GeV) Higgs boson with the weak gauge bosons
(V = W±, Z ) get modified as follows:

kV = ghV V

gSMhV V

= √
1 − ξ , (54.4)

where ξ = v2/ f 2. It is worth noting that the modification factor depends only on the
scale of the compositeness and this feature is in general true for any SO(N )/SO(N −
1) coset.

The modifications of the Yukawa couplings, on the other hand, depends on the
representations of SO(5) in which the SM fermions are embedded. The partial com-
positeness paradigm implies that theSMfermions couples to theHiggs boson through
a linearmixingwith some strong sector operators. Thismeans, after the condensation
of the strong sector, the mass eigenstates are the linear superposition of elementary
and composite resonance states. To fulfill the requirement of assigning the correct
hypercharge of the SM fermions, an additional unbroken U(1)X is customarily intro-
duced. For the purpose of illustration, we consider only the embeddings of the SM
fermions (specifically top quark) in the fundamental 5 and symmetric 14 of SO(5).
Decomposition of 52/3 of SO(5) ×U (1)X under the SM gauge group is given by

52/3 → 27/6 ⊕ 21/6 ⊕ 12/3 . (54.5)

Wepresent the relevant incompletemultiplets for left- and right-handed top quarks
in the so-called MCHM5L−5R model as [4]

Q5
L = 1√

2
(−ibL ,−bL ,−i tL , tL , 0)

T , T 5
R = (0, 0, 0, 0, tR)T . (54.6)

TheonlySO(5) invariant term (involvingQ5
L , T

5
R andΣ), constituting the effective

low energy Yukawa Lagrangian can be written as

LYuk = ΠLR(q2)(Q
5
L .Σ)(ΣT .T 5

R) + h.c. ⇒ LYuk = ΠLR(q2)shch t̄L tR + h.c.,
(54.7)

where we assume, for simplicity, the momentum dependence of the form fac-
tor ΠLR(q2) can be approximated with a constant value ΠLR(q2 = 0). Clearly,
ΠLR(q2 = 0) can be absorbed in the definition of the top quark mass, while the
modification of the Yukawa coupling is given as [8]

kt = ght t̄

gSMht t̄
= 1 − 2ξ√

1 − ξ
� 1 − 3

2
ξ . (54.8)

In the last equality, we make an expansion around small ξ. In the case of
MCHM14L−14R model (both left- and right-handed top quarks in 14 of SO(5)), how-
ever, more than one Yukawa invariants can be constructed. As a result of that, the
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form factors cannot be completely absorbed in the definition of top mass. The low
energy Lagrangian in MCHM14L−14R with two invariants is given by

LYuk = Π
(1)
LR(ΣT .Q

14
L .T 14

R .Σ) + Π
(2)
LR(ΣT .Q

14
L .Σ)(ΣT .T 14

R .Σ) + h.c.,

=
(
Π

(1)
LR + Π

(2)
LRs

2
h

)
shch t̄L tR + h.c. (54.9)

Modification of Yukawa coupling in this case is [9]

kt = ght t̄

gSMht t̄
� 1 −

(
2
Π

(2)
LR

Π
(1)
LR

− 3

2

)
ξ . (54.10)

Evidently, in this case, the coupling modification depends on the dynamics of the
strong sector resonance states through the form factors. We comment in passing that,
if either of tL or tR is embedded in the 14, two Yukawa invariants can be constructed.
The limit on f in MCHM5L−5R model at 95% CL, as obtained using the LHC data on
the Higgs coupling measurements [10], is rather strong ( f ≥ 1 TeV), because kV and
kt depends solely on a single parameter ξ. However, a relaxation on the limit on f
is observed in models where more than one Yukawa invariants are present ( f ≥ 640
GeV) [9].

The modification of the Higgs couplings can also be captured using an effective
field theory approach. In the strongly interacting light Higgs framework [6], the SM
Lagrangian is extended with a set of gauge invariant dimension-six operators. For the
illustrative purpose, we present a few of such operators which directly contributes to
modify the tree level Higgs couplings. The kinetic term of the Higgs boson in this
scenario containing dimension-4 and dimension-6 terms is given by

Lkin = (
DμH

)†
(DμH) + cH

2 f 2
∂μ(H

†H)∂μ(H †H), (54.11)

while the gauge and the Yukawa couplings of the Higgs boson is

Lgauge = g2

2
(H †H)

(
W+

μ W−μ + 1

2 cos2 θW
ZμZ

μ

)
, (54.12)

LYuk = −y f Q̄L HtR − Δ

(
H †H

f 2

)
y f Q̄L HtR . (54.13)

The modifications of the Higgs couplings upon electroweak symmetry breaking
is then given by

kV = √
1 − cHξ, kt � 1 +

(
Δ − cH

2

)
ξ. (54.14)

Clearly, in MCHM5L−5R model cH = 1 and Δ = −1, while in MCHM14L−14R
model Δ depends on the strong sector dynamics via the form factors.
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54.3 Models with Extended Scalar Sector

In this section, we discuss the models where the SM particle content is extended with
additional scalar fields. In general, singlet, doublet or triplet scalars can be accom-
modated with the existing Higgs doublet, with completely different phenomenolog-
ical implications. In the context of composite Higgs scenario, non-minimal coset
structures can lead to the presence of these additional scalars. For example, in next-
to-minimal composite Higgs model (SO(6)/SO(5) coset) a singlet CP-odd particle
is present [11]. Needless to mention that neutral component of the standard Higgs
can mix with this additional singlet, and therefore, modifies the couplings of the 125
GeV Higgs boson. For example, the deviation of the Higgs couplings with the weak
gauge bosons are suppressed by an additional factor of mixing angle θmix as given
by [12]

kV = cos θmix

√
1 − ξ. (54.15)

For the Yukawa part we write an effective operator as

ΔLη ∼ −yt (Δ
η
t )

′ η
2

f 2
qL H

ctR , (54.16)

which leads to the coupling modification

kt = cos θmix

[
1 +

(
Δ − cH

2

)
ξ
]

+ sin θmixΔ
η
t

√
ξ. (54.17)

This implies that LHC data can provide constraints in the plane of θmix − ξ plane,
as shown in [9]. For details of effective field theory analysis in the singlet extended
models and two Higgs doublet models see [13, 14]. On the contrary, adding a single
triplet scalar with either hypercharge Y = 0 or Y = 1 leads to a severely constrained
scenario from the electroweak precision data. However, in a Georgi-Machacek like
model [15], where the Y = 0 and Y = 2 triplets are embedded in a (3, 3) under the
SU(2)L × SU(2)R , this constraint can be somewhat relaxed. We use such a setup
and include dimension-5 operators in the Yukawa sector as [16]

−LYuk = ct5
�

yt Q̄Lχ
†φtR + cb5

�
yb Q̄LχφcbR + dt

5

�
yt Q̄Lξφ

ctR

+ db
5

�
yb Q̄LξφbR + h.c. (54.18)

Note that, the inclusion of these additional terms modifies the 125 GeV Higgs
couplings, as well as the couplings of the charged Higgs boson with the third genera-
tion quarks. This implies that the limits on the charged Higgs masses can be changed
if we admit the existence of higher dimensional operators in the Gerogi-Machacek
model, as shown in [16].
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54.4 Conclusions

Composite Higgs is an interesting non-supersymmetric alternative to address the
hierarchy problem of SM. One of the main features of these models is modifica-
tions in Higgs couplings which can be tested at LHC and proposed future colliders.
Higher dimensional operators can capture the nonlinearity of pNGBs (e.g. strongly
interacting light Higgs framework), which in turn, is responsible for the coupling
modifications. The hVV modifications are generically universal, while the Yukawa
coupling modifiers depend on the representation in which the fermions are embed-
ded. Going beyond the minimal scenario one finds more pNGB scalars, for example,
in the next-to-minimal model extra singlet scalar gives additional modifications due
to neutral scalar mixing. Finally, dimension-five operators can have a significant
impact on the constraints from flavour physics observables on the charged Higgs
sector in triplet extended models (e.g. Georgi-Machacek model).
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Chapter 55
Connecting Loop Quantum Gravity and
String Theory via Quantum Geometry

Deepak Vaid

Abstract We argue that String Theory and Loop Quantum Gravity can be thought
of as describing different regimes of a single unified theory of quantum gravity.
LQG can be thought of as providing the pre-geometric exoskeleton out of which
macroscopic geometry emerges and String Theory then becomes the effective theory
which describes the dynamics of that exoskeleton. The core of the argument rests
on the claim that the Nambu-Goto action of String Theory can be viewed as the
expectation value of the LQG area operator evaluated on the string worldsheet. A
concrete result is that the string tension of String Theory and the Barbero-Immirzi
parameter of LQG turn out to be proportional to each other.

ArXiv ePrint: arXiv:1711.05693

55.1 Strings Versus Loops

There are several competing candidates for a theory of quantum gravity. Two of the
strongest contenders are Loop Quantum Gravity (LQG) [2, 3, 14] and String Theory
[12, 21, 22]. Of these, string theory has been around formuch longer, is moremature,
and has a far greater number of practitioners. LQG is younger, with fewer adherents,
but still with the potential to present a serious challenge to the supremacy of String
Theory.

In this note, we would like to suggest that rather than an “either/or” situation,
one can instead have the best of both worlds. The commonalities between the two
approaches are far greater than their apparent differences and that both frameworks
provide essential conceptual constructs that will go into any final theory of quantum
gravity. The following observations hold true for both fields:
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1. fundamental degrees of freedom are the same—extended one-dimensional
objects referred to as “strings” by string theorists and as “holonomies” by LQG-
ists.

2. identical predictions [9, 18] for the Bekenstein-Hawking entropy of black
holes are obtained,1 albeit both fields follow different routes to get there.

3. geometry becomes discrete, or more appropriately, “quantized”, as one
approaches the Planck scale and the continuum approximation of a smooth
background spacetime breaks down. In string theory, this happens because closed
strings cannot shrink to zero size due to quantum fluctuations. In LQG, there
is a natural and explicit construction [4, 13, 15] of quantum operators for area
and volume which have a discrete spectrum and whose minimum eigenvalues are
greater than zero.

4. coherent, consistent description of matter degrees of freedom is missing in
both LQG and string theory. Though one can always add matter by hand to either
theory, it would be much more satisfying if the particles of the Standard Model
were to arise naturally as geometrical objects which are part and parcel of either
theory.

5. state space of LQG and string theory can be mapped onto each other. In
LQG the kinematical Hilbert space consists of graphs with edges labeled by
representations of SU (2) and edges labeled by invariant SU (2) tensors. As it so
happens, string theory also contains very similar structures which go by the name
of “string networks”. This similarity was alluded to in an older paper by Sen [17]:

in future amanifestly SL(2,Z) invariant non-perturbative formulation of string theorymay
be made possible by regarding the string network, instead of string loops, as fundamental
objects. This would be similar in spirit to recent developments in canonical quantum
gravity, in which loops have been replaced by spin networks.

Apart from the five points outlined above, there is a very crucial aspect which
connects both string theory and LQG. This has to do with the definition of the action
associated with a string in string theory and the quantum operator for the area which
arises in LQG and will form the core of our argument for the existence of a clear
connection between LQG and string theory.

The plan of this work is as follows. In Sect. 55.2, we provide a lightning intro-
duction to LQG and introduce the area operator. In Sect. 55.3, we discuss how the
low-energy effective field theory emerges from the string action and what this entails
for the relation between quantum geometry and string theory. In Sect. 55.4, we argue
that the Nambu-Goto string action can be seen as arising from quantum geometric
constructs which are present in LQG, and finally in Sect. 55.5, we conclude with
some thoughts on the present situation and future developments.

1Though note [18, 19] where disagreements between the two sets of calculations are pointed out.
Though certain factors are not the same, the overall form of the entropy area relation including
logarithmic corrections is the same. The differences could possibly be traced to the use of Euclidean
geometry to determine black hole entropy in string theory. This introduces ingredients which are
missing in the LQG calculation.
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55.2 LQG Area Operator

In LQG the basic dynamical variables are [3] a su(2) connection Ai
a (where a, b, c

three dimensional spatial indices and i, j, k are Lie algebra indices) and the triad eai
(which determines the three dimensional metric hab, of the 3-manifold �, via the
relation: hab = eiae

j
bδi j ). These satisfy the Poisson bracket

{
Ai
a, e

b
j

} = κδbaδ
i
j (55.2.1)

where κ = 8πGN . Associated with each of these variables, one can construct opera-
torswhich correspond to gauge invariant observables. The connection can be smeared
along one-dimensional curves to obtain holonomies, the trace of which is gauge
invariant. Holonomies are nothing more than the Wilson loops of field theory. Sim-
ilarly, the triad fields are smeared over two-dimensional surfaces to obtain the gen-
eralized momentum variables. It turns out that using these observables it is possible
to construct an operator acting on the kinematical Hilbert space which measures the
areas of two-dimensional surfaces. The area of a two-dimensional surface S with
intrinsic metric hAB is given by

AS =
∫

d2x
√
det(hAB) (55.2.2)

Divide S into N cells SI , with I = 1, 2, . . . , N . Then AS can be approximated by

AS =
N∑

I=1

√
det(hI

AB) (55.2.3)

where hI
AB is the two-dimensional metric in the I th cell. Now as N increases in

(55.2.3), AS will become a better and better approximation to the actual area of
S. Of course, it should be kept in mind that when working in the regime where a
classical geometry is yet to emerge, the “actual” or “exact” area of a surface is not a
well-defined quantity.

Using thewell-understoodprocedure of quantizationof theEinstein-Hilbert action
in terms of spin-network states, we obtain the following expression for the quantized
area operator:

ÂS�� = 8πl2PL
∑

k

√
jk( jk + 1)�� (55.2.4)

where the Planck length lPL = √
�GN (if c = 1), the sum is over all the points where

edges of � intersect S and jk is the eigenvalue of the Casimir operator τ 2 along that
edge.
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55.2.1 Minimum Area and Conformal Symmetry

The quantum operator corresponding to AS turns out to possess a minimum eigen-
value

ASI = 8πl2PL
√
jI ( jI + 1) (55.2.5)

where jI denotes the representation of su(2) assigned to the I th cell of the surface
S. Since the smallest eigenvalue of the angular momentum operator is j = 1/2, the
minimum quantum of area permitted by LQG is

Amin = 2
√
3πl2PL (55.2.6)

This has an immediate implication for anyfield theories living on two-dimensional
surfaces—the presence of a length scale implies that in such theories conformal
symmetry will always be broken. We will see a bit later what this might imply when
viewed from the perspective of string theory.

55.3 String Theory and Quantum Geometry

Now, recall that the Nambu-Goto action for a 1 + 1 dimensional string worldsheet
� embedded in some D + 1 dimensional worldvolume M is given by [20–22]

SNG = −T
∫

dτdσ
√−det(hAB) (55.3.1)

where T is the string tension, τ ,σ are the timelike and spacelike co-ordinates respec-
tive on the string worldsheet and hAB is the two-dimensional metric induced on �

due to its embedding inM. There is the only term in this action
√−hAB and that is

precisely the area of the string worldsheet (the 1 + 1 dimensional surface the string
sweeps out as it evolves in spacetime). The system that (55.3.1) represents is a single
string evolving in a flat background spacetime.

55.3.1 Gravity from String Theory

Of course, just as the action for a single free particle cannot capture the complexity
of a many body system, the action for a single free string is unlikely to capture the
complexity of gravitational and particle physics. Now, we know that the spectrum of
a free string embedded in D spacetime dimensions (the “worldvolume”) contains, in
addition to an infinite tower of left and right moving massive modes, three massless
fields described, respectively, by a traceless symmetric tensor hμν(X), an antisym-
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metric tensor Bμν(X) and a scalar �(X). These objects are identified with, respec-
tively, a graviton, a Kalb-Ramond field, and a dilaton [21, Sect. 2.3.2]. Here μ, ν are
worldvolume indices and Xμ(τ ,σ) are worldvolume co-ordinates which describe
the embedding of the string in the worldvolume. The {Xμ} can also be thought of as
scalar fields living on the string worldsheet. This can be seen by writing the string
action in the form associated with Polyakov’s name

SPolya = −T

2

∫
dτdσ

√−ggab∂a X
μ∂bX

νημν (55.3.2)

wherea, b ∈ (1, 2) areworldsheet indices, gab is the intrinsicmetric of theworldsheet
and ημν is the flat worldvolume metric. In this form, it is clear that the string action
can be thought of describing D + 1 massless, non-interacting scalar fields living on
a two-dimensional manifold.

The traceless symmetric tensor hμν(X) has spin-2 and is, therefore, the source of
the claim that gravity is already present in string theory. The argument [6] is that the
only consistent interacting theory that can be constructed from a spin-2 field has to
be General Relativity.2 An alternate route to obtain the low-energy effective action
is to replace the flat metric ημν with a general curved metric Gμν in (55.3.2)

SPolya = −T

2

∫
dτdσ

√−ggab∂a X
μ∂bX

νGμν(X) (55.3.3)

The requirement that (55.3.3) satisfy Weyl invariance implies [12, Sect. 3.7], [21,
Sect. 7.2] that the beta functions for the graviton, the antisymmetric tensor and the
dilaton, must be zero. This, in turn, implies that the background in which the string is
propagatingmust satisfyEinstein’s field equationswith source terms coming from the
antisymmetric tensor and the dilaton. For example, the low-energy effective action
for the bosonic string (in D = 26 spacetime dimensions) takes the form [21]

Seff = 1

2κ2
0

∫
d26X

√−Ge−2�

(
R − 1

12
HμνλH

μνλ + 4∂μ�∂μ�

)
(55.3.4)

where Hμνλ is the curvature of the antisymmetric tensor field Bμν .
Let us pause for a moment to appreciate what a remarkable result this is. Starting

from nothing but a free string propagating in a flat spacetime, the requirement of
worldsheet Weyl invariance implies that the background geometry must necessarily
satisfy Einstein’s equations. As David Tong puts it so eloquently [21, p. 175]:

That tiny string is seriously high-maintenance: its requirements are so stringent that they
govern the way the whole universe moves.

2This does not, however, appear to be an entirely settled point [7, 11].
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55.3.2 Geometry Versus Pre-geometry

While the elegance and power of the string theoretical arguments cannot be disputed,
seen from the perspective of LQG, string theory has a fundamental flaw. LQG leads
us to a concrete notion of quantum geometry. It allows us to construct a framework
in which we can do away with the notion of classical geometries—whether flat or
curved—entirely, and instead of starting with the atoms of spacetime [10, 16] using
which we can build up almost any kind of geometry we can think of.3 Using the
terminology of JohnWheeler, startingwith pre-geometry, we can construct geometry.

In much the same way that the Pauli principle and the theory of linear combi-
nation of atomic orbitals (LCAO) shows us that atoms can be brought together to
formmolecules only in certain combinations, the kinematical constraints of quantum
geometry determine how the atoms of quantum geometry can be “glued” together
to form more complicated structures. Thus, in LQG, we make no presumption of a
classical background spacetime. LQG is not only a theory of quantum gravity which
does not depend on the background geometry, but also a theory in which there is
no background to begin with! This is in sharp contrast to string theory, where in
the very first step itself (55.3.2) we assume that there exists a smooth, flat back-
ground spacetime on which the string can propagate. While it is true, that starting
from a string in a flat background, theoretical consistency ultimately requires the
background to ultimately satisfy Einstein’s equations, this does not obviate the fact
that the existence of smooth, continuum background spacetime is taken for granted
in conventional formulations of string theory.

It seems clear that any theory which claims to be a theory of “quantum gravity”
must explain how spacetime arises in the first place rather than putting it in by hand
at the very beginning. String theory fails this test. However, and this is crucial, this
fact does not invalidate the results obtained in string theory. It only motivates us to
try and understand whether the tools of LQG can be harnessed to provide the missing
link between pre-geometry and string theory.

55.4 Geometry from Pre-geometry

Let us make the assumption that, a priori, the spacetime manifold has no structure,
no metric, no way to measure distances and areas. In that case, the question arises as
to how are we to define the integrand of the Nambu-Goto action in (55.3.1). The clue
lies in LQG. Recall that in Sect. 55.2, we explained how the edges of a graph state
in LQG carry angular momenta and how these angular momenta endow surfaces
pierced by those edges with quanta of area. This leads to the expression (55.2.5) for
the area of a surface in terms of the angular momenta ji carried by each edge which
pierces that surface

3Though not all such geometries will be stable against perturbations. The formalism of Causal
Dynamical Triangulations (CDT), closely related in spirit to LQG allows one to study this question
in detail [1].
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ASI = 8πl2PL
√
jI ( jI + 1) (55.4.1)

Now, imagine that there are many strings moving around in this structureless
manifold, with each string carrying some angular momentum in some representation
of su(2). Each string traces out a two-dimensional surface—or “worldsheet”, but as
yet without any notion of area—as it moves through the manifold. We would expect
that the worldsheets generated by the different strings would inevitably intersect. If
seen from the perspective of just a single string, its worldsheet will be pierced by the
other strings at various points. According to the LQG prescription (55.2.5), at each
such point, the worldsheet of the original string will be endowed with one quantum
of area determined by the angular momentum carried by the corresponding string.
The total area of the worldsheet will then be given by

〈 ÂS〉 = 8πl2PL
∑

k

√
jk( jk + 1) (55.4.2)

How can we understand string evolution from this perspective? One would expect
that strings would tend to avoid running into each other. This expectation can be
converted into a mathematical statement by requiring that (55.4.2) be minimized.
But this is nothing more than the statement of the extremization of the Nambu-
Goto action (55.3.1) of the string worldsheet! Finally, we are left with the following
conjecture. The Nambu-Goto action for the bosonic string can be expressed in terms
of the expectation value of the LQG area operator acting on a pre-geometric graph
state

SNG ∝ 〈�| Â|�〉 (55.4.3)

Notice that we have used proportionality instead of equality in the above expres-
sion. This is because, a priori, the two quantities on either side have different units.
SNG has units of action or energy per unit time and the area has units of L2 or E−2.
In order to equate both sides, suitable proportionality constants must be introduced.
This will lead us to the relationship between the Barbero-Immirzi parameter β of
LQG [5, 8] and the string tension T (or alternatively the Regge slope α = 1/4πT ).
This is the topic of the next section.

In passing, let us note that one consequence of the quantized nature of the string
worldsheet is that, as mentioned in Subsect. 55.2.1, the conformal invariance of the
worldsheet would no longer be an exact symmetry. This would have immediate
implications for the number of spacetime dimensions in which one could define a
consistent string theory.

55.4.1 Barbero-Immirzi Parameter as String Tension

In the definition of the classical phase space, and therefore, of the kinematical Hilbert
space of LQG, there is a one-parameter ambiguity [5, 8] known as the Barbero-
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Immirzi parameter. At the classical level, theories with different values of β are
physically equivalent, however, in the quantum theory, different values of β corre-
spond to physically distinct Hilbert spaces with inequivalent spectra of the funda-
mental geometric operators. In particular, the spectrum of the area operator (55.4.1)
is modified to become

ASI = 8πβ l2PL
√
jI ( jI + 1) (55.4.4)

In light of this modification, let us reconsider the two sides of (55.4.3). The left
side has the form

SNG � tension × area

and the right side
〈�| Â|�〉 � β × area

Demanding equality of the two sides would therefore imply that the string tension
Tstring and the Barbero-Immirzi parameter β are related to each other by some, as yet
undetermined, constant Tloop

Tstring = β Tloop (55.4.5)

Since β is dimensionless, the proportionality constant will also have units of
tension. Hence, the nomenclature Tloop is used to indicate that this quantity is a
tension associated with the 1D graph edges of LQG states.

55.5 Discussion and Future Work

We have presented a rough outline of a method in which one can resolve the central
challenges of both LQG and string theory. The problem with LQG is the lack of a
clear method to obtain a semiclassical spacetime geometry in the limit of large graph
states. The flawwith string theory, in the author’s humble opinion, is the presumption
of the existence of a background geometry onwhich the string can propagate. Both of
these problems can be cured by viewing the Nambu-Goto action, and the geometry of
the string worldsheet, as arising from a pre-geometry which can be described in the
language of LQG. From this perspective, String Theory is the glue which connects a
quantum theory of geometry (LQG) to a classical theory of gravity with matter such
as the one given in (55.3.4).
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Chapter 56
Perturbativity Constraints on U(1)B−L
and Left-Right Models

Garv Chauhan, P. S. Bhupal Dev, R. N. Mohapatra, and Yongchao Zhang

Abstract We derive theoretical perturbative constraints on models with extended
gauge sectors, whose generators contribute to the electric charge. We also constrain
gauge couplings by imposing the condition for them to be perturbative up to the grand
unification scale. This leads to strong constraints on the masses of the correspond-
ing gauge bosons. In this work, we specifically focus on the SU (2)L ×U (1)I3R ×
U (1)B−L and the left-right symmetricmodels basedon SU (2)L×SU (2)R×U (1)B−L ,
and discuss the implications of the perturbativity constraints for new gauge boson
searches at current and future hadron colliders.

56.1 Introduction

Standard Model (SM) has been highly successful in explaining the particle inter-
actions in the universe. However, we must extend the SM to explain the empirical
evidence for new physics, such as observed neutrino oscillations, dark matter, and
baryon asymmetry. Beyond the Standard Model (BSM), physics can be hidden at
any energy scale, but if they are present in the multi-TeV scale, one can probe their
predictions in current and planned future experiments. Many BSM scenarios include
extended gauge sectors with extra U (1) or SU (2) ×U (1). We focus on a subclass
of these gauge extensions of the SM, namely, the U (1)B−L and minimal left-right
symmetric models (LRSM), where the generators of the extra gauge groups con-
tribute to the electric charge [1, 2]. In these models, we study the renormalization
group (RG) evolution of the gauge couplings combining both theoretical and pertur-
bativity constraints. we show that demanding perturbativity of the gauge couplings,

G. Chauhan (B) · P. S. Bhupal Dev · Y. Zhang
Department of Physics and McDonnell Center for the Space Sciences, Washington University,
St. Louis, MO 63130, USA
e-mail: garv.chauhan@wustl.edu; garv.chauhan@gmail.com

R. N. Mohapatra
Department of Physics, Maryland Center for Fundamental Physics, University of Maryland,
College Park, MD 20742, USA

© Springer Nature Singapore Pte Ltd. 2021
P. K. Behera et al. (eds.), XXIII DAE High Energy Physics Symposium,
Springer Proceedings in Physics 261,
https://doi.org/10.1007/978-981-33-4408-2_56

401

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4408-2_56&domain=pdf
mailto:garv.chauhan@wustl.edu
mailto:garv.chauhan@gmail.com
https://doi.org/10.1007/978-981-33-4408-2_56


402 G. Chauhan et al.

i.e., gi <
√
4π up to the Grand Unification Theory (GUT) or Planck scale imposes

both lower and upper bounds on the new gauge couplings. This has important con-
sequences for the masses of the associated gauge bosons that are being searched for
in high-energy collider experiments.

56.2 Theoretical Constraints on Gauge Couplings

Let us consider an electroweak gauge extension of the SM with the gauge group
SU (2)L ×U (1)X ×U (1)Z . We also assume that this group undergoes spontaneous
symmetry breaking toU (1)em with SM electroweak gauge group as an intermediate
stage. Given this, the generators of the group will obey the relation Q = I3L + IX +
QZ

2 . Given that U (1)X ×U (1)Z → U (1)Y , we have the following relation among
the corresponding gauge couplings [3]: g−2

Y = g−2
X + g−2

Z . This relation should
also hold even if the coupling gX belongs to an SU(2) group. Then requiring that
the coupling gZ should remain perturbative at the symmetry breaking scale yields a
theoretical lower bound on the coupling gX [4].

rg ≡ gX
gL

> tan θw

(
1 − 4π

g2Z

αem

cos2 θw

)−1/2

, (56.1)

where θw is the weak mixing angle. Note that the above relation for the gauge
couplings only holds at the symmetry breaking scale.

56.3 U(1)B−L

We first discuss the SU (2)L ×U (1)I3R ×U (1)B−L model [5, 6] that has two BSM
U (1) groups which break down to U (1)em. For anomaly cancelation, the model
requires three generations of right-handed neutrinos (RHNs) which help generate
neutrino masses via the seesaw mechanism [7–10]. In the scalar sector, a Higgs
singletΔ is introduced to givemass to theRHNs. The particle content of theU (1)B−L

model is given in Table56.1.
The β-functions for the one-loop RG evolution of the new U (1) gauge couplings

are given by

16π2β(gR) = 9

2
g3R, 16π2β(gBL) = 3 g3BL . (56.2)

This model can be regarded as an effective low-energy theory of LRSM with the
SU (2)R breaking scale and the mass of the heavy WR bosons much higher than the
U (1)B−L scale.

We start by setting theU (1)-breaking scale vR = 5 TeV, and run the SM coupling
gY up to this scale where it is related to gI3R and gB−L . Then we run the couplings



56 Perturbativity Constraints on U (1)B−L and Left-Right Models 403

Table 56.1 Particle content and their representations in the SU (2)L ×U (1)I3R ×U (1)B−L
model

SU (2)L U (1)I3R U (1)B−L

Q 2 0 1
3

uR 1 + 1
2

1
3

dR 1 − 1
2

1
3

L 2 0 −1

N 1 + 1
2 −1

eR 1 − 1
2 −1

H 2 − 1
2 0

ΔR 1 −1 2

Fig. 56.1 Correlation of gR,BL (vR) and gR,BL (MGUT) in the U (1)B−L model as a function of
rg ≡ gR/gL at the breaking scale vR

up to the GUT scale based on the RGE’s given in (56.2). The correlation of couplings
gR,BL at vR and MGUT as function of gR/gL is shown in Fig. 56.1. We find that the
gauge couplings are constrained to lie within a narrow window at the vR scale

0.398 < gR < 0.768 and 0.416 < gBL < 0.931, with 0.631 < rg < 1.218.

Using these perturbativity constraints, we show in Fig. 56.2 the constraints on
the new ZR gauge boson mass for different vR scales. Also shown are the current
constraints from LHC13 on the ZR mass and future prospects at the HL-LHC and
the 100 TeV collider FCC-hh [11]. The lower bounds on the ZR boson mass derived
from this analysis are also listed in Table56.2.
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Fig. 56.2 Current constraints from LHC13 on ZR mass in U (1)B−L model as a function of rg , as
well as future prospects at the HL-LHC, with an integrated luminosity of 3000 fb−1 (short-dashed
red) and the 100 TeV collider FCC-hh with a luminosity of 30 ab−1 (long-dashed red)

Table 56.2 The lower bounds on the ZR boson mass MZR and vR scale in the U (1)B−L model
from current LHC13 data and future prospects from HL-LHC and FCC-hh. The range in each case
corresponds to the allowed range of rg from perturbativity constraints as shown in Fig. 56.1

Collider MZR [TeV] vR[TeV]

LHC13 [3.6,4.2] [3.02,3.57]

HL-LHC [6.0,6,6] [4.60,5.82]

FCC-hh [27.9,31.8] [19.9,26.8]

56.4 Minimal Left-Right Symmetric Model

TheminimalLRSMisbasedon thegaugegroup SU (2)L × SU (2)R ×U (1)B−L [12–
14] and aims to explain the asymmetric chiral structure of electroweak interactions
in the SM. It can also account for the observed smallness of neutrino masses through
the seesaw mechanism [7–10]. The minimal scalar content of the LRSM consists
of two triplets and one bidoublet Higgs. The fermion sector is same as in the SM,
except for the RHNs, which naturally appear as the parity partner of the left-handed
neutrinos. The charge assignments for the particles under the gauge group for this
model is given in Table56.3.

Theone-loopRGevolution for the gauge couplings inminimalLRSMare captured
by the following β-functions:

16π2β(gL) = −3 g3L , 16π2β(gR) = −7

3
g3R, 16π2β(gBL) = 11

3
g3BL .
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Table 56.3 Particle content and their representations under the gauge group of LRSM

SU (3)c SU (2)L SU (2)R U (1)B−L

Ψ
Q
L 3 2 1 1/3

Ψ
Q
R 3 1 2 1/3

Ψ l
L 1 2 1 −1

Ψ l
R 1 1 2 −1

φ 1 2 2 0

ΔL 1 3 1 2

ΔR 1 1 3 2

Fig. 56.3 Correlation of gR,BL (vR) and gR,BL (MGUT) in the minimal LRSM as function of rg at
the breaking scale vR

For our numerical analysis, we set the breaking scale vR = 10 TeV (Note that vR
cannot be smaller, due to stringent flavor-changing neutral current constraints from
the bidoublet sector [15]) and run the gauge couplings up to the GUT scale. The
correlation of couplings gR,BL at vR and MGUT as a function of rg is shown in
Fig. 56.3. We find that the allowed ranges of the gauge couplings in the minimal
LRSM at the scale of vR are

0.406 < gR <
√
4π and 0.369 < gBL < 0.857 with 0.648 < rg < 5.65.

Including the scalar perturbativity constraints, the range of rg is further restricted to
0.65 < rg < 1.6.

Similarly, Fig. 56.4 shows current constraints from LHC13, as well as future
prospects at the HL-LHC and the 100 TeV collider FCC-hh, on WR and ZR masses
in the minimal LRSM as a function of gR/gL . The corresponding lower bounds on
the ZR and WR boson masses and the breaking scale from perturbativity is shown in
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Fig. 56.4 Current constraints from LHC13 on WR and ZR masses in the minimal LRSM as a
function of rg and future prospects at the HL-LHC with an integrated luminosity of 3000 fb−1

(short-dashed red) and the 100 TeV collider FCC-hh with a luminosity of 30 ab−1 (long-dashed
red)

Table 56.4 The lower bounds on the ZR andWR boson masses and vR scale in the minimal LRSM
from current LHC13 data and future prospects from HL-LHC and FCC-hh, with both gauge and
scalar perturbativity limits taken into consideration. Themissing entriesmean that the corresponding
maximum experimental reach has been already excluded by the scalar perturbativity constraints

WR searches ZR searches

MWR [TeV] vR [TeV] MZR [TeV] vR [TeV]

LHC13 − − − −
HL-LHC [6.09, 6.47] [10.3, 14.8] − −
FCC-hh [35.6, 42.2] [38.3, 87.5] [27.9, 35.4] [21.8, 26.8]

Table56.4. It is remarkable that the perturbativity constraints from the scalar sector
supersede the current LHC constraints on the WR and ZR bosons in the minimal
LRSM, and even the projected ZR sensitivity at the HL-LHC.

56.5 Conclusion

We have derived stringent limits on the gauge couplings from the theoretical require-
ment of perturbativity up to the GUT scale. This has important consequences for
the associated heavy gauge boson searches at colliders. For the U (1)B−L model, we
found that the allowed parameter space can be almost completely probed at HL-LHC
for the breaking scale vR = 5 TeV. For the minimal LRSM, we found that the WR

and ZR bosons could not have been seen at LHC13, and there exists a very narrow
window for them to be accessible at the HL-LHC.



56 Perturbativity Constraints on U (1)B−L and Left-Right Models 407

Acknowledgments This work was supported by the US Department of Energy under Grant No.
DE-SC0017987 (GC, BD, YZ) and National Science Foundation under Grant No. PHY1620074
(RNM).

References

1. R.E. Marshak, R.N. Mohapatra, Phys. Lett. 91B, 222 (1980)
2. R.N. Mohapatra, R.E. Marshak, Phys. Rev. Lett. 44, 1316 (1980) [Erratum: Phys. Rev. Lett.

44, 1643 (1980)]
3. H. Georgi, S. Weinberg, Phys. Rev. D 17, 275 (1978)
4. P.S.B. Dev, R.N. Mohapatra, Y. Zhang, JHEP 1605, 174 (2016)
5. N.G. Deshpande, D. Iskandar, Nucl. Phys. B 167, 223 (1980)
6. P. Galison, A. Manohar, Phys. Lett. 136B, 279 (1984)
7. P. Minkowski, Phys. Lett. B 67, 421 (1977)
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Chapter 57
Fragmentation of Pseudo-Scalar Mesons

H. Saveetha and D. Indumathi

Abstract A complete analysis of an entire nonet of pseudo-scalar mesons (π(π+,

π−,π0), K (K+, K−, K 0, K
0
), η and η′) fragmentation has been performed for the

first time using amodel with broken SU(3) symmetry at next-to-leading order (NLO)
for e+ e− annihilation. Themodel parameterises three input fragmentation functions:
valenceV(x, Q2), sea γ(x, Q2), and gluon Dg(x, Q2), with a SU(3) breaking param-
eter λ, at an initial scale of Q2

0 = 1.5 GeV2, with which the model is able to fit the
pure octet (π, K) data from e+ e− scattering at the Z -pole. The model has been fur-
ther extended to octet-singlet mixing, with the inclusion of few parameters in order
to describe the mixing in pseudo-scalar mesons. Despite contamination by prompt
decay of other heavy mesons, π meson production has been successfully studied.

57.1 Introduction

Fragmentation process [1] plays a vital role in hadron production in various collisions
like e+ e−, ep, pp and the fragmentation functions corresponding to such processes
are determined through phenomenological studies. Several works have been carried
out to investigate the individual global fragmentation functions at both leading order
(LO) and NLO for baryons (p/p−,�/�) and some mesons like π and K [2]. Also
few works are available for η meson and η′ mesons [3, 4].

Investigation on fragmentation of complete pseudo-scalar meson nonet at NLO
approximation has not been done so far. A model with broken SU(3) symmetry
was used to describe the leading order hadron production of baryonic and mesonic
systems [4, 5]. A successful explanation of the entire vectormeson nonetwere carried
out [6] for two different processes (e+ e− and pp) at LO and NLO and their relevant
fragmentation functions were published. In this paper, we would like to investigate
the fragmentation of the entire pseudo-scalar meson nonet for e+ e− as it is a pure
channel with no quarks in the initial state and to get the corresponding fragmentation
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functions at NLO. One of the motivations to do this analysis is to study the π meson,
lightest of all hadrons, an interesting and challenging candidate to understand, since
it has both direct production and decay contribution from heavy mesons as well.

57.2 Model with Broken SU(3) Symmetry

To determine the fragmentation function of themeson octet, we use the SU(3) flavour
symmetry since it can describe the meson octet with three light quarks as the fun-
damental representation. The SU(3) model [6] introduces three input fragmentation
functions (α(x, Q2),β(x, Q2), γ(x, Q2)) for quarks and three other functions for the
anti-quarks and one for the gluon fragmentation Dg(x, Q2). Hence in total we have
56 unknown fragmentation functions for the meson which makes it very difficult.
Employing the SU(3) symmetry, we can reduce the number of unknown fragmen-
tation function from 56 to three-independent quark fragmentation functions and a
gluon fragmentation function.

Through the use of the isospin and charge conjugation symmetry we can fur-
ther reduce the fragmentations into just two functions: valence, V(x, Q2) and
sea, γ(x, Q2) for quarks (Table 57.1) apart from a gluon fragmentation function
Dg(x, Q2) to describe the pure octet part (π’s with non-strange valence). However,
for K meson case, with valence having massive strange quark, the symmetry is bro-
ken through strangeness suppression parameter. Several features like production of η
and η′ mesons,mixture of unphysical octet (η8) and singlet (η1) state can be explained
through few additional parameters like mixing angle, sea suppression, and singlet
constants.

Table 57.1 Quark fragmentation functions in terms of the functions, V and γ for pseudo-scalar
mesons with their valence content
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57.3 Analysis and Results

The whole analysis is carried out for entire mesons by comparison with the data
from e− e+ annihilation (LEP(ALEPH, DELPHI, OPAL, SLD) [7]) at Z -pole. The
functional form of V, γ, Dg at Q2

0 used to fit the data is

Fi (x) = ai x
bi (1 − x)ci (1 + di

√
x + ei x) ;

where a, b, c, d and e are the parameters to be determined from the fit.
Hence the octet mesons are described in terms of valence V and sea S parts with

light quarks (u, d, s) at a starting scale of Q2
0 =1.5 GeV

2 where the fragmentation of
charm and bottom flavours are zero. With the help of DGLAP evolution equations,
QCD evolve these fragmentation functions to Z -pole of Q2 = (91.2)2 GeV2. The
contribution of heavier flavours is added appropriately during evolution. Thus all
the parameters including the strangeness suppression in the input fragmentation
functions are completely determined from best fits to the π and K meson data.

The power of themethod lies in the idea thatwe can relate the singlet fragmentation
function to one of the octet fragmentation function through an ansatz and hence no
new fragmentation function is needed. Including the η and η′ mesons, the mixing
angle θ, and other few parameters are determined at NLO.

For Kmeson the SLD uds data is being used to remove contamination from heavy
flavours that contribute both directly through fragmentation as well as indirectly
through production and decay of heavy flavour mesons.

Table 57.2 Best fit values with 1-σ error of various input parameters defining the input fragmen-
tation functions at Q2

0 = 1.5 GeV2

Central value Error bars

V a 3.18 0.12

b −0.31 0.03

c 1.47 0.13

d −0.13 0.28

e −0.78 0.08

γ a 9.26 0.25

b −0.47 0.01

c 9.79 0.14

d −3.15 0.10

e 3.69 0.22

Dg a 4.47 0.56

b −0.32 0.07

c 5.92 0.57

d −10.84 1.20

e −19.92 2.89

Central value Error bars

λ 0.10 0.01

θ −17.19 1.27

f η
sea 0.10 0.02

f η′
sea 0.36 0.13

f u1 (η) 2.30 0.42

f s1 (η′) 0.43 0.04

f Kg 0.02 0.04

f η
g 0.89 0.12

f η′
g 0.0002 0.06
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Analysis of π meson production is bit challenging as it is contaminated by prompt
decay of other (strange, charm, etc.) heavy mesons and the model has been success-
fully tailored to account for this.

Good fits with best parameter values (Table 57.2) and reasonable χ2 (Table 57.3)
reflect the consistency and reliability of the model (Figs. 57.1 and 57.2).

Table 57.3 χ2 for fits to inclusive pseudo-scalar meson production data on the Z -pole from LEP
and SLD experiments

Data set No. of data points χ2

π0 49 190.0

π+− 27 26.3

K 0 17 12.3

K+− 21 26.9

η 24 12.3

η′ 19 14.3
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Fig. 57.1 Fits for K 0(= K 0 + K 0) (L) and K+−(= K+ + K−) (R) meson for SLD uds data at√
s = 91 GeV at NLO

 0.0001

 0.001

 0.01

 0.1

 1

 10

 100

 0.001  0.01  0.1  1

dσ
/d

x p

xp

η

Data
Fit

 0.0001

 0.001

 0.01

 0.1

 1

 10

 0.001  0.01  0.1  1

dσ
/d

x p

xp

η’

Data
Fit

Fig. 57.2 η&η′ fits for LEP data at
√
s = 91 GeV at NLO
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Fig. 57.3 Fits for π meson in terms of fragmentation functions with π0 LEP data (L) and π+,−
SLD data (R) at

√
s = 91 GeV at NLO

57.4 Conclusion

Using simple SU(3) model and NLO QCD evolution, the quark fragmentation func-
tions are fitted for pseudo-scalar mesons π, K , η, and η′ for e+ e− process. Themodel
with three light flavours uses universal functions, the valence V (x, Q2), sea γ(x, Q2)

quark fragmentation functions and a gluon fragmentation function Dg(x, Q2). No
new additional fragmentation function is introduced in order to explain the singlet
sector which shows the efficiency of the model.

Extending this NLO study to p p collision in future will help to understand the η
meson production in particular which forms the base-line to understand the nature
of QGP (quark-gluon plasma) studies. Pseudoscalar meson fragmentation function
(especially π fragmentation) will be a new and relevant result to the field of neutrino
physics where there is a lot of interest in studies of low energy π production in
neutrino-nucleus collisions (Fig. 57.3).
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Chapter 58
The Role of Global Monopole in
Joule–Thomson Effect of AdS Black Hole

A. Naveena Kumara, C. L. Ahmed Rizwan, and K. M. Ajith

Abstract We study the throttling process of the AdS black hole with a global
monopole in the extended phase space. In the approach followed, the cosmologi-
cal constant and the black hole mass are identified with the thermodynamic pressure
and enthalpy, respectively. We investigate the dependency of the inversion temper-
ature and isenthalpic curves on the global monopole parameter η. Our study shows
a close resemblance between the phase transition of the black hole in the extended
phase space and Van der Waals fluid. The presence of global monopole plays an
important role in the throttling process.

58.1 Introduction

In gravitational physics, black hole thermodynamics continues to be one of the impor-
tant subject. Even though it is well-known for a long time that black holes have
temperature and entropy which are proportional surface gravity and area, respec-
tively, and obey the first law of black hole thermodynamics, the subject is still not
completely explored. After the initial proposals of black hole critical behaviour,
i.e. Hawking-Page phase transitions, asymptotically anti-de Sitter (AdS) geometries
have been investigated in great detail. The interpretation that the ADM mass as the
enthalpy of the spacetime opened new gateways in this subject. This interpretation
has emerged from the geometrical derivation of Smarr formula which insisted us to
treat the cosmological constant as a thermodynamic variable that plays the role of
pressure in the first law. As a result, what we have is an extended phase space with
additional thermodynamic variables. In the extended phase space, one can establish
the similarities between the thermodynamic behaviour of AdS black holes and van
der Waals fluid [1].

JouleThomson expansionofRN-AdSblackholewas studiedbyÖkcü andAydiner
[2]. Later it was extended toKerr AdS black hole. In these studies, the inversion curve
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and isenthalpic curves are analysed and the similarities with the van der Waals fluid
are established. The origin of global monopole that we consider is due to the gauge
symmetry breaking. Barriola andVilenkin derived the black hole solutionwith global
monopole having a distinct topological structure.

58.2 Joule Thomson Effect

In elementary thermodynamics expansion of a gas through a porous plug leading
to heating and cooling effects known as Joule–Thomson expansion. For the better
description of this process, a state function called enthalpy H = U + PV is defined,
which remains unchanged in the end states. The locus of all points with the same
molar enthalpy representing initial and final equilibrium states, forms an isenthalpic
curve, which characterises Joule–Thomson effect (Fig. 58.1).

58.3 The RN-AdS Black Hole with Global Monopole

AdS black hole with global monopole is defined by the metric [3, 4]

ds̃2 = − f̃ (r̃)dt̃2 + f̃ (r̃)−1dr̃2 + r̃2dΩ2, (58.1)

where dΩ2 = dθ2 + sin2 θdφ2. And f̃ (r̃) is given by

f̃ (r̃) = 1 − 8πη2
0 − 2m̃

r̃
+ q̃2

r̃2
+ r̃2

l2
, Ã = q̃

r̃
dt̃ . (58.2)

Fig. 58.1 The left figure shows P − V isotherms showing critical behaviour below TC . In the right
figure isenthalpic and inversion curves for van der Waals gas are shown
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Here m̃, q̃ , and l are parameters related to the mass, electric charge, and AdS length
of the black hole, respectively. The appropriate coordinate transformation and redef-
inition of parameters are done to obtain metric in the form similar to RN-AdS.

Then ADM mass is calculated from that metric,

M = (1 − η2)

2
r+ + Q2

2r+(1 − η2)
+ r3+(1 − η2)

2l2
. (58.3)

The first law of thermodynamics for the RN-AdS black hole is given by

dM = TdS + ΦdQ + VdP. (58.4)

The calculation of entropy S of the black hole is straight forward, which is related to
the area of the event horizon (A). We work in extended phase space where the role
of pressure is played by the cosmological constant (Λ). The thermodynamic volume
is given by the conjugate quantity of Λ.

S = A

4
= π(1 − η2)r2+ , P = − Λ

8π
= 3

8πl2
, V = 4

3
π(1 − η2)r3+. (58.5)

The temperature of black hole is obtained as follows:

T =
(

∂M

∂S

)
P,Q

= 1

4πr+

(
1 + 3r2+

l2
− Q2

(1 − η2)2r2+

)
. (58.6)

The equation of state reads as follows (Fig. 58.2),

P = T

2r+
− 1

8πr2+
+ Q2

8π(1 − η2)2r4+
. (58.7)

Fig. 58.2 The first figure shows P − V isotherms for the black hole. In the second figure crossing
diagrams between isenthalpic and and inversion curves are shown
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58.4 Joule–Thomson Effect of RN-AdS Blackhole with
Monopole Term

The expression for Joule–Thomson coefficient

μJ =
(

∂T

∂P

)
M

= 1

CP

[
T

(
∂V

∂T

)
P

− V

]
. (58.8)

The vanishing condition of μJ gives the invesion temperature

Ti = V

(
∂T

∂V

)
P

. (58.9)

Simple calculation gives the inversion temperature for the black hole,

Ti = v
Q2

4πr3+(1 − η2)2
+ 2

3
Pr+ − 1

12πr+
. (58.10)

From equation of state we get

Ti = − Q2

4πr3+(1 − η2)2
+ 2Pr+ + 1

4πr+
. (58.11)

From equation (58.10) and equation (58.11) we get

8π(1 − η2)2Pr4+ + 2(1 − η2)2r2+ − 3Q2 = 0. (58.12)

Solving the above equation and substituting the appropriate root for r+ into equation
(58.11)

Ti =
√
Pi

(
1 + 16πPi Q2

(1−η2)2
−

√
24PiπQ2+(1−η2)2

(1−η2)

)

√
2π

(
−1 +

√
24PiπQ2+(1−η2)2

(1−η2)

)3/2 . (58.13)

Using this expression the inversion curves are obtained and analysed [5].

58.5 Conclusion

Joule–Thomson effect similar to van derWaals gas is observed in the AdS black hole.
Monopole term plays an important role in the thermodynamics and Joule Thom-
son expansion of the AdS black hole. It was noticed that the monopole parameter
increases the inversion temperature and pressure monotonically.
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Chapter 59
Scattering Amplitudes from Positive
Geometries

Pinaki Banerjee

Abstract We describe how one can obtain certain planar scattering amplitudes from
the geometry of some positive geometries (e.g., polytopes) living in the kinematic
space. For massless scalar φ4 theory these particular positive geometries are known
as Stokes polytopes which were introduced by Baryshnikov (New developments in
singularity theory, vol 21, pp 65–86 (2001), [1]). The canonical form on these Stokes
polytopes contains all the information of the planar amplitudes.

59.1 Introduction

Scattering amplitudes are one of the most fundamental observables in physics. In
experiments a bunch of incoming particles come from “infinity,” then scatter to a
bunch of outgoing particles and finally are detected by some detectors at “infinity.”
Scattering amplitudes measure the probabilities of such events. But it is not at all
clear what happens in-between. People build up their own favorite “stories” that
explain the phenomenon. Themost popular “story” is that of Feynman diagrams—the
standard algorithm of computing amplitudes perturbatively in couplings. Although
this program is remarkably successful it has the following limitations:

1. It works for perturbative theories,
2. There are huge redundancies, e.g., actions related bymere field redefinition which

gives different set of diagrams but at the end somehow “miraculously” give the
same amplitude, and

3. It is not efficient practically, e.g., 6-gluon amplitude has 220 diagrams!

All these combined suggest that Feynman diagrams are not suitable for analyz-
ing amplitudes. Various other avenues to obtain scattering amplitudes have been
explored. Treating amplitude as “differential form” instead of functions on kinemat-
ical space and identifying it as the “canonical form” of certain “positive geometries”
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is one such novel way. Locality, causality, unitarity, etc. are then evident from the
geometric properties of the corresponding positive geometry. In [2], planar scatter-
ing amplitude for bi-adjoint φ3 scalar theory was recovered from the canonical form
of positive geometries called associahedra [4, 5]. The philosophy of the “positive
geometry program” (which is, needless to say, rather ambitious) is as follows. Given
an interacting theory there should exist a positive geometry (or a collection of posi-
tive geometries) whose canonical top form contains the complete information of the
scattering amplitude of the theory.

59.2 Associahedron: The Positive Geometry for Cubic
Interactions

In [2], it was shown that tree-level planar amplitude for massless φ3 theory can be
obtained from a positive geometry known as the associahedron [4, 5] sitting inside
the kinematic space. Let us start by asking, what is a positive geometry? Positive
geometry is a closed geometry with boundaries of all co-dimensions. Polytopes are
the most famous examples. A positive geometry (A) has a unique differential form
�(A), known as the canonical form—a complex differential form defined by the
following properties.

1. It has logarithmic singularities at the boundaries ofA.
2. Its singularities are recursive, i.e., at every boundary B, ResB�(A) = �(B).

The above two criteria and projectivity1 uniquely fix canonical form which has
the complete information about full tree-level planar amplitude. For massless scalar
φ3, the positive geometry is associahedron. What is an associahedron?

The associahedron of dimension (n − 3) is a polytope whose co-dimension d
boundaries are in one-to-one correspondencewith the partial triangulation2 byd diag-
onals. The vertices represent complete triangulations and k-faces represent k-partial
triangulations of the n-gon. The total number of ways to triangulate a convex n-gon
by non-intersecting diagonals is the (n − 2)th Catalan number, Cn−2 = 1

n−1

(2n−4
n−2

)
.

The dimension of the associahedron corresponding to a n-gon is n − 3 (Fig. 59.1).
So far everything looks mathematical/combinatorial. What do all these things have
to do with something physical and experimentally observable like the scattering
amplitude?

We use planar kinematic variables, Xi, j = (pi + pi+1 + . . . + p j−1)
2; 1 ≤ i <

j ≤ n. They visualized as the diagonals between the i th and j th vertices of the
dual n-gon. Each Xi, j cuts the internal propagator of a Feynman diagram once (see
Fig. 59.2). For n = 4, the number of complete triangulations is 2. For n = 5, it is 5
and n = 6, it is 14 and so on. This is the same counting as for complete triangulations
of an n-gon and thus the associahedron appears from Feynman diagrams! For any

1Projectivity implies �(A) can only be a function of ratios of Mandelstam variables.
2A partial triangulation of regular n-gon is a set of non-crossing diagonals.
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Fig. 59.1 Two-dimensional
associahedron A5 : 5 partial
triangulations are
represented by five
diagonals. Five complete
triangulations are
represented by five vertices

Fig. 59.2 Two channels of
four-point scattering. The red
diagonal always cuts the
propagator once. This holds
true for higher point planar
diagrams as well. These are
also the two possible
triangulations of a 4-gon

given n (i.e., number of particles), one can associate an associahedron to the n-gon
which is made out of momenta p1, p2, . . . pn . The vertices of the associahedron
represent complete triangulations and its k-faces represent k-partial triangulations of
the n-gon. One can directly write down the canonical form �(A).

�(An) =
∑

vertex Z

sign(Z)

n−3∧

a=1

d log Xia , ja (59.1)

Note that summing over the vertices (Z ) is equivalent to summing over all possible
planar cubic graphs (or channels). Thus �(An) should have the information of the
amplitude for planar cubic theory. Finally all one needs to do is to pull � back toAn

(i.e., to restrict the � on the polytope An). One can directly read off the amplitude
from this. Let us look at a simple example—four particle scattering in massless cubic
theory. For n = 4, the dimension of kinematic space, dim(K4) = 4(4−3)

2 = 2. From
standard QFT, we know one can construct threeMandelstam variables s, t and u. But
they are not independent and for massless theory they satisfy, s + t + u = 0. Thus
K4 is really two-dimensional spanned by s and t , say. These are the two channels
shown in the above diagram. The corresponding associahedronA4 inK4 is 4 − 3 = 1
dimensional.We need to embed it insideK4 which is two-dimensional s-t plane. This
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Fig. 59.3 This is how the
1-d associahedron A4 is
embedded in K4, i.e., s-t
plane

can be done by demanding, s ≥ 0 and t ≥ 0 and imposing the other constraint
s + t = −u = c where c > 0. Thus one gets A4 which is a line segment in K4.

Once one has A4 inside K4 one can write down the canonical form which has
logarithmic singularities at the two end points of the segment (represent two channels
for four-point scattering, namely, s and t channels) : �(A4) = ds

s − dt
t . The minus

sign might look annoying but it comes from the demand of projectivity and is very
important. How to get the amplitude, then? One needs to perform the last step of the
prescription, i.e., to pull back the form to the line segment, i.e., to impose s + t =
−u = c =⇒ ds = −dt . Finally we can read off the planar 4-point amplitude from
the pulled back canonical form as follows:

�(A4) =
(
1

s
+ 1

t

)

︸ ︷︷ ︸
4-pt amplitude

ds. (59.2)

This can be done for all higher point amplitudes. The only “difficulty” is that the
associahedron of n-particle scattering is (n − 3)-dimensional, and therefore hard to
visualize. But mathematically/operationally they are as simple as 4-point case (Figs.
59.3 and 59.4).

The immediate natural question would be, can this be generalized to higher point
interactions (e.g., quartic case)?

59.3 Stokes Polytope: The Positive Geometry for Quartic
Interactions

For φ4 interactions [3] one can only have even-point amplitudes. The natural way
forwardwould be tilling the correspondingn-gonbyquadrilaterals. Then therewill be
a 1–1 correspondence between planar tree-level diagrams of φ4 theory and complete
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Fig. 59.4 1–1 correspondence between planar tree-level diagrams of φ4 theory and complete quad-
rangulations of a polygon

Fig. 59.5 Three planar scattering channels for the six-point diagram

quadrangulations of the n-gon. The total number of complete quadrangulations of
an n = (2N + 2)-gon is given by the Fuss-Catalan number, FN = 1

2N+1

(3N
N

)
. The

immediate natural question is—Is there a polytope whose dimension is n−4
2 (i.e., no.

of propagators) and number of vertices are same as FN? Here we immediately run
into an obstacle. For example, for six-point scattering (i.e., N = 2) we should get a
one-dimensional polytope, which can only be a line segment with two boundaries.
But there are three (see Fig. 59.5) planar scattering channels!

So, the only way to define a polytope is to exclude one of the channels using some
systematic rule. This rule will be called Q-compatibility. What is Q-compatibility?

At an operational level, every diagonal is Q-compatible with every alternate diag-
onal when we move clockwise (i.e., 14 with 36 , 25 with 41 and 36 with 52). It is
clear from the example that Q-compatability is not an equivalence relation and is
very much dependent on the reference quadrangulation Q. We use this rule just as
a filter which selects, among the set of all quadrangulations of a polygon, a subset
which will be in 1-1 correspondence with vertices of the anticipated positive geom-
etry which turns out to be the Stokes polytope [1] discovered by Yuliy Baryshnikov
rather recently in the context of studying singularities of quadratic forms. It may look
pretty much the same story as of the associahedra. But it is not. We have already
noticed two key differences from the associahedron program.

1. Definition of Stokes polytope depends on the reference quadrangulation Q, and
for each Q one has a Stokes polytope SQ

n .
2. Vertices of SQ

n are in 1-1 correspondence only with a specific sub-set of quadran-
gulations, namely Q-compatible quadrangulations.
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For φ4 case we have the notion of Q-compatibility, using which we can define a new
operation on the n-gon : Flip. This operation helps us uniquely fixing the differential
form on Stokes polytopes.

Any n-point diagram with n ≥ 8 will have two or more hexagons inside it. Flip
is an operation of replacing a diagonal of any such hexagon inside the quadrangu-
lation of the polygon with its Q-compatible diagonal, (see Fig. 59.6). Flip helps us
assigning particular signs (σ = ±1) to each complete quadrangulation relative to its
Q-compatible diagrams. Let Q be a quadrangulation of an n-gon which is associated
to a planar Feynman diagram with propagators given by Xi1 , . . . , Xi n−4

2
. Then we

define the (Q-dependent) planar scattering form [3],

�Qn =
∑

graphs

flips(−1)σ(flip)d ln Xi1 ∧ . . . d ln Xi n−4
2

, (59.3)

where σ(flip) = ±1 depending on whether the quadrangulation Xi1 , . . . , Xi n−4
2

can

be obtained from Q by even or odd number of flips.
Consider the simplest case, i.e., n = 2. Let us start with Q = 14. Then the set of

Q compatible quadrangulations are { (14 ,+), (36 ,−)}. We have attached a sign to
each of the quadrangulation which measures the number of flips needed to reach it,
starting from reference Q = 14. The form �

Q
6 on the kinematic space is given by

�
Q=14
6 = (d ln X14 − d ln X36). (59.4)

It is evident that it does not capture the singularity associated to X25 channel. We
can get around this problem by considering other possible Qs whose forms on
Kinematic space are given by �

Q=36
6 = (d ln X36 − d ln X25) and �

Q=25
6 =

(d ln X25 − d ln X14). We can embed Stokes polytopes (d = n−4
2 ) inside corre-

sponding associahedra (d = n − 3), and we pull �Q
n back to the SQ

n and then sum
over all possible Qs with particular weights. For six particle case, after embedding
inside the three-dimensional associahedron,A6, we can pull back all three “distinct”
Stokes polytopes, i.e., Q = 14, 36 and 25, and sum them with weights,

M̃6 := αQ1

(
1

X14
+ 1

X36

)
+ αQ2

(
1

X25
+ 1

X14

)
+ αQ3

(
1

X36
+ 1

X25

)
.

(59.5)

It is evident that if and only ifαQ1 = αQ2 = αQ3 = 1
2 ,M̃6 = M6 (planar amplitude).

There are different avenues that one can follow from this work. Here we list a few.

1. One obvious question would be how to go beyond planar and/or tree level.
2. Another interesting avenue is to explore its relationship with CHY formalism

[6]—the meaning of n−4
2 form in the worldsheet.

3. This programcan be generalized to planarφ p, p > 4. The notion ofQ-compatible
quadrangulations has an immediate extension to p-gulations of a polygon.
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Fig. 59.6 Stokes polytopes for 6 and 8 point scattering. Notice that for n=8 there are two types of
positive geometries. To obtain the full planar tree-level amplitude one needs to sum over all such
geometries with correct weightage

Higher point amplitudes can be obtained in similar way [3] but some interesting
different classes polytopes will appear (see Fig. 59.6).
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Chapter 60
Scale of Non-commutativity and the
Hydrogen Spectrum

Pulkit S. Ghoderao, Rajiv V. Gavai, and P. Ramadevi

Abstract In viewof the current null results for the popularmodels of physics beyond
the standard model, it has become necessary to explore other plausible alternatives
for such physics.Non-commutative spaces, which can arise in specific string theory
models, is one such alternative. We explore the possibility that quarks and leptons
exist in such spaces, and obtain a bound on the scale of non-commutativity.

60.1 Introduction

While the Standard Model has been very successful in explaining an impressive
amount and variety of data, the need for physics beyond the standard model (BSM)
has been argued for eloquently over the past many years. Many different paths have
been suggested. Ultimately, the data will hopefully shed some light on which is the
correct one to follow. Non-commutative field theories form one such path. The aim of
this exercise is to examine how feasible this may be from the point of view of existing
experimental results, and the sort of deviations one may expect to observe, or at least
put some bound on. Non-commutative (NC) spaces are spaces in which there exists
a non-vanishing commutator, [xμ, xν] = ιθμν , between the coordinates themselves
along with the ordinary commutation relation between coordinates and momenta.
The antisymmetric matrix θμν contains real parameters which are of dimension [L2].
Just as � captures the fuzziness of phase space, the θ captures the fuzziness of space
itself. This fuzziness or “unknowability” of space is well motivated by certain String
Theory configurations [1] and is expected to be a feature of a general quantum theory
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of gravity as one approaches the Planck length. It is thus an interesting question to
ask what the scale of θμν is.

A simple prescription to convert quantities onNCspace to a corresponding expres-
sion in ordinary space is by replacing ordinary multiplication with a star product.
The Moyal (star) product is defined as

( f � h)(x) = f (x) exp

(
ιθμν

2

←−
∂μ

−→
∂ν

)
h(x). (60.1)

The hydrogen atom spectrum has played a canonical role in serving as the test bed
for NC physics, and there has been some work on the possible impact NC spaces
have on the Lamb shift. However, corrections to the spectrum have remained a bone
of contention. In this talk, we first shed light on some of the competing proposals
to describe the NC hydrogen spectrum. Then we investigate the role of composite
operators in NC spaces to resolve the issue surrounding treatment of proton as a
composite particle. Along with the charge quantisation constraint in NC spaces, we
are then led to a bound on the NC scale which allows us to have a final say on the
NC hydrogen atom problem.

60.2 The NC Hydrogen Atom Problem

In this section, we will briefly review the development of NC hydrogen spectrum in
the literature and the issues of contention arising from each approach.

60.2.1 Non-commutative Corrections to Lamb Shift

The corrections to Lamb Shift in NC space were first derived by Chaichian et al.
[2] through a quantum electrodynamics perspective. However, this result can also be
obtained using a non-relativistic treatment [3] which we shall summarise here.

Considering the proton as fixed at the origin of a Cartesian NC coordinate system
and an electron with coordinates x ′

i , where i = 1, 2, 3 surrounding it, the hydrogen
atom potential in NC space takes the form1, V = −1/

√
x ′
i x

′
i . It turns out that under

the following change of variables,2

x ′
i → xi −

3∑
j=1

θi j

2
p j ; p′

i → pi (60.2)

1Here and throughout, we work in natural units so that e = � = 4πε0 = 1.
2This coordinate change is the same as expected from Moyal product if exponential is considered
as a translation operator.
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the commutator between the unprimed coordinates vanishes, [xi , x j ] = 0 while the
coordinate-momenta commutator becomes the ordinary, [xi , p j ] = ιδi j provided
[p′

i , p
′
j ] = 0.

In terms of the new coordinates the potential becomes

V = −1/

√√√√√
⎛
⎝xi −

3∑
j=1

θi j

2
p j

⎞
⎠

(
xi −

3∑
k=1

θik

2
pk

)
. (60.3)

Performing a binomial expansion and keeping terms upto order θ we obtain

V = −1

r
− 1

4r3
( �L · �Θ), (60.4)

where Lk = ∑3
i, j=1 εi jk xi p j is the angularmomentumoperator and �Θ = (θx , θy, θz).

Thus, we find a perturbation term to the classical 1/r potential. Using first-order
perturbation theory the shift in energy levels can be found to be [3],

ΔE = 〈n, l,m| − θz Lz

4r3
|n, l,m〉 (60.5)

ΔE = −θzm

4

(
1

n3l(l + 1/2)(l + 1)

)
, (60.6)

where we have assumed �Θ = (0, 0, θz).
In a relativistic treatment one also needs to take into account the spin of the

wavefunction. In that case the perturbation can be modified to be [2],

ΔE = 〈n, j, jz| − θz L̂ z

4r3
|n, j, jz〉 (60.7)

ΔE = θz jz
4

(
1 ∓ 1

2l + 1

)(
1

n3l(l + 1/2)(l + 1)

)
for j = l ± 1

2
. (60.8)

The above result is interesting because it splits the 2P1/2 level into 2P−1/2 and
2P+1/2 due to the presence of a jz term. Thus there are corrections to Lamb Shift
(2S1/2 −→ 2P1/2) at tree level itself, which are linear in the non-commutative param-
eter θz . Hence precise measurements of Lamb Shift can potentially reveal the NC
scale.

60.2.2 Cancellation of Non-commutative Effects

Treating the hydrogen atom as a two body problem with a non-stationary proton, the
Hamiltonian takes the form,
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H = p′2

2μ
− 1

r ′ , (60.9)

where μ is the reduced mass and r ′ is the relative separation. As usual, primed vari-
ables reside in NC space. Consider the relative coordinates, r ′

i = x ′
i
electron − x ′

i
proton

such that r ′ =
√∑3

i=1(r
′
i r

′
i ). The commutator between relative coordinates is then,

[r ′
i , r

′
j ] = [x ′

i
electron − x ′

i
proton

, x ′
j
electron − x ′

j
proton] (60.10)

= [x ′
i
electron

, x ′
j
electron] + [x ′

i
proton

, x ′
j
proton] (60.11)

= ιθi j + ι(−θi j ) = 0. (60.12)

Here we have used the fact that particles carrying opposite charge have opposite sign
of the non-commutativity parameter [4]. Thus the NC effects in hydrogen cancel at
commutator level itself [5], leading one to expect no effect of non-commutativity on
the hydrogen atom spectrum.

60.2.3 Non-commutative Corrections from Composite Nature
of Proton

As we know, proton is a bound state of quarks, and is described by Quantum Chro-
modynamics (QCD). This argument has been used [6] to modify the potential to first
order as

V = Vu1 + Vu2 + Vd = −2

3

1

r ′
u1

− 2

3

1

r ′
u2

+ 1

3

1

r ′
d

, (60.13)

where prime indicates that the variables reside in NC space. Such a potential can then
give rise to non-trivial effects in perturbation theory which will result in a correction
to the Lamb Shift similar to Sect. 60.2.1.

60.3 Composite Operators in NC Space

Ideally, we should consider the proton as a composite operator of quarks, especially
since quarks are permanently confined inside it. The above simple modification to
the potential comprising three separate quarks appears too simplistic and ignores
confinement. Accordingly, in this section, we will consider the general description
of composite particles in NC space. As usual we shall assume that the quarks are
confined into composites via the SU(3) colour gauge theory and write the composite
proton operator as ψp = ψu � ψ̃u � ψd , where the quark fields reside in NC space.
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The finite NC electromagnetic transformation with gauge parameter λ is given by

U = exp (ιλ(x))� = 1 + ιλ + (ι)2

2! (λ � λ) + ... (60.14)

Under this gauge transform we expect, ψ′
p = U � ψp, that is, the proton composite

transforms as an operator with aggregate charge +1. However, the transformation of
quark fields gives us,

ψ′
p = (U 2/3 � ψu) � (U 2/3 � ψ̃u) � (U−1/3 � ψd). (60.15)

The infinitesimal version of the above is

ψ′
p = ψu � ψ̃u � ψd − ι

3
(ψu � ψ̃u � λ � ψd)

+ 2ι

3
(ψu � λ + λ � ψu) � (ψ̃u � ψd). (60.16)

For a consistent gauge transformation,we expect this to be equal to an infinitesimal
version of ψ′

p = U � ψp which is

ψ′
p = ψu � ψ̃u � ψd + ι(λ � ψu � ψ̃u � ψd). (60.17)

Clearly (60.16) and (60.17) fail to become equal since there is no way to commute
the gauge parameter λ and any of the quark fields. This argument can be extended to
other hadrons as well. Thus composite particles appear to be forbidden in NC space.

60.3.1 Tolerating Compositeness

Note that if λ in (60.16) could be commuted, it will match (60.17). Since λ � ψ − ψ �

λ = ιθμν∂μλ ∂νψ + O(θ3) −→ 0 and by the uncertainty principle ∂ ∼ 1/r where
r is the radius of the composite particle, the above requirement is satisfied if

θ << r2. (60.18)

Hence for a composite particle to exist in NC space, the NC scale must lie well below
its radius.
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60.4 NC Scale and Consequences for Hydrogen Atom

It is awell-known result thatNC spaces severely restrict the allowed particle charges.3

This so-called charge quantisation constraint can be summarised as [8, 9],
In NC quantum electrodynamics, if the basic photon–photon coupling is g, the

only allowed charges which the fields can carry are ±g, 0 and no other multiples of
g are permissible.

Armed with our condition for existence of composite particles (60.18) and the
above charge constraint, we can revisit the various proposals for the hydrogen atom
spectrum outlined in Sect. 60.2.

1. In Sect. 60.2.2, the electron and proton are considered to be point particles in
NCQED. By (60.18), this means

√
θ � 10−15m can be possible. But we know that

particles likeΔ++ have a chargemagnitude 2 as opposed to chargemagnitude of 1
for electron and proton. Hence this approach does not satisfy charge quantisation
and we need to consider protons as composite particles.

2. In Sect. 60.2.3, the proton is considered to be a composite particle. By (60.18), we
have

√
θ << 10−15m. For modifying the potential, the quarks and electron were

assumed to be point particles in NCQED. Since quarks have charges −1/3, 2/3
and the electron has charge −1, charge quantisation condition will be violated
and we need to consider electrons and quarks as composite particles.

3. The bound on compositeness scale for quarks and leptons as suggested by
LHC experiments is between 10 − 25 T eV [10], or about 7.9 − 19.7 × 10−21m.
Accordingly by (60.18), if we take

√
θ << 2 × 10−20m then we can hope to

construct a composite model of quarks and leptons which satisfies charge quan-
tisation. As an indicative example, if we take two new “fundamental” particles
with charge ±1/6 to be point particles in NCQED, then they satisfy charge quan-
tisation. Quarks can be constructed via a combination of four while leptons via a
combination of six of these particles. The hydrogen spectrum in this case can be
expected to obtain corrections similar to the ones derived in Sect. 60.2.1, with a
magnitude dependent on the model of preons.

60.5 Conclusion

It was shown that a composite particle is allowed in NC space only if the NC scale
lies well below its radius. This condition along with the known charge quantisation
constraint in NC spaces implies that quarks and leptons must be composite particles
for NC spaces to be a physical reality. We also fix the NC scale to lie well below
2 × 10−20m. The final word on the hydrogen atom problem in NC space depends on
the construction of an explicit model of preons near the NC scale.

3For a detailed derivation see Pulkit et al. [7].
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Chapter 61
Inverse Seesaw, Singlet Scalar Dark
Matter and Vacuum Stability

Ila Garg, Srubabati Goswami, K. N. Vishnudath, and Najimuddin Khan

Abstract We study the stability of the electroweak vacuum in the context of an
inverse seesaw model extended by a singlet scalar dark matter. We show that even
though these two sectors seem disconnected at low energy, the coupling constants of
both the sectors get correlated at a high energy scale by the constraints coming from
the perturbativity and stability/metastability of the electroweak vacuum. The new
Yukawa couplings try to destabilize the electroweak vacuum while the additional
scalar quartic couplings aid the stability. In fact, the electroweak vacuum may attain
absolute stability even up to the Planck scale for suitable values of the parameters.
We analyze the parameter space for the singlet fermion and the scalar couplings
for which the electroweak vacuum remains stable/metastable and at the same time
giving the correct relic density and neutrino masses and mixing angles as observed.
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61.1 Introduction

The twomajor experimental motivations entailing scenarios beyond StandardModel
(SM) are neutrinomass and darkmatter. For neutrinomass, themost natural approach
is the seesaw mechanism and from the point of view of testability at the colliders,
the TeV seesaw mechanism has become an extensive topic of research of late. On
the other hand, among the various models of dark matter that are proposed in the
literature, the most minimal renormalizable extension of SM are the so-called Higgs
portal models [1–3]. These models include a scalar singlet that couples only to the
SMHiggs. An additional Z2 symmetry is imposed to prevent the decay of theDMand
safeguard its stability. The coupling of the singlet with the Higgs provides the only
portal for its interaction with SM. Nevertheless, there can be testable consequences
of this scenario which can put constraints on its coupling and mass. These include
constraints from searches of invisible decay of the Higgs boson at the LHC, direct
and indirect detections of dark matter as well as compliance with the observed relic
density. Implications of such an extra scalar for the LHC have also been studied.
Combined constraints from all these have been discussed most recently in [4]. See
[5] for more references.

In addition, the singlet scalar can also affect the stability of the EW vacuum and
it has been seen from various studies in this direction that the singlet scalar can help
in stabilizing the EW vacuum by adding a positive contribution which prevents the
Higgs quartic coupling from becoming negative. On the other hand, as also seen
in the previous chapter, the extra fermions can affect the stability adversely, and for
TeV seesawmodels the effect can be appreciable because of lowmass thresholds and
large Yukawa couplings. See [5] to see details and for more references. In this work,
we extend SM by adding extra fermions as well as scalar singlets and see to what
extend the additional scalar singlet can ameliorate the stability problem introduced by
fermionic singlets and at the same time explaining the origin of neutrino mass as well
as the existence of dark matter [5]. Here, the real singlet scalar is the dark matter
candidate where we have imposed an additional Z2 symmetry which ensures its
stability. For the generation of neutrinomass at the TeV scale, we consider the inverse
seesaw model with three right-handed neutrinos and three additional singlets. These
two sectors are disconnected at lowenergy.However, the consideration of the stability
of the electroweak (EW) vacuum and perturbativity induces a correlation between the
two sectors. We study the stability of the EW vacuum in this model and explore the
effect of the two opposing trends—singlet fermions trying to destabilize the vacuum
further and the singlet scalar trying to oppose this. We find the parameter space,
which is consistent with the constraints from relic density and neutrino oscillation
data and at the same time can cure the instability of the EW vacuum. In addition to
absolute stability, we also explore the parameter region which gives metastability in
the context of this model. We investigate the combined effect of these two sectors
and obtain the allowed parameter space consistent with observations and vacuum
stability/metastability and perturbativity.
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61.2 Model

In this section, we discuss the fermionic and the scalar sectors of the models that we
have studied including the scalar potential in the presence of a singlet scalar.

61.2.1 Inverse Seesaw Model

In the inverse seesawmodel, three right-handed neutrinos NR and three gauge-singlet
sterile neutrinos νs are added to SM [6]. νs and NR are assigned with lepton numbers
−1 and +1, respectively. The corresponding Yukawa Lagrangian responsible for
neutrino masses before SSB is

− Lν = l LYν HcNR + Nc
R MR νs + 1

2
νc
s Mμνs + h.c., (61.1)

where lL and H are the SM lepton and Higgs doublets, respectively. After the spon-
taneous symmetry breaking where the Higgs field acquires a vacuum expectation
value v ∼ 246 GeV, the above Lagrangian becomes

− Lν mass = νLMDNR + Nc
R MR νs + 1

2
νc
s Mμνs + h.c., (61.2)

where MD = Yνv/
√
2. Since the mass term MR is not subject to the SU (2)L sym-

metry breaking and the mass term Mμ violates the lepton number, the scales corre-
sponding to the three sub-matrices of the neutral fermion mass matrix may naturally
have a hierarchy MR >> MD >> Mμ . In this case, the effective light neutrinomass
matrix in the seesaw approximation is given by

Mlight = MD(MT
R )−1MμM

−1
R MT

D . (61.3)

In the heavy sector, there will be three pairs of degenerate pseudo-Dirac neutrinos
of masses of the order ∼ MR ± Mμ. Note that the smallness of Mlight is naturally
attributed to the smallness of both Mμ and MD

MR
. For instance, Mlight ∼ O (0.1) eV

can easily be achieved for MD
MR

∼ 10−2 and Mμ ∼ O (1) keV. Thus, the seesaw scale
can be lowered down considerably assuming Yν ∼ O(0.1), such thatMD ∼ 10 GeV
and MR ∼ 1 TeV.

61.2.2 Scalar Sector

As mentioned earlier, in addition to the extra fermions, we also add an extra real
scalar singlet S to SM. The potential for the scalar sector with an extra Z2 symmetry
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under S → −S is given by

V (S, H) = −m2H †H + λ(H †H)2 + κ

2
H †H S2 + m2

S

2
S2 + λS

24
S4 . (61.4)

In this model, we take the vacuum expectation value (vev) of S as 0, so that Z2

symmetry is not broken. Thus, the scalar sector consists of two particles h and S,
where h is the SM Higgs boson with a mass of ∼ 126 GeV, and the mass of the extra
scalar is given by

M2
DM = mS

2 + κ

2
v2. (61.5)

As the Z2 symmetry is unbroken up to the Planck scale, MPlanck = 1.22 × 1019

GeV, the potential can have minima only along the Higgs field direction and also
this symmetry prevents the extra scalar from acquiring a vacuum expectation value.
This extra scalar field does not mix with the SM Higgs boson. Also, an odd number
of this extra scalar does not couple to the SM particles and the new fermions. As
a result, this scalar is stable and serves as a viable weakly interacting massive dark
matter particle. The scalar field S can annihilate to the SM particles as well as to the
new fermions only via the Higgs boson exchange. So it is called Higgs portal dark
matter.

61.3 Numerical Analysis and Results

For the inverse seesaw model, the input parameters are the entries of the matrices Yν ,
MR andMμ. Here Yν is a complex 3 × 3matrix.MR is a real 3 × 3matrix andMμ is a
3 × 3 diagonal matrix with real entries. We vary the entries of various mass matrices
in the range 10−2 < Mμ < 1 keV and 0 < MR < 5 × 104 GeV. This implies a
heavy neutrino mass of maximum up to a few TeV. With these input parameters,
we search for parameter sets consistent with the low energy data using the downhill
simplex method [7]. We have considered the bounds from the oscillation data [8, 9],
cosmological constraints on the sum of light neutrino masses (�mi < 0.14 eV) [10],
constraints on the non-unitarity of the PMNS mixing matrix [11] and the collider
bounds on the masses of heavy neutrinos [12].

In addition, we have also considered the constraints from dark matter relic den-
sity and the recent detection experiments, in particular, the LUX-2016 [13] data and
the indirect Fermi-LAT data [14]. We use FeynRules along with micrOMEGAs to
compute the relic density of the scalar dark matter. Also, scalar sector couplings are
constrained by the requirement of perturbative unitarity [15]. At very high field val-
ues, one can obtain the scatteringmatrix a0 for the J = 0 partial wave by considering
the various scalar–scalar scattering amplitudes. Using the equivalence theorem, we
have reproduced the perturbative unitarity bounds on the eigenvalues of the scattering
matrix for this model. These are given by [15]
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|κ(�)| ≤ 8π, and
∣
∣
∣6λ + λS ±

√

4κ2 + (6λ − λS)2
∣
∣
∣ ≤ 16π. (61.6)

We have evaluated the SM coupling constants at the top quark mass scale and
then run them using the renormalization group equations (RGEs) from Mt to MPlanck

where we have taken into account the various threshold corrections at Mt . To eval-
uate the couplings from Mt to MPlanck, we have used three-loop RGEs for the SM
couplings, two-loop RGEs for the extra scalar couplings and one-loop RGEs for the
extra neutrinoYukawa couplings.We have used the package SARAH for studying the
RGEs. In addition, in our analysis, we have taken two-loop (one-loop) contributions
to the effective potential from the SM particles (extra singlet scalar and fermions).

The present central values of the SM parameters, especially the top Yukawa cou-
pling yt and strong coupling constant αs with the Higgs boson mass Mh ≈ 125.7
GeV, suggest that the beta function of the Higgs quartic coupling βλ(≡ dV (h)/dh)

goes from negative to positive around 1015 GeV [16, 17]. This implies that there is an
extra deeper minima situated at that scale. So there is a finite probability that the EW
vacuum might tunnel into that true (deeper) vacuum. But this tunneling probability
is not large enough and hence the lifetime of the EW vacuum remains larger than the
age of the universe. This implies that the EW vacuum is metastable in the SM. The
expression for the tunneling probability at zero temperature is given by [18]

P0 = VU �4
B exp

(

− 8π2

3 |λ(�B)|
)

(61.7)

where �B is the energy scale at which the action of the Higgs potential is minimum.
VU is the volume of the past light cone taken as τ 4

U , where τU is the age of the universe
(τU = 4.35 × 1017 s) [19]. In this work, we have neglected the loop corrections and
gravitational correction to the action of the Higgs potential [20]. For the vacuum to
be metastable, we should have P0 < 1 which implies that

0 > λ(μ) > λmin(�B) = −0.06488

1 − 0.00986 ln (v/�B)
, (61.8)

whereas the situation λ(μ) < λmin(�B) leads to the unstable EW vacuum. In these
regions, κ and λS should always be positive to get the scalar potential bounded from
below. In our model, the EW vacuum shifts toward stability/instability depending
upon the new physics parameter space for the central values of Mh = 125.7 GeV,
Mt = 173.1 GeV and αs = 0.1184, and there might be an extra minima around
1012−17 GeV.

In Fig. 61.1, we have given the phase diagram in the Tr [Y †
ν Yν] − κ plane. The

line separating the stable region and the metastable region is obtained when the
two vacua are at the same depth, i.e., λ(μ) = βλ(μ) = 0. The unstable and the
metastable regions are separated by the boundary line where βλ(μ) = 0 along with
λ(μ) = λmin(�B), as defined in (61.8). For simplicity, we have plotted Fig. 61.1
by fixing all the eight entries of the 3 × 3 complex matrix Yν , but varying only the
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Fig. 61.1 Phase diagram in the Tr[Y †
ν Yν ] - κ plane. We have fixed all the entries of Yν except

(Yν)33. The three boundary lines (two dotted and a solid) correspond to Mt = 173.1 ± 0.6 GeV
(3σ), and we have taken λS(MZ ) = 0.1. The dark matter mass is dictated by κ(Mz) to give the
correct relic density. See text for details

(Yν)33 element to get a smooth phase diagram. From Fig. 61.1, it can be seen that the
values of κ beyond ∼ 0.58 are disallowed by perturbativity bounds, and those below
∼0.16 are disallowed by the direct detection bounds from LUX-2016 [13]. The value
of the dark matter mass in this allowed range is thus ∼530–2100 GeV. Note that
the vacuum stability analysis of the inverse seesaw model done in reference [21]
had found that the parameter space with Tr [Y †

ν Yν] > 0.4 were excluded by vacuum
metastability constraints whereas, in our case, Fig. 61.1 shows that the parameter
space with Tr [Y †

ν Yν] � 0.25 are excluded for the case when there is no extra scalar.
The possible reasons could be that we have kept the maximum value of the heavy
neutrino mass to be around a few TeV, whereas the authors of [21] had considered
heavy neutrinos as heavy as 100 TeV. Obviously, considering larger thresholds would
allow us to consider the large value of Tr[Y †

ν Yν] as the corresponding couplings will
enter into RG running only at a higher scale. Another difference with the analysis
of [21] is that we have fixed 8 of the 9 entries of the Yukawa coupling matrix Yν .
Also, varying all the 9 Yukawa couplings will give us more freedom and the result
is expected to change. The main result that we deduce from this plot is the effect
of κ on the maximum allowed value of Tr [Y †

ν Yν], which increases from 0.26 to 0.4
for a value of κ as large as 0.6. In addition, we see that the upper bound on κ(MZ )



61 Inverse Seesaw, Singlet Scalar Dark Matter and Vacuum Stability 443

from perturbativity at MPlanck decreases from 0.64 to 0.58 as the value of Tr[Y †
ν Yν]

changes from 0 to 0.44. This is because [Y †
ν Yν] affect the running of κ positively.

Since MDM ∼ 3300 κ GeV for MDM >> Mt , the mass of dark matter for which
perturbativity is valid decreases with increase in the value of the Yukawa coupling.

61.4 Summary

We have studied the stability of the EW vacuum in the context of the TeV scale
inverse seesaw model extended with a scalar singlet dark matter. We have studied
the interplay between the contribution of the extra singlet scalar and the singlet
fermions to the EW vacuum stability. We have shown that the coupling constants in
these two seemingly disconnected sectors can be correlated at high energy by the
vacuum stability/metastability and perturbativity constraints. Overall, we find that it
is possible to find parameter spaces for which the EW vacuum remains absolutely
stable for the inverse seesaw model in the presence of the extra scalar particle. We
find an upper bound frommetastability on Tr[Y †

ν Yν] as 0.25 for κ = 0which increases
to 0.4 for κ = 0.6.
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Chapter 62
Study of Atmospheric Neutrino
Oscillation Parameters at the INO-ICAL
Detector Using νe + N → e + X Events

Aleena Chacko, D. Indumathi, James F. Libby, and Prafulla Kumar Behera

Abstract The India-based Neutrino Observatory will host a 50 kton magnetised
tracking iron calorimeter with resistive plate chambers as its active detector element.
We present the direction reconstruction of electron neutrino eventswith ICAL and the
sensitivity of these events to neutrino oscillation parameters θ23 and δCP . We find that
ICAL has adequate sensitivity to the CP violating phase δCP , with regions ranging
δCP ∼ 130–295◦ being excluded at 1σ for δCP,true = 0◦, from the sub-dominant
electron neutrino oscillation channels. We also obtain a relative 1σ precision of 20%
on the mixing parameter sin2 θ23. We neither discuss the possible backgrounds to νe
interaction in ICAL nor investigate the effect of systematic uncertainties.

62.1 Introduction

Neutrino experiments over the past few decades [1–7] have been successful in mea-
suring most of the neutrino oscillation parameters, viz., neutrino mixing angle (θ12,
θ23, θ13), their mass squared differences (�m2

12, �m2
32) and CP violating phase

(δCP ), although their mass hierarchy is yet to be determined. One of the experiments
of this kind is the India-based Neutrino Observatory (INO) which aims to study the
atmospheric neutrinos to probe the mass hierarchy, independent of δCP . The pro-
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posed detector in INO is a magnetised iron calorimeter (ICAL) [8], built in three
modules, with a resistive plate chamber (RPC) as its active detector element. The
RPCs will be interleaved with iron layers (interaction medium) and pick-up strips
are placed orthogonal to each other on either side of the RPC. ICAL is primarily
optimised for muons.

The main signal of interest in ICAL will be charge current (CC) interactions of
νμ (CCμ), but this paper focuses on the sub-dominant signal (nearly half of the νμ

flux), namely the CC interactions of νe (CCe). These interactions are simulated for
a 50 kton ICAL detector with 100-year exposure time by using the NUANCE [9]
neutrino generator and incorporating the HONDA three-dimensional flux [10]. In
Sects. 62.2 and 62.3, we study these NUANCE generated events. In Sects. 62.4 and
62.5, we describe the reconstruction of these events and their sensitivity to neutrino
oscillation parameters θ23 and δCP .

62.2 Oscillation Probabilities

The neutrino oscillation probabilities of interest for CCe events are Pee (electron
survival probability) and Pμe (muon disappearance probability) [11]. Figure 62.1
shows the effect of varying �m2

32, θ23 and δCP , for Pee and Pμe. We see that the
effect of varying �m2

32 is opposite for Pee and Pμe, which means the CCe events will
provide very little sensitivity to �m2

32. Though not shown here, Pee does not vary
with different values of θ23 and δCP , but from Fig. 62.1 (bottom panel) Pμe does.
Therefore in this paper, we study only the ICAL sensitivity to sin2 θ23 and δCP from
CCe events.

62.3 Ultimate Sensitivity Study

We first examine in the regions of true neutrino energy (Eν) and direction (cos θν)
that have significant oscillation probabilities. We find that (Fig. 62.2), for Pee < 0.8
and Pμe > 0.1 (to see significant oscillation signature), both probabilities have sen-
sitivity in regions where Eν > 2 and cos θν > 0 (up-going neutrinos). The values for
oscillation parameters are taken from [12]. Throughout this paper normal hierarchy
is assumed.

Next, we use an ideal ICAL detector (100% efficiency and perfect resolution) to
study the maximum sensitivity CCe events can provide to the oscillation parameters
θ23 and δCP . We take a sample corresponding to 5 years of NUANCE generated
events using unoscillated νe and νμ flux and incorporate oscillations on these events
with the “accept-reject” method. From Fig. 62.3, we see the oscillation signatures in
the same regions as in Fig. 62.2.
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Fig. 62.1 Pee and Pμe (top panel) as a function of zenith angle, shown for three values of
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62.4 Reconstruction of CCe Events

To study the actual sensitivity that can be extracted from CCe events in ICAL,
NUANCE generated unoscillated νe and νμ events are processed by a GEANT4
[13, 14] -based detector simulation of the ICALdetector. These simulated events have
to be reconstructed to obtain Eν and cos θν from the final state particles (electrons and
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Fig. 62.3 Ratio of oscillated to unoscillated CCe events as a function of cos θν (left) and Eν (right),
corresponding to 5 years of data

hadrons) in CCe interactions. Since electrons and hadrons only leave hits (shower)
in the detector, unlike muons which leave a trail (track), an algorithm has to be
developed to reconstruct the Eν and cos θν from the hit information.

62.4.1 Direction Reconstruction

The hit information in ICAL consist of the (x, y, z) positions and timing t of the hit.
The x and y co-ordinates are the centres of the X - and Y -strips respectively, and the
z co-ordinate is the centre of the RPC air-gap. We use the raw-hit method [15] which
utilises this hit information to reconstruct the direction of the shower. In this method,
the hit positions are plotted in two separate planes x-z and y-z, to avoid ghost-hits
[15]. A straight line is fit to the hit positions in x-z and y-z planes, and from the slope
of these fits mx(y), the average direction of the shower can be calculated as follows:

θ = tan−1

(√
m2

x + m2
y

)
; φ = tan−1

(
my

mx

)
. (62.1)

The hits used for the reconstruction have to pass certain selection criteria. The
timing window in which the hits are collected is restricted to 50 ns to ensure the
hits are from the event under consideration. The hits have to be found in at least
two layers and there must be a minimum of three hits in each event, to enable a
straight line fit to hit positions. Around 54% of events are discarded due to this
restriction. To pin the direction of the shower as up- or down-going, we make use
of the slopes mtx(t y) of straight line fits to hit time in tx -z(ty-z) graphs. If mtx and
mty have opposite signs, those events are discarded and about 10% of the events
are removed due to this restriction. The reconstruction efficiency εreco is defined as
the percentage of reconstructed events (Nreco) in total CCe events (N ) and relative
directional efficiency εdir, is defined as percentage of correctly reconstructed events
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(N ′
reco) as up- or down-going in total reconstructed events (Nreco) (62.2). The Eν

and cos θν averaged values of εreco (Fig. 62.4, top left) and εdir (Fig. 62.4, top right)
are (41.7 ± 0.2)% and (66.8 ± 0.2)%, respectively, showing that we can distinguish
an up-going event from a down-going event, which is crucial for the oscillation
studies. The cos θν resolution (Fig. 62.4, bottom left) improves for vertical events
(| cos θν > 0.5|), as events traverse more layers in this direction. Figure 62.4 (bottom
right) compares the cos θν distribution before and after reconstruction.

εreco = Nreco

N
, εdir = N ′

reco

Nreco
. (62.2)

62.4.2 Energy Reconstruction

Unlike direction, Eν cannot be reconstructed by directly using the hit information,
rather we calibrate the total number of hits (nhits) in an event to its Eν . The calibration
is done by grouping nhits in different Eν bins. The mean value of nhits (n(Eν)) in each
of these distributions is plotted against the mean value Eν of the corresponding Eν

bin. This data is then fitted with
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n̄(E) = n0 − n1 exp(−Ē/E0) (62.3)

to obtain the values of constants n0, n1 and E0 (Fig. 62.5[left]). Once we have the
values of these constants, (62.3) is inverted to estimate reconstructed energy Ereco

(Fig. 62.5[right]). The Eν resolution improves with Eν .

62.5 Oscillation Parameter Sensitivity

We perform a χ2 analysis to assess the sensitivity of CCe events to oscillation param-
eters. We bin the 100-year “data” set (scaled down to 10 years for the fit) simulated
with true oscillation parameters in the reconstructed observables of cos θreco (ten
bins of equal width) and Ereco (seven bins of unequal width in 0–10 GeV range). We
define the Poissonian χ2 as

χ2 = 2
∑
i

∑
j

[
(Ti j − Di j ) − Di j ln

(
Ti j
Di j

)]
, (62.4)

where Ti j and Di j are the “theoretically expected” and “observed number” of events
respectively, in the i th cos θreco bin and j th Ereco bin. Figure 62.6 shows �χ2 as a
function of sin2 θ23 (left) and δCP (right), comparing binning in cos θreco, Ereco and
in both. By binning in cos θreco alone, we have a relative 1σ precision [8] of 20% on
sin2 θ23 and we are able to exclude δCP ∼ 130–295◦ at 1σ for δCP,true = 0◦.
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were generated with true sin2 θ23 = 0.5 and δCP = 0◦

62.6 Conclusion

In this paper, we have presented the reconstruction and oscillation parameter sen-
sitivity of a pure sample of CCe events in ICAL. In reality, there are other types
of events, like the neutral current events from both νμ and νe, which can be eas-
ily mis-identified as CCe events in ICAL. A significant fraction of CCμ events for
which a track could not be reconstructed also mimics CCe hit patterns in ICAL.
Hence, the next step would be finding selection criteria to separate CCe events from
other types and analysing oscillation parameter sensitivity after including the mis-
identified events. With CCe events alone, we find that ICAL has sufficient sensitivity
to both oscillation parameters.
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Chapter 63
Effect of Sterile Neutrinos on Degeneracy
Resolution Capacities of NOvA and
DUNE

Akshay Chatla, Sahithi Rudrabhatla, and Bindu A. Bambah

Abstract We investigate the implications ofsterile neutrinos on the physics potential
of the proposed experiment DUNE and future runs of NOvA using the latest NOvA
results. Using a combined analysis of the disappearance and appearance data, NOvA
reported three degenerate best-fit solutions where two are of normal hierarchy (NH)
and one inverted hierarchy (IH). These degeneracies are expected to be resolved after
an anti-neutrino run of NOvA. But in the presence of sterile neutrino, the degeneracy
resolution capacity is reduced due to the new degrees of freedom. We study the
chances of resolving parameter degeneracies with future runs of NOvA and DUNE
in the light of this degraded degeneracy resolution power.

63.1 Introduction

The discovery of neutrino oscillations by Super-Kamiokande [1], SNO [2], and
KAMLAND [3] was the first evidence for the physics beyond the standard model
(SM). The 3-flavour neutrino model considered as the standard theory of neutrino
flavour oscillations is able to explain the observed oscillation data with six parame-
ters (three mixing angles, one CP phase, and two mass-squared differences). But, the
oscillation probability equations derived allow different sets of oscillation parame-
ters to have the same value of oscillation probability. Thus, wrong parameters can
mimic the true solutions causing parameter degeneracy. The current unknowns in
3-flavour model are octant degeneracy of θ23 and mass hierarchy degeneracy (MH)
and the CP violating phase. Resolving these degeneracies is an important objective
of NOvA [4] and DUNE [5] experiments.

The 3-flavour model fits with experimental results from the solar, atmospheric,
reactor and long-baseline experiments very well. But, there are some anomalous
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results at short baseline (SBL) by LSND [6] and MiniBooNE [7], which can be
explained by introducing new m2 ∼1 eV2. Since the LEP [8] experiment limits
the number of active neutrino flavours to three, the new neutrino must be a sterile
(no weak interaction) neutrino (νs). The sterile neutrino introduces new oscillation
parameters (three mixing angles and two CP phases) to the 3-flavour model, which
is now the 3 + 1 model. These new parameters increase the degrees of freedom and
will affect degeneracy resolution capabilities of NOvA and DUNE. We attempt to
find the effect of one sterile neutrino on degeneracy resolution capabilities of NOvA
and DUNE and the extent to which these degeneracies are resolved in the future runs
of NOvA and DUNE.

63.2 Theoretical Framework

In this paper, we worked with one light sterile neutrino (3 + 1 model). In this model,
the flavour and mass eigenstates are coupled with a 4 × 4 mixing matrix. A suitable
parametrization of the mixing matrix is

UPMNS3+1 = R34 R̃24 R̃14R23 R̃13R12. (63.1)

Here, Ri j and R̃i j represent real and complex 4 × 4 rotation in the plane containing
the 2 × 2 sub-block in (i, j) sub-block

R2×2
i j =

(
ci j si j

−si j ci j

)
R̃i j

2×2 =
(

ci j ˜si j
− ˜si j ∗ ci j

)
(63.2)

where ci j = cos θi j , si j = sin θi j , ˜si j = si j e−iδi j , and δi j are the CP phases.

The bold matrices in (63.1) represent the standard 3-flavour model. We see that
the addition of one sterile neutrino introduces 3 new mixing angles and 2 new CP
phases. The measurement of the new parameters is important for the study of sterile
neutrinos. We know that the SBL experiments are sensitive to sterile mixing angles.
But, they are not sensitive to new CP phases introduced by νs as they need longer
distances to become measurable. We use long baseline (LBL) experiments to study
CP phases. The oscillation probability, Pμe for LBL experiments in the 3 + 1 model,
after averaging Δm2

41 oscillations and neglecting MSW effects [9], can be expressed
as a sum of the four terms [10]

P4ν
μe � P1 + P2(δ13) + P3(δ14 − δ24) + P4(δ13 − (δ14 − δ24)). (63.3)

We see that CP phases introduced by sterile neutrinos persist in the Pμe even after
averaging out Δm2

41 lead oscillations. The last two terms of (63.3) give the sterile
CP phase dependence terms. P3(δ14 − δ24) depends on the sterile CP phases δ14 and
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δ24, while P4 depends on a combination of δ13 and δ14 − δ24. The amplitudes of P2
and P4 terms of (63.3) are of the same order. This new interference terms reduce the
sensitivity of experiments to the standard CP phase (δ13).

63.3 Results

We used General Long Baseline Experiment simulator (GLoBES) [11, 12] to sim-
ulate the data for NOvA and DUNE. The simulation and experimental details we
used are in [10] and the references therein. The recent NOvA analysis [13], taking
both appearance and disappearance channel data for 3 years of neutrino run, gave 2
best-fit points for normal hierarchy(NH), and inverted hierarchy (IH) is disfavored
at the 95% confidence level. We take these best fit points and try to find the extent to
which these degeneracies can be resolved in the future runs of NOvA and DUNE. In
Fig. 63.1, we plot the oscillation probability Pμe take in account of matter effects as
a function of energy for the two best-fit values of NOvA with different values of δ14
(δ24), from −180◦ to 180◦ while keeping δ24 (δ14) = 0. We observe in Fig. 63.1 that
δ14 and δ24 bands are mirror reflections of each other. This implies that even after
the matter effects are considered, δ14 and δ24 act as a single entity (δ14 − δ24). Using
this result, we can reduce our computation effort considerably.

In Fig. 63.2, the allowed regions of sin2θ23 − δcp plane from NOvA and DUNE
simulation data with different run-times, considering the latest NOvA results as
true values, are plotted. The test values are taken from both NH and IH, for 3 and
3+1 neutrino models. The contour denotes the region where the test hypothesis is not
excluded at a given confidence level (CL). For example, contour titledNH-IHdenotes
the region where IH (test hypothesis) could not be excluded at mentioned CL when
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Fig. 63.1 The oscillation probability Pμe as a function of energy. The bands correspond to different
values of δ14 (δ24), from −180◦ to 180◦ while keeping δ24 (δ14) = 0



456 A. Chatla et al.

-180

-135

-90

-45

 0

 45

 90

 135

 180

 35  40  45  50  55

NOvA[3+–1]

δ 1
3
 [t

es
t] 

[d
eg

re
e]

True:Normal Hierarchy,Higher Octant

(3ν) NH-NH
(4ν) NH-NH
(4ν) NH-IH
True point

-180

-135

-90

-45

 0

 45

 90

 135

 180

 35  40  45  50  55

NOvA[3+–3]

δ 1
3 

[te
st

] [
de

gr
ee

]

θ23 [test] [degree]

True:Normal Hierarchy,Higher Octant

(3ν) NH-NH
(4ν) NH-NH

True point

-180

-135

-90

-45

 0

 45

 90

 135

 180

 35  40  45  50  55

NOvA[3+–1]

True:Normal Hierarchy,Lower Octant

(3ν) NH-NH
(4ν) NH-NH
(4ν) NH-IH
True point

-180

-135

-90

-45

 0

 45

 90

 135

 180

 35  40  45  50  55

NOvA[3+–3]

θ23 [test] [degree]

True:Normal Hierarchy,Lower Octant

(3ν) NH-NH
(4ν) NH-NH

True point

Fig. 63.2 Contour plots of allowed regions in the test plane, θ23 versus δ13, at 2σ CL with top and
bottom rows for NOvA runs of 3 + 1̄ and 3 + 3̄ years, respectively

NH is the true hypothesis. The different test cases we used are NH-NH(3ν), NH-
IH(3ν), NH-NH(4ν) and NH-IH(4ν). The absence of a contour in the plot implies
that its test hypothesis is excluded at the mentioned CL.

In thefirst rowof Fig. 63.2, the allowed areas forNOvA[3+1̄] are shown. In thefirst
column, 2σ CL allowed regions are plotted for true values of δ13 = 262.8◦ and θ23 =
43.2◦ and normal hierarchy. It is seen that NOvA[3+1] has a wrong hierarchy (WH),
i.e. (NH-IH) contour for 4ν case which was absent in the 3ν case. For NOvA[3+3],
WH (NH-IH) is excluded even for 4ν. In the second column, 2σ CL allowed regions
are plotted for true values of δ13 = 217.8◦ and θ23 = 48.4◦ and normal hierarchy. It
is seen that NOvA[3+1] has WH contour for the 4ν case which was absent in the 3ν
case. For NOvA[3+3], WH (NH-IH) is excluded even for the 4ν case. It is seen that
the allowed contour sizes reduce for NOvA[3+3] due to increased statistics. Since
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Fig. 63.3 Contour plots of allowed regions in the test plane, θ23 versus δ13, at 2σ CL with top and
bottom rows for DUNE[2 + 2̄] and DUNE[2 + 2̄] + NOvA[3 + 3̄], respectively

the true values of θ23 of both cases are near maximal mixing (MM) angle, we need
more data to exclude MM angle as seen.

In Fig. 63.3, it is seen that DUNE has considerably better sensitivity compared to
NOvA.WH(NH-IH) is excluded for both 3ν and 4ν cases at 2σ CL.A slight improve-
ment in degeneracy resolution is observed for combined statistics of DUNE[2 + 2̄]
+ NOvA[3 + 3̄] over just DUNE[2 + 2̄].
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In summary, we discussed how the presence of a sterile neutrino will affect the
physics potential of the proposed experiment DUNE and future runs of NOvA, in
the light of latest NOvA results [13]. It is seen that for the current best-fit values
of NOvA, small IH degeneracy introduced by 3+1 model gets resolved at 2σ level
with increased run-time of the experiment. Since the best-fit values are close to MM
angle, more data is required to exclude MM angle.
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Chapter 64
Current Status for the Inclusive Neutral
Current π0 Production Cross-Section
Measurement with the NOvA Near
Detector

D. Kalra

Abstract The NuMI Off-axis νe Appearance (NOvA) experiment is a long-baseline
neutrino oscillation experiment. It uses two functionally identical detectors, the
NOvA near detector (ND) at Fermilab and the NOvA far detector (FD) at a dis-
tance 810 km in northern Minnesota to measure νe appearance in a narrow-band
beam of νμ peaked at 2 GeV in energy. Neutrino induced Neutral Current (NC)
interactions with a π0 in the final state are a significant background in the νe appear-
ance measurement. The π0 decay into two photons can fake the νe appearance signal
either due to the merging of two photon showers or one of the two photons escaping
the detection. Therefore, a complete understanding of NC interactions with π0 in
the final state is very important. To constrain this background, NOvA will perform
cross-sectionmeasurement of inclusiveNCπ0 production using data from theNOvA
ND. It will also help in reducing the background uncertainties for current and future
long-baseline neutrino oscillation experiments.

64.1 Introduction

The neutrino-Nucleus (ν-N) interactions have been studied intensively for
decades [1]. νμ-induced neutral current (NC) interactions with a π0 in the final state
are the dominant background for experiments looking for the νe appearance such as
NOvA and DUNE [2]. The signal for the νe appearance channel is an electron in the
final state that showers electromagnetically. Neutral pion decay into two photons can
fake the νe appearance signal in two ways: either 2 γ ’s can merge together or one of
them may escape detection and hence behave like an electron shower. Therefore, a
complete understanding of NC π0 production is very important.
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Fig. 64.1 (Left) Existing measurements of the cross section for the NC process as a function of
neutrino energy. (Right) Plot shows the NOvA νe appearance backgrounds

There exist a very fewmeasurements for this channel [3] as can be seen in Fig. 64.1
(Left). A∼10% uncertainty on the NC background for the NOvA νe appearance is
dominated by π0 production as shown in Fig. 64.1 (Right). So, it is very important
to constrain this background.

64.2 Simulation and Reconstruction Details

NOvA uses GEANT4 [4] to simulate the detector geometry and GENIE (v2-12-
10b) [5] to simulate neutrino interactions. Neutrino interactions in the NOvA ND
are reconstructed into slices (clusters of cell hits that are closely related in space
and time) [6]. The slices are examined to find the particle paths using a Hough
transformation [7]. The information from the intersection of the paths is used to find
a neutrino interaction vertex (a point where the primary neutrino interaction takes
place). The clusters that correspond to the same shower are reconstructed as prongs.
Thus, a prong is defined as a collection of cell hits with a starting point and direction.
The prongs are sorted by energy which means the leading prong has most of the
energy and is referred to as prong1 whereas, the second-most energetic prong is
called prong2. Figure 64.2 shows a ND MC event display with two reconstructed
prongs.

The simulated sample used for this study has ∼4x more statistics than data. So,
all the distributions with the simulated sample are normalized to 8.09 × 1020 POT
which reflects the NOvA ND data POT.
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Fig. 64.2 An event display that shows two reconstructed prongs in both the detector views, XZ
and YZ views. The NuMI beam is coming in from the left side

64.3 Signal and Background

Signal for this analysis is defined as neutrino-induced NC interactions with at least
one π0 in the final state with true π0 K. E > 0.1 GeV.

The background comes from the neutrino-induced CC interactions (CC back-
ground) and NC interactions (NC background). The CC background consists of
interactions in which the outgoing μ is not identified, and can contain a π0 in the
final state or not. The NC background consists of NC interactions without a π0 in
the final state and with π0 below true K. E 0.1 GeV.

64.4 Pre-Selection

Pre-selection starts by applying some quality cuts to reject the noise hits [8]. Then,
the reconstructed interaction vertex is required to be inside the NOvA ND fiducial
volume and all showers must be contained [8]. Pre-selection cuts also include the
events with exactly two 3D prongs. We also include the oscillation analysis muonID
(also called as Reconstructed muon identification (ReMId)) [9] in the pre-selection.
Figure 64.3 (left) shows a distribution of ReMID for 2-prong events which shows
a good separation of CC events from NC. To reject these CC background events,
we choose a cut value on ReMId based on its statistical figure of merit as shown in
Fig. 64.3 (right). The FOM is maximized at 0.36, so we include MuonID/ReMId <

0.36 in the pre-selection.
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Fig. 64.3 (Left)MuonID/ReMId variable distribution for the signal and background events. (Right)
Distribution of figure of merit (FOM) evaluated from MuonID/ReMId distribution

64.5 Event Identification

An eventID is developed based on the Boosted Decision Tree algorithm. The net-
work is trained using the variables that characterize the electro-magnetic shower
properties. Further, the variables associated with prong1 are selected as they showed
comparatively better separation between the signal and background than the sub-
leading prong variables [8]. The distribution of eventID aka NC π0 ID for the signal
and background events with pre-selection cuts is shown in Fig. 64.4.

Fig. 64.4 BDTG output, NC
π0 ID, distributions for the
signal (Red) and background
(Blue) with pre-selection
cuts. The total background is
broken down into CC
background (Magenta) and
NC background (Green)



64 Current Status for the Inclusive Neutral Current π0 Production … 463

64.6 Prerequisites For Cross-Section Measurement

The differential cross section w.r.t. the π0 kinematics is written as

dσ

dx
= U (N sel(x) − Nbkgd(x))

NTargetφε(x)dx
, (64.1)

where N sel and Nbkgd are the numbers of selected events and background events,
respectively. The event ID is used to estimate the signal and background which is
a very important step in making the cross-section measurement and is discussed in
the next section. U is unfolding matrix that corrects the reconstructed quantities for
detector resolution and smearing, NTarget is the number of target nucleons, φ is the
flux, and ε is the signal selection efficiency.

x is the variable w.r.t. which the cross section is measured and in this study x is
π0 K. E, and angle and the distributions of both these variables in analysis bins are
shown in Fig. 64.5.

64.7 Background Estimation

Background estimation is done in each of the π0 K. E and angle bins, separately and
independent of the neighboring bins, taking all the systematics (detector response,
flux, and cross section) into account. The background is estimated by fitting the total
signal, NC background, and CC background components of NC π0 ID to the fake-
data and to determine each of these parameter values, we minimize chi-square which
is defined as

χ2 = (Datai − MCi )
T V−1

i j (Data j − MCj ), (64.2)
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Fig. 64.5 The distribution of events for πo K. E (left) and πo cosθ (right) is shown in the analysis
bins. The events in each bin are divided by the bin width
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Fig. 64.6 Reconstructed kinetic energy distributions before and after the fit with background
weighted fake-data sample

where i runs over the number of NCπ0 ID bins. Vi j is the covariancematrix, a simple
linear addition of statistical and systematic covariance matrices [8]. The fit results
with this procedure are used to check the π0 kinematics before and after the fit as
shown in Fig. 64.6 with background weighted fake-data sample. The fit results gave
reasonable results and the details can be found in [8].

64.8 Summary

The current status of the analysis to measure NC π0 production cross section is
discussed. An eventId (NC π0 Id) is developed to select NC π0 events of interest. A
data-driven technique including all the systematics is used to estimate the background
which is a very important step in making a cross-section measurement. We aim
to produce world-class differential cross-section measurement with uncertainties
∼10%.
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Chapter 65
Exploring Partial μ–τ Reflection
Symmetry in DUNE and
Hyper-Kamiokande

K. N. Deepthi, Kaustav Chakraborty, Srubabati Goswami,
Anjan S. Joshipura, and Newton Nath

Abstract In this work, we study the consequences of the ‘partial μ–τ ’ reflec-
tion symmetry and the testability of the corresponding symmetry predictions at
the upcoming experiments: Deep Underground Neutrino Experiment (DUNE) and
Hyper-Kamiokande (HK) experiment. Each prediction |Uμi | = |Uτ i | (i = 1, 2, 3)
when applied to a single column of the leptonic mixing matrixU gives rise to differ-
ent correlations between θ23 and δCP . We tested the correlations from the two leading
cases of partial μ–τ reflection symmetry, namely |Uμ1| = |Uτ1| and |Uμ2| = |Uτ2|
using the experiments, and also examined the sensitivity of these experiments to
distinguish between the two cases.
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65.1 Introduction

The major goal of the current and upcoming neutrino oscillation experiments is to
determine the neutrino mass hierarchy (i.e. whether �m2

31 > 0—normal hierarchy
(NH) (or) �m2

31 < 0—inverted hierarchy (IH)), the octant of atmospheric mixing
angle θ23 (θ23 < 45◦ called lower octant (LO) (or) θ23 > 45◦ called higher octant
(HO)) and the CP violating phase δCP . Symmetry-based approaches can aid in con-
straining the parameter space of these unknown parameters by providing correlations
among them. They also predict the structure of leptonic mixing matrix [1–5].

In the standard PDG parameterization, the leptonic mixing matrix U is given by

U =
⎡
⎣

c12c13 s12c13 s13e−iδCP

−s12c23 − c12s23s13eiδCP c12c23 − s12s23s13eiδCP s23c13
s12s23 − c12c23s13eiδCP −c12s23 − s12c23s13eiδCP c23c13

⎤
⎦ . (65.1)

One of the well-motivated symmetries which is in good agreement with the current
oscillation parameters is the μ–τ reflection symmetry [6] which states

|Uμi | = |Uτ i | , (65.2)

for all the columns i = 1, 2, 3 of the leptonic mixing matrix U . Using (65.1) and
(65.2), one can obtain two predictions

θ23 = π

4
, s13 cos δCP = 0 . (65.3)

Equation (65.3) implies θ23 = π
4 and δCP = ± π

2 which is in accord with the current
global fit of neutrino oscillation data. However, θ23 deviates from the maximal value
depending on whether the neutrino mass hierarchy obeys NH or IH and a range of
δCP values are allowed at 3σ. This deflection from the model predicted values can
be attributed to a deviation from the μ–τ reflection symmetry. A well-known model
that can achieve this is the ‘partial μ–τ ’ reflection symmetry [7]. According to this
model, (65.2) applies only to a single column of the matrix U . One should note that
the unitarity ofU requires that if the condition holds for two columns, then it is also
valid for the third one. Applying this condition to the first (|Uμ1| = |Uτ1|) and second
(|Uμ2| = |Uτ2|) columns gives correlations between two major unknowns—δCP and
the octant of θ23

cos δCP = (c223−s223)(c
2
12s

2
13−s212)

4c12s12c23s23s13
, c212c

2
13 = 2

3 : C1 , (65.4)

cos δCP = (c223−s223)(c
2
12−s212s

2
13)

4c12s12c23s23s13
, s212c

2
13 = 1

3 : C2 . (65.5)

In this work, we refer to the prediction in (65.4) as C1 and that in (65.5) as C2 as
they can be obtained from the symmetries Z2 and Z2 [8, 9] whereas, |Uμ3| = |Uτ3|
predicts maximal θ23 and the CP violating phase δCP is unrestricted. A thorough



65 Exploring Partial μ–τ Reflection Symmetry in DUNE and Hyper-Kamiokande 469

study of these model predictions at the long baseline experiments will provide some
insight into the unknown oscillation parameters—neutrino mass hierarchy, octant of
θ23 and δCP . In [10–12], a similar study has been performed in the context of T2K
and NOνA experiments.

In this work, we study the testability of the predictions of the ‘partial μ–τ ’ reflec-
tion symmetry C1 and C2 at the upcoming long baseline experiments DUNE and
HK. The detailed experimental and the simulation details are given in [13].

65.2 Results

65.2.1 Testing the Model Predictions at DUNE and HK

In this section, we present the contour plots in the true sin2 θ23(true)–δCP (true) plane
for DUNE and Hyper-Kamiokande (HK) experiments. HK has proposed two alter-
native options for the location of the far detector. The first option Tokai-to-Hyper-
Kamiokande (T2HK) is to have two 187 kt water-cherenkov detectors placed at 295
km inKamiokawhile the second—T2HKK—proposes to place one 187 kt detector at
Kamioka and the other at 1100 km in Korea. The analysis has been performed using
General Long Baseline Experiment Simulator (GLoBES) [14, 15] and the necessary
auxiliary files are obtained from [16, 17]. To do the χ2 analysis, we obtain the true
events by considering the values of the oscillation parameters as given in Table 65.1.
The test events are evaluated by considering the symmetry predictions on δCP as
given in (65.4) (C1) and (65.5) (C2). Moreover, we have marginalized over sin2 θ13,
|�m2

31|, sin2 θ23 and sin2 θ12 in the test plane (ranges given in Table 65.1). We then
minimize the χ2 and obtain 1, 2 and 3 σ contours in the sin2 θ23(true) − δCP(true)
plane for three proposed experiments DUNE, T2HK and T2HKK in Figs. 65.1, 65.2
and 65.3, respectively.

The yellow, green and the orange bands in these figures represent 1σ, 2σ and 3σ
regions in the sin2 θ23 − δCP plane, respectively. Here, the red curve represents the
3σ allowed parameter space as obtained by Nu-fit collaboration [18, 19]. They show

Table 65.1 Oscillation parameters considered in this work unless otherwise mentioned

Osc. param. True values Test values

sin2 θ13 0.0219 0.0197–0.0244

sin2 θ12 0.306 0.272–0.346

θ23 39–51◦ 39–51◦

�m2
21(eV

2) 7.50 ×10−5 Fixed

�m2
31(eV

2) 2.50 ×10−3 (2.35–2.65) ×10−3

δCP (0–360)◦ Symmetry predictions
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Fig. 65.1 Contour plots in the true sin2 θ23(true)–δCP (true) plane forDUNEas predicted byC1(C2)
in the left and right columns. The hierarchy is fixed toNH(IH) in the upper(lower) panel. The yellow,
green and orange shaded contours correspond to 1σ, 2σ and 3σ, respectively. And the red contour
represents the 3σ allowed region from the global neutrino oscillation data [18, 19]

to what extent the experiments DUNE and HK can test the correlation between δCP

and sin2 θ23 when the symmetry predictions are taken into consideration. The left
panel of each figure tests the prediction C1 and the right panel is for testing C2. For
the plots in the upper panel of each figure, we have assumed hierarchy to be fixed
and NH, whereas we have fixed IH for the plots in the lower panel.

By comparing Figs. 65.1, 65.2 and 65.3, one can infer that T2HK and T2HKK
experiments constrain the δCP parameter space better than the DUNE experiment.
This can be seen from the contours getting thinner as we go from Fig. 65.1 to
Fig. 65.3 irrespective of whether the neutrino mass hierarchy is NH or IH. However,
one should note that the allowed parameter region given by Nu-fit collaboration
is more constrained in the case of IH and it is further restricted by the symmetry
predictions. Also, certain regions of sin2 θ23 − δCP have been omitted by all the
three experiments because of the symmetry predictions.
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Fig. 65.2 Contour plots in the true sin2 θ23(true)–δCP (true) plane for T2HK as predicted byC1(C2)
in the left and right columns. The hierarchy is fixed toNH(IH) in the upper(lower) panel. The yellow,
green and orange shaded contours correspond to 1σ, 2σ and 3σ, respectively. And the red contour
represents the 3σ allowed region from the global neutrino oscillation data [18, 19]

In Fig. (65.4), we plot �χ2 versus true θ23 showing the capability of the three
experiments to differentiate between the symmetries C1 and C2. True event spectra
are obtained by varying sin2 θ13 and sin2 θ12 in the 3σ ranges as allowed by (65.4)
and the corresponding δCP ranges are obtained using the same equation leading to
two sets δCP and (360◦ − δCP ). The rest of the oscillation parameters are fixed as per
Table 65.1. To obtain the test events, we consider δCP values as obtained fromC2 and
marginalize over |�m2

31|, sin2 θ13 and sin2 θ23. The corresponding �χ2 versus true
θ23 for DUNE (left plot), T2HK (middle plot) and T2HKK (right plot) are obtained
and plotted in Fig. 65.4. Here, we have assumed the hierarchy to be fixed and normal
(we have verified that IH plots give similar results).

The solid (dashed) blue curves are obtained for the range δCP ∈ (0◦ < δCP <

180◦) (360◦ − δCP ∈ (180◦ < δCP < 360◦)) as predicted by the correlations. The
brown solid line represents the 3σ C.L. corresponding to �χ2 = 9. It can be seen
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Fig. 65.3 Contour plots in the true sin2 θ23(true)–δCP (true) plane for T2HKK as predicted by
C1(C2) in the left and right columns. The hierarchy is fixed to NH(IH) in the upper(lower) panel.
The yellow, green and orange shaded contours correspond to 1σ, 2σ and 3σ, respectively. And the
red contour represents the 3σ allowed region from the global neutrino oscillation data [18, 19]

Fig. 65.4 The sensitivity of DUNE, T2HK and T2HKK experiments to differentiate between C1
and C2 correlations (for known hierarchy—NH)
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from Fig. (65.4) that both the predictions are indistinguishable for maximal θ23 for
all the three experiments.

In conclusion, we have studied the testability of the symmetry predictions arising
from the ‘partial μ–τ ’ reflection symmetry at the forthcoming neutrino oscillation
experiments DUNE and HK. We have also evaluated the capability of these experi-
ments to distinguish between different scenarios C1 and C2.
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Chapter 66
Effect of Event-By-Event Reconstruction
and Low Event Statistics on the
Sensitivity of Oscillation Parameters in
the INO-ICAL Detector

Karaparambil Rajan Rebin, James F. Libby, D. Indumathi,
and Lakshmi S. Mohan

Abstract We study the sensitivity of the proposed INO-ICAL in determining the
neutrino-oscillation parameters θ23 and �m2

32 using full event-by-event reconstruc-
tion for the first time. Low event statistics is a common feature among neutrino
experiments. Hence, for the first time in INO, we study the fluctuations arising from
low event statistics and their effect on the parameter sensitivities and mass-hierarchy
determination. We obtain a mean resolution of �χ2 ≈ 2.9 from an ensemble of 60
experiments, which differentiates the correct mass hierarchy of the neutrinos with a
significance of approximately 1.7 σ .

66.1 Introduction

The [1] Standard Model (SM) does not contain any right-handed neutrinos, and
hence the neutrinos are massless by definition. Evidence for neutrino oscillations
[2, 3] has proved that the neutrinos are massive, and it requires an extension of
SM or theories beyond SM to explain the origin of neutrino mass. The sign of
�m2

23 which determines the mass-hierarchy (MH) of neutrinos, i.e., whether the
MH is (m1 < m2 < m3) normal (NH) or (m3 < m1 < m2) inverted (IH), is yet to be
determined. However, the recent results from NOνA [4] have disfavored the entire
inverted mass hierarchy region at 95% CL.

The Iron Calorimeter detector (ICAL) to be built at India-based Neutrino Obser-
vatory (INO) [5] will principally measure atmospheric neutrinos. The main goals
of ICAL are to determine the neutrino MH via earth matter effects and to precisely
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measure the atmospheric oscillation parameters sin2 θ23 and �m2
32. The detailed

description of ICAL can be found in [5]. The most important property of the ICAL
will be its ability to discriminate the charge of particles using the magnetic field,
hence it can distinguish between νμ and ν̄μ events by observing the charge of the
final state muons produced in charged current (CC) νμ interactions. Thus, the ICAL
could study the MH by observing earth-matter effects independently on νμ and ν̄μ

events.
In the following sections, wewill briefly discuss themethodology and the analysis

procedure followed to determine the oscillation parameters sin2 θ23 and �m2
32. The

detailed description can be found in [1].

66.2 Determination of the Oscillation Parameter Sensitivity

NUANCE [6], a neutrino event generator, is used to generate neutrino events cor-
responding to an exposure of 50 kton × 1000 years, and they are simulated within
a virtual ICAL detector using the GEANT4-based [7] simulation toolkit. The infor-
mation on energy loss and momentum of the secondary particles is obtained from
GEANT4, which are then digitized to form (x, z) or (y, z) and time t of the signal,
referred to as hits. The μ± forms a well-defined track within the detector, and is fit
to obtain the direction and momentum of the muon as the observables.

Separate sub-samples corresponding to 5 and 995 years are created out of the
1000-year sample, where the 5 years of data are used as the experimentally simu-
lated sample and the remaining 995 years of data are used to construct probability
distribution functions (PDF) that are used in the χ2 fit. Hence, the PDFs that are used
to fit the pseudo-data are completely uncorrelated, and the 5-year sample is naturally
fluctuated due to the low event statistics.

66.2.1 Event Selection

The reconstruction of muons is adversely affected by the non-uniformmagnetic field
and dead spaceswithin the detector. Hence, we apply event selection to obtain a better
reconstructed sample of data. A selection based on the χ2 estimate obtained from
the fit to the muon tack is used to remove poorly reconstructed events. Further, the
event selection is also applied on the basis of magnetic field strength, where the entire
ICAL is classified into central, side, and peripheral regions. A detailed description
on the magnetic field strength, dimension, and the selection applied in each region
can be found in [1].

Themuon energy and the zenith angle resolutions show an overall improvement of
23% and 19%, respectively, after the event selection. The muon charge identification
efficiency also shows an improvement of∼ 6 − 10% at all muon energies. However,
the reconstruction efficiency decreases, as the event selection removes ≈ 40% of the
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reconstructed events [1]. Hence, we also study the effect of event selection on the
parameter determination.

66.2.2 Binning and χ2 Analysis

The oscillation probabilities calculated fromnumerically evolving the neutrino flavor
eigenstates [8] are used to apply the oscillations via the accept or reject method
[1]. The 5-year pseudo-data would have negligible contribution from νe flux (�νe)

compared to νμ flux (�νμ
). Hence, only �νμ

events are binned in our analysis.
To observe the matter effects separately in ν and ν̄ events, the information on the
reconstructed muons with negative and positive charges are binned separately in
QμEμ and cos θz bins after applying oscillations, where Qμ = ±1 for μ±.

After binning, the 5-year simulated data set is fit by defining the following χ2 [1]:

χ2 = min{ξk }

ncos θz∑

i=1

nEμ∑

j=1

2

[(
N pdf
i j − N data

i j

)
− N data

i j ln

(
N pdf
i j

N data
i j

)]
+

2∑

k=1

ξ 2
k , (66.1)

where

N pdf
i j = R

[
f T ν̄

i j + (1 − f )T ν
i j

]
[
1 +

2∑

k=1

π k
i jξk

]
. (66.2)

Here, the observed and the expected number of muon events are given by N data
i j and

N pdf
i j , respectively. The true values of oscillation parameters are used to calculate

N data
i j , whereas N pdf

i j is obtained by combining νμ and ν̄μ PDFs given by T ν
i j and

T ν̄
i j in (66.2). Here, f is the free parameter which describes the relative fraction of

ν̄μ and νμ in the sample, with R being a normalization factor. The theoretical and
systematic uncertainties are parametrized in terms of variables {ξk} called pulls. We
have considered a 5% uncertainty on the zenith angle dependence of the flux and
another 5% on the energy dependent tilt error [1].

66.2.3 Parameter Determination

The parameters sin2 θ23 and �m2
32 are correlated; Fig. 66.1 compares the correlated

precision reach obtained by fitting a 5-year pseudo-data set with (WS) and without
(WOS) event selection.

We define the significance of the fit as significance =
√

χ2
input − χ2

min , where

χ2
input and χ2

min are the χ2 values at the true and observed values of the parameter,
respectively. The best-fit point of the fit without event selection is obtained within a
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Fig. 66.1 Precision reach obtained from the fit to a 5-year fluctuated pseudo-data set in sin2 θ23 −
�m2

32 plane [1]

significance of 1σ from the input value, whereas the fitwith event selection converges
within a significance of 2σ . Note that the fit with event selection shows larger cov-
erage at 99% CL due to larger statistical uncertainty, as the sample size was reduced
by 40%.

66.2.3.1 Effect of Fluctuations

Earlier analyses [5] nullified the effect of fluctuations by scaling the 1000-year sample
to a size corresponding to 5 years of data. Figure 66.2a compares the fit without
(WOF) fluctuations to the fit to three independent fluctuated data sets (WF: 1, WF:
2, and WF: 3), in the sin2 θ23 − �m2

32 plane. The fluctuations in the data induce
fluctuations in the resultant best-fit point and the coverage area obtained from the
fit. The significance of the convergence also changes along with the result of each
fluctuated pseudo-data set.

The analysis was repeated for sixty different fluctuated data sets, and Fig. 66.2b
shows the significance of convergence in terms of the standard deviation σ . Almost
68% of times, the fit converges within 1σ of the input value. Hence, it evidently
shows the Gaussian nature of the fit, and confirms that there are no biases in the
experiment or analysis procedure. Secondly, it also shows the range of best-fit values
that is feasible for a 5-year run of ICAL.



66 Effect of Event-By-Event Reconstruction and Low Event Statistics … 479

0.2 0.3 0.4 0.5 0.6 0.7 0.8

23θ2sin

1

2

3

4

5

6

7

8

9
)2

 e
V

-3
| (

10
322

 m
Δ |

99% CL WOF

99% CL WF : 1

99% CL WF : 2

99% CL WF : 3

Input point

Best-fit WOF

Best-fit WF : 1

Best-fit WF : 2

Best-fit WF : 3

(a)

)σStandard deviation (
0 0.5 1 1.5 2 2.5 3 3.5 4

F
ra

ct
io

n
al

 c
o
u
n
t

0

0.2

0.4

0.6

0.8

1
32
2mΔFit to 

23θ2Fit to Sin

32
2mΔ and 23θ2Fit to Sin

60 experiments

(b)

Fig. 66.2 a Comparison of precision reach obtained from the fit with and without fluctuations [1],
and b significance of convergence obtained from sixty different data sets [1]

66.2.4 Mass Hierarchy Determination

Oscillations are applied on the 5-year pseudo-data set assuming NH (IH), and
fit to true NH (IH) and false IH (NH) PDFs, where �χ2

MH = χ2
false − χ2

true is the
observed resolution to identify and differentiate the correct hierarchy. The procedure
is repeated for sixty different data sets to see the effect of fluctuations. Figure 66.3
shows the distribution of�χ2

MH obtained from an ensemble of sixty experiments. The
mean resolution of �χ2

MH = 2.9 rules out the wrong hierarchy with a significance
of ≈ 1.7σ . We also obtain a 15% probability of identifying the wrong MH [1].

Fig. 66.3 Distribution of
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66.3 Conclusions

We have incorporated a realistic analysis procedure of ICAL data for the first time
by applying event-by-event reconstruction. Also for the first time, we study the
effect of low event statistics on the precision and MHmeasurements, by introducing
fluctuations in the data. Also for the first time, we show the effect of event selection
criterion on the parameter sensitivities, and show thatwe can include all reconstructed
muons to get better sensitivity of parameters. A combined analysis including all the
CC and NC events along with the hadron information will give us the maximum
sensitivity the ICAL can attain, and it is an ongoing effort which is likely to improve
our results.
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Chapter 67
Constraints on Millicharged Particles
and Bosonic Dark Matter Using
Germanium Detectors With Sub-keV
Sensitivity

Lakhwinder Singh

Abstract Germanium ionization detectors with their unique features and diverse
applications in fundamental research are novel candidates for the search of exotic par-
ticles. The TEXONO Collaboration aims to progressively improve the sensitivities
toward exotic particles like low energy neutrinos, light dark matter candidates, and
relativistic millicharged particles at the Kuo-Sheng Neutrino Laboratory (KSNL) in
Taiwan. Relativistic millicharged particles (χq ) have been proposed in various exten-
sions to the Standard Model of particle physics. We present the direct constraints on
χq with low threshold point-contact germanium detectors under the scenarios of χq

produced at (i) nuclear power reactors, (ii) as products of cosmic-ray interactions, and
(iii) as dark matter particle accelerated by supernova shock. The atomic ionization
cross sections of χq with matter are derived with the equivalent photon approxima-
tion. Smoking-gun signatures with significant enhancement in the differential cross
section are identified.We also report results from searches of pseudoscalar and vector
bosonic super-weakly interacting massive particles (super-WIMP) using 314.15 kg
days of data from an n-type Point-Contact Germanium detector.

67.1 Introduction

Several astrophysical and cosmological independent observations on a wide range
of length scales conclude that exotic dark matter is one of the basic ingredients
of the universe. The fundamental nature of exotic dark matter has not been estab-
lished beyond its gravitational effects. The identification of the nature of dark matter
is one of the most important challenges in the post-Higgs era. Weakly interacting
massive particles (WIMPs), axions or axionlike-particles (ALPs), sterile neutrinos,
millicharged particles, and bosonic super-weakly interacting particles are exotic can-
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didates of darkmatter, which naturally arise inmany extensions of the standardmodel
(SM) of particle physics. Searches for these leading candidates are in full swing, but
an experimental verification via direct, indirect detection or production from LHC is
still awaited. Themillicharged particles denoted byχq withmassmχq can be obtained
via including an extra abelian gauge UHS(1) (the subscript denotes “Hidden Sector”)
into the Standard Model (SM) gauge groups [1]. The SM particles are not charged
under this new gauge group, while the χq under UHS(1) acquire small electric charge
(δe0) due to the kinetic mixing of SM photon and HS dark photon, where δ is the
charge fraction of χq and e0 is the standard electron charge.

Point-Contact Germanium (PGe) detectors with their excellent energy resolution,
sub-keV threshold, and low intrinsic radioactivity background are the best candidates
to study exotic physics beyond SM [2]. The TEXONO Collaboration [3] is pursuing
the research programs on neutrino electromagnetic properties [4, 5], νN coherent
scattering [6], and beyond SM at the Kuo-Sheng Neutrino Laboratory (KSNL). A
detailed description of the KSNL facilities can be found in [7, 8].

67.2 Millicharged Particles

A hidden sector with massless gauge boson allows possibilities of multicomponent
dark matter (DM). Its ionic constituents can acquire small charges (millicharge, δe0)
under the hidden sector gauge group. We consider the three scenarios where they
can be produced: (1) The light-χq can be produced through Compton-like processes,
where γ -rays of O(MeV) energy scatter off electrons in the nuclear reactor core.
The differential χq -flux (φχq) is determined from the convolution of reactor γ -ray
spectrum and differential production cross section normalized by the total cross
section (σtot ) [9],

dφχq

dEχq

= 2

4πR2

∫
1

σtot

dσ

dEχq

dNγ

dEγ

dEγ , (67.1)

where R is a distance of the detector from the center of the reactor core. The factor 2
in (67.1) comes from the fact that χq particles produce in pairs and both can interact
in the detectors. (2) High energy cosmic-rays can produce relativistic-χq when they
interact with a nucleus in the earth’s atmosphere. The investigation of cosmic-rays
can provide constraints on χq via interactions between χq and detectors. The energy
loss of χq through excitation and ionization is proportional to δ2, which is much
lower than the minimum ionizing particles of unit charge under similar conditions.
The mass range of cosmogenic produced χq is unknown due to unknown production
conditions. Therefore, the experimental sensitivity is usually expressed in terms of
the integral incoming flux (Iχq ) in the units of cm−2 s−1 sr−1 as a function of δ.
(3) Millicharged particles could also be candidates for DM, and become relativistic
through acceleration by supernova explosion shockwaves. Themulticomponent dark
sector is an interesting scenariowhichmayhavebothneutral and ionized components.



67 Constraints on Millicharged Particles and Bosonic Dark Matter … 483

Fig. 67.1 a The differential scattering cross sections of Ge-ionization by χq with mχq = 1 keV,
δ = 1 and monochromatic Eχq = 1 MeV are derived for FEA (solid line) and EPA (dashed line).
b The total AC− ⊗ CR− spectrum showing a flat background due to ambient high-energy γ -rays
and the L-shell X-rays from internal radioactivity. Excluded scenarios of atmospheric and DM-χq
at specified (δ = 2.5 × 10−4, Iδ = 1 × 10−2 cm−2s−1sr−1) and (mχq = 1 keV, δ = 1.06 × 10−7),
respectively, are superimposed

The latter component may be due to incomplete recombination of primordial DMgas
and re-ionization by sources such as starlight and supernova explosions which can
efficiently overcome the binding energy of dark atoms. The ionized components of
dark matter (χq ) can be accelerated in the shock wave of supernova. The maximum
energy attained by χq of charge fraction δ is simply a product of the rate of energy
gain and time spent in shock.

The millicharged χq ’s are relativistic and can interact electromagnetically with
matter via atomic ionization

χq + A → χq + A+ + e−, (67.2)

through the t-channel process. The main challenging part of the calculation of the
differential cross section is the transition matrix elements which involve many-body
initial and final states. The transition matrix elements can, in principle, be calculated
bymany-body wave functions. In practice, for most cases, the calculations are highly
non-trivial and schemes such as free electron approximation (FEA) and equivalent
photon approximation (EPA) provide good estimations at certain kinematic regions
as shown in Fig. 67.1a. Although the EPA is a good approximation in the most
interesting sub-keV region of T , it underestimates the scattering cross section above
a few keV regions of T where FEAworks well. The EPA and FEA schemes therefore
serve as conservative approximations in the region near and away from ionization
thresholds, respectively.

The expected differential count rates due to possible χq interaction with matter
are obtained by integrating the χq -flux with the differential cross sections:
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Fig. 67.2 a Exclusion regions at 90% C.L. in (mχq , δ) parameter space for millicharged particles
with a massless dark photon. The excluded regions of this work with χq from the reactor and
dark primary cosmic-rays are shown as red and blue shaded areas, respectively. The dotted lines
correspond to the upper bounds of the exclusion regions, due to complete attenuation of χq before
reaching the detector. Cosmological and astrophysical bounds are denoted as dotted lines. The direct
laboratory limits from other benchmark experiments are represented as shaded regions. b Excluded
parameter space at 90% C.L. on incoming flux of χq from secondary dark cosmic-rays versus its
charge fraction δ

dR

dT
= ρA

Emax∫

Emin

[
dσ

dT

] [
dφχq

dEχq

]
dEχq , (67.3)

where ρA is atomic number density per unit target mass and (Emin, Emax) are the
(minimum, maximum) energy of χq . Constraints from each of the three discussed
χq channels are derived from the measured AC− ⊗ CR− spectra after subtraction
of (i) internal radioactivity due to K/L-shell X-rays from cosmogenically activated
isotopes in the Ge-target and (ii) a flat background estimated from ambient high-
energy γ -rays, following background understanding and analysis procedures from
earlier work on similar detectors and configurations [10, 11]. Improved limits at 90%
(confidence level) CL on δ as a function of particle mass are derived using the KSNL
data for all three scenarios. The new excluded regions of this work with χq from
the reactor and dark primary cosmic-rays are shown in Fig. 67.2a as red and blue
shaded areas, respectively [9]. The upper limits on Iχq as a function of δ are depicted
in Fig. 67.2b and constraints from previous experiments are also superimposed. The
sub-keV sensitivity of the PGe detector leads to improved direct limits at a small
mass of millicharged particles and extend the lower reach of δ to 10−6.
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67.3 Bosonic Dark Matter

Bosonic super-WIMP is a well-motivated class of DMwith coupling smaller than the
weak scale. These particles are experimentally very interesting due to their absorp-
tion via the ionization or excitation of an electron in the target-atom of the detector.
Bosonic super-WIMPwould deposit energy equivalent to their restmass, whichman-
ifest as a photo-peak. Therefore, a good energy resolution device like PGe detectors
has advantages to study such class of DM. Pseudoscalar, scalar, and vector are three
generic possible candidates of nonrelativistic LDM that may have a superweak cou-
pling with SM particles. The correct relic density of bosonic LDM in a wider mass
range could be obtained via either thermal or non-thermal misalignment mechanism.
The bosonic pseudoscalar (χs) are excellent candidates of LDM. The phenomenol-
ogy behind χs is similar to nonrelativistic ALPs. The χs have coupling to atoms
through the axioelectric effect which is analogous to the photoelectric effect with the
absorption of χs instead of a photon. The absorption cross section σabs (axio-electric
effect) for χs can be written as

σabs � 3m2
ps

4πα f 2a β
σpe(w = mps), (67.4)

where σpe is the photoelectric cross section with the photon energyω replaced by the
mass of χs (mps), fa = 2me/gaee is the dimensionless coupling strength of χs to SM
particles and β ≡ vχ/c. The absorption cross section of χs is directly proportional
to m2

ps.
The best motivated model for bosonic vector dark matter (χv) is the kinetic mix-

ing model, in which an extra U(1)D gauge group is introduced into the SM gauge
group. The kinetic mixing with the hypercharge field strength is responsible for the
interaction between the ordinary matter and χv. The absorption cross section of χv

(σabs) can be expressed in the photoelectric effect with the replacement of photon
energy ω by the mass mv of χv, and the coupling constant is scaled appropriately as

σabs

σpe(ω = mv)
� α′

α

1

β
, (67.5)

where α′ = (eκ)2/4π is similar to a vector-electric fine-structure constant. κ is the
vector hypercharge.

The theoretically expected interaction rate of χ in a direct detection experiment
can be expressed as

Rχ = ρdσabs�χ, (67.6)

where ρd = NA/A is the atomic number density per unit target mass of detector and
NA is Avogadro’s number. σabs is the absorption cross section of χ .�χ = ρχ vχ/mχ

is total average flux of χ with the assumption that the bosonic DM constitutes all of
the galactic DM with local DM density ρχ = 0.3 GeV/cm3.
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Fig. 67.3 a Limits on the coupling of pseudoscalar super-WIMP with electron as a function of
mass from various benchmark experiments at 90% C.L. b The 90% C.L. bounds on vector bosonic
DM coupling from different astrophysical sources as well as other benchmark experiments

Using the low-background and low-threshold data from KNSL with PGe
detectors, improved limits at 90% CL on the coupling constant of pseudoscalar
(gaee) and vector super-WIMP (α′/α) as a function of particle mass are derived [12].
The upper bounds on coupling constant gaee and α′/α at various mass are shown in
Fig. 67.3a, b, respectively

67.4 Conclusions

Ge detectors with sub-keV threshold and excellent energy resolution have been used
to study neutrino properties and interactions, neutrino nucleus coherent scattering,
WIMP, millicharged particle, and bosonic DM searches. Data taking and analysis
are continuing at KSNL. Intensive R&D programs are being pursued to understand
and suppress the sub-keV background.
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Chapter 68
Probing Leptonic δCP Using Low Energy
Atmospheric Neutrinos

D. Indumathi, S. M. Lakshmi, and M. V. N. Murthy

Abstract The possibility of probing leptonic δCP via oscillations of low energy
atmospheric neutrinos is explored. The measurement of δCP is not very easy if the
hierarchy of neutrino masses is unknown. Dedicated accelerator long baseline neu-
trino experiments like DUNE can determine δCP without ambiguity with hierarchy.
But low energy atmospheric neutrino events also can be used to determine δCP inde-
pendent of neutrino mass hierarchy in the energy range 0.1–1.5 GeV. This is also
important since the atmospheric neutrino flux peaks in the low energy region and
hence will provide a significant number of events for the study. A simple analytical
derivation is used to show how the δCP sensitivity arises and what the relevant ener-
gies and baselines are. Though the νe and νe events are mainly sensitive to δCP , we
also show that in the low energy region, even the νμ and νμ events can contribute
to δCP .

68.1 Introduction

There is a hint that the value of the leptonic Dirac CP violating phase δCP is in the
range ≈ −145◦ (−76◦) for normal (inverted) hierarchy [1]. Many accelerator-based
long baseline experiments (LBL) are taking data/are being installed to measure this
parameter precisely [2–4]. In addition to these, low energy atmospheric neutrinos
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can be used to measure δCP . Although the flux of atmospheric neutrinos cannot
be controlled and are less than those of the accelerator neutrinos, they provide an
independent way of determining δCP . The major advantage of atmospheric neutrinos
is that they span a large range of L/E , where L is the distance travelled by the neutrino
in km and E is its energy in GeV. Atmospheric neutrino flux peaks in the sub-GeV
energy range [5–7], and there will be a good number of events in this energy range
which can be used to study various oscillation parameters including δCP . In this
proceeding, we discuss the possibility of probing δCP using low energy atmospheric
neutrinos. An analytic calculation as well as the event spectra binned in the final
state lepton energy and direction illustrate that δCP can be measured irrespective of
neutrino mass hierarchy. A preliminary χ2 analysis assuming a perfect detector with
100% efficiencies, perfect resolutions and ability to separate νe, ν̄e, νμ and ν̄μ events
is done.

68.2 Hierarchy Independence at Low Energies

At low energies, there is no hierarchy ambiguity for atmospheric neutrinos and hence
δCP can be measured irrespective of hierarchy. The 3-flavour vacuum oscillation
probability of a flavour να → νβ is given by

(−)

P
vac

αβ = δαβ − 4
∑

i> j Re
[
UαiU ∗

βiU
∗
α jUβ j

]
sin2

(
1.27�m2

i j L

E

)
(68.1)

±2
∑

i> j Im
[
UαiU ∗

βiU
∗
α jUβ j

]
sin

(
2.53�m2

i j L

E

)
,

whereα,β = e,μ, τ are flavour indices, and the± sign corresponds to neutrinos and
anti-neutrinos, respectively; i, j = 1, 2, 3 represent the mass eigenstates, �m2

i j =
m2

i − m2
j ( j < i), mi the mass of νi .

The 3 × 3 mixing matrix in vacuum is

U vac
αi =

⎛

⎝
c12c13 s12c13 s13e−iδ

−c23s12 − s23c12s13eiδ c23c12 − s23s12s13eiδ s23c13
s23s12 − c23c12s13eiδ −s23c12 − c23s12s13eiδ c23c13

⎞

⎠ ,

where ci j = cos θi j , si j = sin θi j ; , θi j are themixing angles and δCP is the leptonic
CP violation phase. Here, L (in km) is the distance travelled by a neutrino of energy
E (in GeV).

While the survival probability Pαα has no imaginary part, the transition proba-
bilities α �= β have different signs for the the imaginary part with Pαβ = Pβα, the
corresponding anti-neutrino probability. For small E , of the order of a few hun-
dred MeV, the corresponding oscillatory terms average out whenever L/E is large
compared to �m2

i j . Since |�m2
3 j | ∼ 2.4 × 10−3 eV2 � �m2

21 ∼ 7.6 × 10−5 eV2,
j = 1, 2, this applies to the “atmospheric” terms:
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1.27�m2
3 j

L

E
≈ π

(L/100 km)

(E/0.1 GeV)
, (68.2)

rather than to “solar” terms:

1.27�m2
21

L

E
≈ π

(L/3000 km)

(E/0.1 GeV)
. (68.3)

Hence the atmospheric event rates at these low energies with L ≥ a few 100 km
are independent of �m2

32 and �m2
31 and hence of mass ordering. �m2

21 remains, but
its magnitude and sign are well known.

The transition probability in vacuum can be expressed as

Pvac
αβ = −4Re[Uα2U

∗
β2U

∗
α1Uβ1] sin2(1.27�m2

21L/E) (68.4)

−2Re[Uα3U
∗
β3(δαβ −U ∗

α3Uβ3)] (68.5)

+2Im[Uα2U
∗
β2U

∗
α1Uβ1] sin(2.53�m2

21L/E). (68.6)

Since the probability is independent of �m2
32, there is no hierarchy ambiguity.

Peμ = A + B cos δ − C sin δ = Pμe; Pμe = A + B cos δ + C sin δ = Peμ,

(68.7)
where,

A = c213 sin
2(2θ12)(c

2
23 − (s23s13)

2) sin2(δ21/2) + 1

2
s223 sin

2(2θ13),

B = (1/4)c13 sin(4θ12) sin(2θ13) sin(2θ23) sin
2(δ21/2),

C = (1/4)c13 sin(2θ12) sin(2θ13) sin(2θ23) sin(δ21),

δ21 = 2.534�m2
21L/E .

A, B,C are limited only by precision measurements of oscillation parameters.
The CP asymmetry can be expressed as

ACP = Peμ − Pμe

Peμ + Pμe
= − C

A + B cos δ
sin δ; ACP = Peμ − Pμe

Peμ + Pμe
= C

A + B cos δ
sin δ

(68.8)
for ν and ν, respectively. The oscillation parameters and hence the probabilities will
get modified in presence of Earth matter.

68.2.1 Events Spectra at Low and Higher Energies

The oscillated events when binned in the energy of the incident neutrino Eν (GeV)
follow the oscillation probabilities as in Fig. 68.1.
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Fig. 68.1 Transition probabilities (left-set) Pμe and Pμe as a function of cos θν for Eν = 0.65 GeV
and normal mass hierarchy and δCP = +90◦,−90◦ and NH. (Right-set) Oscillated νe and νe events
as a function of neutrino direction, cos θν , for events with final lepton energy, El = 0.5–0.8 GeV
and direction cos θl = 0.6–0.7, with δCP = ±90◦ and NH. Note that y-axes are different

When the event spectra are binned in final state lepton energy El as shown in
Fig. 68.2, the hierarchy (δCP ) independence at lower (higher) energies can be seen
clearly. This property can bemade use of in determining δCP irrespective of hierarchy
at low energies and vice versa. The top (bottom) panels show variation w.r.t. δCP

at lower (higher) energies. It can also be seen that for a given δCP , the NH and IH
spectra overlap indicating hierarchy independence. In the higher energy range, due
to matter effects, hierarchy can be determined. For a given hierarchy, spectra with all
δCP values overlap showing that hierarchy can be determined irrespective of δCP .

The distribution of oscillated events with different δCP values as a function of
cos θl , the final state lepton direction clearly indicates the effect of various δCP values
as shown in Fig. 68.3. At very low El , i.e., 0.2–0.4 GeV, the distinction between
various δCP values is present in the entire cos θl range. As the energy increases to
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Fig. 68.2 Oscillated events with different δCP values in the Ee range (left-set) 0.1–2.0 GeV and
(right-set) 2.0–11.0 GeV for normal and inverted hierarchies. The left panels are for ν events and
the right ones are for ν events. Note that the y-axes are kept different for visibility

0.5–0.8 GeV, the distinction is more prominent in the up direction cos θl = [0, 1].
Hence, low energy neutrinos travelling large L can help us probe δCP .

68.3 χ2 Analysis With the Ideal Case

A sensitivity study to δCP with atmospheric neutrinos in the energy range 0.1–30
GeV is conducted assuming a detector with perfect resolutions and 100% efficiency.
This detector is also assumed to be able to separate νe, νe, νμ and νμ events which
are relevant for the analysis. No systematic uncertainties are considered here. 100
years for unoscillated events generated using the NUANCE [8] neutrino generator
are scaled down to 10 years after applying oscillations event by event. The central
values and 3σ of the oscillation parameters used are listed in Table 68.1.

The number of charged current (CC) νe events detected is given by
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Fig. 68.3 νe and νe events for different true δCP values as a function of cos θobsl for Eobs
l = 0.2–0.4

and 0.5–0.8 GeV; l = e. The Y-axes are not the same

Table 68.1 True values and 3σ ranges of parameters used to generate oscillated events. Val-
ues except that of δCP are taken as in [9]. For the oscillation analysis, �m2

31 = �m2
eff +

�m2
21

(
cos2 θ12 − cos δCP sin θ13 sin 2θ12 tan θ23

) ; �m2
32 = �m2

31 − �m2
21, for normal hierarchy

when �m2
eff > 0. When �m2

eff < 0, �m2
31 ↔ −�m2

32 for inverted hierarchy

Parameter True value Marginalisation range

θ13 8.5◦ [7.80◦, 9.11◦]
sin2 θ23 0.5 [0.39, 0.64]

�m2
e f f 2.4 × 10−3 eV2 [2.3, 2.6]×10−3 eV2

sin212 0.304 Not marginalised

�m2
21 7.6 × 10−5 eV2 Not marginalised

δCP 0◦,−90◦ [−180◦, 180◦]



68 Probing Leptonic δCP Using Low Energy Atmospheric Neutrinos 493

d2Ne

dEe d cos θeν
= t × nd ×

∫

dEν d cos θν dφν

×
[

Pee
d3�νe

dEν d cos θν dφν
+ Pμe

d3�νμ

dEν d cos θν dφν

]

× dσνe(Eν)

dEe d cos θeν
,

(68.9)

where t is the exposure time, nd is the number of targets in the detector, dσνe is
the differential neutrino interaction cross section, and �νμ

and �νe are the νμ and νe
fluxes. The oscillated events are binned in (Eobs

l , cos θobsl , E ′obs
had ), and the energy and

direction of the lepton in the final state, l = e,μ; and E ′obs
had is the observed final state

hadron energy. A Poissonian χ2

χ2
l± =

∑

i

∑

j

∑

k

2

[
(
T l±
i jk − Dl±

i jk

)
− Dl±

i jk ln

(
T l±
i jk

Dl±
i jk

)]

, (68.10)

where i, j, k are the indices corresponding to El, cos θl, Ehad bins, respectively. Here
l = e,μ are the final state leptons; T l±

i jk and Dl±
i jk are the theory and “data” events

respectively; + stands for anti-neutrino events and − for neutrino events. For the
perfect separation of ν from ν, the corresponding χ2s can be found out separately.
The total χ2

l for l type of events is

χ2
lδCP

= χ2
l+ + χ2

l− . (68.11)

The δCP sensitivity χ2 versus δCP for fixed and marginalised cases as well as
when ν and ν can and cannot be separated are is shown in Fig. 68.4. The figure also
shows that the sensitivity is higher when ν and ν events can be separated from each
other. For δtrueCP = −90◦, the parameter space except that from −135◦ to −60◦ can be
excluded above 2σ with electron like events alone.

The use of a magnetic field can help the separation of νμ and νμ, while as of now
there are no existing techniques to readily separate νe and νe events. Proposals have
been made for the Gd doping of water Cherenkov detectors like Super-K [10–15].
This, if implemented can be used for identifying and studying atmospheric νe and
νe and hence enhance the sensitivity to δCP . Future detectors like DUNE can also
be used to probe low energy atmospheric neutrino events since they has very good
energy and direction resolutions [16].



494 D. Indumathi et al.

 (deg)CP
testδ

150− 100− 50− 0 50 100 150

2 χ
Δ

0

5

10

15

20

25

30

35
CCE - Fixed parameters

CCE - Marginalised

CCMU - Fixed parameters

CCMU - Marginalised

, NH° = −90CP
trueδ =  0.1-30 GeV, 500 kton years, 3D, no pulls, lE

 (deg)CP
testδ

150− 100− 50− 0 50 100 150

2 χ
Δ

0

5

10

15

20

25

30

35
CCE - Fixed parameters

CCE - Marginalised

CCMU - Fixed parameters

CCMU - Marginalised

, NH, no cid° = -90CP
trueδ =  0.1-30 GeV, 500 kton years, 3D, no pulls, lE
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δtrueCP = −90◦ (deg) and NH are assumed. Here cid implies the separation of ν and ν events

68.4 Conclusions

Low energy (sub-GeV) atmospheric neutrinos can be used to probe the Dirac CP
violating phase δCP in the leptonic sector unambiguous of neutrino mass hierarchy.
This was shown analytically. Oscillated events binned in final state lepton direction
illustrate the consistent distinction between various values of δCP at these energies. A
sensitivity study assuming a perfect detector with 100% efficiencies and resolutions
along with the ability to separate νe, νe, nuμ, and νμ was performed. It was found
that for 500 kton year exposure of the detector, a 2σ rejection of the parameter space
from [−180◦,−135◦] and [−60◦,−180◦] can be obtained with νe and νe alone,
for true δCP = −90◦, when νe and νe events can be separated from each other.
Currently, there are no atmospheric neutrino detectors with νe − νe separation, but
water Cherenkov detectors like Super-K can be doped with gadolinu (Gd). Proposals
have already been made for supernova detection, but it should be studied if sub-
GeV atmospheric νe − νe separation can be obtained with this technique. Though
realistic detector resolutions and efficiencies may dilute the sensitivity to δCP from
low energy atmospheric neutrinos, events accumulated over a large exposure can
contribute to the overall sensitivity to δCP , and further studies can be conducted on
how to improve the lepton reconstruction at low energies to obtain better sensitivity.
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Chapter 69
Probing the Effects of Unparticle Decay
of Neutrinos on the Possible Ultrahigh
Energy Neutrino Signals at a Km2

Detector for 4-Flavour Scenario

Madhurima Pandey

Abstract We address a possibility in which the ultrahigh energy (UHE) neutrinos
undergo unparticle decays. In this framework, a neutrino decays to an unparticle and a
lighter neutrino. The idea of unparticle has been proposed by Georgi almost a decade
back by invoking the concept of the probable existence of a scale-invariant sector
at high energies, and at low energies this scale invariant sector manifests itself by
non-integral number (dU ) of massless invisible particles called “unparticles” below
a dimensional transmutation scale ΛU . In the 4-flavour framework, we explore here
the neutrino signals at a km2 detector like IceCube when the UHE neutrinos from
cosmic astrophysical sources undergo possible unparticle decays.

69.1 Introduction

The probable existence of a scale-invariant sector has been introduced by Georgi
[1] almost a decade back. The scale-invariant sector and the Standard Model (SM)
sector may coexist at a very high energy scale, and the fields of these two sectors
can interact among themselves via a mediator messenger field having mass scale
MU . In the real world, the scale invariance feature of SM is manifestly broken by the
masses of SMparticles.Below themass scaleMU , the coupling is non-renormalizable
and the interactions between this scale-invariant sector and SM are suppressed by
inverse powers ofMU . Georgi observed that at low energies, the scale-invariant sector
manifests itself by non-integral number (dU ) of massless invisible particles called
“unparticles”. A prototype model of such scale-invariant sector can be obtained
from the Banks–Zaks theory [2] and the scale-invariant section in this theory can
flow to a lower energy scale ΛU having infrared fixed points, through dimensional
transmutation [3]. BelowΛU , unparticle physics manifests itself as a field of various
fractional scaling dimensions (dU ). Unparticle operators can interact with SM fields
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via the exchange of some heavy fields, whichwhen integrated out induce the effective
operators by which the unparticle interacts with SM fields at low energy. We have
taken a scalar unparticle operator and scalar interactions with neutrinos that enable
a heavy neutrino to decay to a lighter neutrino and another invisible unparticle (U).
We consider unparticle decay of ultrahigh energy (UHE) neutrinos for a 4-flavour
scenario, where an extra sterile neutrino is introduced to the three families of active
neutrinos, from a distant extragalactic sources such as Gamma-Ray Bursts (GRBs)
and estimate the detection yield of these neutrinos at a kilometre square detector like
IceCube [4].

69.2 Formalism

69.2.1 Four-Flavour and Three-Flavour Neutrino
Oscillations

In general, the oscillation probability Pνα→νβ
for a neutrino |να〉 of flavourα oscillates

to a neutrino |νβ〉 of flavour β is given by (there is no CP violation in neutrino sector)
[5]

Pνα→νβ
= δαβ − 4

∑

j>i

UαiUβiUα jUβ j sin
2

(
πL

λi j

)
, (69.1)

where i, j indicate themass index, L denotes the baseline distance and the oscillation
length is symbolized asλi j . Theoscillatorypart in theprobability equation is averaged
to half for UHE neutrinos from distant GRBs (L is large, �m2L/E � 1). Then the
probability equation (69.1) reduces to the form

Pνα→νβ
=

∑

j

| Uα j |2| Uβ j |2 . (69.2)

The present 4-flavour scenario is considered to be the minimal extension of the 3-
flavour case by a sterile neutrino. The form of the mass-flavour mixing matrix Ũ(4×4)

is adopted from [6]. For the 3-flavour case, the usual Pontecorvo–Maki–Nakagawa–
Sakata (PMNS) [7] matrix has been considered.
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69.2.2 Unparticle Decay of Neutrinos and Its Consequences
for UHE Neutrinos From a Single GRB

We consider an unparticle decay hypothesis, where a neutrino with mass eigenstate
ν j decays to an another light neutrino with mass eigenstate νi and the invisible
unparticle (U) [8],

ν j → U + νi . (69.3)

In the low energy regime, the effective Lagrangian for scalar interaction can be

written as Ls = λαβ
ν

Λ
dU−1
U

ν̄ανβOU , where α,β = e,μ, τ , s are defined as the flavour

indices, dU signifies the fractional scaling dimension of the unparticle operator OU .
The scale invariance sets in at the dimension transmutation scale ΛU . The relevant
coupling constant is indicated by λαβ

ν .
In the present context, it is convenient to work with neutrino mass eigenstates

rather than the flavour eigenstates. The relation between the mass and the flavour
eigenstate is |νi 〉 =

∑
α
U ∗

αi |να〉, and Uαi ’s are the elements of the mass-flavour
mixing matrix. In the mass basis, the neutrino unparticle scalar interaction term takes
the form L = λi j

ν ν̄iν jOU/Λ
dU−1
U , where λi j

ν =
∑

α,β
U ∗

αiλ
αβ
ν Uβ j is the coupling

constant expressed in the mass eigenstate basis.
The most relevant quantity of the unparticle decay process is the total decay rate

(Γ j ) or equivalently the lifetime of neutrino (τU ), which can be expressed as

τU
m j

= 16π2dU (d2
U − 1)

Ad |λi j
ν |2

(
Λ2

U
m2

j

)dU−1
1

m2
j

, (69.4)

where m j indicates the decaying neutrino mass. In the above, the normalization
constant Ad can be written as [1]

Ad = 16π5/2

(2π)2dU

Γ (dU + 1/2)

Γ (dU − 1)Γ (2dU )
. (69.5)

For the UHE neutrinos in the 4-flavour framework, which undergo unparticle decays,
the lightest mass state |ν1〉 is considered to be stable as it does not decay and all other
states |ν2〉, |ν3〉 and |ν4〉 are unstable. By considering (69.2), the flux of the neutrino
at the detector for neutrino flavour α undergoing unparticle decay is given as

φdetector
να

(Eν) =
∑

i

∑

β

[φs
νβ

|Uβi |2|Uαi |2 exp(−4πL(z)/(λd)i )]a1 , (69.6)
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where L(z) = c

H0

∫ z

0

dz′

(1 + z′)2
√

ΩΛ + Ωm(1 + z′)3
is the source distance (at a red-

shift z) and a1 = 1

4πL2(z)
(1 + z). The 4 × 4 mass-flavour mixing matrix Ũ(4×4) for

the 4-flavour case has been adopted from [6]. The decay length ((λd)i ) in (69.6)
is given by (λd)i = 4πEν

αi
= 2.5Km Eν

GeV
eV2

αi
, where αi = mi/τU , τU being, as men-

tioned, the neutrino decay lifetime in the rest frame.
By using (69.6) and taking into account that the lightest mass state |ν1〉 is stable,

the fluxes of of each flavour (for the 4-flavour case) neutrinos undergoing unparticle
decays on reaching the Earth can be expressed as

φdetectorνe = ([| Ũe1 |2(1 + | Ũμ1 |2 − | Ũτ1 |2 − | Ũs1 |2) +
| Ũe2 |2(1 + | Ũμ2 |2 − | Ũτ2 |2 − | Ũs2 |2)exp(−4πL(z)/(λd )2) +
| Ũe3 |2(1 + | Ũμ3 |2 − | Ũτ3 |2 − | Ũs3 |2)exp(−4πL(z)/(λd )3) +
| Ũe4 |2(1 + | Ũμ4 |2 − | Ũτ4 |2 − | Ũs4 |2)exp(−4πL(z)/(λd )4)]φsνe )a1 ,

φdetectorνμ
= ([| Ũμ1 |2(1 + | Ũμ1 |2 − | Ũτ1 |2 − | Ũs1 |2) +

| Ũμ2 |2(1 + | Ũμ2 |2 − | Ũτ2 |2 − | Ũs2 |2)exp(−4πL(z)/(λd )2) +
| Ũμ3 |2(1 + | Ũμ3 |2 − | Ũτ3 |2 − | Ũs3 |2)exp(−4πL(z)/(λd )3) +
| Ũμ4 |2(1 + | Ũμ4 |2 − | Ũτ4 |2 − | Ũs4 |2)exp(−4πL(z)/(λd )4)]φsνe )a1 ,

φdetectorντ
= ([| Ũτ1 |2(1 + | Ũμ1 |2 − | Ũτ1 |2 − | Ũs1 |2) +

| Ũτ2 |2(1 + | Ũμ2 |2 − | Ũτ2 |2 − | Ũs2 |2)exp(−4πL(z)/(λd )2) +
| Ũτ3 |2(1 + | Ũμ3 |2 − | Ũτ3 |2 − | Ũs3 |2)exp(−4πL(z)/(λd )3) +
| Ũτ4 |2(1 + | Ũμ4 |2 − | Ũτ4 |2 − | Ũs4 |2)exp(−4πL(z)/(λd )4)]φsνe )a1 ,

φdetectorνs = ([| Ũs1 |2(1 + | Ũμ1 |2 − | Ũτ1 |2 − | Ũs1 |2) +
| Ũs2 |2(1 + | Ũμ2 |2 − | Ũτ2 |2 − | Ũs2 |2)exp(−4πL(z)/(λd )2) +
| Ũs3 |2(1 + | Ũμ3 |2 − | Ũτ3 |2 − | Ũs3 |2)exp(−4πL(z)/(λd )3) +
| Ũs4 |2(1 + | Ũμ4 |2 − | Ũτ4 |2 − | Ũs4 |2)exp(−4πL(z)/(λd )4)]φsνe )a1 .

(69.7)

In a GRB, the UHE neutrinos are produced in the proportion νe : νμ : ντ : νs = 1 :
2 : 0 : 0. Therefore, φs

νe
= 1

6
F(Es

ν) ,φs
νμ

= 2

6
F(Es

ν) = 2φs
νe

,φs
ντ

= 0 ,φs
νs

= 0 ,

where φs
νe
, φs

νμ
, φs

ντ
and φs

νs
represent the fluxes of νe, νμ, ντ and νs , respectively, at

the source. In the absence of CP violation,F(Es
ν) = dN

dEs
ν

= dNν+ν̄

dEs
ν

. The spectra for

neutrinos (ν) will be therefore 0.5F(Es
ν). At the source, which in this case is a single
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GRB, the neutrino spectrum can be expressed as
dN

dEs
ν

= N × min

(
1,

Eν

Ebrk
ν

)
1

E2
ν

,

where N = EGRB

1 + ln(Es
ν max/E

brk
ν )

is the normalization constant and Es
ν represents

the neutrino energy. The neutrino spectrum break energy, Ebrk
ν ≈ 106

Γ 2
2.5

Ebrk
γ,MeV

GeV,

where Γ2.5 = Γ/102.5, Γ being the Lorentz boost factor and Ebrk
γ,MeV denotes the

photon spectral break energy.

69.3 Detection of UHE Neutrinos at IceCube From a Single
GRB

The detection of UHE neutrinos is mainly through upgoing neutrino induced muons
inside the Earth’s rock and in the detector material (ice in the present) following the
interactions νμ + N → μ + X, ντ + N → τ + X → μ + νμ + ντ + X .

The event rate (S) of muons is expressed as

S =
Eνmax∫

Eth

dEνφ
detector
να

Pshadow(Eν)Pμ(Eν, Eth) . (69.8)

For a particular GRB, the zenith angle θz is fixed and the shadow factor is given as

Pshadow(Eν) = exp[−X (θz)/L int(Eν)], where L int(Eν) = 1

σtot(Eν)NA
, NA and σtot

denote the Avogadro number and the total cross-section. In (69.8), the effective path
length for incident zenith angle θ(z) is defined as X (θz) = ∫

ρ(r(θz, l))dl, where
ρ(r(θz, l)) denotes the matter density profile inside the Earth. In the above equation,
the flux φdetector

να
(for flavour α) is computed from (69.7). The probability Pμ in

(69.8) (the probability that a neutrino induced muon, with energy above the detector
threshold, reaches the detector) is computed following the formalism given in [9].

69.4 Calculations and Results

The main motivation of our work is to probe the effects of the unparticle decay of
UHE neutrinos at the IceCube detector. In Fig. 69.1a, b, we have shown how the
neutrino induced muon events vary with the unparticle parameters (dU and λi j

ν ) in
comparison to the case where only mass-flavour oscillations (no decay) are consid-
ered. In Fig. 69.1a, we have observed that the muon yield is depleted by ∼70% from
what is expected for only the mas flavour oscillation case and from this observation
we can comment that the decay effect would be significant.
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Table 69.1 The ratio of muon yields at IceCube for UHE neutrinos from a GRB with and without
unparticle decay in a 4-flavour neutrino framework. See text for details
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Fig. 69.1 The predicted upward going neutrino induced muon yields per year at the detector, when
the UHE neutrinos suffer unparticle decay and its comparison with the no decay case. The variation
of the yieldwith dU for different fixed values of couplings (|λi j

ν |). Similar variationwith the coupling
|λi j

ν | for different chosen values of dU (Figure reproduced fromM. Pandey, JHEP 1901, 066 (2019))

In order to understand further the effect of decay, we have considered a ratio
between the expected neutrino induced muon events per year with and without
unparticle decay in addition to the usual mass-flavour oscillations in the 4-flavour
framework. The ratio is defined as R = Rate(withdecay)

Rate(nodecay)
. For a fixed set of values of the

4-flavour mixing angles and for two sets of values for each of the quantities dU , |λi j
ν |,

we demonstrate the deviation of R from the value 1 in Table 69.1 (reproduced from
M. Pandey, JHEP 1901, 066 (2019)). From Table 69.1, it can be seen that for the
parameter set dU = 1.3 and |λi j

ν | = 10−2, (that may cause considerable decay effect
(Fig. 69.1)), the ratio R can be depleted to as low a value as 0.6.

69.5 Summary and Discussions

In a 4-flavour (3 active + 1 sterile) neutrino framework, we consider unparticle decay
of neutrinos and apply it to UHE neutrinos from a distant GRB. We calculate the
neutrino induced muon yields in such a framework in case of a square kilometre
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detector such as IceCube. We then investigate the effects of fractional unparticle
dimension dU as also the coupling λi j

ν on the muon detection yields and compare
them with the case where normal oscillation/suppression of GRB UHE neutrino
flavours are considered without any unparticle decay. We found that the unparticle
decay effects could be quite prominent for certain values of dU and λi j

ν .
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Chapter 70
Phenomenological Study of Two-Zero
Textures of Neutrino Mass Matrices in
Minimal Extended Seesaw Mechanism

Priyanka Kumar and Mahadev Patgiri

Abstract In this chapter, we study the phenomenology of two-zero textures of
4 × 4 neutrino mass matrices M4×4

ν in the context of the Minimal Extended See-
saw (MES) mechanism. TheMESmechanism is an extension to the canonical type-I
seesawmechanism which incorporates an extra gauge singlet field ‘S’ apart from the
three right-handed neutrinos. The MES mechanism deals with 3 × 3 forms of Dirac
neutrinomass matrix (MD), right-handedMajoranamass matrix (MR) and 1 × 3 row
matrix (MS) which couples the right-handed neutrinos and the sterile singlet ‘S’. In
our work, we realize the two-zero textures of M4×4

ν within the context of the MES
mechanism by considering a (5 + 4) scheme, where the digits in the pair represent
the number of zeros of MD and MR , along with a one-zero texture of MS . We find
that out of 15 allowed two-zero textures, only 6 two-zero textures can be realized
under the (5 + 4) scheme. On enforcing zeros, the neutrino mass matrix M4×4

ν yields
a number of correlations. We check the viability of each texture by scanning their
correlations under recent neutrino oscillation data. We find that certain textures are
allowed only for some selected ranges of values of sin θ34. We present scatter plots
as a viability check for each of the textures.

70.1 Introduction

From the proposition of massless neutrinos by Wolfgang Pauli to massive neutri-
nos confirmed by a number of solar, atmospheric and reactor experiments, neutrino
physics have appreciably progressed with time. Untiring efforts from experimen-
talists have succeeded in providing solid and precise information about the mass-
squared differences (�m2

21,�m2
31) and mixing angles (θ12, θ23, θ13) in case of the

three active neutrinos. There are, however, a number of problems which are still
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striving for solutions, for instance, the origin of sub-eV scale neutrino mass, exact
nature of neutrinos—whether Dirac or Majorana, CP violation, to name a few. Apart
from these anomalies in the three active neutrino scenario, there are a number of
experiments which hint towards the presence of a fourth flavor of neutrino. The
LSND [1] experiment observed an anomalous oscillation mode ν̄μ − ν̄e which cor-
responds to squared mass difference of eV2, which could not be explained within the
three neutrino scheme. The LSND anomaly was later supported by the MiniBooNE
experiment [2]. Similar kind of discrepancies were also observed in theGallium solar
neutrino experiment [3, 4], reactor neutrino experiment [5] and cosmological obser-
vations [6]. All these anomalies hint toward the existence of a light sterile neutrino.
From the cosmological front, the recent Planck data suggests that accommodating
one light sterile neutrino requires deviation from the standard �CDM model [7]. In
August 2018, the MinibooNE collaboration [8] glorified once again the presence of
a light sterile neutrino. They reported their data remains to be consistent with the
excess of events reported by the LSND experiment. Again the ANITA experiment, in
August 2018, observed discrepancies in their upgoing air shower events which are in
contradiction with the standard neutrino-matter interaction models [9]. Accommo-
dating a light sterile neutrino and explaining their mixing with the active neutrinos as
well as having a consistent cosmological model will serve as a new challenge from
the theoretical point of view.

A light sterile neutrino can be added to the Standard Model (SM) in a number
of ways. However, the (3+1) scheme, that is, three active and one light sterile neu-
trino, serves to be the minimal extension [10, 11]. The admixtures of the three active
neutrinos with one sterile neutrino have been studied in the Minimal Extended See-
saw Mechanism (MES) [12]. MES is an extension of the type-I seesaw mechanism
whereby SM is extended by including one gauge singlet chiral field ‘S’. In MES,
eV-scale sterile neutrino results naturally without needing to insert any tiny Yukawa
couplings or mass scale for νs .

In our work, we shall study the two-zero textures of 4 × 4 neutrino mass matrix
in the context of the MES mechanism. Within the three neutrino scenario, zeros
of neutrino mass matrix can be realized within the context of the type-I seesaw
mechanism, whereby zeros of Dirac neutrino mass matrix (MD) and right-handed
Majoranamassmatrix (MR) propagate as zeros inm3×3

ν [13]. The4 × 4MESneutrino
mass matrix consists of 3 × 3 form of MD and MR along with 1 × 3 form of MS

which couples the singlet ‘S’ with the three right-handed neutrinos. In our work, we
shall consider the (5+4) scheme, where digits in the pair represent the number of
zeros of MD and MR , respectively, along with zero textures of MS to realize the two-
zero textures ofM4×4

ν . We find that out of 15 allowed two-zero textures [14] ofM4×4
ν ,

only 6 textures can be realized within the (5+4) scheme. On realizing the textures,
we arrive at certain correlations between the different parameters of the mass matrix.
We show the viability of each texture by means of scatter plots whereby correlations
are plotted against sin θ34 which is bounded by < 0.4. In our work, we consider the
lower limit to be 0. We find that certain correlations are not allowed for all values of
sin θ34 = (0–0.4), while some are allowed for all ranges of (0–0.4). While doing so,
CP phases are kept unconstrained, that is, 0–2π.
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The chapter is organized as follows: Section 70.2 includes a brief discussion on
the MES mechanism. In Sect. 70.3, we present the six two-zero textures that can be
realized in the (5+4) scheme. In Sect. 70.4, the two-zero textures are realized in the
context of the MES mechanism, and correlations are plotted under recent neutrino
oscillation data for each texture. Finally, we conclude in Sect. 70.5.

70.2 Minimal Extended Seesaw (MES) Mechanism

In the MES mechanism, the Lagrangian representing the neutrino mass term takes
the form[12]

− Lm = ν̄LMDνR + S̄cMSνR + 1

2
ν̄c
RMRνR + h.c.. (70.1)

Using the seesaw approximation MR � MS > MD , one arrives at the 4 × 4 square
matrix M4×4

ν as

M4×4
ν = −

(
MDM

−1
R MT

D MDM
−1
R MT

S

MS(M
−1
R )T MT

D MSM
−1
R MT

S

)
. (70.2)

The mass matrix M4×4
ν can have at most rank 3 since det(M4×4

ν ) = 0.
In our work, we shall consider the 4 × 4 form of neutrino mass matrix in (70.2)

for the realization of the two-zero textures.

70.3 Two-Zero Textures of M4×4
ν

In the flavor basis, the 4 × 4 Majorana neutrino mass matrix can be expressed as

M4×4
ν =

⎛
⎜⎜⎝
mee meμ meτ mes

meμ mμμ mμτ mμs

meτ mμτ mττ mτs

mes mμs mτs mss

⎞
⎟⎟⎠ . (70.3)

There are 15 viable two-zero textures of M4×4
ν [14]. Out of 15, only six textures

can be realized with 5 zeros in MD , 4 zeros in MR and one-zero of MS . The
six textures are A1 : ee, eμ = 0; A2 : ee, eτ = 0; B3 : eμ,μμ = 0; B4 : eτ , ττ = 0;
D1 : μμ,μτ = 0; D2 : μτ , ττ = 0. Texture A1, A2 allows only normal hierarchical
(NH) mass spectrum, while the other textures allow both normal and inverted (IH)
mass spectrum.
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70.4 Realization of Two-Zero Textures

The general form of 3 × 3 non-symmetric MD having nine independent entries,
3 × 3 symmetric right-handed Majorana mass matrix MR having six independent
entries and 1 × 3 matrix MS with three independent entries can be represented in the
following form:

MD =
⎛
⎝a b c
d e f
g h i

⎞
⎠ , MR =

⎛
⎝A B C
B D E
C E F

⎞
⎠ , MS = (s1 s2 s3). (70.4)

In this section, we shall present the realization and corresponding scatter plots for
each of the 6 two-zero textures.

Texture A1: The following combination

MD = (b, d, g, i �= 0), MR = (A, E �= 0), MS = (s1 0 s3) (70.5)

in (70.2) leads to the following correlation:

mμμ

mμτ
= mμτ

mττ
= mμs

mτs
=

√
mμμ

mττ
. (70.6)

On plotting the correlation in (70.6) against sin θ34, we find that overlapping appears
for values of sin θ34 > 0.04 (Fig. 70.1). This sets a lower limit on the value of θ34.

Fig. 70.1 Scatter plot for (70.6) against sin θ34
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Fig. 70.2 Scatter plot for texture A2

Texture A2: Combinations of MD, MR and MS and their corresponding correlation
are as follows:

MD = (b, d, f, g �= 0), MR = (A, E �= 0), MS = (s1 0 s3),
mμτ

mμs
= mττ

mτs
=

√
mττ

mss
.

(70.7)
Correlation plot shows that the texture is allowed for the range of sin θ34 > 0.08
(Fig. 70.2). For sin θ34 < 0.08, the overlapping vanishes and the texture is not
allowed.

Texture B3: The combination ofMD, MR andMS and their corresponding correlations
are listed in (70.8)

MD = (a, e, g, i �= 0), MR = (A, E �= 0), MS = (s1 0 s3),
mee

meτ
= meτ

mττ
=

√
mee

mττ
.

(70.8)

Figure 70.3 shows that for NH, the texture is allowed for values of sin θ34 > 0.1
while for IH the texture is allowed for all ranges of sin θ34 = (0–0.4). Thus, the
texture behaves differently in the case of NH and IH.

Texture B4: The combination ofMD, MR andMS and their corresponding correlations
are listed in (70.9)

MD = (a, d, e, i �= 0), MR = (A, E �= 0), MS = (s1 s2 0),
mee

meμ
= meμ

mμμ
=

√
mee

mμμ
.

(70.9)

From Fig. 70.4, it is evident that the texture is allowed for all the ranges of
sin θ34 = (0 − 0.4) for both NH and IH spectra.
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Fig. 70.3 Scatter plots for NH (left) and IH (right) for texture B3

Fig. 70.4 Scatter plots for NH (left) and IH (right) for texture B4

Texture D1: The combination of MD, MR and MS and their corresponding correla-
tions are listed in (70.10).

MD = (a, b, f, g �= 0), MR = (A, E �= 0), MS = (s1 s2 0),
mee

meτ
= meτ

mττ
=

√
mee

mττ
.

(70.10)

Texture D2: The combination of MD, MR and MS and their corresponding correla-
tions are listed in (70.11).

MD = (a, b, d, i �= 0), MR = (A, E �= 0), MS = (s1 s2 0),
mee

meμ
= meμ

mμμ
=

√
mee

mμμ
.

(70.11)

The correlation of textures D1 and D2 is similar to that of textures B3 and B4,
respectively. The phenomenologies are therefore similar as shown in Figs. (70.3) and
(70.4).

70.5 Conclusions

In this work, we have explored the two-zero textures of M4×4
ν with 5 zeros in MD ,

4 zeros in MR (5+4 Scheme) and one-zero in MS within the context of the MES
mechanism. We have found that only 6 out of 15 two-zero textures can be realized
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within the (5+4) scheme. On enforcing zeros, we have found that each texture gen-
erates some constrained conditions called correlations where different elements of
the mass matrix M4×4

ν are correlated. We have checked the viability of each texture
by scanning their respective correlations under recent neutrino oscillation data and
then within the common range, we have plotted the correlation against sin θ34 which
is bounded by an upper limit of < 0.4. In our analysis, we have taken its lower limit
to be 0. We have found that texture A1 is allowed for values of sin θ34 > 0.04. For
values < 0.04, the overlapping ceases and the texture is not allowed. Texture A2

is allowed for sin θ34 > 0.1. For texture B3, we have observed that the correlation
shows different phenomenology for NH and IH spectra, whereby the allowed ranges
are sin θ34 > 0.1 and sin θ34 = (0–0.4), respectively. Similar phenomenology for NH
and IH for texture B4 has been observed (allowed for all ranges of sin θ34). Textures
D1 and D2 generate similar correlations as B3 and B4, respectively, and therefore
show similar phenomenology.
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Chapter 71
Consequences of a CP-Transformed
μτ -Flavored Friedberg-Lee Symmetry
in a Neutrino Mass Model

Roopam Sinha, Sukannya Bhattacharya, and Rome Samanta

Abstract We propose a neutrino mass model with a generalized μτ -flavored CP
symmetry assuming the light Majorana neutrino mass term enjoys an invariance
under a generalized Friedberg-Lee (FL) transformation.While bothNormalOrdering
(NO) as well as the Inverted Ordering (IO) are allowed, the absolute scale of neutrino
masses is dictated as a consequence of FL symmetry. For both NO and IO, we show
that the atmospheric mixing angle θ23 �= π/4. The Dirac CP phase δ = π/2, 3π/2
for IO and nearly maximal for NO due to cos δ ∝ sin θ13. For the NO, very tiny CP
violation might arise through one of the Majorana phases, namely, β. Beside fitting
the neutrino oscillation data, we present a study of νμ → νe oscillation which is
expected to reveal Dirac CP violation in long-baseline experiments.We also calculate
the Ultra High Energy (UHE) neutrino flavor flux ratios at neutrino telescopes, from
which statements regarding the octant of θ23 have been made in our model.

71.1 Introduction

Various neutrino oscillation experiments have determined the three mixing angles
and the two independent mass-squared differences to decent accuracy. However, the
octant of the atmospheric mixing angle θ23 is yet undetermined though the current
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best-fit values are 47.2◦ for NO and 48.1◦ for IO [1]. Therefore, a precise prediction
of θ23 can be used to exclude and discriminate models in the light of forthcoming
precisionmeasurements. On the other hand, the current best-fit values of theDiracCP
phase δ are close to 234◦ for NO and 278◦ for IO. The possibility of CP conservation
(sin δ = 0) is allowed at slightly above 1σ, and one of the CP violating value δ = π/2
is disfavored at 99%CL. Thus, the other CP violating value δ = 3π/2 and deviations
around it remains a viable possibility. A specific generalization of μτ symmetry
combined with a nonstandard CP transformation [2] (CPμτθ) is implemented in the
neutrino Majorana mass term via the field transformation

νLl → iGθ
lmγ0νC

Lm . (71.1)

In the neutrino flavor space, Gμτθ has the generic form

Gμτθ =
⎛
⎝

−1 0 0
0 − cos θ sin θ
0 sin θ cos θ

⎞
⎠ , (71.2)

with ‘θ’ being an arbitrary mixing angle that mixes the νLμ and νLτ flavor fields. In
this work, to have testable predictions for masses as well as mixing, we consider a
Friedberg-Lee (FL) transformation [3–6] in combination with (71.1),

νLl → iGμτθ
lm γ0νC

Lm + ηlξ. (71.3)

This leads to
Mνη = 0, and (Gμτθ)T MνG

μτθ = M∗
ν , (71.4)

where ηl (l = e,μ, τ ) are three arbitrary complex numbers, η = (ηe ημ ητ )
T and ξ is

a fermionic Grassmann field. Clearly, Gμτθ
lm in (71.2) is a symmetry which mixes νμ

and ντ flavors and reduces to ‘μτ -interchange’ symmetry in the limit θ → π/2. The
first condition in (71.4) is satisfied for a nontrivial eigenvector η if det Mν = 0. The
latter condition implies that at least one of the light neutrino masses is zero. Thus,
by construction, this model predicts the absolute light neutrino mass scale and has
been investigated in substantial detail in [7].

71.2 FL Transformed CPμτθ Invariance of Mν

Using (71.4), a 3 × 3 symmetric mass matrix can most generally be parametrized
as1:

1In rest of the paper, ηe, ημ and ητ are referred to as η1, η2 and η3, respectively.
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Mν =

⎛
⎜⎜⎝

− 2a1
(1+cθ)

η2
η1

a1 + ia2 −a1t θ
2

+ ia2t
−1
θ
2

a1 + ia2 c1t θ
2

− a1
η1
η2

− ia2(1 + cθ)
η1
η2

c1 − ia2t
−1
θ
2
cθ

η1
η2

−a1t θ
2

+ ia2t
−1
θ
2

c1 − ia2t
−1
θ
2
cθ

η1
η2

c1t
−1
θ
2

− a1
η1
η2

+ ia2(1 + cθ)
η1
η2

⎞
⎟⎟⎠ ,

(71.5)
where cθ ≡ cos θ, sθ ≡ sin θ and tθ/2 = tan θ

2 . For simplicity, we choose the ratios
η1
η1

,
η2
η3

and η3
η1

to be all real. In (71.5), there are five real free parameters: a1, a2, c1,
η1
η2
and θ. These can be constrained using the neutrino oscillation global-fit data. The

mass matrix Mν in (71.5) can be diagonalized a unitary matrix U as

UT MνU = Md
ν ≡ diag (m1,m2,m3), (71.6)

where mi (i = 1, 2, 3) are real and we assume that mi ≥ 0. Without any loss of
generality, we work in the diagonal basis of the charged lepton so that U can be
related to the PMNS mixing matrix UPMNS as

U = PφUPMNS ≡ Pφ

⎛
⎜⎝

c12c13 ei
α
2 s12c13 s13e−i(δ− β

2 )

−s12c23 − c12s23s13eiδ ei
α
2 (c12c23 − s12s13s23eiδ) c13s23ei

β
2

s12s23 − c12s13c23eiδ ei
α
2 (−c12s23 − s12s13c23eiδ) c13c23ei

β
2

⎞
⎟⎠ ,

(71.7)
where Pφ = diag (eiφ1 , eiφ2 , eiφ3) is an unphysical diagonal phase matrix and
ci j ≡ cos θi j , si j ≡ sin θi j with themixing angles θi j ∈ [0,π/2]. Here,α,β ∈ [0, 2π]
denote Majorana phases.

71.3 Mass Ordering, Mixing Angles and CP Properties

Equations (71.4) and (71.6) jointly imply

GθU ∗ = Ud̃. (71.8)

where d̃ = diag(d̃1, d̃2, d̃3), where each d̃i (i = 1, 2, 3) is either +1 or −1. From
(71.8), we find that either α = 0 or α = π, and either β = 2δ or β = 2δ − π. In
addition, we also obtain, cot 2θ23 = cot θ cos(φ2 − φ3) and,

cos2 δ = cos2 θ sin2(φ2 − φ3) = cos2 θ sin2 2θ23 − sin2 θ cos2 2θ23
sin2 2θ23

. (71.9)

Note that, (71.9) reduces to the co-bimaximal prediction of CPμτ in the θ → π/2,
as expected. Now, due to FL invariance, Mν has a vanishing eigenvalue with corre-
sponding normalized eigenvector given by

v = N−1

⎛
⎝

− η1
η2
cot θ

2

− cot θ
2

1

⎞
⎠ eiγ, with N =

[(
1 + η2

1

η2
2

)
cot2

θ

2
+ 1

]1/2

. (71.10)
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If the zero eigenvalue is associated with m1 = 0 (m3 = 0), we discover additional
consequences for theNO (IO). For NO, v is associatedwith the first column of PMNS
matrix (71.7) which gives

cos2 δ = sin2 2θ12s213 cos
2 θ

sin2 2θ12s213 cos
2 θ + 4

[
1 +

(
1 + η2

1

η2
2

)
cot2 θ

2

]2
cot2 θ

2

(71.11)

and,

cos2 θ23 =
[{

1 +
(
1 + η2

1

η2
2

)
cot2 θ

2

}
s212 − 1

]
cot θ + cot θ

2(
cot2 θ

2 − 1
)
cot θ + 2 cot θ

2

. (71.12)

In general, cos δ �= 0 for NO. However, the numerically allowed range of δ is very
close to 3π/2: δ ∈ [269.6◦ − 270.4◦]. For IO, v is associated with the third column
of PMNS, from which we obtain

tan θ23 = cot
θ

2
, (φ2 − φ3) = π. (71.13)

Since (φ2 − φ3) = π, it follows from (71.9) that the Dirac CP violation is maximal
irrespective of the value of θ23, i.e.,

cos δ = 0. (71.14)

Though any significant departure from maximality in δ will exclude CPμτ as well as
this model (CPμτθ + FL), if the experiments favor nonmaximal θ23 and a maximal
value of δ, our model will survive while CPμτ will be in tension.

71.4 Numerical Results

We use the (3σ) ranges of the globally fitted neutrino oscillation data [1] together
with the upper bound of 0.17 eV on the sum of the light neutrino masses from
PLANCK.Next,we discuss the predictions in ourmodel on 0νββ decay,CPviolation
in νμ → νe oscillations and flavor flux ratios at neutrino telescopes.

71.4.1 Neutrinoless Double Beta (0νββ) Decay Process

According to the PDG parametrization of UPMNS , Mee is given by

Mee = c212c
2
13m1 + s212c

2
13m2e

iα + s213m3e
i(β−2δ). (71.15)
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For a NO, δ deviates from 3π/2, and m1 = 0, and for an IO, δ = 3π/2, and m3 = 0.
With these conditions, andwith the four sets of values ofα,β (obtained in Sect. 71.3),
(71.15) Mee we plot |Mee| against ∑

i
mi . It is clear from Fig. 71.1 that |Mee| in each

plot of Fig. 71.1 leads to an upper limit which is below the sensitivity reach of the
GERDA phase-II data. The upper bounds on |Mee| are expected to improve with
upcoming experiments which may probe our model better.

71.4.2 Effect of CP Asymmetry in Neutrino Oscillations

The effect of leptonic Dirac CP violationmakes its appearance in neutrino oscillation
experiments though the phase δ in the asymmetry parameter Aμe, [8]

Aμe = P(νμ → νe) − P(ν̄μ → ν̄e)

P(νμ → νe) + P(ν̄μ → ν̄e)
= 2

√
Patm

√
Psol sin�32 sin δ

Patm + 2
√
Patm

√
Psol cos�32 cos δ + Psol

(71.16)

where �i j = �m2
i j L/4E and δ is to be substituted from (71.11) to (71.14) for NO

and IO, respectively. The quantities Patm, Psol are given by

√
Patm = sin θ23 sin θ13

sin(�31 − aL)

(�31 − aL)
�31, (71.17)

√
Psol = cos θ23 cos θ13 sin 2θ12

sin aL

aL
sin�21, (71.18)

where a = GFNe/
√
2 and Ne is the electron number density in the medium

(Fig. 71.2).

Fig. 71.1 Plots of |Mee| versus mmin for both the mass ordering with two of the four possible
choices of the Majorana phases α and β
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Fig. 71.2 First two figures respectively represent the variation of Pμe and Aμe against baseline
length L for IO with energy E = 1 GeV and δ = 3π/2. The bands correspond to 3σ ranges in θ12
and θ13. The rightmost figure shows the variation of Aμe with E for L = 810Km (NOνA)

71.4.3 Octant of θ23 from Flavor Flux Measurements

The flavor flux ratios Rl at the neutrino telescope are given by

Rl ≡ φT
l∑

m
φT
m − φT

l

=
1 + ∑

i
|Uli |2(|Uμi |2 − |Uτ i |2)

2 − ∑
i

|Uli |2(|Uμi |2 − |Uτ i |2) , (l,m = e,μ, τ ) (71.19)

where each Rl depends on all three θi j and cos δ. For NO, θ23 and cos δ are given by
(71.12) and (71.11) while for IO those are given by (71.13) and (71.14), respectively.
For both types of ordering, we display in Fig. 71.3 the variation of Re,μ,τ w.r.t θ.

In case of IO, the expressions for Re,μ,τ are relatively simple:

Fig. 71.3 Variation of Re (red), Rμ (blue) and Rτ (green) with θ for NO (left panel) and IO (right
panel). The solid lines correspond to the best-fit values of the mixing angles while the bands are
caused by the current 3σ ranges of the mixing angles θ12 and θ13
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Re = 2 − sin2 2θ12cθ

4 + sin2 2θ12cθ

, Rμ,τ = 1 + 1
4 sin

2 2θ12cθ ± (1 − 1
4 sin

2 2θ12)c2θ
2 − 1

4 sin
2 2θ12cθ ∓ (1 − 1

4 sin
2 2θ12)c2θ

, (71.20)

wherewe ignore terms ofO(s213). Clearly, for Re < 1
2 (Re > 1

2 ), θ < π
2 (θ > π

2 ). Since
(71.13) implies 2θ23 = π − θ, observational value of Re will give a definite value
of θ23. In particular, θ > π

2 implies θ23 < π
4 and vice versa. Similar statement holds

for observational values of Rμ. Conversely, a precision measurement of θ23 in long-
baseline experiments will uniquely predict the range of Rl for all l.

71.5 Conclusion

We proposed a model where the light neutrino Majorana mass term enjoys a μτ -
flavored CP symmetry together with a Friedberg-Lee transformation. Both the mass
ordering are allowed with vanishing smallest neutrino mass. In general, θ23 �= π/4,
the phase δ = π/2 for IO and nearly maximal for NO. For the latter, the deviation
frommaximality does not exceed 0.4◦ on either side of δ = 3π/2. For the IO, θ23 is, in
general, nonmaximal but δ is maximal. Evidently, any large departure of δ from 3π/2
will exclude the model. We study the role of Dirac CP violation in different long-
baseline νμ → νe oscillation experiments. Finally, from the UHE neutrino flavor flux
ratios at neutrino telescopes we comment on the predictability of the octant of θ23.
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Chapter 72
Physics Potential of Long-Baseline
Neutrino Oscillation Experiments
in Presence of Sterile Neutrino

Rudra Majhi, C. Soumya, and Rukmani Mohanta

Abstract Recent result from Mini Booster Neutrino Experiment (MiniBooNE)
agrees well with the Liquid Scintillator Neutrino Detector (LSND) experiment for
excess event appearance and is a strong evidence for the existence of eV-scale sterile
neutrino. Sterile neutrino canmix with the active neutrinos, which will be an exciting
tool for sensitivity analysis of long-baseline neutrino oscillation experiments. Here
we explore the effect of active-sterile mixing on the degeneracy resolution capabili-
ties of these experiments. We found that the existence of sterile neutrino can lead to
new kind of degeneracies among the oscillation parameters which are not present in
the three active neutrino oscillation paradigm.

72.1 Introduction

Since last four decades several neutrino oscillation experiments have been confirmed
the existence of non-zero neutrino mixing and masses. As of now, the study of
neutrino physics has entered into an era of high precision. However, there exists
some unsettled issues in this sector: (a) the value of atmospheric mixing angle (θ23)
can be non-maximal, i.e., either θ23 < 45◦ or θ23 > 45◦, (b) the sign of atmospheric
mass splitting�m2

31 can be positive or negative, for�m2
31 > 0, it is known as normal

hierarchy (NH) and inverted hierarchy (IH) for �m2
31 < 0, and (c) the value of CP-

violating phase δCP is not yet determined which can tell us whether CP violation
exists in lepton sector or not. The long-baseline experiments play a major role in the
determination of these unknowns due to the presence of enhanced matter effect [1].
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However, the existence of fourfold degeneracies among the oscillation parameters
greatly affects the sensitivities of these experiments [2]. Therefore, the resolution of
degeneracies among the oscillation parameters is the primary concern in neutrino
oscillation studies.

Another unresolved issue is the existence of sterile neutrino. Moreover, latest
result from the MiniBooNE is also in good agreement with the excess of events
reported by LSND regarding the existence of eV-scale sterile neutrino [3]. Though
sterile neutrinos are blind to weak interaction, they can mix with active neutrinos.
The mixing of sterile neutrino with active neutrinos can be explained by an effective
4 × 4 matrix. In addition to standard neutrino oscillation parameters, we need three
mixing angles (θ14, θ24, θ34), two phases (δ14, δ34), and one mass-squared difference
(�m2

41) for parametrization of neutrino mixing. The vacuum oscillation probability
in 3+1 framework is given by

Pμe ∼ 8 sin θ13 sin θ12 cos θ12 sin θ23 cos θ23(α�) sin� cos(� ± δ13)

+ 4 sin2 θ23 sin
2 θ13 sin

2 � + 4 sin θ14 sin θ24 sin θ13 sin θ23 sin� sin(� ± δ13 ∓ δ14) ,

where� ≡ �m2
31L/4E,α ≡ �m2

21/�m2
31,�m2

i j = m2
i − m2

j , and L , E are, respec-
tively, baseline and energy of the neutrino used in the experiment. Upper (lower) sign
is for neutrino (anti-neutrino), in double sign case.

72.2 Simulation Details

As we focus on currently running long-baseline experiments NOνA and T2K, we
simulate these experiments using GLoBES software package along with snu plugin
[5, 6]. The auxiliary files and experimental specification of these experiments that
we use for the analysis are taken from [7–9]. In our analysis, we use the values of
oscillation parameters as given in Table72.1.

72.3 Degeneracies and MH Sensitivity

In order to analyze degeneracies among the oscillation parameters at probability
level, in the top panel of Fig. 72.1 we show νe (ν̄e) appearance oscillation probability
as a function of δCP . From the left panel of figure, it can be seen that the bands
NH-HO and IH-LO bands are very well separated in neutrino channel, whereas
the bands for NH-LO and IH-HO are overlapped with each other which results
degeneracies among the oscillation parameters. It can be shown that in the anti-
neutrino channel the case is just opposite. Therefore, a combined analysis of neutrino
and anti-neutrino data helps in degeneracies resolution and improves the sensitivity of
LBLexperiment to the unknowns in standard paradigm.From the right panel, it can be
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Table 72.1 The values of oscillation parameters that we consider in analysis [4]

Parameters True values Test value range

sin2 θ12 0.304 NA

sin2 2θ13 0.085 NA

sin2 θ23 0.5 0.4 −→ 0.6

(LO 0.44) 0.4 −→ 0.5

(HO 0.56) 0.5 −→ 0.6

δCP −90◦ −180◦ −→ 180◦
�m2

12
10−5eV 2 7.4 NA

�m2
31

10−3eV 2 2.5(NH) 2.36 −→ 2.64

−2.5(IH) −2.64 −→ −2.36

sin2 θ14 0.025 θ14(0◦, 15◦)
sin2 θ24 0.025 θ14(0◦, 15◦)
sin2 θ34 0 NA
�m2

14
1eV 2 1 NA

δ14 −90◦ −180◦ −→ 180◦

δ34 0◦ −180◦ −→ 180◦

seen that there emerged new types of degeneracies among the oscillation parameters
in presence of sterile neutrino for δ14 = −90 which can deteriorate the sensitivity.
Another way of representing these degeneracies among oscillation parameters is by
using the bi-probability plot as given in bottom panel of Fig. 72.1. The ellipses in the
figure correspond to three flavor case, whereas the bands represent the oscillation
probabilities in presence of sterile neutrinowith all possible values of δ14 phase. From
the figure, it can be seen that the ellipses for LO and HO are very well separated
for both hierarchies, whereas the ellipses for NH and IH for both LO and HO are
overlapped each other and give rise to degeneracies. Therefore, NOνA experiment
is more sensitive to octant of θ23 than that of mass hierarchy. New degeneracies
are found in 3+1 paradigm, for all combinations of mass hierarchy and θ23. More
degeneracies between lower and higher octant along with standard case, indicate that
experiment is loosing its sensitivity in presence of sterile neutrino.

Finally, we discuss howMH sensitivity of NOνA get modify in presence of sterile
neutrino. From the Fig. 72.2, one can see that the wrong mass hierarchy can be ruled
out significantly above 2 σ in the favorable regions, i.e., lower half plane (upper
half plane) for NH (IH) in the standard paradigm. Whereas, in presence of sterile
neutrino the δCP coverage for the mass hierarchy sensitivity is significantly reduced.
The synergy of NOνA+T2K in 3+1 case showed a significant increase in the MH
sensitivity with the increase of δCP coverage above 3σ C.L.
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Fig. 72.1 The neutrino oscillation probability as a function of δCP is in the top panel. The top
left panel is for 3 flavor case and top right panel is for 3+1 case with δ14 = −90◦. [Bottom panel]
Bi-probability plots for NoνA in 3years in neutrino and 3years in anti-neutrino mode

72.4 Effect on Neutrino-Less Double Beta Decay

Neutrino-less double beta decay (0νββ) is a lepton number violating process with
�L = 2. Implication of this decay mode on Neutrino Physics will be that it can
confirm the Majorana nature of neutrinos and neutrino masses. In this perspective,
this decay process is important and we will study the effect of light sterile neutrino
on 0νββ decay.
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Fig. 72.2 MH sensitivity as a function of true values of δCP . The left (right) panel is for inverted
(normal) hierarchy and the upper (bottom) panel is for LO (HO)

Various experiments like KamLAND-Zen, GERDA, EXO-200, etc. have provide
effective Majorana mass parameter |Mee|. Current best upper limit on the |Mee| from
KamLAND-Zen collaboration is |Mee| < (0.061 − 0.165) eV at 90% C.L. [10].

The effective Majorana mass, which is the key parameter of 0νββ decay process,
is defined in the standard three neutrino formalism, as

|Mee| =
∣
∣
∣
∣
U 2

e1 m1 +U 2
e2 m2e

iα +U 2
e3 m3e

iβ

∣
∣
∣
∣
, (72.1)

whereUei are the PMNSmatrix elements and α, β are theMajorana phases. In terms
of the lightest neutrino mass, atmospheric and solar mass-squared differences, |Mee|
can be written for NH and IH case. If sterile neutrino will be exist then analogically
one can write the expression as

|Mee| =
∣
∣
∣
∣
U 2

e1 m1 +U 2
e2 m2e

iα +U 2
e3 m3e

iβ +U 2
e4 m4e

iγ

∣
∣
∣
∣
. (72.2)
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Fig. 72.3 Parameter space between effective Majorana mass parameter |Mee| and lightest neutrino
mass

Using PMNSmatrix elements, Dirac CP phase, Majorana phasesα and β in between
[0, 2π], we show the variation of |Mee|with lightest neutrinomass for both 3 neutrino
and 3+1 model in Fig. 72.3. Top panel is for three neutrino and bottom panel in
presence of sterile neutrino. In bottom panel left panel is for NH and right panel
for IH case. Horizontal regions show bounds from different 0νββ experiments and
vertical shaded regions are disfavoured fromPLANCKdata on sumof light neutrinos.
Current bound on the sum of neutrino masses is

∑

i mi < 0.23 eV at 95% C.L.
from Planck+WP+highL+BAO data. From the figure it is clear that in presence of
sterile neutrino the IH parameter space of |Mee| is within sensitivity region of the
KamLAND-Zen experiment. Also some overlap regions are there in between NH
and IH case.

72.5 Conclusion

In this paper, we discussed the effect of active-sterile mixing on the degeneracy
resolution capability and MH sensitivity of NOνA experiment. We found that intro-
duction of sterile neutrino gives rise to new kind of degeneracies among the oscil-
lation parameters which results in reduction of δCP coverage for MH sensitivity of
NOνA experiment. We also found that addition of T2K data helps in increment of
MH sensitivity analysis by increase of δCP coverage above 3σ C.L. in presence of
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sterile neutrino. Also we have shown that the inclusion of sterile neutrino enhances
the effective parameter space for |Mee| and for IH case it could be observable in
KamLAND-Zen experiment.
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Chapter 73
Using A4 to Ameliorate Popular Lepton
Mixings: A Model for Realistic Neutrino
Masses and Mixing Based on Seesaw

Soumita Pramanick

Abstract A neutrino mass model conserving discrete flavour symmetry A4 is pro-
posed. Using an interplay of both Type-I and Type-II seesaw mechanisms the dis-
crepancies present in the popular lepton mixing patterns, viz., Tribimaximal (TBM),
Bimaximal (BM), and Golden Ratio (GR) mixings are cured and they were harmo-
nized with the present neutrino oscillation observations. A scenario with no solar
mixing (NSM) was also considered. The model has several predictions testable in
the light of future oscillation experiments.

73.1 Introduction

This talk is based on [1]. A model with two-component Lagrangian formalism based
on Type-I and Type-II seesaw mechanism is proposed for tree-level generation of
realistic neutrino masses and mixing using the discrete flavour symmetry A4 in [1].
The Type-II seesaw is the dominant contribution, Type-I seesaw is the sub-dominant
contribution. Type-II seesaw features vanishing solar splitting (�m2

solar = 0), θ13 =
0, θ23 = π/4 and can have any solar mixing angle. Choices of θ012 corresponding to
certain mixing patterns, viz., θ012 = 35.3◦ (tribimaximal), 45.0◦ (bimaximal), 31.7◦
(golden ratio) were considered. Tribimaximal, Bimaximal, Golden Ratio mixing are
abbreviated as TBM, BM, and GR mixing, respectively. No solar mixing (NSM),
i.e., θ012 = 0 was also studied. Including first-order corrections originating from the
sub-dominant Type-I seesaw can yield the values of these oscillation parameters into
the ranges allowed by the data leading to interesting interrelationships between them
that are testable in future oscillation experiments. For example, normal (inverted)
ordering gets associated with first (second) octant of θ23. The 3σ neutrino oscillation
parameters global fits [2, 3]:
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�m2
21 = (7.02 − 8.08) × 10−5 eV2, θ12 = (31.52 − 36.18)◦,

|�m2
31| = (2.351 − 2.618) × 10−3 eV2, θ23 = (38.6 − 53.1)◦ ,

θ13 = (7.86 − 9.11)◦, δ = (0 − 360)◦ . (73.1)

The above numbers are from NuFIT2.1 of 2016 [2]. Models with similar objectives
based on S3 and A4 at tree level were studied in [4]. A model-independent approach
of the same can be found in [5].

73.2 The Model

The Type-I and Type-II seesaw contributions of the model arise out of an underlying
A4 symmetry of the Lagrangian. A4 has four irreducible representations, viz., one
three-dimensional representation 3 and three one-dimensional representations 1, 1′,
and 1′′. Note 1′ × 1′′ = 1. Two three-dimensional representations can be combined as

3 ⊗ 3 = 1 ⊕ 1′ ⊕ 1′′ ⊕ 3 ⊕ 3 . (73.2)

Thus when two triplets 3a ≡ ai and 3b ≡ bi , with i = 1, 2, 3 combine they yield

1 = a1b1 + a2b2 + a3b3 ≡ ρ1i j ai b j ,

1′ = a1b1 + ω2a2b2 + ωa3b3 ≡ ρ3i j ai b j ,

1′′ = a1b1 + ωa2b2 + ω2a3b3 ≡ ρ2i j ai b j ,

ci =
(
a2b3 + a3b2

2
,
a3b1 + a1b3

2
,
a1b2 + a2b1

2

)
, or, ci ≡ αi jka j bk ,

di =
(
a2b3 − a3b2

2
,
a3b1 − a1b3

2
,
a1b2 − a2b1

2

)
, or, di ≡ βi jka j bk , (i, j, k, are cyclic) .

(73.3)

For detailed discussion of A4, see [1, 6, 7]. Theparticle spectrumof themodelwith
their respective quantum numbers are shown in Tables73.1 and 73.2. An extensive
study of the scalar potential arising out of the scalars in Table73.2 can be found in
the appendix of [1]. The SU (2)L ×U (1)Y conserving Lagrangian that preserves A4
symmetry is given by

Lmass = y j ρ j ik l̄Li lR j�
0
k (charged lepton mass)

+ f ρ1ik ν̄Li NRkη
0 (neutrino Dirac mass)

+ 1

2

⎛
⎝ ∑
n=a,b

Ŷ L
n αi jkν

T
Li C

−1νL j �̂
L0
nk + Y L

ζ ρζi j ν
T
Li C

−1νL j�
L0
ζ

⎞
⎠ (neutrino Type−II see−saw mass)

+ 1

2

⎛
⎝ ∑

p=a,b,c

Ŷ R
p αi jk N

T
RiC

−1NRj �̂
R0
kp + Y R

γ ργi j N
T
RiC

−1NRj�
R0
γ

⎞
⎠ (rh neutrino mass) + h.c.

(73.4)
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Table 73.1 Leptons with their A4 and SU (2)L properties. Lepton number (L) and hypercharge
(Y) are shown

Fields Notations A4 SU (2)L (Y ) L

Left-handed
leptons

(νi , li )L 3 2 (−1) 1

l1R 1

Right-handed
charged leptons

l2R 1′ 1 (−2) 1

l3R 1′′

Right-handed
neutrinos

NiR 3 1 (0) −1

No soft breaking A4 terms were allowed. Symmetries were broken spontaneously
when the scalars acquire their vacuum expectation values (vevs). In the Lagrangian
basis this leads to the mass matrices:

Meμτ = v√
3

⎛
⎝y1 y2 y3
y1 ωy2 ω2y3
y1 ω2 y2 ωy3

⎞
⎠ , MνL =

⎛
⎜⎝

(Y L
1 + 2Y L

2 )uL
1
2 Ŷ

L
b vLb

1
2 Ŷ

L
b vLb

1
2 Ŷ

L
b vLb (Y L

1 − Y L
2 )uL

1
2 (Ŷ L

a vLa + Ŷ L
b vLb)

1
2 Ŷ

L
b vLb

1
2 (Ŷ L

a vLa + Ŷ L
b vLb) (Y L

1 − Y L
2 )uL

⎞
⎟⎠ .

(73.5)

Here Meμτ represents the charged lepton mass matrix and MνL is the left-handed
Majorana neutrino mass matrix arising out of Type-II seesaw when Y L

2 = Y L
3 . From

the charged lepton mass matrix we have y1v = me, y2v = mμ, y3v = mτ . The
neutrino Dirac mass matrix (MD) and right-handed Majorana neutrino mass matrix
(MνR) we get that take part in Type-I seesaw are given by

MD = f u I , MνR = mR

⎛
⎝χ1 χ6 χ5

χ6 χ2 χ4

χ5 χ4 χ3

⎞
⎠ . (73.6)

Ifwe denote the scale of neutrinoDiracmasses bymD thenwe can identify f u = mD .
The χi in (73.6) are given by

mRχ1 ≡ (Y R
1 u1R + Y R

2 u2R + Y R
3 u3R)

mRχ2 ≡ (Y R
1 u1R + ωY R

2 u2R + ω2Y R
3 u3R)

mRχ3 ≡ (Y R
1 u1R + ω2Y R

2 u2R + ωY R
3 u3R)

mRχ4 ≡ 1

2
(Ŷ R

a vRa + Ŷ R
b vRb + Ŷ R

c vRc)

mRχ5 ≡ 1

2
(Ŷ R

a vRa + ωŶ R
b vRb + ω2Ŷ R

c vRc)

mRχ6 ≡ 1

2
(Ŷ R

a vRa + ω2Ŷ R
b vRb + ωŶ R

c vRc). (73.7)
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Table 73.2 Scalars in the model with their A4 and SU (2)L behaviours. Their lepton number (L),
hypercharge (Y) and vev configurations are also given

Purpose Notations A4 SU (2)L L vev

(Y )

Charged fermion
mass

� =
⎛
⎜⎝

φ+
1 φ0

1

φ+
2 φ0

2

φ+
3 φ0

3

⎞
⎟⎠ 3 2 (1) 0 〈�〉 = v√

3

⎛
⎜⎝
0 1

0 1

0 1

⎞
⎟⎠

Neutrino Dirac
mass

η = (η0, η−) 1 2 (−1) 2 〈η〉 =
(
u, 0

)

Type-II seesaw
mass

�̂L
a =⎛

⎜⎝
�̂++

1a �̂+
1a �̂0

1a

�̂++
2a �̂+

2a �̂0
2a

�̂++
3a �̂+

3a �̂0
3a

⎞
⎟⎠

L
3 3 (2) −2 〈�̂L

a 〉 =

vLa

⎛
⎜⎝
0 0 1

0 0 0

0 0 0

⎞
⎟⎠

Type-II seesaw
mass

�̂L
b =⎛

⎜⎝
�̂++

1b �̂+
1b �̂0

1b

�̂++
2b �̂+

2b �̂0
2b

�̂++
3b �̂+

3b �̂0
3b

⎞
⎟⎠

L
3 3 (2) −2 〈�̂L

b 〉 =

vLb

⎛
⎜⎝
0 0 1

0 0 1

0 0 1

⎞
⎟⎠

1 3 (2) −2 〈�L
1 〉 =

(
0, 0, uL

)
Type-II seesaw
mass

�L
ζ =

(�++
ζ ,�+

ζ ,�0
ζ )

L

1′ 3 (2) −2 〈�L
2 〉 =

(
0, 0, uL

)

1′′ 3 (2) −2 〈�L
3 〉 =

(
0, 0, uL

)

Right-handed
neutrino mass

�̂R
a =

⎛
⎜⎝

�̂0
1a

�̂0
2a

�̂0
3a

⎞
⎟⎠

R

3 1 (0) 2 〈�̂R
a 〉 = vRa

⎛
⎜⎝
1

1

1

⎞
⎟⎠

Right-handed
neutrino mass

�̂R
b =

⎛
⎜⎝

�̂0
1b

�̂0
2b

�̂0
3b

⎞
⎟⎠

R

3 1 (0) 2 〈�̂R
b 〉 = vRb

⎛
⎜⎝

1

ω

ω2

⎞
⎟⎠

Right-handed
neutrino mass

�̂R
c =

⎛
⎜⎝

�̂0
1c

�̂0
2c

�̂0
3c

⎞
⎟⎠

R

3 1 (0) 2 〈�̂R
c 〉 = vRc

⎛
⎜⎝

1

ω2

ω

⎞
⎟⎠

Right-handed
neutrino mass

�R
1 = (�0

1)
R 1 1 (0) 2 〈�R

1 〉 = u1R

Right-handed
neutrino mass

�R
2 = (�0

2)
R 1′ 1 (0) 2 〈�R

2 〉 = u2R

Right-handed
neutrino mass

�R
3 = (�0

3)
R 1′′ 1 (0) 2 〈�R

3 〉 = u3R



73 Using A4 to Ameliorate Popular Lepton Mixings … 533

Needless to mentionmR andχi are mass scale of the right-handedMajorana neutrino
and O(1) dimensionless quantities respectively. To diagonalize the charged lepton
mass matrix in (73.5) one can appoint a unitary transformationUL on the left-handed
lepton doublets, keeping the right-handed charged leptons unchanged. In order to
keep the neutrino Dirac mass matrix still proportional to identity in this changed
basis, the unitary transformation VR is applied to the right-handed neutrino fields.

UL = 1√
3

⎛
⎝1 1 1
1 ω2 ω
1 ω ω2

⎞
⎠ = VR . (73.8)

In this basis the charged lepton mass matrix is given by diag(me,mμ,muτ ) and the
entire lepton mixing therefore arises out of the neutrino sector. We call this basis
as the flavour basis. For structures of all the mass matrices in flavour basis see [1].
The left-handed Majorana neutrino mass matrix in the flavour basis M f lavour

νL is not
diagonal. It has to be diagonalized by another unitary transformation say U 0 of
the following form, to go the mass basis of the neutrinos in which the left-handed
Majorana neutrino mass matrix is diagonal:

U 0 =
⎛
⎜⎝
cos θ012 sin θ012 0

− sin θ012√
2

cos θ012√
2

1√
2

sin θ012√
2

− cos θ012√
2

1√
2

⎞
⎟⎠ . (73.9)

In other words,M0 = Mmass
νL = U 0T M f lavour

νL U 0 = diag(m(0)
1 ,m(0)

1 ,m(0)
3 ). ThisM0

is the dominant Type-II seesaw contribution in themass basis. Note the first twomass
eigenstates are degenerate to ensure the vanishing solar splitting. Thus degenerate
perturbation theory has to be considered for the solar sector. From the form of U 0

one can readily infer θ13 = 0, θ23 = π/4 and θ012 can be of any value. We consider
θ012 values corresponding to TBM, BM, GR, and NSM scenarios. Again MD = mDI

can be retained by applying the U 0† on the right-handed fields. The right-handed
neutrino mass matrix so obtained can be found in [1] giving rise to the Type-I seesaw
contribution:

M ′ = [
MT

D(MνR)−1MD
] = m2

D

mR

⎛
⎜⎝

0 y eiφ1 y eiφ1

y eiφ1 x eiφ2√
2

−x eiφ2√
2

y eiφ1 −x eiφ2√
2

x eiφ2√
2

⎞
⎟⎠ . (73.10)

Here x and y are dimensionless O(1) real quantities. The details of the analysis can
be found in [1].
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73.3 Results

The CP-conserving scenario, i.e., (φ1 = 0 or π,φ2 = 0 or π) is well studied in [1].
For the CP-violating case, to keep hermiticity of the theory intact, the combination
(M0†M ′ + M ′†M0) is treated as the sub-dominant correction to the dominantM0†M0

term. Using degenerate perturbation theory to obtain the first-order corrections one
gets

θ12 = θ012 + ζ , tan 2ζ = 2
√
2
y

x

cosφ1

cosφ2
, (73.11)

where

sin ε = y cosφ1√
y2 cos2 φ1 + x2 cos2 φ2/2

, cos ε = x cosφ2/
√
2√

y2 cos2 φ1 + x2 cos2 φ2/2
, tan ε = 1

2
tan 2ζ .

(73.12)
The solar splitting is given by

�m2
solar = √

2m(0)
1

m2
D

mR

√
x2 cos2 φ2 + 8y2 cos2 φ1 = √

2m(0)
1

m2
D

mR

x cosφ2

cos 2ζ
= √

2m(0)
1

m2
D

mR

2
√
2y cosφ1

sin 2ζ
.

(73.13)

In Table73.3 allowed ranges of ζ and ε for different mixing patterns are shown.
The third first-order corrected ket yields

sin θ13 cos δ = κc sin(ε − θ012) and tan(π/4 − θ23) ≡ tanω = sin θ13 cos δ

tan(ε − θ012)
, (73.14)

with

κc = m2
D

mRm−
√
y2 cos2 φ1 + x2 cos2 φ2/2 , (73.15)

where m− ≡ m(0)
3 − m(0)

1 . Thus m− is positive for normal ordering and negative for
inverted ordering. Hence the sign of κc is dictated by the mass ordering. The sign
of κc along with (ε − θ012) determine the octant of θ23 and quadrant of δ. Therefore
the neutrino mass ordering gets co-related to the octant of θ23 and quadrant of δ as
a consequence of this model as shown in Table73.4 for all the four mixing patterns.
For example, normal ordering is found always associated with θ23 in first octant.
Such inter-relations in Table73.4 can be tested by oscillation experiments in future

Table 73.3 Values of ζ, ε and (ε − θ012) allowed by 3σ oscillation data for different mixings

Model (θ012) TBM (35.3◦) BM (45.0◦) GR (31.7◦) NSM (0.0◦)
ζ −4.0◦ ↔ 0.6◦ −13.7◦ ↔ −9.1◦ −0.4◦ ↔ 4.2◦ 31.3◦ ↔ 35.9◦

ε −4.0◦ ↔ 0.6◦ −14.5◦ ↔ −9.3◦ −0.4◦ ↔ 4.2◦ 44.0◦ ↔ 56.7◦

ε − θ012 −39.2◦ ↔ −34.6◦ −59.5◦ ↔ −54.4◦ −39.2◦ ↔ −30.0◦ 44.0◦ ↔ 56.7◦
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Fig. 73.1 Model predictions for CP-phase δ (θ23) for all four mixing patterns are shown as a
function of the lightest neutrino mass m0 with best-fit values of the oscillation input parameters in
left (right) panel. Thick (thin) curves are for Normal Ordering (Inverted Ordering). The green solid,
pink dashed, red dot-dashed, and violet dotted curves denote NSM, BM, TBM, and GR mixing,
respectively

Table 73.4 The octant of θ23 and the quadrant of the CP-phase δ for different mixing patterns for
both orderings of neutrino masses are exhibited

Mixing Pattern Normal ordering Inverted ordering

δ quadrant θ23 octant δ quadrant θ23 octant

NSM First/Fourth First Second/Third Second

BM, TBM, GR Second/Third First First/Fourth Second

and therefore the model has testable predictions. Using (73.14), CP-phase δ and
θ23 predicted by the model can be plotted for the four mixing patterns as shown in
Fig. 73.1. Thus after including the corrections coming from Type-I seesaw into the
Type-II seesaw dominant contribution, realistic neutrino oscillation parameters can
be obtained. Details of the procedure can be found in [1].

73.4 Conclusion

A seesawmodel based on A4 for realistic neutrinomass andmixing has been studied.
The Lagrangian has a dominant component originating from Type-II seesaw and a
sub-dominant contribution arising from Type-I seesaw. The Type-II seesaw compo-
nent has �m2

solar = 0, θ13 = 0, θ23 = π/4 and solar mixing angle of the TBM, BM,
GR, NSM kind. Including corrections offered by the Type-I seesaw sub-dominant
contribution can produce the oscillation parameters in the ranges allowed by data.
The model [1] predicts inter-relations between neutrino mass ordering, octant of θ23
and quadrant of δ that can be tested by oscillation experiments in future.
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Chapter 74
Impact of Nuclear Effects on CP
Sensitivity at DUNE

Srishti Nagu, Jaydip Singh, and Jyotsna Singh

Abstract The precise measurement of neutrino oscillation parameters is one of
the highest priorities in neutrino oscillation physics. To achieve the desired preci-
sion, it is necessary to reduce the systematic uncertainties related to neutrino energy
reconstruction. An error in energy reconstruction is propagated to all the oscillation
parameters; hence, a careful estimation of neutrino energy is required. To increase
the statistics, neutrino oscillation experiments use heavy nuclear targets like Argon
(Z=18). The use of these nuclear targets introduces nuclear effects that severely
impact the neutrino energy reconstruction which in turn poses influence in the deter-
mination of neutrino oscillation parameters. In this work we have tried to study the
impact of nuclear effects on the determination of CP phase at DUNE using final state
interactions.

74.1 Introduction

Neutrino oscillation physics has entered into the era of precision measurement from
the past two decades. Significant achievements have been made in the determination
of the known neutrino oscillation parameters and continuous attempts are beingmade
to estimate the unknown neutrino oscillation parameters precisely. The neutrino
oscillation parameters governing the three flavor neutrino oscillation physics are
three mixing angles θ12, θ13, θ23, a leptonic CP phase δCP and two mass-squared
differences, �m2

21 (solar mass splitting) and �m2
31 (atmospheric mass splitting).

The unknown oscillation parameters in the picture are (1) the octant of θ23 whether
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it lies in the lower octant (θ23 < π/4) or in the higher octant (θ23 > π/4) (2) the sign
of |�m2

31|, i.e., neutrino mass eigenstates mi (i = 1, 2, 3) are arranged in normal
order (m1 � m2 � m3) or inverted order (m2 ≈ m1 � m3) (3) the leptonic δCP

phase which can lie in the entire range −π < 0 < +π . Accurate measurement of
the leptonic CP phase can lead to further studies on the origin of leptogenesis [1] and
baryon asymmetry of the universe [2]. Determination of precise δCP value is also
required for explaining the phenomenon of sterile neutrinos [3]. The global analysis
results as indicated in [4] report current bounds on oscillation parameters which have
been performed by several experimental groups.

A defining challenge for neutrino experiments is to determine the incoming neu-
trino energy since the configuration of the outgoing particles and kinematics of the
interaction within the nucleus are completely unknown. In collider experiments, the
neutrino beams are generated via secondary decay products which assign a broad
range of energies to the neutrinos thus causing their energy reconstruction to be dif-
ficult. Hence neutrino energy is reconstructed from final state particles. The present-
day neutrino oscillation experiments use heavy nuclear targets like argon (Z=18), in
order to collect large event statistics. With a nuclear target, where neutrinos interact
with fermi moving nucleons, uncertainties in the initial state particles produced at the
primary neutrino-nucleon interaction vertex arise. These nuclear effects are capable
enough to change the identities, kinematics, and topologies of the outgoing parti-
cles via final state interactions (FSI) and thus hiding the information of the particles
produced at the initial neutrino-nucleon interaction vertex which gives rise to fake
events. Detailed discussion regarding the impact on atmospheric oscillation parame-
ters due to the presence of FSI in the QE interaction process can be found in [5] and
due to fake events stemming from QE and RES processes can be found in [6]. The
impact of cross-sectional uncertainties on the CP violation sensitivity can be found
in [7]. In this work, we attempt to study the impact of nuclear effects imposed by
FSI in the QE (Quasi Elastic), resonance (RES), and deep inelastic scattering (DIS)
interaction processes. For a detailed discussion one can look into [8]. Understanding
nuclear effects will give us a handle to filter out true events from the fake events in
a given neutrino-nucleon interaction which will lead to an accurate measurement of
neutrino oscillation parameters.

74.2 Neutrino Oscillation Studies with the Long-Baseline
Experiment-DUNE

TheDeepUndergroundNeutrinoExperiment,DUNE[9], an upcoming long-baseline
neutrino oscillation experiment, to be set up in the US is aiming for discovering the
unknown oscillation parameters and explore new physics. The 1300-km baseline,
stretching from LBNE facility at Fermilab to Sanford Underground Research Facil-
ity (SURF) at South Dakota, is ideal for achieving the desired sensitivity for CP
violation and mass hierarchy. The far detector will be composed of 40 ktons of liq-
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Fig. 74.1 Neutrino oscillation probability for neutrino (left panel) and antineutrino (right panel)
with three values of leptonic δCP phase, i.e., 0◦, +π/2 and −π/2 in matter (upper panel) and
vacuum (bottom panels) for the νμ → νe channel

uid argon (nuclear target with Z=18) as detector material which will provide large
event statistics. The DUNE-LBNF flux spreads in the energy range 0.5–10 GeV, with
an average energy peaking at 2.5GeV. It is composed of QE, Resonance, DIS, and
Coherent neutrino-nucleon interaction processes with resonance being the dominant
interaction process in this energy regime. To evaluate the sensitivity of LBNE and to
optimize the experimental design, it is important to accurately predict the neutrino
flux. The neutrino oscillation probability is presented in Fig. 74.1 for νe appearance
channel.

74.3 Simulation and Result

Approximately 2 lakh events are generated using DUNE flux for the muon disap-
pearance channel with the help of GiBUU (Giessen Boltzmann-Uehling-Uhlenbeck)
[10]. The migration matrices are obtained using GiBUU and are inserted in the
required format into GLoBES [11, 12]. The systematics considered in our work are
as follows—signal efficiency is 85%, normalization error and energy calibration error
for the signal and background are—5%, 10% and 2% respectively. The running time
considered is 10years in neutrino mode with 35kton fiducial mass of the detector.
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Table 74.1 True Oscillation Parameters considered in our work

θ12 33.58◦

θ13 8.48◦

θ23 45◦

δCP 180◦

�m2
21 7.50e−5eV 2

�m2
31 2.40e−3eV 2

Fig. 74.2 Confidence regions in θ23 − δCP plane

The values of oscillation parameters used in this work are presented in Table74.1
and are motivated from [13, 14]. The value of δCP considered in this work lies within
the present set bounds on δCP [15].

Here, we consider a parameter α, which help us to incorporate nuclear effects in
our analysis. It can be considered as a way of including systematic uncertainties, such
approach has been considered previously in [5, 6]. We present the position of the
best fit corresponding to values of α taken as 0 and 1, by plugging them in equations
(74.1) and (74.2)

Ntest
i (α) = α × NQE

i + (1 − α) × NQE−like
i (74.1)

Ntest
i (α) = α × NQE+RES+DI S

i + (1 − α) × NQE−like+RES−like+DI S−like
i , (74.2)

where N is the total number of events. Two cases arise—

1. When α = 1, the second term in each of the equations (74.1) and (74.2) cancels
out which imply that nuclear effects are completely disregarded.

2. When α = 0, the presence of fake events are registered which imply that nuclear
effects are incorporated.
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We notice from Fig. 74.2a that the value of octant of θ23 shifts from maximal toward
lower octant when QE and QE-like events are examined while from Fig. 74.2b we
can see that the θ23 shifts to the higher octant whenwe include contribution of nuclear
effects from QE+RES+DIS processes.

74.4 Conclusion

We notice a 3σ shift in the best fit point value for Charged Current QE events in
Fig. 74.2a and a shift of more than 3σ for QE+RES+DIS processes in Fig. 74.2b.
In a future work we will report the results by considering different values of the
parameter α as defined above, since α can take on any value between 0 and 1. In an
outlook of the study, we need to perform an extensive authentication of the accuracy
of nuclear models employed in data analysis. Employment of nuclear targets in
neutrino oscillation experiments aid in boosting the event statistics which reduce the
statistical error but we need to pin down the systematic uncertainties arising from
the persistent nuclear effects that will bring us a step closer in achieving our goals.
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Chapter 75
Study of Phase Transition in Two-Flavour
Quark Matter at Finite Volume

Anirban Lahiri, Tamal K. Mukherjee, and Rajarshi Ray

Abstract We study some aspects of the phase transition of the finite size droplets
with u and d quarks. We modelled the system through the Polyakov Nambu Jona-
Lasinio Model (PNJL) and employ multiple reflection expansion to introduce the
finite size effects. We discuss the qualitative behaviour of the order parameters,
pressure and susceptibilities. We find increased fluctuations around the transition
temperature region due to finite size effects and the fluctuations are more for small
system size.

PACS numbers: 25.75.Nq · 12.39.-x · 11.10.Wx · 64.60.an

75.1 Introduction

For the last few decades, intense efforts have been going on to understand the
phase structure of Quantum Chromodynamics (QCD). But due to many complexi-
ties involved in the theoretical (as well as experimental) study of the QCD, we are
yet to draw a clear definitive picture of the phase diagram amongst the many pos-
sibilities. Current understanding, on the basis of majority of the studies (see, for
example, [1–13]), indicates that the QCD phase diagram of two light flavour quarks,
is a crossover transition from hadron degrees of freedom to quark degrees of freedom
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at around zero chemical potential. Whereas for high value of chemical potential, it
is a first-order phase transition [2, 5–14]. This first-order phase boundary line ends
at a second-order phase transition point. This second-order phase transition point is
known as Critical End Point (CEP). However, we should keep in mind that there
are studies which indicate no first-order phase transition at large chemical potential
[14–20] and the CEP does not exist in the QCD phase diagram. The only definitive
answer regarding the existence and location of the critical end point should come
from the experiments. The affirmative answerwould also indirectly supports the exis-
tence of first-order phase transition line at large chemical potential and crossover line
at the small chemical potential region. Various heavy-ion collision experiment pro-
grammes, the Beam Energy Scan (BES) programme at RHIC, the FAIR at GSI, and
the NICA at DUBNA all are devoted to find an answer to the structure of the QCD
phase diagram and problem of locating the CEP.

However, the deconfinedmatter of quarks and gluons created in relativistic heavy-
ion collisions has finite size. Whereas most of the theoretical studies regarding the
QCD phase diagram have been carried out in thermodynamic limit. So the pertinent
question is that whether the size of thematter created is large enough to be considered
to be in the thermodynamic limit or not. If it is not large enough, then we need to
take into account the finite size effects as well in the theoretical calculations. This
will allow better comparison of the theoretical result with the experimental one.

Various groups tried to include the finite size effects through various methods,
some of which can be found here [21–27]. Here, we are going to include the effects
of finite size by the modification of density of states. This is achieved following the
prescription of Multiple Reflection Expansion (MRE) formalism. In this work, we
discuss some of the aspects of the QCD phase transition in finite volume in terms
of behaviour of the order parameters and pressure. We also illustrate the behaviour
of fluctuations in finite volume with the help of second- and fourth-order quark
number susceptibilities. The paper is organised as follows. The model and the MRE
formalism are briefly discussed in the next section. Relevant results are presented in
the last section along with a outlook.

75.2 Formalism

We start with the thermodynamic potential of two-flavour PNJLmodel within a finite
sphere, given by

�′ = U ′ (�̄,�, T
) + σ2

2G
− 6N f

∫
d3 p

(2π)3
ρMRE(p,m, R)E θ

(
�2 − |p| 2

)

− 2N f T
∫

d3 p

(2π)3
ρMRE(p,m, R)

{
ln

[
1 + 3�e−(E−μ)/T + 3�̄e−2(E−μ)/T + e−3(E−μ)/T

]

+ ln
[
1 + 3�̄e−(E+μ)/T + 3�e−2(E+μ)/T + e−3(E+μ)/T

]}
, (75.1)
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where the quark condensate is given by σ = G〈ψ̄ψ〉. The quasi-particle energy is
given by E = √|p| 2 + m2, where m = m0 − σ is the constituent quark masses. �
is the three-momentum cutoff as in the NJL model. Free parameters of the NJL part,
i.e., m0, G and � are fixed by zero temperature observables [9].

For the Polyakov loop potential, a Landau–Ginzburg type potential with Z(3)
symmetry may be written [9, 28] with proper consideration of the Haar measure as
[29],

U ′ (�, �̄, T
)

T 4
= −b2 (T )

2
�̄� − b3

6

(
�3 + �̄3

) + b4
4

(
�̄�

)2 − κ ln[J (�, �̄)]

≡ U (
�, �̄, T

)

T 4
− κ ln[J (�, �̄)]

(75.2)

with the temperature dependent coefficient of the form, b2 (T ) = a0 + a1
( T0
T

) +
a2

( T0
T

)2 + a3
( T0
T

)3
. The constants could be obtained by fitting Polyakov loop and

pressure obtained in pure gaugeQCD simulations on the lattice [9, 28, 29]. Here T0 is
the temperature where the above-written Polyakov loop potential shows a transition.
Originally it was found to be 270 Mev, later it was tuned to be 190 MeV to bring the
pseudo-critical temperature down [9]. We also choose T0 = 190MeV for the present
work.

J (�, �̄) is the VdM term [29] which comes as a Jacobian when one writes the
Polyakov loop potential in terms of scalar-valued traced Polyakov loop.

Effect of finite size of the system has been incorporated by a modified density of
states following MRE formalism [30–34]. For a spherical droplet of radius R, the
modified density of states is given by

ρMRE(p,m, R) = 1 + 6π2

pR
fS + 12π2

(pR)2
fC , (75.3)

where the surface term

fS = − 1

8π

(
1 − 2

π
arctan

p

m

)
(75.4)

was derived within MRE formalism [31] and the curvature term is from an ansatz by
Madsen [32]

fC = 1

12π2

[
1 − 3p

2m

(π

2
− arctan

p

m

)]
(75.5)

Suppression of MRE density of states is more pronounced in the low momentum
regime where it takes unphysical negative values [35]. To overcome this issue an IR
cutoff has been introduced in [35], which is defined as the largest zero of ρMRE.

The mean fields are obtained by minimization of thermodynamic potential,
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∂�′

∂X
= 0 with X = �, �̄,σ. (75.6)

During this minimization process we did not take derivatives of the ρMRE w.r.t. σ
or equivalently m. The density of states are evaluated for a fixed mass scale and at
that point we do not care about the microscopic mechanism of mass generation. This
philosophy was also adapted for MIT bag model [32].

Bulk pressure is given by P = −� where we did not take the VdM term as
explained in [29]. Although the relation P = −� is in principle valid only in ther-
modynamic limit, but it has been shown in [26] that this relation holds very well
down to a system of radius 5 fm or less. Susceptibilities of different order is defined
as χn = ∂n(P/T 4)

∂(μ/T )n
|μ=0 for n = 2, 4, . . .. χn for odd values of n vanishes at μ = 0 due

to CP symmetry.

75.3 Result and Outlook

As mentioned in the previous section, we are including the effects of finite size by
modifying the density of states. Now, the modified density of states ρMRE (p,m, R)

is a function of momentum (p), mass (m) and Radius (R). The forms of fS and fC
were first used in the context of MIT bag model. However, in MIT bag model the
mass is not a dynamical quantity, whereas in PNJL model the mass is a dynamical
quantity and defined through the dynamical auxiliary field σ. For this reason, whilst
using the form of density states ρMRE derived in the context of MIT bag model, we
treat mass in ρMRE as parameter whose value is fixed from the value of mass at each
value of temperature and chemical potential. This is an ad hoc assumption made in
this work. The detailed analysis of this assumption is beyond the scope of this work
and will be presented in the subsequent work. As a result of this assumption, we do
not consider the variation of the density of states w.r.t σ in the minimization process.

Another assumption is the equality P = −�which is valid in the thermodynamic
limit. But,we used this equality to find the pressure of a systemoffinite size, assuming
the error is within 10% as illustrated in [26].

We are going to present some of the qualitative features of the phase transition
in finite sized strongly interacting matter consisting of two light flavoured quarks
u and d at zero chemical potential. In (Fig. 75.1), we have shown the behaviour of
the order parameters as a function of temperature. As evident from the figure, the
traced Polyakov loop is not much affected by the finite size of the system. This
is expected as we have not introduced any size dependence in the Polyakov loop
potential. However, they split depending on the system size only during the rapid
rise within a narrow temperature band where the crossover transition takes place. On
the other hand, the chiral condensate σ is reallty influenced by the finite size effects.
The vacuum value of the condensate is greatly reduced as we decrease the system
size and transition temperature shifted to the lower temperature as we decrease the
system size.
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Fig. 75.2 Pressure as a functions of temperature for different system sizes

Variation of pressurewith temperature is presented in the (Fig. 75.2).Qualitatively,
pressure for different system sizes behave similarly and the transition takes place at
a lower temperature for smaller system size. For any particular value of temperature,
we find within our formalism, pressure is higher for small system size. We find first
and fourth terms (Polyakov loop potential and medium contribution to the pressure)
of (75.1) are not affected by the system size effects. Whereas, second and third terms
of (75.1) are sensitive to the system size. Their contribution makes the pressure differ
for different system sizes. This is expected as chiral condensate changes drastically
with system sizes as can be seen from (Fig. 75.1).

To discuss the finite size effects in fluctuations we have plotted second and fourth-
order susceptibilities in (Fig. 75.3). As can be seen from the figure, finite size cor-
rections introduce non-trivial effects in the fluctuations and they are qualitatively
different from the susceptibilities in the thermodynamic limit. Especially the second-
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order fluctuations do not smoothly approach the saturation value as we increase the
temperature. There is a non-trivial increase of fluctuations around the transition
temperature region. When we analyse the individual contributions of surface and
curvature terms, we find it is the surface term that introduces the non-trivial effects
and main contributor of the finite size effects in various thermodynamic quantities.

To summarise, we have tried to study the effects of the finite size of the system
of strongly interacting matter created in the heavy-ion collision experiments using
the PNJL model with a suitable density of states. We find the effects to be quite
significant for the pressure as well as the quark number fluctuations. This implies
that a careful analysis of the data from the experiments is necessary taking finite size
effects into account. Further progress in the study will be reported elsewhere.
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Chapter 76
Measurement of Azimuthal Correlations
of Heavy-Flavour Hadron Decay
Electrons with Charged Particles in P–Pb
and Pb–Pb Collisions at

√
sNN = 5.02

TeV with ALICE at the LHC

Bharati Naik

Abstract The ALICE (A Large Ion Collider Experiment) apparatus at the LHC is
designed to study the properties of QGP (Quark-Gluon Plasma), a deconfined state
of quarks and gluons produced in heavy-ion collisions. The study of angular corre-
lations between the heavy-flavour hadron decay electrons and charged particles can
offer information about potential heavy-flavour jet quenching in the QGP. It also pro-
vides information about any possible medium-induced modification of heavy-quark
fragmentation and hadronization. In these proceeding, themeasurement of azimuthal
correlations between high-pT heavy-flavour hadron decay electrons and charged par-
ticles in Pb–Pb collisions at

√
sNN = 5.02TeV will be presented. A comparison of

the results measured in p–Pb collisions at
√
sNN = 5.02TeV using LHC Run 2 data

will also be shown.

76.1 Introduction

The ALICE apparatus at the LHC is dedicated to study the properties of the QGP.
Due to their heavy masses heavy quarks (charm and beauty) are produced in the
early stages of the collision via hard-scattering processes. As a result, they experi-
ence the entire evolution of the system formed in such collisions and therefore, are
effective probes for investigating the properties of the medium. The angular correla-
tions between the heavy-flavour hadron decay electrons (HFe) and charged particles
in p–Pb collisions offer information about the cold nuclear effects on charm jets.
The long-range v2-like structure in high-multiplicity p–Pb collisions and in Pb–Pb
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collisions, it can provide information about any possible medium-induced modifi-
cation of heavy-quark fragmentation, hadronization, and in-medium Parton energy
loss mechanisms.

76.2 Analysis Method

The main detectors used for this analysis are the: ITS (Inner Tracking System) for
tracking and vertexing, TPC (Time Projection Chamber) for tracking and particle
identification, TOF (Time Of Flight) for particle identification, EMCal (ElectroMag-
netic calorimeter) for electron identification and triggering and the V0 detector for
triggering and multiplicity determination. The various sub-systems of the ALICE
apparatus and their performance are described in details in [1, 2]. The data sets
used for both p–Pb and Pb–Pb analysis were collected in 2016 with an integrated
luminosity L int = 291 μb−1 and L int = 225 μ b−1, respectively.

76.2.1 Electron Identification

The HFe contributed by the semi-leptonic decays of open heavy-flavour hadrons via
the following channels: D → e + X (BR: 10%), B → e + X (BR: 10%). The low pT
(pT< 4.0 GeV/c) electrons are identified by using information from the TOF and
TPC, the high pT (pT ≥ 4.0 GeV/c) electrons are identified using the E/p ratio of
EMCal. The detailed procedure can be found in [3].

76.2.2 Azimuthal Correlation and Corrections

Each selected electron is correlated with charged tracks (hadrons), produced in the
same event and the (Δη,Δϕ) correlation distribution is built. Here,Δη = ηelectron −
ηhadrons and Δϕ = ϕelectron − ϕhadrons . The effects on the distribution due to the
limited detector acceptance and inhomogeneities are corrected via the event-mixing
technique. The background, electrons fromnon-heavy flavoured hadron decays (non-
HFe), can be subtracted from the inclusive electron distribution to obtain a relatively
pure sample ofHFe. The non-HFe aremainly fromphoton conversions in the detector
material and Dalitz decays of light neutral mesons (π0, η). They can be removed
by an invariant mass (M) technique and by utilizing the photon-electron tagging
method. For the latter, the invariant mass of the electron pairs are reconstructed and
those satisfying Me+e− < 140 MeV/c2 are tagged as non-HFe. Further details of this
procedure are described in [3, 4]. The (Δη,Δϕ) distributions are projected onto Δϕ

axis and are normalized by the number of trigger particles (HFe).
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76.3 Results

The angular correlations betweenHFe and charged particles are studied in two differ-
ent event multiplicity classes, i.e., low multiplicity (60–100%) and high multiplicity
(0–20%) in p–Pb collisions [7]. The correlation function obtained from events at
low multiplicities is subtracted from that measured in high multiplicities to remove
the jet contribution, assuming that the jet fragmentation is independent of the event
multiplicity. The left panel of Fig. 76.1 shows the azimuthal-correlation distribu-
tion between HFe and charged particles, for high-multiplicity p–Pb collisions after
subtracting the jet contribution from low-multiplicity collisions. The left panel of
Fig. 76.1 demonstrates a v2-like modulation as observed in di-hadron correlation
distribution of light flavours [5]. A Fourier fit is applied to the azimuthal-correlation
distribution to extract the HFe v2. The right panel of Fig. 76.1 shows a positive v2
of heavy-flavour decay electron with a significance of 5.1σ in the range 2 < peT < 4
GeV/c.

Similarly, the azimuthal correlation betweenHFe and charged particles is obtained
for central (0–20%) and semi-central (20–50%) in Pb–Pb collisions. After removal
of the pedestal and flow contribution from the correlation distribution, the near-side
associated yield is calculated by taking the integral of Δϕ distribution in the range
−1 < Δϕ < 1. The left panel of Fig. 76.2 shows the near-side associated yield mea-
sured in central and semi-central Pb–Pb collisions, along with the results measured
in p–Pb collisions. The ratios of the near-side associate yield between Pb–Pb and
p–Pb collisions are shown in the right panel. The ratio increases with decreasing
associated particle pT, which indicates a possible medium-induced modification of
heavy-quark fragmentation in heavy-ion systems. The ratio also demonstrates a cen-
trality dependence.
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Fig. 76.1 Left panel: azimuthal-correlation distribution between heavy-flavour decay electrons
and charged particles, for high-multiplicity p–Pb collisions after subtracting the jet contribution
from low-multiplicity collisions. Right panel: heavy-flavour decay electron v2 as a function of pT
compared to the v2 of unidentified charged particles [5] and inclusive muons [6]
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sions. Right panel: ratio of near-side associated yield of Pb–Pb w.r.t p–Pb collisions

76.4 Summary and Outlook

The results of azimuthal correlations between HFe and charged particles in p–Pb and
Pb–Pb collisions, extracted in different pT intervals of HFe and associated charged
particles, are presented.Apositivev2 for both light-flavour hadrons andheavy-flavour
particles seen in p–Pb collisions. The near-side associated yield in both p–Pb and
Pb–Pb collisions and the ratio of near-side associated yield of Pb–Pb with respect to
p–Pb collisions are presented. The mild increase in the near-side associated yield in
Pb–Pb collisions compared to p–Pb hints at a possible medium-inducedmodification
of the fragmentation of heavy quarks.
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Chapter 77
Evolution of Quarkonia States in a
Rapidly Varying Strong Magnetic Field

Partha Bagchi, Nirupam Dutta, Bhaswar Chatterjee,
and Souvik Priyam Adhya

Abstract In a transient magnetic field, heavy quarkonium bound states evolve non-
adiabatically. In the presence of a strong magnetic field, J/� and Υ (1S) become
more tightly bound than we expected earlier for a pure thermal medium. We have
shown that in a time- varying magnetic field, there is a possibility of moderate
suppression of J/� through the non-adiabatic transition to continuum whereas the
Υ (1S) is so tightly bound that it cannot be dissociated through this process. We have
calculated the dissociation probabilities up to the first order in the time-dependent
perturbation theory for different values of initial magnetic field intensity.

There are possibilities of the production of a very high intensity magnetic field
[1–4] in non- central high-energy nucleus-nucleus collisions. The producedmagnetic
field canmodify heavy quarkonia suppression in the deconfinedQuarkGluon Plasma
[5–7]. Another obvious modification is the Zeeman splitting of quarkonium states
in a constant magnetic field which essentially creates various quarkonium states
[8, 9] differing by their spin degrees of freedom which is very similar to the case of
positronium in quantum electrodynamics [10]. Then, there are possibilities for spin
mixing in homogeneous [7, 9] and inhomogeneous [11]magnetic field environments.
Besides that, the ionisation [12] of bound states due to the tunnelling caused by the
magnetic field can lead to the suppression of quarkonium states. Furthermore, the
static quark anti-quark potential in a medium can also be modified in the presence of

P. Bagchi (B) · S. P. Adhya
Variable Energy Cyclotron Centre, Kolkata, India
e-mail: parphy85@gmail.com

S. P. Adhya
e-mail: sp.adhya@vecc.gov.in

N. Dutta
National Institute of Science Education and Research Bhubaneswar, Odisha, India
e-mail: niripamdu@gmail.com

B. Chatterjee
Department of Physics, Indian Institute of Technology Roorkee, Roorkee 247667, India
e-mail: bhaswar.mph2016@iitr.ac.in

© Springer Nature Singapore Pte Ltd. 2021
P. K. Behera et al. (eds.), XXIII DAE High Energy Physics Symposium,
Springer Proceedings in Physics 261,
https://doi.org/10.1007/978-981-33-4408-2_77

555

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4408-2_77&domain=pdf
mailto:parphy85@gmail.com
mailto:sp.adhya@vecc.gov.in
mailto:niripamdu@gmail.com
mailto:bhaswar.mph2016@iitr.ac.in
https://doi.org/10.1007/978-981-33-4408-2_77


556 P. Bagchi et al.

a magnetic field. Depending on the non-centrality and the energy of the heavy ion, the
magnetic field can be as strong as B � 50 m2

π where m2
π = 1018 Gauss and decays

very quickly as the spectator quarksmove away from thefireball. It has been estimated
that at time t � 0.4 f m, the magnetic field is practically negligible. However, if
QGP forms very early in time, then it can trap the magnetic field because of its high
electrical conductivity. So the formation of QGP can increase the persistence time
[13] of the magnetic field in Relativistic Heavy Ion Collision (RHIC). In spite of that,
the field will decay to a few orders of magnitude within a few f m/c time. Hence,
the produced magnetic field is time dependent.

In this article, we have calculated the transition from ground states of quarkonia
to the continuum states in the presence of the transient magnetic field. This leads to
further suppression of quarkonia which is completely different from the ionisation
process discussed earlier [12]. In a time-varying magnetic field, quarkonia evolve
non-adiabatically because the quark anti-quark potential becomes time dependent
and changes very rapidly as the magnetic field does. The non-adiabatic evolution
previously has been addressed in the context of evolving QGP [14] and also in the
context of rapid thermalisation [15].

In this work, we will restrict ourselves within the strong magnetic field approx-
imation which means that the magnetic field will dominate over all other scales
present in the system such as mass and temperature because eB

m2 >> 1 and eB
T 2 >> 1,

where m is the mass of the medium particle affected by the magnetic field and T
is the temperature of the system. This is obviously above Schwinger’s critical limit
[16] that makes it possible to have a classical description of the magnetic field. The
effects of the magnetic field are incorporated through the light quark propagator. The
fermion propagator in the strong field limit is given by

S0(k) = i
m + γ · k‖
k2‖ − m2

(1 − iγ1γ2)e
−k2⊥
|q f B| (77.1)

for zero temperature. Here, we have assumed the magnetic field B to be along
a fixed direction (let’s say z). q f is the electric charge of the fermion of flavour f ,
and K is the fermion 4-momentum expressed as k2⊥ = −(k2x + k2y), k

2
‖ = k20 + k2z

and γ · k‖ = γ0k0 − γ3kz . The split in the 4-momentum occurs due to the Landau
quantization in the plane transverse to the magnetic field as the fermion energy is
given by

E =
√
m2 + k2z + 2n|q f |B (77.2)

with n being the number of Landau levels which is equal to zero in the strong field
limit. At finite temperature, the propagator in real time [17] becomes
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i S11(p) =
[

1
p2‖−m2+iε

+ 2π in pδ(p2‖ − m2)

]
(1 + γ 0γ 3γ 5)

×(γ 0 p0 − γ 3 pz + m)e
−p2⊥
|qB| , (77.3)

where the distribution is

np(p0) = 1

eβ|p0| + 1
, (77.4)

with the Boltzmann factor β. The Debye screening mass (mD) heavy quark poten-
tial in a strong magnetic field can be obtained by taking the static limit (|p| =
0, p0 → 0) of the longitudinal part of the gluon self-energy πmDν . If there is no
magnetic field in the medium, then mD can be written for the three-flavour case as
mD = gT

√
1 + N f /6 [18]. In the presence of a magnetic field, the Debye mass [19]

becomes

m2
D = g′2 T 2 + g2

4π2T

∑
f

| q f B |
∞∫

0

dpz
eβ

√
p2z +m2

f

(
1 + eβ

√
p2z +m2

f

)2 (77.5)

where the first term is the contribution from the gluon loops which depends on
temperature only. The second term, the contribution from the fermion loop, strongly
depends on the magnetic field and is not much sensitive to the temperature of the
medium. In the first term, g′2 = 4πα′

s(T ) where α′
s(T ) is the usual temperature-

dependent running coupling where the renormalization scale is taken as 2πT . It is
given by

α′
s(T ) = 2π

(
11 − 2

3N f
)
ln

(
�

�QCD

) (77.6)

where � = 2πT and �QCD ∼ 200MeV.
In the second term, g2 = 4πα

‖
s (kz, q f B), where α

‖
s (kz, q f B) is the magnetic

field-dependent coupling and doesn’t depend on temperature. This is given by
[20, 21]

α‖
s (kz, q f B) = 1

α0
s (μ0)

−1 + 11Nc
12π ln

(
k2z +M2

B

μ2
0

)
+ 1

3π

∑
f
q f B
σ

(77.7)

where

α0
s (μ0) = 12π

11Nc ln
(

μ2
0+M2

B

�2
V

) (77.8)
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All the parameters are taken as MB = 1GeV, the string tension σ = 0.18GeV2,
μ0 = 1.1GeV and �V = 0.385GeV.

Now one has to see the nature of the magnetic field which decreases with time
and that essentially makes the Debye screening mass a time-dependent quantity. The
intensity of the initial magnetic field B0 is of the order of a few m2

π and decays with
time in the following way:

B = B0
1

1 + at
, (77.9)

using the fitting of the result provided in the article by Tuchin [22] with the value of
the parameter a = 5.0. The heavy quark potential in the medium can be written as

V (r) = −α

r
exp(−mDr) + σ

mD
(1 − exp(−mDr)) (77.10)

The effect of the temperature and magnetic field is incorporated in the Debye mass
given in (77.5) This is obvious that the potential becomes time dependent due to the
time dependence of the magnetic field and temperature. We consider that initially
there are only ground states of charmonia (J/�) and bottomonia (Υ (1S)). These
two states evolve in a time-dependent potential which causes the transition to other
excited states as well as to the continuum. We would like to calculate the transition
probabilities of the ground states to the continuum which gives us the dissociation
probabilities of (J/�) and (Υ (1S)). We have adopted time-dependent perturbation
theory in this context in order to calculate the dissociation probability up to the
first order. The perturbation at any instant t is considered to be H 1(t) = V (r, t) −
V (r, ti ). We want to calculate the transition probability to the unbound states which
are obviously plane wave states given by

�k = 1√

eik·r (77.11)

which is box-normalised over a volume  and can have all possible values of
the momentum k. The first-order contribution to the transition amplitude can be
expressed as

aik =
∫

d

dt
〈�k |H 1(t)|�i 〉 ei(Ei−Ek )

(Ei − Ek)
dt. (77.12)

|�i 〉, Ei are initial quarkonium state and the corresponding energy eigenstates,
respectively, and Ek is the energy of the dissociated state |�k〉. The total transition
probability to all continuum states is given by

=
∞∫

k=0

|aik |2 

(2π)3
k2dk, (77.13)
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where the number of unbound states between themomentumcontinuum k and k + dk
over 4π solid angle is

dn =
(

L

2π

)3

k2dk = 

(2π)3
k2dk (77.14)

We know that J/� and Υ (1S) can survive in the thermal medium (QGP) almost
up to 2.2Tc and 4Tc, respectively [23], but in the presence of a magnetic field, the
binding energies of these states get modified. The binding energy is given by

Edisso = EB − 2mq − σ

mD
, (77.15)

where mq is the mass of quark and EB is the energy eigenvalue calculated from the
time-independent Schrödinger equation by using the Numerov’s method. We have
plotted the binding energy of J/� at a temperature 1.7Tc andΥ (1S) at a temperature
3Tc as a function of the magnetic field intensity in Fig. 77.1. The binding energies
do not change much over a span of magnetic field intensity from 1 − 15m2

π . In other
words, these quarkonium states can survive at a higher temperature if there is a
magnetic field present in the medium. Within the specified rage of the magnetic field
intensity, the dissociation temperature of J/� and Υ (1S) becomes 2.73 − 2.94Tc
and 8.12 − 8.89Tc, respectively.

We have employed first-order perturbation theory to evaluate the dissociation
probabilities of both the ground states first by considering a purely thermal QGP
which cools off to the temperature Tc of the medium and then the same has been
calculated by considering the time-dependent magnetic field in the evolving QGP.
For our study on J/�, we have considered that the initial temperature of the medium
is 1.7Tc which eventually decreases according to the power law given by,

Fig. 77.1 Binding energy of
J/� and Υ (1S) as a
function of the magnetic
field intensity
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Fig. 77.2 Dissociation
probability of J/� and
Υ (1S) as a function of the
intensity of the initial
magnetic field
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with T0, the initial temperature and τ0 be the equilibration time, taken to be approxi-
mately 0.5 f m/c for QGP. We have calculated the dissociation probability when the
medium temperature falls off to Tc from an initial value in the presence of the time-
dependent magnetic field. The initial value of the magnetic field is not known exactly
and therefore we have used various initial values of the magnetic field intensity and
have shown the dissociation probabilities as a function of the initial magnetic field.
The same has been done for the Υ (1S) state by considering the initial temperature
around 3Tc. In Fig. 77.2, the solid black line denotes the dissociation probability of
J/� which increases with the initial field intensity. The state J/� can be dissociated
from 12 to 50 percent within the range of the field intensity 1 − 15m2

π . The dotted
blue line shows that the dissociation probability for Υ (1S) is almost zero over the
specified span of the field strength.

Summarising the article, we conclude that due to the modification of the heavy
quark potential in the presence of a magnetic field, the bound states J/� and Υ (1S)

become more strongly bound compared to those in a pure thermal QGP. As a result,
the bound states can survive much higher temperatures than we have expected pre-
viously. Although J/� can be dissociated by making non-adiabatic transitions to
the unbound states, Υ (1S) still remains bound. We have estimated the dissociation
probability within the limits of first-order perturbation theory.
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Chapter 78
Predictions for Transverse Momentum
Spectra and Elliptic Flow of Identified
Particles in Xe+Xe Collisions at

√
sNN =

5.44 TeV Using a Multi-phase Transport
Model (AMPT)

Sushanta Tripathy, R. Rath, S. De, M. Younus, and Raghunath Sahoo

Abstract Relativistic collisions of Xe+Xe at Large Hadron Collider give us an
opportunity to study the properties of possible state of deconfined quarks and gluons,
where the size of the produced system lies between the p+p and Pb+Pb collisions.
In the present study, we have incorporated nuclear deformation in a multi-phase
transport (AMPT) model to study the identified particle production and elliptic flow
in Xe+Xe at

√
sNN = 5.44TeV. In more comprehensive way, we have studied pT-

differential and pT-integrated particle ratios to pions and kaons as a function of
centrality and the number of constituent quark (nq ) and transverse mass (mT) scal-
ing of elliptic flow. The effect of deformation on particle production has also been
highlighted by comparing with non-deformation case. The pT-differential particle
ratios show a strong dependence on centralitywhereas pT-integrated ratios are almost
independent of centrality.

78.1 Introduction

Ultra-relativistic heavy-ion collisions at Relativistic Heavy-Ion Collider (RHIC) and
Large Hadron Collider (LHC) give us an opportunity to produce the matter created
in early universe, few micro-seconds after the Big-bang, in laboratory and study its
properties. In such collisions, the produced system contains deconfined quarks and
gluons and because of initial energy density and pressure the system expands and
passes into a phase of hadron gas. This transition basically consists of couple of
phase boundary, namely, chemical freeze-out, where the inelastic collisions cease
and kinetic freeze-out boundary, where the elastic scatterings cease or the particle
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transverse momentum spectra get fixed. Hence, the hadrons produced in such col-
lisions may carry the information about the space-time evolution of the produced
system till the occurrence of the final freeze-out. Thus, the final state hadrons are
very important to study the properties of the produced system in heavy-ion collisions.
In recent times, symmetrical nuclei like Pb-ions or spherical gold Au-ions have been
used in the ultra-relativistic colliders to produce the matter at extreme conditions.
However, recent interests have been shown to collide with deformed nuclei like Ura-
nium (U) at RHIC, BNL, and Xenon (129Xe) ions at

√
sNN = 5.44TeV at LHC to

look at the sensitivity of the final state particle production [1] and elliptic flow [2] on
initial geometry of the colliding nuclei. Xenon (129Xe) ions at

√
sNN = 5.44TeV at

LHC also bridge the final state multiplicity gap between the larger Pb+Pb systems
and smaller systems like p+p and p+Pb.

In this work, the nuclear deformation has been implemented in AMPTmodel. The
effects of nuclear deformation have been investigated by studying the pT-differential
and pT-integrated particle ratios to pions and kaons as a function of multiplicity.
Also we have looked into the pT-differential ratio of proton and φmeson, which have
similar mass and studied the hydrodynamical behaviour of the particle production
in central collisions and effect of deformation on it. Furthermore, we have studied
the scaling behaviour of elliptic flow with respect to constituent quarks as a function
of pT/nq and (mT − m0)/nq . For the incorporation of deformation in AMPT model
we refer to [1]. Now lets proceed to next section to discuss the obtained results using
AMPT model.

78.2 Results and Discussion

In this works events are generated for Xe+Xe at
√
sNN = 5.44TeV at mid-rapidity

using the AMPT model, which could be compared with upcoming ALICE data once
available.

78.2.1 Particle Ratios

Identified particle ratios to pions and kaons for different centrality classes are shown
in upper panel of Fig. 78.1 as a function of transverse momentum. These two ratios
are independent of centrality classes for the bulk part (pT <1GeV/c). Above 1GeV/c,
the ratios are higher for the most central collisions. For p/K ratio, above 1.4 GeV/c
the ratio is greater than one, which suggest higher production rate of protons in the
intermediate pT-range, which may be due to contributions from the recombination.

Lower panel of Fig. 78.1 shows the pT-integrated identified particle ratios to pions
and kaons as a function of centrality. These pT-integrated ratios remain independent
of centrality classes whereas we see a strong centrality dependence of pT-differential
particle ratios. This is attributed to the fact that the integrated yield is defined by bulk
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Fig. 78.1 (Color online) (Upper panel) Identified pT-differential particle ratios to pions and kaons
for different centrality classes. (Lower panel) Identified pT-integrated particle ratios to pions and
kaons as a function of centrality [1]
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Fig. 78.2 (Color online) (Left plot) p/φ ratio as a function of transverse momentum. (Right plot)
K/π ratio as function of charged particle multiplicity [1]

part of the system, which are at low-pT region and from the observations from upper
panel, identified particle ratios for the bulk part are independent of centrality. Left
plot of Fig. 78.2 shows the pT-differential p/φ ratio for different AMPT settings, i.e.,
AMPT default, string melting without deformation and string meting with deforma-
tion. Here, we have also compared our observations with the ALICE experimental
data. From hydrodynamic point of view the p/φ ratio in ALICE data is almost con-
stant at low-pT because of the fact that they have similar masses. From all the AMPT
settings, default AMPT with deformation explains the ratio qualitatively. Similarly,
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right plot of Fig. 78.2 shows the K/π ratio as a function of charged particle multiplic-
ity. The ratio obtained from Xe+Xe collisions at

√
sNN = 5.44TeV fill up the gap

between p+p and Pb+Pb collisions and obtained values are similar for these three
systems for a given charged particle multiplicity.

78.2.2 Elliptic Flow (v2)

The effect of collision geometry on elliptic flow has been studied using AMPT-SM.
Figure78.3 shows the elliptic flow scaled with the number of constituent quarks for
π, K and p as a function of pT/nq and (mT − m0)/nq in 50–60% centrality class.We
do not observe scaling of v2 with respect to number of constituent quarks as a function
of pT/nq . However, a possible nq -scaling of v2 as a function of (mT − m0)/nq is
evident from Fig. 78.3b.

78.3 Summary and Conclusion

In thiswork, a detailed studyhas beenperformed for identifiedparticle production and
their elliptic flow, pT-differential and pT-integrated particle ratios to pions and kaons
as a function ofmultiplicity and centrality for Xe+Xe collisions at

√
sNN = 5.44TeV

using AMPT model. The elliptic flow scaled with number of constituent quarks for
π, K and p does not show any scaling behaviour as a function of pT/nq , however,
a possible scaling is observed as a function of (mT − m0)/nq . The pT-differential
identified particle ratios show a strong dependence of centrality classes above pT >

1 GeV/c, however the pT-integrated particle ratios are independent of centralities.
Furthermore, defaultAMPTwith deformation explains pT-differential p/φ ratio qual-
itatively. Finally, the obtained K/π ratio using AMPT-SM with deformation agrees
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well with ALICE experimental data as a function of charged particle multiplicity.
For details of this work, one may look into [1, 2].
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Chapter 79
Infrared Effective Dual QCD at Finite
Temperature and Densities

H. C. Chandola and H. C. Pandey

Abstract An infrared effective version of dual QCD based on the topological struc-
ture of non-Abelian gauge theories has been discussed and its extension to finite
temperature andbaryondensities has been analyzed to explore the dynamics of quark-
hadron phase transition and QGP. The topologically effective magnetic symmetry-
based dual QCD has been discussed for its color confining aspects, and its thermal
version has been developed using the grand canonical ensemble formalism. The con-
struction of the equation of state within the dual QCD framework has been shown
to lead to critical parameters and critical points in the phase diagram for a QGP
phase transition. For quark matter at finite baryon densities, various thermodynam-
ical profiles have been shown to indicate a weak first-order phase transition with
some critical end points.

79.1 Introduction

It is widely believed that Quantum chromodynamics as a non-Abelian theory of
gauge fields can be very well used for the fundamental description of strong inter-
actions [1, 2] between quarks and gluons. However, the low energy region of QCD
still remains far from clear inaccessible by first principles due to the highly non-
perturbative nature of the hadronic system in the infrared sector of QCD. In the
absence of a satisfactory model to explain the low energy behavior (color confine-
ment, hadronmass spectrum, etc.), the dualmodels forQCDhave been put forward by
a number of authors [3–6] with their own merits and demerits. The dual QCDmodel
based on the topological structure of non-Abelian gauge theories [6–9] leads to a
gauge-independent description of dual superconducting QCD vacuum, and the asso-
ciated flux-tube structure may suitably be used for analyzing deconfinement/QGP
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phase transition [5, 7, 9]. In addition, it has also been realized that there should be a
qualitative change in a hadronic systemwith different thermal and density conditions,
and QCD must have a complex phase structure under such extreme environments
[10, 11]. This is further supplemented by various recent studies related to heavy-ion
collisions to create QGP at RHIC in BNL and LHC at CERN [5, 12]. Such phase
transitions of hadronic matter are of extreme importance due to their role not only
in QCD but in early stages of the evolutionary universe also [11, 13].

In the present paper, following the statistical approach, the thermodynamical
description of topologically effective dual QCD has been presented to analyze the
phase structure of QCD in the presence of non-zero bario-chemical potential. Dis-
cussing the confining features of dual QCD in Sect. 79.2, its thermal response has
been analyzed in Sect. 79.3 using grand canonical ensemble formalism for a hadronic
system with a finite chemical potential. Constructing a suitable equation of state for
quark matter at finite baryon densities and profiles of various thermodynamical vari-
ables have been analyzed for the phase structure of QCD.

79.2 Infrared Effective Dual QCD and Implications

The infrared effective dual QCD is basically based on the gauge-independentAbelian
projection defined by the magnetic isometry and has important implications on the
confining nature of the resulting dual QCD formulation. It establishes the Abelian
dominance by usingAbelian isometry to project the Abelian part for the Abelian sub-
dynamics. In view of the fact that the non-Abelian gauge theory can be viewed [7, 8]
as the Einstein theory of gravitation in a higher dimensional unified space that allows
the introduction of some additional internal symmetries, themagnetic symmetrymay
be introduced as a set of self-consistent Killing vector fields of the internal space
which, while keeping the full gauge degrees of freedom intact, restricts and reduces
some of the dynamical degrees of freedom of the theory. It in turn may be shown to
define the dual dynamics between the color isocharges and the topological charges
of the underlying gauge group G of the theory. For the simplest choice of the gauge
group G ≡ SU (2) with its little group H ≡ U (1), the gauge covariant magnetic
symmetry condition, resulting from the Lie condition Lma gAB = 0, is expressed in
the form,

Dμm̂ = 0, i.e. (∂μ + gWμ×)m̂ = 0 (79.1)

where m̂ is a scalar multiplet that constitutes the adjoint representation of the gauge
group G and Wμ is the associated gauge potential of the underlying group G. The
condition (79.1) thus implies that themagnetic symmetry imposes a strong constraint
on themetric aswell as connection andmay, therefore, be regarded as the symmetry of
the potential. The monopole, therefore, emerges as the topological object associated
with the elements of the second homotopic group �2(G/H). The typical potential
satisfying the condition (79.1) is identified as
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Wμ = Aμm̂ − g−1(m̂ × ∂μm̂), (79.2)

where m̂ · Wμ ≡ Aμ is the color electric potential unrestricted by magnetic sym-
metry, while the second term is completely determined by magnetic symmetry and
is topological in origin. Thus, the virtue of the magnetic symmetry is that it can be
used to describe the topological structure of gauge symmetry in such a way that
the multiplet m̂ may be viewed to define the homotopy of the mapping �2(S2) on
m̂ : S2R → S2 = SU (2)/U (1). It clearly shows that the imposition of magnetic sym-
metry on the potential brings the topological structure into the dynamics explicitly.
The associated field strength corresponding to the potential (79.2) is then given by

Gμν = Wν,μ − Wμ,ν + gWμ × Wν ≡ (Fμν + B(d)
μν )m̂ (79.3)

where, Fμν = Aν,μ − Aμ,ν and B(d)
μν = Bν,μ − Bμ,ν = g−1m̂.(∂μm̂ × ∂νm̂). In order

to explain the dynamics of the resulting dual QCD vacuum and its implications on
confinement mechanism, we start with the SU(2) Lagrangian with a quark doublet
source ψ(x) as given by

L = −1

4
Gμν

2 + ψ̄(x)iγ μDμψ(x) − m0ψ̄(x)ψ(x) (79.4)

However, in order to avoid the problems due to the point-like structure and the sin-
gular behavior of the potential associated with monopoles, we use the dual magnetic
potential B(d)

μ coupled to a complex scalar field φ(x). Taking these considerations
into account, the modified form of the dual QCD Lagrangian (79.4) in quenched
approximation is given as follows:

L(d)
m = −1

4
B2

μν +
∣
∣
∣
∣

[

∂μ + i
4π

g
B(d)

μ

]

φ

∣
∣
∣
∣

2

− V (φ∗φ) (79.5)

where the effective potential V (φ∗φ) appropriate for inducing the dynamical break-
ing of magnetic symmetry in the near-infrared region of QCD is the quartic potential
of the following form:

V (φ∗φ) = 3λα−2
s (φ∗φ − φ2

0)
2. (79.6)

In order to analyze the nature of magnetically condensed vacuum and the associ-
ated flux-tube structure, responsible for its non-perturbative behavior, we use the
Neilsen and Olesen [14] interpretation of vortex-like solutions of the field equa-
tions associated with Lagrangian (79.6) which leads to the possibility of the exis-
tence of the monopole pairs inside the superconducting vacuum in the form of
thin flux tubes responsible for the confinement of any colored flux. Under cylin-
drical symmetry (ρ, ϕ, z) and the field ansatz given by, B(d)

ϕ (x) = B(ρ), B(d)
0 =

B(d)
ρ = B(d)

z = 0 and φ(x) = χ(ρ)exp(inϕ) (n = 0,±1,±2,− − −−) along
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with a representation with dimensionless parameters as r = 2
√
3λα−1

s φ0ρ, F(r) =
(4πα−1

s )
1
2 ρB(ρ), H(r) = φ−1

0 χ(ρ) the associated field equations acquire the fol-
lowing form:

H
′′ + 1

r
H

′ + 1

r2
(n + F)2 + 1

2
H(H 2 − 1) = 0, F

′′ − 1

r
F

′ − α(n + F)H 2 = 0

(79.7)
where α = 2παs/3λ and the prime stands for the derivative with respect to r. Using
the asymptotic boundary conditions given by F → − n, H → 1 as r → ∞, the
asymptotic solution for the function F is obtained in the following form:

F(ρ) = −n + Cρ
1
2 exp(−mBρ) (79.8)

where C = 2πB(3
√
2λg−3φ0)

1
2 andmB = (8πα−1

s )
1
2 φ0 is the mass of the magnetic

glueballs which appear as vector mode of the magnetically condensed QCD vacuum.
Since the function F(ρ) is associated with the color electric field through gauge
potential B(ρ) as Em(ρ) = −ρ−1∂ρ(ρB(ρ)), it indicates the emergence of the dual
Meissner effect leading to the confinement of the color isocharges in themagnetically
condensed dual QCD vacuum. Utilizing the asymptotic solutions of the associated
dual QCD fields, the energy per unit length of the resulting flux-tube configuration
acquires the following form:

k = 2πφ2
0

∞∫

0

rdr

[
6λ

g2
(F ′)2

r2
+ (n + F)2

r2
H 2 + (H ′)2 + (H 2 − 1)2

4

]

, (79.9)

which, on using its relationship with the Regge slope parameter (α′ = 1/2πk =
0.93GeV−2), leads to the numerical identification of unknown φ0 and, hence, in turn,
mB for different strong couplings in full infrared sector ofQCD[8] as (2.11, 1.51, 1.21
and 0.929) GeV for αs = 0.12, 0.22, 0.47, 0.96, respectively. The unique confining
multi-flux-tube configuration of dual QCD leads to a typical phase structure to QCD
which becomes more evident for the thermalized hadronic system as discussed in
the next section.

79.3 Thermal Dynamics and QGP

The phase structure of hadronic matter in QCD and the associated QGP phase of
matter has been a subject of immense importance especially during post LHC/RHIC
era with state-of-the-art facilities for high-energy heavy-ion collisions. Hence, the
investigations for the thermodynamical evolution of dual QCD are greatly desired
to describe the dynamics of QCD matter in different phases including the QGP
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phase. Using equilibrium thermodynamics, statistical concepts may then be used
to study the properties of hadronic matter with a large number of particles under
extreme conditions of temperature/density for exploiting to determine the critical
parameters of phase transitions. With these considerations, using grand canonical
ensemble formalism, the partition function for a thermodynamical system in thermal
and chemical equilibria may be given by

Z = Tr

[

exp

(

− 1

T
(Ĥ − μN̂ )

)]

, (79.10)

where Ĥ and N̂ are the Hamiltonian and particle number operators, respectively, and
μ is the associated chemical potential. It, in turn, leads to thermodynamic quantities
of physical interest such as energy density (ε), particle number density (n), pressure
(P), entropy (S), baryon number (nB) and internal energy (E), as the appropriate
first derivatives expressed in the following form:

ε = T 2

V

∂

∂T
(lnZ) + μn, n = T

V

∂

∂μ
logZ , P = ∂(T lnZ)

∂V
S = ∂(T lnZ)

∂T
,

nB = 1

3

∂(T lnZ)

∂μq
, E = T S − PV + μnB, (79.11)

where μ = 3μq in terms of quark chemical potential with μu = μd = μq . As a
measure of thermal fluctuations, the second derivative parameters such as specific
heat at constant volume and the square of speed of sound may also be defined in

the form, CV =
(

∂ε
∂T

)

V

, c2s = dP
dε

= s(T )

CV (T )
where s(T ) = S

V is the entropy density

providing ameasure of the deviation of equation of state from the conformal behavior.
The associated non-conformal behavior of a special QCD medium is further related
with the parameters of trace anomaly and conformal measure expressed in the form,
�(τ) = ε−3P

T 4 , ζ = (ε − 3P)/ε.
Using Eq. (79.10), the logarithm of partition function in particle number repre-

sentation for a system of particles in the large volume limit for the gases of massless
fermions (f) and massless bosons (b) is obtained as

(T lnZ)b = gbV

90
π2T 4, (T lnZ) f = g f V

24

(
7π2T 4

30
+ μ2T 2 + 1

2π2
μ4

)

, (79.12)

which for the system of free quarks, antiquarks and gluons,

(T lnZ)q,g = 2

3

(
π2

37
T 4 + μ2

qT
2 + 1

2π2μ4
q

)

V . (79.13)
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On the other hand, for addressing the QGP phase transition in QCD, the thermal
evolution of a quark-gluon system may be analyzed in terms of the infrared effective
model using magnetic symmetry-based dual QCD [7, 8], where the multi-flux-tube
system as a periodic system on a S2-sphere on energetic grounds leads to the bag
constant given as

B1/4 =
(
12

π2

)1/4mB

8
. (79.14)

Assuming that the whole quark matter is enclosed inside a big bag leading to the shift
in ground state from physical vacuum into the QCD vacuum achieved by including
the bag energy term (BV ) to (79.13), the grand canonical partition function for QGP
may be evaluated as

(T lnZ)p = 2

3
V

(
π2T 4

3
+ μ2

qT
2 + 1

2π2
μ4
q

)

− BV . (79.15)

The resulting expressions for the energy density, pressure and entropy density for
the quark-gluon plasma phase may be evaluated as

εp = 2

3
π2T 4 + 2μ2

qT
2 + μ4

q

π2
+ B, Pp = 2

9
π2T 4 + 2

3
T 2μ2

q + μ4
q

3π2
− B and

sp = 8

9
π2T 3 + 4

3
μ2
qT . (79.16)

For the study of equilibrium phase transition, we consider baryonic matter composed
of nucleons with non-vanishing baryo-chemical potential and neglect the inter-quark
interactions so that the associated phase transition is dominated by entropy consid-
erations. Hence, using the expression (79.12) with the degeneracy factor g f = 2 × 2
for nucleons, the pressure and energy density for hadronic matter may be expressed
in the following form:

Ph = 7

180
π2T 4 + 1

6
μ2
qT

2 + 1

12π2
μ4
q , εh = 7

60
π2T 4 + 1

2
μ2
qT

2 + 1

4π2
μ4
q and

sh = 7

45
π2T 3 + 1

3
μ2
qT . (79.17)

In the domain of non-zero quark chemical potential, the coexistence of matter
in hadronic (h) and plasma (p) phases as per Gibbs criteria given by Ph = Pp =
Pc, Th = Tp = Tc, μ = 3μq = μc leads to the critical point of phase transition from
hadron to the QGP phase at a typical temperature and chemical potential (subscript
c refers to the critical point of the QGP phase transition). As such, using the phase
equilibrium conditions for the hadron pressure and plasma pressure given by equa-
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tions (79.16) and (79.17), respectively, along with the critical point as per Gibbs free
energy minimization μq = 1

3μc, T = Tc results in an identity given as

11

60
π2T 4

c + 1

18
T 2
c μ2

c + μ4
c

324π2
= B. (79.18)

The relations given by Eqs. (79.16)–(79.18) play an important role in the phase
structure of QCD and are useful to compute various critical and thermodynamical
properties of QGP as discussed below.

Analyzing the equation of state for the QGP phase transition for non-vanishing
bario-chemical potential as presented in (T − μ) plane in Fig. 79.1 using the nor-
malized pressure (P/T 4) for hadron and QGP phases given by equations (79.17)
and (79.16), respectively, leads to the critical temperatures of the QGP phase transi-
tion which for the case of the optimal value of the strong coupling, αs=0.12, in the
infrared sector of QCD, yielding the values of (μc, T

μ
c ) as (0.66,0.071) GeV. The cor-

responding plots for vanishing chemical potential lead to the point of the QGP phase
transition at the critical temperatures of (T 0

c ) of 0.239 GeV for the case of αs = 0.12
[8]. It, therefore, indicates a considerable reduction in the critical temperature of the
QGP phase transition for a non-vanishing bario-chemical potential. In addition, the
thermal variation of the bario-chemical potential as per equation (79.18) depicted in
Fig. 79.2 indicates the existence of a critical end point where a weak first-order QCD
phase transition goes into a possible crossover.

A similar indication for a possible crossover beyond the critical end point is
obtained by the quantities derived from pressure derivatives like quark number den-
sity and susceptibility and scale pressure difference which indeed show growing
fluctuations around the critical end point.

Similarly, in view of the rapid rise in the degree of freedom around the critical
point, thermodynamic variables like energy density, entropy density, specific heat
and sound speed become typical indicators of phase transition in QCD and need
to be investigated for the case of finite bario-chemical potentials. In the presence of
chemical potential, the differences in energy densities of plasma and hadronic phases

Fig. 79.1 (Color online) Variation of energy density (left) and pressure (right) with T and μ
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Fig. 79.2 (Color online)
T − μ phase diagram

appearing as a measure of non-zero finite latent heat and the associated entropy
differences may be evaluated in the following form:

�ε = εp(T
μ
c ) − εh(T

μ
c ) = 33π2T μ4

c

60
+ 3

2
μ2
qT

μ2
c + 3

4π2
μ4
q + B,

�s = sp(T
μ
c ) − sh(T

μ
c ) = 11

15
π2T μ3

c + 2

3
μ2
qT

μ
c . (79.19)

Equations (79.16) and (79.18) have been depicted in (T − μ) plane in Fig. 79.2
for strong coupling in the near-infrared sector of QCD. The slight enhancement
in said quantities for finite chemical potential is characterized by the process of
hadrons slowly losing their identities and quarks and gluon gradually becoming the
fundamental degrees of freedom in the QGP phase.

Furthermore, the squared sound speed corresponding to the softening of the equa-
tion of state and as a sensitive indicator of the critical behavior in the QGP phase
may be expressed using Eq. (79.16) in the following form:

c2s = (2π2T 4/9 + 2T 2μ2
q/3 + μ4

q/3π
2 − B)

(2π2T 4/3 + 2μ2
qT

2 + μ4
q/π

2 + B)
. (79.20)

Figure79.3 represents the plot for the square of sound speed where in the QGP
phase, near the transition region, c2s drops to its minimum and then rises to the value
c2s = 0.33.

In addition, the dynamics of the associated phase transitions as determined by
analyzing the derivatives of the energy density with respect to temperature, i.e. spe-
cific heat also plays an important role to determine the nature of phase transition
associated with the change in degrees of freedom in the medium. Using Eqs. (79.16)



79 Infrared Effective Dual QCD at Finite Temperature and Densities 577

Fig. 79.3 (Color online)Variation of squared sound speed (left) and normalized specific heat (right)
with T and μ

and (79.19), the normalized specific heat for the QGP phase may be expressed in the
following form:

CV

T 3
= (8π2/9 + 4μ2

q/3T
2)

(2π2T 4/3 + 2μ2
qT

2 + μ4
q/π

2 + B)

(2π2T 4/9 + 2T 2μ2
q/3 + μ4

q/3π2 − B)
. (79.21)

The normalized specific heat profile in Fig. 79.3, in fact, corresponds to the lambda
transition similar to that in liquid helium, which clearly reflects a very sharp rise
associated with large energy fluctuations around the critical point followed by a
subsequent large reduction at high temperatures. A huge enhancement in the values
of the normalized value of specific heat and squared speed of sound for critical values
of (μc, T

μ
c ) has been found in comparison to those for vanishing chemical potential

near seemingly crossover region.

79.4 Conclusions

The infrared effective dual QCD based on gauge-independent Abelian projec-
tion establishes dual dynamics between color isocharges and topological magnetic
chargeswhich ensures the confinement of colored sources as a result ofmagnetic con-
densation of QCD vacuum due to magnetic symmetry breaking in a dynamical way.
Extending the analysis for thermal domains and finite baryon density environments
through a statistical approach, the equation of state for the quark-hadron system with
magnetic glueball mass-dependent bag pressure leads to various thermodynamical
parameters vital for analyzing the phase structure of QCD. The profiles of various
thermodynamical functions under variations of temperature and chemical potential
has been shown to lead to a complementary behavior of thermal and density param-
eters for a QGP phase transition. The use of the Gibbs criteria has been shown to
lead to a range of temperatures for the QGP phase transition and indicates a weak
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first-order phase transition possibly reconciling into an rapid analytic crossover. As
a measure of thermodynamical fluctuations and critical behavior, the squared speed
of sound and specific heat have also been computed which for a non-zero chemical
potential case leads to the deviation from conformal symmetry.
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Chapter 80
Spin Alignment Measurements of K∗0
Vector Mesons with ALICE Detector
at the LHC

Sourav Kundu

Abstract We present recent results on K∗0 polarization from the ALICE experiment
at mid-rapidity (|y| <0.5) in Pb–Pb collisions at

√
sNN = 2.76TeV and 5.02TeV and

in pp collisions at
√
s = 13TeV. The polarization of the K∗0 vector meson (spin =

1) is studied with respect to the production plane and second-order event plane by
measuring the zeroth element of spin density matrix ρ00. In pp collisions, ρ00 is
consistent with 1/3 in all measured pT region ranges from 0.0 < pT < 10 GeV/c.
However, in Pb–Pb collisions the ρ00 values are below 1/3 for pT < 2 GeV/c and
consistent with 1/3 for pT > 2 GeV/c, with respect to both the production and
event planes. ρ00 values are also measured for K0

S (spin = 0) in Pb–Pb collisions
at

√
sNN = 2.76TeV in the 20–40% centrality as a null test and the measurements

are consistent with 1/3 in 0.0 < pT < 5 GeV/c. We have also observed a centrality
dependence of measured ρ00 values for K∗0, with the maximum deviation from 1/3
occurring in mid-central collisions.

80.1 Introduction

In a non-central heavy-ion collision, the overlapping region retains the large initial
angular momentum [1] in the direction perpendicular to the reaction plane. In the
presence of this initial angular momentum, vectormesons (spin= 1) can be polarized
due to the spin angular momentum interaction. The presence of this initial state
effect can be probed by measuring the angular distribution of the decay daughters
of vector mesons [2–4], in the rest frame of the vector mesons with respect to a
quantization axis. The quantization axis can be perpendicular to the production plane
(defined by the momentum direction of the vector meson and the beam direction) or
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perpendicular to the reaction plane (defined by the impact parameter direction and
the beam direction) of the system. In the experiment, the event plane is used as a
proxy for the reaction plane. The angular distribution of the decay daughters of the
vector meson is expressed as [5]

dN

d cos θ∗ = N0

[
1 − ρ00 + 1

R
cos2 θ∗(3ρ00 − 1)

]
. (80.1)

Here, N0, R and ρ00 are the normalization constant, second-order event plane resolu-
tion and zeroth element of the spin density matrix, respectively. The 1/R coefficient
becomes 1 in the production plane analysis. The angle θ∗ is the angle made by any of
the decay daughters with the quantization axis in the rest frame of the vector mesons.
In the absence of polarization, ρ00 = 1/3, which leads to a uniform distribution of
cosθ∗ whereas, in the presence of polarization, ρ00 deviates from 1/3, leading to
a non-uniform angular distribution. In this work, we present recent results on K∗0
polarization from the ALICE experiment [6] at mid-rapidity (|y|<0.5) in Pb–Pb col-
lisions at

√
sNN = 2.76TeV and 5.02TeV and in pp collisions at

√
s = 13TeV. The

value of ρ00 is measured as a function of pT and centrality with respect to both the
production and event planes.

80.2 Analysis Details

We have used a data sample of 14 M minimum bias events in Pb–Pb colli-
sions at

√
sNN = 2.76TeV and 30 M minimum bias events in Pb–Pb collisions at√

sNN = 5.02TeV to measure the polarization of K∗0 in Pb–Pb collisions. In addi-
tion, 43 M minimum bias pp collisions at

√
s = 13TeV are also used to measure

the polarization of K∗0 in pp collisions. The ρ00 values for K∗0 are extracted at mid-
rapidity (−0.5 < y < 0.5) in different pT and centrality regions. In addition, a null
hypothesis test is performed by measuring the ρ00 value for spin zero hadron K0

S in
20–40% central Pb–Pb collisions at

√
sNN = 2.76TeV. Since K∗0 is a resonance par-

ticle (lifetime ∼10−23 s), it cannot be detected directly by the detector. Therefore, it
is reconstructed with the invariant mass technique by identifying oppositely charged
K and π decay daughters, as discussed in [7]. The K0

S is reconstructed via the identi-
fication of pairs of pion daughters with opposite charges by applying selection cuts
on the V0 decay topology, as reported in [8]. Charged tracks are selected using a set
of standard track-quality criteria, described in detail in [7]. The daughter kaons and
pions are identified by using the specific ionization energy loss (dE/dx) measured in
the Time Projection Chamber (TPC) [6] and the flight time measured in the Time Of
Flight (TOF) [6] detector. Charge pions for K0

S reconstruction are identified by using
only TPC. Triggering and centrality determination are provided by the V0 detec-
tors [6]. These are the two plastic scintillator detectors, V0A and V0C, placed in the
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pseudorapidity ranges 2.8 < η < 5.1 and −3.7 < η < −1.7, respectively, covering
the full azimuthal angle. The V0 detectors are also used for the estimation of the 2nd
order event plane.

The invariant mass distribution of unlike charge Kπ pairs from the same event
contains the K∗0 signal along with a large combinatorial background. This combi-
natorial background is reconstructed by adopting mixed event techniques [7] and
subtracted from the Kπ invariant mass distribution to extract the K∗0 signal. After
the background subtraction, the K∗0 peak is visible on top of a residual background,
which is due to the production of correlated Kπ pairs from the decays of other
hadrons and from jets. In order to extract the K∗0 yield, the mixed event background
subtracted unlike charge Kπ invariant mass distribution from the same event is fit-
ted with a Breit–Wigner function added to a second-order polynomial in MKπ . The
Breit–Wigner function represents the K∗0 signal and the second-order polynomial
function describes the residual background. The area under the Breit–Wigner func-
tion corresponds to the K∗0 yield. The left panel of Fig. 80.1 shows the invariant mass
distributions of unlike charged Kπ pairs from the same event along with the normal-
ized mixed event background. The right panel of Fig. 80.1 shows the invariant mass
distribution of unlike charge Kπ pairs after mixed event background subtraction.
K∗0 yields are extracted in each pT and cos θ∗ bin and then corrected for the detector
acceptance and efficiency. The left panel of Fig. 80.2 shows the corrected cos θ∗ dis-
tribution at mid-rapidity in 10–30% central Pb–Pb collisions at

√
sNN = 5.02TeV

for 0.8 ≤ pT < 1.2 GeV/c using the production plane, and the right panel shows the
corrected cos θ∗ distribution at mid-rapidity in 10–30% central Pb–Pb collisions at

Fig. 80.1 (Color online) Left Panel: Invariant mass distribution of unlike charge Kπ pairs from
the same event along with the normalized mixed event background in Pb–Pb collisions at

√
sNN =

2.76 TeV for 1.2 < pT < 1.8 GeV/c and 0.6 < cos θ∗ < 0.8, w.r.t. the production plane. Right
panel: Mixed event background subtracted invariant mass distribution of unlike charged Kπ pairs,
fitted with a Breit–Wigner function + second-order polynomial function in MKπ
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Fig. 80.2 (Color online) Left Panel: dN /dcos θ∗ versus cos θ∗ distribution at |y| < 0.5 and 0.8 ≤
pT < 1.2 GeV/c in 10–30% central Pb–Pb collisions at

√
sNN = 5.02TeV using the production

plane. Right Panel: dN /dcos θ∗ versus cos θ∗ distribution at |y| < 0.5 and 0.8 ≤ pT < 1.2 GeV/c
in 10–30% central Pb–Pb collisions at

√
sNN = 2.76TeV using the event plane

√
sNN = 2.76TeV for 0.8 ≤ pT < 5.0 GeV/c using the event plane. The corrected

cos θ∗ distributions are fitted with Eq.( 80.1) to extract ρ00 values in each pT bin and
centrality class.

80.3 Results

Figure80.3 shows the transverse momentum dependence of ρ00 values for K∗0 with
respect to the production plane in pp collisions at

√
s = 13TeVand in 10–50%central

Pb–Pb collisions at
√
sNN = 2.76TeV and 5.02TeV, along with the measurements

for K0
S in 20–40% central Pb–Pb collisions at

√
sNN = 2.76TeV. The measured ρ00

values for K∗0 in pp collisions and for K0
S in Pb–Pb collisions are consistent with 1/3

in all measured pT regions whereas, in Pb–Pb collisions the ρ00 values for K∗0 are
consistent with 1/3 for pT > 2 GeV/c and a deviation from 1/3 is observed for pT <

2 GeV/c. The measured ρ00 values for K∗0 in Pb–Pb collisions at
√
sNN = 2.76TeV

and 5.02TeV are consistent with each other. Figure80.4 shows a comparison of ρ00

values for K∗0 using the production and event planes. Measurements w.r.t. the two
different planes are consistent with each other within the uncertainties. In Pb–Pb
collisions at

√
sNN = 2.76TeV, the measured ρ00 values for K∗0 vector meson in

the lowest pT bin are 2.5 σ and 1.7 σ below 1/3 in the production and event plane
analyses, respectively.
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Fig. 80.3 (Color online) ρ00
for K∗0 as a function of pT
with respect to the
production plane in pp
collisions at

√
s = 13TeV

and in 10–50% central
Pb–Pb collisions at√
sNN = 2.76TeV and

5.02TeV, along with the
measurements for K0

S in
20–40% central Pb–Pb
collisions at√
sNN = 2.76TeV. Statistical

and systematic uncertainties
on ρ00 are shown by bars and
boxes, respectively

Fig. 80.4 (Color online)
Comparison of ρ00 versus pT
between the production and
event plane analyses in
10–50% central Pb–Pb
collisions at√
sNN = 2.76TeV. Statistical

and systematic uncertainties
on ρ00 are shown by bars and
boxes, respectively

The ρ00 values as a function of 〈Npart〉 in Pb–Pb collisions for the lowest pT bin
are shown in Fig. 80.5. A clear centrality dependence of ρ00 for K∗0 is observed.
The maximum deviation of ρ00 from 1/3 occurs in mid-central collisions where
the angular momentum is expected to be large whereas, in central and peripheral
collisions, the ρ00 values are close to 1/3.
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Fig. 80.5 (Color online) ρ00
as a function of 〈Npart〉 at
mid-rapidity for lowest pT
bin in Pb–Pb collisions at√
sNN = 2.76 TeV and 5.02

TeV with respect to both the
production and event planes.
Statistical and systematic
uncertainties on ρ00 are
represented by bars and
boxes, respectively

80.4 Summary

Recent spin alignment measurements for K∗0 vector mesons in pp collisions at√
s = 13TeV and in Pb–Pb collisions at

√
sNN = 2.76 TeV and 5.02 TeV are presented.

We do not observe any polarization for K∗0 vector meson in pp collisions, in Pb–Pb
collisions at pT > 2.0 GeV/c and for the spin zero K0

S in Pb–Pb collisions. However, a
deviation of ρ00 for the K∗0 vector meson from 1/3 is observed in mid-central Pb–Pb
collisions at pT < 2.0 GeV/c with respect to both the production and event planes.
We observe a centrality dependence of ρ00, with the maximum deviation from 1/3
occurring in mid-central collisions, where the overlapping region retains the large
initial angular momentum.

Spin alignment measurements for φ mesons are ongoing.Measurements with new
Pb–Pb data set at

√
sNN = 5.02 TeV is underway for better statistical precision.
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Chapter 81
Intriguing Similarities Between High- pT
Particle Production in pp and A-A
Collisions

Aditya Nath Mishra

Abstract In this paper, we study the particle production at high transverse momen-
tum (pT > 8GeV/c) within |η| < 0.8 in both pp and Pb-Pb collisions at LHC ener-
gies. The characterization of the spectra is done using a power-law function and the
resulting power-law exponent (n) is studied as a function of xT for minimum-bias
pp collisions at different

√
s. The functional form of n as a function of xT exhibits

an approximate universal behavior. PYTHIA 8.212 reproduces the scaling proper-
ties, and therefore, it is used to study the multiplicity-dependent particle production.
Going from low to high multiplicities, the power-law exponent decreases. A similar
behavior is also observed in heavy-ion collisions when one studies the centrality-
dependent particle production. The interpretation of heavy-ion results requires the
quantification of the impact of this correlation (multiplicity and high-pT) on jet-
quenching observables.

81.1 Introduction

The similarity between analogous observables in large (A-A) and small (pp and
p-A) collision systems has been extensively studied by the heavy-ion commu-
nity [1–4]. A vast number of quantities as a function of the charged-particle
density (dNch/dη) in small systems have been documented in recent works [5].
These observables (azimuthal anisotropies, radial flow, and strangeness enhancement
[6–8]) have been measured in the low- and intermediate-transverse momentum
regimes (pT < 8GeV/c). For higher transverse momenta, the traditional treatments
intend to isolate the QGP effects using reference data where the formation of a par-
tonic medium is not expected. Minimum-bias proton–proton collisions have been
used for this purpose. However, this assumption is questionable [9, 10].
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In the present work, we study the multiplicity dependence of particle production
at high transverse momenta (pT > 8GeV/c) within |η| < 0.8 in pp collisions at
LHC energies. The message of the present paper is that the shape of RAA for high-
pT particles may not fully attributed to the parton energy loss; since as we will
demonstrate, a similar shape is observed for the analogous ratios in pp collisions,
i.e., high-multiplicity pT spectra normalized to that for minimum-bias events.

81.2 Particle Production at Large Transverse Momenta

In heavy-ion collisions, particle production at high pT is commonly used to study
the opacity of the medium to jets. Experimentally, the medium effects are extracted
by means of the nuclear modification factor, RAA, which is defined as

RAA = d2NAA/dydpT
〈Ncoll〉d2Npp/dydpT

(81.1)

where d2NAA/dydpT and d2Npp/dydpT are the invariant yields measured in A-A
and minimum-bias pp collisions, respectively. The ratio is scaled by the average
number of binary nucleon–nucleon collisions (Ncoll) occurring within the same A–A
interaction, which is usually obtained using Glauber simulations. The resulting ratio
is supposed to account (at least from 8GeV/c onward) for the so-called jet quenching
whereby the high-momentum partons would be “quenched” in the hot system created
in the collision of nuclei. For instance, in the 0–5% Pb-Pb collisions at the LHC
energies the suppression is about 70–80% for pT of around 6–7GeV/c [14]. For
higher pT, RAA exhibits a continuous rise and approaches unity. As suggested by the
pT-differential baryon-to-meson ratio, for pT larger than 8GeV/c radial flow effects
are negligible, and therefore, the shape of RAA is expected to be dominated by parton
energy loss.

In the present paper, we study the shape of the pT spectra of charged particles
measured in heavy-ion and pp collisions separately within the ALICE acceptance
(|η| < 0.8). The aim is to discuss the origin of the rise of the RAA for pT > 6GeV/c.
Since PYTHIA 8.212 (tune Monash 2013) reproduces rather well many features of
LHC data, we base our studies on PYTHIA 8.212 simulations of pp collisions for
different multiplicity classes. In this paper, we use the event multiplicity classes used
by ALICE based on the number of tracklets (NSPDtracklets) within |η| < 0.8 for 13
TeV analysis [11].
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81.3 Results and Discussion

ALICE recent result for the multiplicity-dependent pT spectra for pp collisions at√
s = 13TeV shows that for pT > 8GeV/c the spectra become harder with increas-

ing multiplicity [11]. It also shows the ratios of the pT spectra for the different
multiplicity classes divided by that for minimum-bias pp collisions which exhibit
an important increase with pT, similar to the one observed in the RAA measured
in Pb-Pb collisions [14]. To characterize the changes with multiplicity we fitted a
power-law function (∝ p−n

T ) to the pT spectrum of a specific colliding system and
for a given multiplicity class. The power-law exponents allow us to investigate in a
bias-free manner various systems, multiplicities, and energies.

Figure 81.1 displays the multiplicity-dependent pT-spectra and their correspond-
ing fitted power-law functions for pp collisions at

√
s = 13TeV. We observed that

it is not possible to describe the full pT (8–200GeV/c) interval assuming the same
power-law exponent. For instance, for pT larger than 20GeV/c the ratios go beyond
20%. In order to check this, we have performed the fit considering sub-intervals of
pT. This allows the extraction of local power-law exponents for different pT sub-
intervals. The results indicate that the exponent has an important dependence on pT.
This is shown in the right-hand side of Fig. 81.1, where the multiplicity dependence
of n as a function of pT is shown. The exponents have a very specific behavior with
multiplicity. At lowmultiplicities the exponents risemore rapidly than theminimum-
bias ones. We observe that for all multiplicity classes there is a trend to have smaller

Fig. 81.1 Left: Transverse momentum distributions of charged particles for minimum-bias (MB)
and different multiplicity classes in pp collisions at

√
s = 13TeV simulated with PYTHIA 8.212:

fitted with power-law functions (dashed lines) for pT > 8GeV/c. The ratios of fit and data are
shown in the lower panel. Right: The power-law exponents extracted from the fits, considering
sub-intervals of pT, are plotted as a function of transverse momentum
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Fig. 81.2 Power-law exponent as a function of transverse momentum (right) and xT (left) for
minimum-bias pp collisions at different energies. The data have been taken from [14, 17–21].
Results are compared with PYTHIA 8.212 predictions

exponents (softening of the spectra) at higher momenta; the tendency getting smaller
for high multiplicities. Theoretically pT can range from 0 to half of the center-of-
mass energy,

√
s/2, of the collision. Therefore, the distribution can also be presented

as a function of the dimensionless variable xT = 2pT/
√
s [15], which varies between

0 and 1.
In Fig. 81.2, we show n as a function of pT for minimum-bias pp data at different√
s (0.2, 0.9, 2.76, 5.02, 7 and 13TeV). The results are comparedwith PYTHIA8.212

(tune Monash 2013) simulations. Going from low to high energies the power-law
exponent decreases in both data and PYTHIA 8.212. This is expected since at higher
energies the production cross sections of hard processes increase resulting in a change
in the slope of the spectra at large transverse momenta. A different representation
is shown in the right-hand-side plot, where the power-law exponent is presented
as a function of xT. Within 10% the data, that were before distinctly different, fall
now approximately on an universal curve. Prominent in this respect is the case of
the

√
s = 0.2TeV data. The approximate scaling property is well reproduced by

PYTHIA 8.212.
Applying now the same treatment to the Pb-Pb data we observe that the exponents

as a function of xT and centrality behave very similar to those for pp collisions
simulated with PYTHIA 8.212. The comparison is shown in Fig. 81.3 for pp and Pb-
Pb collisions at

√
sNN = 2.76TeV. Going from 70 to 90% peripheral to 0–5% central

Pb-Pb collisions the exponent exhibits an overall decrease for xT below 0.02. This
is consistent with the hardening of the pT spectra going from peripheral to central
Pb-Pb collisions, a feature that still does not have a coherent physical explanation.1

For higher xT (>0.02), the exponents gradually rise toward the minimum-bias value
at xT ≈ 0.04. On the other hand, flattening of the RAA at high-pT is natural since the
corresponding pp minimum-bias spectra and the central Pb-Pb ones have the same
exponents. The multiplicity dependence of n vs xT in pp collisions simulated with

1For a recent effort to elucidate the phenomenon see Ref. [16].
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Fig. 81.3 Power-law exponent as a function of xT for central (left) and peripheral (right) Pb-Pb
collisions at

√
sNN = 2.76TeV. Heavy-ion data are compared with minimum-bias (MB) CMS data

for pp collisions and high-multiplicity (|η| < 0.8) pp collisions at
√
s = 2.76TeV simulated with

PYTHIA 8.212

PYTHIA 8.212 is qualitatively similar to that observed in heavy-ion data. The same
behavior is also observed at higher energies; in particular for Pb-Pb collisions at√
sNN = 5.02TeV [22]. The observed behavior invites one interesting consequence.

The accepted view which entirely attributes the rise in RAA to the decrease of the
parton energy loss should be revised. It is well-known that the mean pT continues
rising with multiplicity both in pp and in heavy-ion collisions, implying that high
multiplicity, which is proportional to the energy density, is correlated with the high-
momentum particle production.

81.4 Conclusion

We have studied the high-pT (pT > 8GeV/c) charged-particle production in both pp
and Pb-Pb collisions. Considering different pT sub-intervals, power-law functions
were fitted to the transverse momentum distributions of minimum-bias pp collisions
measured by experiments at the RHIC and LHC. The local exponents of the power-
law fits were compared to those obtained from Pb-Pb data.With respect tominimum-
bias pp collisions, we have determined the following:

• The high-pT part of the pT spectra cannot be described by a single power-law
function (same exponent value) within a wide pT interval (8–100GeV/c).

• The minimum-bias pT spectra, when represented in terms of the local exponent as
a function of the Bjorken variable xT, obey an approximate scaling behavior over
a wide range of center-of-mass energy,

√
s = 0.2 to 13TeV.

• For heavy-ion collisions the evolution of the local exponent as a function of xT
and collision centrality is qualitatively similar to that for pp collisions.
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It would be very important to produce experimental results on high-multiplicity
pp collisions over a wide pT interval in order to be able to assess in details the source
of the apparent similarity between pp and A-A data.

Acknowledgements A.M. acknowledges the post-doctoral fellowship of DGAPA UNAM.
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Chapter 82
Chiral Symmetry Breaking, Color
Superconductivity, and Equation of State
for Magnetized Strange Quark Matter

Aman Abhishek and Hiranmaya Mishra

Abstract We investigate the vacuum structure of dense quark matter in strong
magnetic fields at finite temperature and densities in a three-flavor Nambu Jona
Lasinio (NJL) model including the Kobayashi–Maskawa–t’Hooft (KMT) determi-
nant term using a variational method. The method uses an explicit structure for the
‘ground’ state in terms of quark–antiquark condensates as well as diquark conden-
sates. The mass gap equations and the superconducting gap equations are solved
self-consistently and are used to compute the thermodynamic potential along with
charge neutrality conditions. We also derive the equation of state for charge neutral
strange quarkmatter in the presence of strongmagnetic fieldswhich could be relevant
for neutron stars.

82.1 Introduction

Study of the ground state in quantum chromodynamics under extreme conditions of
temperature and density is an important theoretical and experimental challenge [2].
Non-perturbative aspects of QCD such as chiral symmetry breaking, confinement,
and asymptotic freedom are expected to play an important role in such conditions.
Especially important is the study of quark gluon plasma, which is a new form of
matter. It is expected to form at sufficient high temperature and densities. It has been
observed in heavy ion collisions at high temperatures.At high densities, a few times of
the nuclear matter density, also one may expect the formation of quark gluon plasma.
Such densities are reached in the interior of neutron stars. However, QCD at such
densities is non-perturbative. Therefore, one cannot make first principle calculation
except at very high densities where the coupling is weak due to asymptotic freedom
andperturbativeQCDcanbe employed. Such analysis predicts aColor FlavorLocked
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(CFL) phase to be the ground state at asymptotic densities. In this state, the color and
flavor degrees of freedom of three light quark are correlated to form cooper pairs. At
intermediate densities the situation is less clear. Theremay be several possible phases
such as 2SC, quarkyonic and LOFF. However, studies based on effective models
such as Nambu Jona Lasinio (NJL) model suggest a phase transition from hadronic
to quark gluon phase at few times the nuclear matter density. Other than extreme
temperatures and densities, the effect of strong magnetic fields [3, 4] on strongly
interacting matter has been of recent interest. It has been suggested that very high
magnetic fields might be produced in ultra relativistic heavy ion collisions. Other
than heavy ion collision, such high magnetic fields may be present in the interior
of neutron stars. Magnetars are known to have very high surface magnetic fields of
1015G [5–7]. In the interior of the star, the magnetic field could be much higher. The
effect of such high magnetic fields has been studied in effective models and lattice
QCD [8–10]. From lattice studies, it is known that magnetic field enhances the value
of chiral condensate at low temperatures, and at high temperatures it weakens the
chiral condensate. These two effects are known as magnetic catalysis and inverse
magnetic catalysis. Effective models also suggest similar effect of magnetic fields.
Hence it is important to study the effect of magnetic field on matter as it affects the
equation of state which is important for the modeling of neutron stars.

82.2 Formalism

To study the superconductivity in three-flavor quarkmatter, we [1] adopt a variational
approachwithin the framework ofNambu JonaLasiniomodelwith determinant inter-
action. We assume an ansatz for the ground state with both the chiral condensate and
superconducting cooper pairs at finite quark chemical potential μ but zero temper-
ature. The two light flavors u and d are assumed to form cooper pairs in the color
anti-symmetric anti-triplet channel. Furthermore, we need to study the system at
finite temperature and chemical potential. This is accomplished by three successive
Bogoliubov transformations as follows :

|Ω〉χ = Uχ |0〉 ≡ exp
∑

f lav

(B†
i − Bi )|0〉. (82.1)

The above transformation populates the vacuumannihilated by free field operators
by quark–antiquark pairs which form the chiral condensate and are characterized by
a function φi , where i stands for the flavor.

After assuming an ansatz with chiral condensate, we now apply a Bogoliubov
transformation to include diquark condensate which is characterized by functions
f (n, pz) and f1(n, pz) :

|Ω〉d,χ = Ud |Ω〉χ ≡ exp(B†
d − Bd)|Ω〉χ . (82.2)
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To include the effects of temperature and density, we next write down the state
at finite temperature and density |Ω(β,μ)〉 through a thermal Bogoliubov transfor-
mation over the state |Ω〉 using the thermofield dynamics (TFD) method [? ? ?]. We
write the thermal state as

|Ω(β,μ)〉d,χ = Uβ,μ|Ω〉d,χ ≡ eB
†(β,μ)−B(β,μ)|Ω〉d,χ . (82.3)

Using the above ansatz, we calculate the free energy of the trial ground state and
minimize it with respect to functions φi , f (n, pz), f1(n, pz) and θ ia± (n, kz, β, μ). We
get the following relations :

cot φia = (mi − 4Gs I is + K εi jk I j
s I ks + K/4I 2Dδi3)

|pia| ≡ Mi

|pia| (82.4)

tan 2 f (k) = 2(GD − K
4 I

(3)
s )ID

ε̄n − μ̄
cos(

φ1 − φ2

2
) ≡ Δ

ε̄n − μ̄
cos(

φ1 − φ2

2
) (82.5)

tan 2 f1(k) = Δ

ε̄n + μ̄
cos(

φ1 − φ2

2
), (82.6)

where we have defined the superconducting gap Δ as

Δ = 2

(
GD − K

4
I (3)
s

)
ID, (82.7)

and ε̄ = (εun + εdn )/2 , μ̄ = (μur + μdg)/2 = μ + 1/6μE + 1/
√
3μ8, where we

have used Eq. (??) for the chemical potentials. Further, εin is the nth Landau
level energy for the ith flavor with constituent quark mass Mi given as εin =√
p2z + 2n|qi |B + M2

i .

sin2 θ ia
± = 1

exp(β(ωi,a ± μia)) + 1
, (82.8)

Various ωia’s (i, a ≡ flavor, color) are explicitly given as

ω11
n± = ω12

n± = ω̄n± + δεn ± δμ ≡ ωu
n± (82.9)

ω21
n± = ω22

n± = ω̄n± − δεn ∓ δμ ≡ ωd
n± (82.10)

ω̄n± =
√

(ε̄n ± μ̄)2 + Δ2 cos2(φ1 − φ2)/2 (82.11)
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for the quarks participating in condensation. δεn = (εun − εdn )/2 is half the energy
difference between the quarks which condense in a given Landau level and δμ =
(μur − μdg)/2 = μE/2 is half the difference between the chemical potentials of the
two condensing quarks. For the charged quarks which do not participate in the super-
conductivity ωia

n± = εin±μia . In the above, the upper sign corresponds to antiparticle
excitation energies while the lower sign corresponds to the particle excitation ener-
gies.

82.2.1 Charge Neutrality

In the context of neutron star matter, the quark phase that could be present in the
interior consists of the u,d,s quarks as well as electrons, in weak equilibrium

d → u + e− + ν̄e− , (82.12)

s → u + e− + ν̄e− , (82.13)

and,
s + u → d + u, (82.14)

leading to the relations between the chemical potentials μu , μd , μs , μE as

μs = μd = μu + μE . (82.15)

The neutrino chemical potentials are taken to be zero as they can diffuse out of the
star. So there are two independent chemical potentials needed to describe the matter
in the neutron star interior which we take to be the quark chemical potential μq and
the electric charge chemical potential, μe in terms of which the chemical potentials
are given byμs = μq − 1

3μe = μd ,μu = μq + 2
3μe andμE = −μe. In addition, for

description of the charge neutral matter, there is a further constraint for the chemical
potentials through the following relation for the particle densities given by

QE = 2

3
ρu − 1

3
ρd − 1

3
ρs − ρE = 0. (82.16)

The color neutrality condition corresponds to

Q8 = 1√
3

∑

i=u,d,s

(
ρi1 + ρi2 − 2ρi3

) = 0 (82.17)

In the above, ρia is the number density for quarks of flavor i and color a.
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Fig. 82.1 Constituent quark masses and superconducting gap when charge neutrality conditions
are imposed. Figure82.1a shows the masses and superconducting gap at zero temperature as a
function of quark chemical potential for magnetic field ẽB = 0.1m2

π Fig. 82.1b shows the same for
ẽB = 10m2

π

82.3 Results

Solving the gap equations self-consistently along with charge neutrality conditions
imposed we get

82.3.1 Gapless Modes

Under conditions of charge neutrality, the dispersion relation of superconducting
quarks may admit nodes in the spectrum. These are known as gapless modes in
analogy with energy spectrum of a massless particle. These have been studied in
absence of magnetic field [15, 16]. From dispersion relations given in Eqs. (82.9)
and (82.11), we find that it is possible to have zero modes depending upon the values
of δμ and δεn . For charge neutral matter, the d quark number density is larger so
that δμ = μE/2 is negative. This renders ωu

n(pz) > 0 for any value of momentum
pz ; however, ωd

n can vanish for some values of pz . This can be seen in Fig. 82.2-a.
The lower plot is for ωd

n which vanishes for two values of pz . These are known as
gapless modes in analogy with spectrum of a massless particle.
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Chapter 83
J/ψ Production as a Function of
Charged-Particle Multiplicity in pp
Collisions at

√
s = 5.02 TeV with ALICE

Anisa Khatun

Abstract The relative J/ψ yields as a function of relative charged-particle multiplic-
ity in pp collisions at

√
s = 5.02 TeV, measured at forward rapidity, are investigated

for the first time. A linear increase of the relative J/ψ yield with respect to multiplic-
ity is observed. A comparison of the findings of the present work with the available
ALICE measurements obtained in pp collisions at

√
s = 13 TeV at forward and mid-

rapidity indicates that the increase of J/ψ with multiplicity is independent of energy
but exhibits a strong dependence on the rapidity gap between the J/ψ andmultiplicity
measurements. The results are compared with theoretical model calculations.

83.1 Introduction

The event by event multiplicity of charged-particles (Nch) produced in high energy
collisions is taken as a simple yet important variable for understanding the collision
dynamics. Themultiplicitymeasurement is useful for studying the general properties
of particle production. The quarkonium production as a function of charged-particle
multiplicity (dNch/dη) in proton–proton (pp) and proton–nucleus (p–Pb) collisions
is considered as an interesting observable to understand multi-parton interactions
(MPI) and to explore the presence of collective behavior in small systems. Such
studies can play an important role in understanding the production mechanism of
heavy quarks from hard processes, and its relation with soft scale processes [1]. The
multiplicity dependence of J/ψ production has been investigated in pp collisions at√
s = 7 and 13 TeV and p–Pb collisions at

√
sNN = 5.02 TeV at forward and mid-

rapidity using the ALICE detector [2–4]. A similar study has also been carried out for
Dmesons [5]. In all cases, an increase of the relative particle yields as a function of the
relative charged-particle multiplicity (dNch/dη/ < dNch/dη >) has been reported.

(A. Khatun for the ALICE collaboration).
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In these proceedings, we report on the study of the multiplicity dependent relative
J/ψ yield (dNJ/ψ/dη/ < dNJ/ψ/dη >) at forward rapidity in pp collisions at

√
s =

5.02 TeV, which has not been measured until now. The findings are compared to the
results obtained in pp collisions at

√
s = 13 TeV to explore the energy and rapidity

dependences of the correlation between soft and hard physics processes. The results
are also compared with theoretical model calculations.

83.2 Experimental Setup and Analysis Strategy

In ALICE [6], the charmonia are measured via their dilepton decay channels. The
Muon Spectrometer is used for the reconstruction of muons coming from J/ψ decays
at forward pseudorapidity (−4< η < − 2.5), while the central barrel detector covers
the mid-pseudorapidity range (|η| < 0.9) and measures J/ψ in the di-electron decay
channel. The central barrel detector system includes the Inner Tracking System (ITS)
and the Time Projection Chamber. The ITS consists of six layers of silicon detectors.
The Muon Spectrometer consists of Muon Tracking Chambers, used for tracking the
muons and theMuonTrigger system that allows the selectionof collisions that contain
opposite sign dimuon pairs. Multiplicity is described in terms of tracklets, which are
reconstructed by pairs of hits in the two innermost ITS layers, the Silicon Pixel
Detector (SPD). The analysis is restricted to the event class INEL > 0 defined by
requiring at least one charged-particle produced in |η| <1. Several selection criteria
are applied to make sure that both the SPD vertex position and the event charge-
particle multiplicity are properly determined. Pile-up events are removed [2]. The
relative charged-particle multiplicity in the i th multiplicity range, estimated at mid-
rapidity (|η| <1) and for INEL > 0 events, is calculated using the following formula:

〈dNch/dη〉i
〈dNch/dη〉 = f (〈N corr

trk 〉i )
Δη · 〈dNch/dη〉INEL>0

, (83.1)

where 〈N corr
trk 〉i is the average number of SPD tracklets, corrected by acceptance and

efficiency in the multiplicity bin i . The correlation function f is evaluated from
Monte Carlo simulations to convert the corrected number of tracklets into a num-
ber of primary charged-particles produced within |η| <1. The relative J/ψ yield is
estimated in the i th multiplicity bin by using the following equation:

dNi
J/ψ/dy

〈dNJ/ψ/dy〉 = Ni
J/ψ

NJ/ψ
× NMB

Ni
MB

× ε, (83.2)

where NJ/ψ and NMB are the number of J/ψ and MB events, respectively. The factor
ε is a combination of several corrections that account for trigger selection, event
selection, SPD vertex quality assurance and pile-up rejection. Details of the analysis
procedure can be found in Ref. [4].
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83.3 Results and Discussions

The multiplicity dependence of the J/ψ yield is displayed for pp collisions at
√
s =

5.02 TeV in Fig. 83.1. The correlation between multiplicity and J/ψ is compared to
a linear function with a slope of 1 (y = x). The ratio of the relative J/ψ yield to this
diagonal as a function ofmultiplicity is displayed in the bottompanel of Fig. 83.1. It is
interesting to note that the ratio is consistentwith unity over the fullmultiplicity range.
This, in turn, implies that the production of J/ψ scales linearly with the underlying
event activity when a gap is present between the rapidities at which dNch/dη and
J/ψ are measured. The J/ψ yield observed at

√
s = 5.02 TeV is compared with those

reported for forward and mid-rapidity ALICE measurements in pp collisions at
√
s

= 13 TeV and the results are displayed in Fig. 83.2. It is observed that the relative
J/ψ yield estimated for different multiplicity bins are practically independent of the
beam energy in the forward rapidity region. However, in the mid-rapidity region for√
s = 13 TeV data, the measured relative J/ψ yield increases faster than linearly

with increasing multiplicity. Such a dependence may be attributed to the presence of
auto-correlations between the J/ψ and themultiplicitymeasurements at mid-rapidity,
for instance, because of a possible jet bias [7]. In Fig. 83.3, the relative J/ψ yields as
a function of multiplicity are compared to predictions from two theoretical models
proposed byKopeliovich et al. [8] and Ferreiro et al. (the percolationmodel) [9]. The
percolation stringmodel shows a linear increase at low density and quadratic increase
at higher density and describes the data well at low multiplicity. The Kopeliovich

Fig. 83.1 The relative J/ψ yield as a function of the relative charged-particle density measured at
forward rapidity in pp collisions at

√
s = 5.02 TeV. Bottom panel: ratio of the relative J/ψ yield to

the relative charged-particle density as a function of multiplicity
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Fig. 83.2 Comparison of the relative J/ψ yields as a function of the relative charged-particle
multiplicity at forward rapidity in pp collisions at

√
s = 5.02 TeV and 13 TeV and at mid-rapidity

at
√
s = 13 TeV
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Fig. 83.3 Theoretical models compared to the relative J/ψ yield at
√
s = 5.02 TeV

model takes into consideration the contributions of higher Fock states to reach high
multiplicities in pp collisions. As a result of a higher number of gluons, the J/ψ
production rate is also enhanced. A stronger than linear increase with multiplicity is
observed.
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83.4 Conclusions and Outlook

Themultiplicity dependence of J/ψ has been studied in pp collisions at
√
s =5.02TeV.

A linear increase of the relative J/ψ yield is observed as a function of multiplicity at
forward rapidity. Themultiplicity dependence is independent of

√
s at LHC energies.

The increase of J/ψ production seems to depend on the rapidity gap between the
J/ψ and the multiplicity measurement. The finding reveals too that the percolation
model describes the data well at forward-rapidity for relative multiplicities < 3. The
multiplicity dependent study of various quarkonium states will shed more light on
this topic.
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Chapter 84
Thermodynamics of a Gas of Hadrons
with Interaction Using S-Matrix
Formalism

Ashutosh Dash, Subhasis Samanta, and Bedangadas Mohanty

Abstract Ideal hadron resonance gas (HRG) is a popular model to study the late
stage of QCD matter formed in heavy-ion collisions at finite temperature and chem-
ical potential. An extension of the HRG model is constructed to include attractive
interactions using the relativistic virial expansion of partition function. The virial
coefficients are related to the phase shiftswhich are calculated usingK-matrix formal-
ism. We calculate various thermodynamics quantities like pressure, energy density,
and entropy density of the system. A comparison of thermodynamic quantities with
non-interacting HRG model, calculated using the same number of hadrons, shows
that the values of thermodynamic quantities from the above formalism are larger.
A good agreement between equation of state calculated in K-matrix formalism and
lattice QCD simulations is observed. Further, we report the effect of including repul-
sive interactions on various thermodynamic observables calculated using a S-matrix
based HRG model to already available corresponding results with only attractive
interactions.

84.1 Introduction

Relativistic heavy ion collisions have contributed immensely to our understanding of
strongly interacting matter at finite temperature (T ) and baryon chemical potential
(μB). Lattice quantum chromodynamics (LQCD) provides a first principle approach
to study strongly interacting matter at zero baryon chemical potential (μB) and finite
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temperature (T ) which indicates a smooth crossover transition from hadronic to
a quark-gluon plasma (QGP) phase. On the other hand, at high baryon chemical
potential, the nuclear matter is expected to have a first-order phase transition which
ends at a critical point. One of the approach to study the properties of hadronic
phase formed by hadronization of the QGP is through a statistical model of a gas of
hadrons called the hadron resonance gas model (HRG). The hadron resonance gas
(HRG) [1–6] models have successfully described the hadron multiplicities produced
in relativistic nuclear collisions over a wide range of energies. The result of such
an investigation was the observation of rise in the extracted chemical freeze-out
temperature values from lower energies to almost a constant value of temperature
T � 155−165MeV at higher energies, accompanied with the decrease of the baryon
chemical potential (μB) with increasing energy [13].

The primary assumption of HRG model is that, the partition function contains all
relavant degress of freedomof a confined, strongly interactingmediumby treating the
resonances as point-like particles and neglecting their mutual interaction. However,
relaxing the above assumptions by including overlapping resonances and resonances
of finite widths, it has been seen that the variation of thermodynamic variables with
temperature changes substantially. Also, it can be argued that such interactions con-
tribute only to the attractive part of partition function and the inclusion of a repulsive
part could partially negate the effect of the attractive part. One of such method is the
virial expansion of the partion function. In the virial expansion approach, dynamical
information obtained either from theoretical or from empirical two-body scattering
phase shifts is used to compute the thermodynamic observables for an interacting
gas of hadrons at zero or non-zero chemical potential. The S-matrix formulation of
statistical mechanics- proposed by Dashen, Ma and Bernstein [20] is an extension of
the usual virial expansion to the relativistic case. Since the virial expansion can be
expressed as an expansion in powers of the density, the results of this approach will
very likely contain the physics for dilute systems. Theoretically, K-matrix formalism
can be used to calculate the phase shifts of the resonance spectral function in con-
trast to the popular Breit-Wigner parametrization. It has been argued previously that
the K-matrix formalism preserves the unitarity of the scattering matrix (S-matrix)
and neatly handles multiple resonances [14–16]. However, the formalism fails to
handle any repulsive channel in the scattering matrix. Therefore,[22] we include the
repulsive part by fitting to experimental phase shifts that encodes the information
about the nature of interaction. We use the phase shifts data from Scattering Anal-
ysis Interactive Database (SAID) partial wave analysis for nucleon-nucleon (NN ),
pion-nucleon (πN ) and kaon-nucleon (K N ) interaction in their respective isospin
channels [17–19].



84 Thermodynamics of a Gas of Hadrons … 607

84.2 Formalism

The most natural way to incorporate interaction among a gas of hadrons is to use
relativistic virial expansion as given in Ref. [20]. In this formalism, the logarithm
of the partition function can be written as the sum of non-interacting (ideal) and
interacting parts i.e.,

ln Z = ln Z0 +
∑

i1,i2

zi11 z
i2
2 b(i1, i2), (84.1)

where z1 and z2 are fugacities of two species and z = eβμ. The chemical potential
of j th particle is defined as μ j = BjμB + SjμS + Q jμQ where Bj , Sj , Q j are
baryon number, strangeness and electric charge and μ’s are the respective chemical
potentials. The virial coefficients b(i1, i2) are written as

b(i1, i2) = V

4π i

∫
d3 p

(2π)3

∫
dε exp

(
−β(p2 + ε2)

1/2
)[

A

{
S−1 ∂S

∂ε
− ∂S−1

∂ε
S

}]

c

.

(84.2)

In the above expression, the inverse temperature is denoted by β. V , p and ε stand
for the volume, the total center of mass momentum and energy respectively. The
labels i1 and i2 refer to channel of the S-matrix which has initial state containing
i1 + i2 particles. The symbol A denotes the symmetrization (anti-symmetrization)
operator for a system of bosons (fermions). We consider baryon and meson octets as
the stable hadrons. Non interacting stable hadrons contribute to the ideal part of the
pressure whereas two body elastic scattering between any two stable hadrons gives
the interacting part of the pressure. The relevant expressions of thermodynamics
variables can be computed from the partition function Eq. 84.1 and the explicit form
can be found in Ref. [16].

The S-matrix can be expressed in terms of phase shifts δ Il as [21]

S(ε) =
∑

l.I

(2l + 1)(2I + 1) exp(2iδ Il ), (84.3)

where l and I denote angular momentum and isospin, respectively. A theoretical way
of calculating the attractive phase shifts is to use the K-matrix formalism. The K-
matrix formalism elegantly expresses the unitarity of the S-matrix for the processes
of type ab → cd, where a, b and c, d are hadrons. Details of the K-matrix formalism
can be found in Refs. [14–16]. The K-matrix formalism is applicable for attractive
interaction but not for repulsive interactions. Similarly, the formalism is applicable
when the information about resonance mass and width is available but not non-
resonant interaction for e.g.., in NN interaction such formalism is not applicable. In
such cases, one has to fit experimental phase shifts to get the dynamical information
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about interaction. In Ref [22], information about experimental phase shifts [17–19,
23] for NN interaction was used for l ≤ 7 in both isospin channel I = 0 and I = 1
to calculate the second virial coefficient.

84.3 Results

In Fig. 84.1, the results of K-matrix formalism (attractive), ’Total’ (attractive+
repulsive) is compared with the IDHRG model (IDHRG-1) with same number of
hadrons and resonances and lattice data [16, 22, 26–28]. The results of K-matrix
formalism for all thermodynamic observables are larger compared to the ideal HRG
values. A similar comparison of thermodynamic observable with the inclusion of
repulsive contribution along with the attractive contribution, with K-matrix formal-
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Fig. 84.1 Temperature dependence of various thermodynamic quantities (a P/T 4, b s/T 3, c
(ε − 3P)/T 4 d Cv/T 3,) at zero chemical potential. Total contains both the attractive and repulsive
interaction whereas KM contains only the attractive part. IDHRG-1 corresponds to results of ideal
HRG model with same number of hadrons and resonances as in KM. Results are compared with
lattice QCD data of Refs. [24] (WB) and [25] (HotQCD)
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Fig. 84.2 Temperature dependence of second order susceptibilities (a χ2
B , b χ2

Q , c CBS and d
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B − χ4

B ) at zero chemical potential. Total contains both the attractive and repulsive interaction
whereas KM contains only the attractive part. IDHRG-1 corresponds to results of ideal HRGmodel
with same number of hadrons and resonances as in KM. Results are compared with lattice QCD
data of Refs. [26] (WB), [27] (HotQCD) and [28] (Lattice)

ism shows a reduction in all such observables. The difference between ’KM‘and
’Total’ is more towards the higher temperature regime and negligible in lower tem-
perature.

A similar comparison of second order diagonal and off diagonal susceptibilities
is shown in Fig. 84.2. It is seen that the K-matrix formalism shows better agreement
with LQCD data than IDHRG almost across all observables, notably in χ11

BS . With
the inclusion of repulsion which is almost in the baryonic sector (πN , K N and NN ),
the results of susceptibilities like χ2

B and χ2
Q show a lot of improvement than with

only attraction. Results of two important observablesCBS and χ2
B − χ4

B as a function
of temperature are also shown Fig. 84.2. The contribution strength from different
channels to the repulsive part of the second virial coefficient is in the order such that
πN > K N > NN .

To summarize, the findings suggest that the isospin-weighted sum of higher order
attractive and repulsive phase-shifts is non-zero which is reflected across all thermo-
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dynamic variables of Figs. 84.1 and 84.2, which with regard to complete cancellation
would have coincided with the IDHRG results. Similarly, we could ascertain that in
IDHRG increasing the degeneracies just by adding additional resonances can also
explain lattice data which is in contrast to genuine interaction that is present in
K-matrix/S-matrix formalism.

Acknowledgements BM acknowledges financial support from J C Bose National Fellowship of
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Chapter 85
Effects of Baryon-Anti-baryon
Annihilation on the Anti-hyperon to
Anti-proton Ratio in Relativistic
Nucleus-Nucleus Collisions

Ekata Nandy and Subhasis Chattopadhyay

Abstract RHIC’sBeamEnergyScanProgramat lower energy and future facilities at
FAIR offer a unique opportunity to study Quark-Gluon Plasma (QGP) at high baryon
density. The formation of QGP is often characterized by the enhanced production of
strange over non-strange particles in central heavy-ion collisions relative to peripheral
or proton-proton collisions at the same energy . Previous measurements at RHICs’
AGSandCERNSPShave presented evidence of strangeness enhancement in the light
of non-monotonic variation of kaon-to-pion ratio as a function of collision energy. A
similar signature was also observed in the baryon sector, where an enhancement in �̄

to p̄ was reported . However, it still remains unclear whether �̄ to p̄ enhancements can
be uniquely attributed to the strangeness enhancement owing to the deconfinement
phase transition. In this article, we will demonstrate that processes like baryon-anti-
baryon annihilation in the late hadronic stage may also account for the apparent
enhancement in �̄ to p̄ ratio.

85.1 Introduction

Quantum Chromodynamics (QCD) calculations have predicted that the collisions
of heavy nuclei (A+A) at relativistic energies are likely to produce high-density
matter [1] of deconfined quarks and gluons, the Quark Gluon Plasma (QGP). In the
coalescence picture of hadronization, it is argued that the strangeness production from
a deconfined partonic matter is energetically more efficient than in a hadron gas. As
a result, one may expect a relative enhancement of strange-to-non-strange particles
in central A+A collisions with respect to peripheral A+A or proton-proton(p+p)
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interactions at the same collision energy [2]. This makes strangeness enhancement
a diagnostic probe of the properties for the partonic matter and hence considered
among the potential signatures of the QGP formation [3] .

Strangeness enhancement has been extensively studied at RHIC and SPS. A non-
monotonic variation in K/π ratio as a function of beam energy, popular as horn
structure, was reported unanimously from both the experimental facilities [4]. This
non-monotonic increase in the K/π ratio was considered as the first confirmatory evi-
dence of strangeness enhancement in relativistic heavy-ion collisions. At low-energy
collisions, as in AGS, a baryon-rich QGP is expected to be produced. In a baryon-
dense QGP, since the production of light anti-quarks are also suppressed, a large
enhancement in strange anti-baryons over the ordinary anti-baryons is anticipated.
A similar signature was also observed in the baryon sector, where an enhancement
in �̄ to p̄ was reported. Indeed, a large enhancement �̄ over p̄ ratio (∼3.5) was
reported by the E917 experiment at AGS [5]. Also, a significant increase from 0.25
in p+p collisions to 1.5 for A+A collisions was published by the NA49 experiment
at CERN SPS. However, what has remained unclear is whether this enhancement
is uniquely associated with the strangeness enhancement in QGP [6]. The primary
reason for this ambiguity is the modification of particle yields in the later stages of a
collision, mostly during the hadronic rescattering phase, prior to freeze-out. Based
on the hadronic transport model calculations, it was inferred that �̄ and p̄ have dif-
ferent baryon-anti-baryon absorption cross-sections, thereby modifying the spectral
shapes in a way leading to an apparent increase in �̄/p̄ ratio.

In this work, our goal is to quantitatively demonstrate the sensitivity of �̄ to p̄
ratio to the BB̄ annihilation processes by analyzing inclusive cross-sections of �̄ and
p̄ in 0–7% central Au+Au(Pb+Pb) collisions at collision energies, corresponding to
beam energies of AGS (SPS), using a hadronic version of A Multi Phase Transport
(AMPT) model and Ultra-Relativistic Quantum Molecular Dynamics (UrQMD) by
switching off and on BB̄ annihilation processes within the model.

85.2 A Multi Phase Transport (AMPT) Model

AMPT is a hybrid Monte Carlo model comprising three main parts: a HIJING-based
initial condition, a partonic transport followed by hadronization by quark coalescence
or the Lund string fragmentation and a relativistic hadronic transport [7]. In partonic
transport, partons are scattered elastically and the scattering cross section is calculated
perturbatively from the strong coupling constant (αs) and gluon screening mass (μ).
These two are the main input parameters to the model and have been constrained
with a wide range of experimental data. For this work, we have set the scattering
cross-section to 10 mb, with the following choice of input parameters : α = 0.47 and
μ = 1.8 fm.
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85.3 Ultra-Relativistic Quantum Molecular Dynamics
(UrQMD)

UrQMD is a microscopic transport model where the space-time evolution of the
fireball is described in terms of fragmentation of excited color strings followed by
the covariant propagation of hadrons and resonances which eventually scatter and
decay to the final state stable hadrons. In UrQMD, baryonic andmesonic interactions
are modeled by the additive quark model (AQM), considering the number and flavor
of the valance quark content of a given hadron [8].

85.4 Results and Discussions

�̄/p̄ ratio has been measured in RHIC AGS (
√
sNN =4.9 GeV Au+Au collision)

energy as well as CERN SPS energy (
√
sNN = {6.27 GeV,7.62 GeV, 8.77 GeV, 12.3

GeV,17.3 GeV Pb-Pb collisions}). It was shown that the ratio increases with the
decrease of beam energy, i.e., with the increase in baryon density. Here, we have cal-
culated yields of �̄ and p̄ atmid-rapidity ( |y|<0.4) formost central collisions (b<3.5
fm). As final yields of �̄& p̄ are sensitive to hadronic interactions,mainly the baryon-
anti-baryon annihilation ,therefore, we have calculated these yields from UrQMD
with baryon-anti-baryon (BB̄) annihilation on and off conditions. In Figs. 85.1 and
85.2, we have compared the individual yields of �̄ and p̄ as a function of

√
sNN

from data and UrQMD with and without BB̄ annihilation. The effects of annihila-
tion are seen to be significant on the final yields. Without BB̄ annihilation, model
calculation overestimates the data for both �̄ and p̄. However, with BB̄ annihilation,
�̄ underestimate data but p̄ has a good agreement.

Next we have calculated the �̄/p̄ ratio at different
√
sNN with and without BB̄

annihilation from UrQMD as shown in Fig. 85.3.
We observe, with BB̄ annihilation, the ratio is sensitive to the choice of pt range

and achieves maximum in the lowest pT -range. However, it fails to describe the

Fig. 85.1 Figure shows the
yields at mid-rapidity of �̄

wrt
√
sNN with BB̄

annihilation on and off
conditions in UrQMD and
that compared with data.
Yields are calculated in the
Pb-Pb system with 0–7%
centrality except for the first
point (Au-Au system)
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Fig. 85.2 Figure shows the yields at mid-rapidity of p̄ wrt
√
sNN with BB̄ annihilation on and

off conditions in UrQMD and compared with data. Yields are calculated in the Pb-Pb system with
0-7% centrality except for the first point (Au-Au system)

Fig. 85.3 Figure shows the �̄/p̄ ratio at different
√
sNN with and without BB̄ annihilation from

UrQMD at mid-rapidity |y|<0.4 and at different pT and it has been compared with the experimental
data. Ratios are calculated in the Pb-Pb system with 0-7% centrality except the first point (Au-Au
system)

data quantitatively. Without BB̄ annihilation, UrQMD fails to describe the data both
qualitatively and quantitatively and has no sensitivity to the choice of pT -range. We
also studied the ratio within a multi phase transport (AMPT) model that implements
a spatial coalescence scheme for hadronization. Figure 85.4 shows the ratio with√
sNN from UrQMD, AMPT and experimental data values at mid-rapidity |y|<0.4

and pT <0.5. AMPT has higher values of the ratios compared to UrQMD. However,
AMPT does not include the annihilation of �̄.
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Fig. 85.4 Figure shows the
�̄/p̄ ratio at different

√
sNN

with BB̄ annihilation from
UrQMD and AMPT at
mid-rapidity |y|<0.4 and
pT <0.5 GeV/c and it has
been compared with the
experimental data. Ratios are
calculated in the Pb-Pb
system with 0-7% centrality
except the first point (Au-Au
system)

Nevertheless, both the model calculations reproduce the general trend in the �̄/p̄
ratio in data somewhat well. This essentially suggests, with proper tuning of the anni-
hilation cross-sections, models without an explicit implementation of the partonic
degrees of freedom may be sufficient for the quantitative description of �̄/p̄ ratio in
data, implying enhancement in �̄/p̄ ratio may not be an unambiguous evidence of
medium formation with partonic degrees of freedom.
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Chapter 86
Deconfinement to Confinement as PT
Phase Transition

Haresh Raval and Bhabani Prasad Mandal

Abstract We consider SU (N ) QCD in a new quadratic gauge which highlights a
certain characteristic of the theory in the non-perturbative sector. By considering the
natural hermiticity property of the ghost fields, we cast this model as non-Hermitian
but symmetric under combined Parity (P) and Time reversal (T) transformations.
We explicitly study the PT phase transition in this model. This is the very first such
study in the non-Hermitian gauge theory. The ghost fields condensate which give
rise to spontaneous breaking of PT symmetry. This leads to realize the transition
from deconfined phase to confined phase as a PT phase transition in this system. The
hidden C-symmetry in this system is identified as inner automorphism in this theory.
Explicit representation is constructed for the C-symmetry.

86.1 Introduction

Symmetries and their spontaneous breakdown played a crucial role in the understand-
ing of physics from time to time. About two decades ago, the formulation of usual
quantum mechanics where all physical observables are represented by self-adjoint
operators, has been extended to include non-self-adjoint operators for their observ-
able. Two important discrete symmetries, namelyParity (P) andTimeReversal (T) are
instrumental in such formulation as first shown in Ref. [1, 2]. Consistent formulation
with real energy eigenvalues, unitary time evolution and probabilistic interpretation
for unbroken PT symmetric non-Hermitian quantum systems have been formulated
in a different Hilbert space equipped with positive definite CPT inner product. Such
non-Hermitian PT symmetric systems generally exhibit a phase transition (or more
specifically a PT breaking transition) that separates two parametric regions: (i) region
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of the unbroken PT symmetry in which the entire spectrum is real and eigenstates
of the systems respect PT symmetry and (ii) a region of the broken PT symmetry
in which the whole spectrum (or a part of it) appears as complex conjugate pairs
and the eigenstates of the systems do not respect PT symmetry. The physics at this
transition point is extremely rich in nature and the typical characteristics of the non-
Hermitian system are reflected by the behavior of the system at the transition point.
Thus, the PT phase transition and its realization being extremely important in theo-
ries with non-Hermitian systems have been studied frequently [3–14]. Even though
self-adjointness of quantum observables have never been challenged, this formula-
tion of complex quantum mechanics created remarkable interest in several fronts
of physics including open quantum systems [15], scattering theory [16–24], optics,
etc. Particularly the theory of optics, where several physical processes are known
to follow Schrödinger like equations, provides a fertile ground to verify the impli-
cations of such formulations experimentally. PT symmetric complex potentials are
realized through complex refractive index in the optical media and the consequence
of PT phase transition has been experimentally realized in optics [14, 16, 25–27].
Therefore, the applicability of this path-breaking formulation of complex quantum
theories relies on observing PT phase transition in various physical systems.

In the present work, we for the first time demonstrate the PT phase transition
in a gauge theory. We consider SU (N ) QCD in the newly found quadratic gauge
[28], which is shown recently to have substantial implications in the non-perturbative
sector of the theory [28, 29], to study the PT phase transition. This is a novel study
of PT phase transition in a gauge theory. Although the non-Hermitian extension of
a gauge theory has been explored [30, 31], this particular subject has never been
touched upon. The gauge has a few following unusual features. (1) The gauge is not
one of Abelian projection gauges [32] and has quark confinement signatures contrary
to common studies of the confinement which have been done in Abelian projection.
(2) It is the covariant algebraic gauge. In general, algebraic gauges are not covariant.
(3) It removes the Gribov ambiguity on the compact manifold contrary to the case
of usual gauges. [29]. This theory has two distinct phases, one is normal phase or
deconfined phase and in the other ghost fields condensate leading to the confinement
phase [28]. The Lagrangian density which represents the deconfinement phase of
the theory is shown to be non-Hermitian by adopting the natural but unconventional
property of hermiticity for ghosts [33]. However, the theory is invariant under PT
transformations of the gluon and ghost fields.We explicitly show that the appearance
of the ghost condensed state is the cause of spontaneous break down of the PT sym-
metry. At this transition point, the theory passes from deconfined phase to confined
phase. We further identify the inner automorphism in this system as the C-symmetry
which is inherent in all PT symmetric systems and connects the negative PT norm
states to positive PT norm states and vice-versa. This C-symmetry is useful to define
the non-Hermitian theory in a fully consistent manner in the modified Hilbert space
endowed with CPT inner product. We explicitly construct the representation of the
C-symmetry for the present non-Abelian theory. This provides us the first example
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of the explicit representation of the C-symmetry in any gauge theory. Hence, the
present theory can be viewed as a consistent non-Hermitian gauge theory.

Now we present the plan of the paper. In the next section, we consider a charged
scalar theorywith a non-Hermitianmassmatrix to set themathematical preliminaries
for the later non-Abelian–non-Hermitianmodel. Two phases of theQCD in the newly
found quadratic gauge have been elaborated in Sec. III. In Sec. IV, non-hermiticity
and PT symmetry properties of two phases have been discussed. The transition from
deconfined phase to confined phase has also been identified as PT phase transition
in this section. Explicit representation of the C-symmetry is constructed. Last Sec.
is kept for results and discussions.

86.2 The Toy Model of Non-Hermitian Complex Scalars

In what follows from the next section has a close analogy with simple complex
scalar non-Hermitian model discussed in Refs. [31, 34]. Hence, we first study the
non-Hermitian theory of charged scalars. This theory is described by the following
Lagrangian:

L = ∂μφ∗
1∂μφ1 + ∂μφ∗

2∂μφ2 + [φ∗
1 φ∗

2 ]M2

[
φ1

φ2

]
(86.1)

where

M2 =
[
m2

1 μ2

−μ2 m2
2.

]
(86.2)

We will be interested only in cases for which m2
1,m

2
2, μ

2 ≥ 0. We see that the mass
matrix M2 is not Hermitian. Discussion on discrete symmetries become easier when
the doublet of two fields is defined as

� =
[
φ1

φ2

]
. (86.3)

Then, the parity and time reversal, respectively, are defined on the doublet as follows:

�
P−→ P� (86.4)

�
T−−→ T�∗ (86.5)

where P and T now are 2 × 2 matrices and complex conjugation in time reversal is
due to anti-linearity. We can make a clear guess for the choice of P by the analogy
of the parity transformation in R

2, where x → x and y → −y. The parity in R
2

suggests that the field φ1 transforms as a scalar and the other, φ2 transforms as a
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pseudoscalar. Therefore, the P has the following matrix form:

P =
[
1 0
0 −1.

]
(86.6)

This leaves uswith the only choice for the time reversal T underwhich the Lagrangian
is PT-invariant. We must choose T= 12 [31, 34]. One can in principle swap the roles
of P and T however in order to interpret this PT symmetric theory in terms of a
coupled system with gain and loss, one should take T = 12 [31, 34]. The theory
remains in the unbroken PT-symmetric state as long as the eigenvalues of the mass
matrix given as below remain real

M2
± = 1

2
(m2

1 + m2
2) ±

√
(m2

1 − m2
2)

2 − 4μ4 (86.7)

So, for |m2
1 − m2

2| ≥ 2μ2, we are in the phase of unbrokenPT symmetry.When |m2
1 −

m2
2| < 2μ2 happens, we step into the region of broken PT symmetry as eigenvalues

turn complex and PTψ± = ±ψ± is no longer valid, where ψ± are eigenfunctions of
the mass matrix M2 corresponding to eigenvalues M2±. We shall encounter similar
non-Hermitian mass matrix for gluons in our non-Abelian model to be discussed.

Since the eigenvalues in Eq. (86.7) do not change under μ2 → −μ2, there still
exists the charge conjugation symmetry under which the theory is CPT-invariant in
both PT broken and unbroken phases. The charge conjugation is defined as follows:

�
C−−→ C�∗ (86.8)

with C=P [31, 34]. The theory in the region |m2
1 − m2

2| < 2μ2 violates CP also but
preservesCTsymmetry. Such charge conjugation symmetry exists in the non-Abelian
model also as we will see later.

86.3 SU(N) QCD in the Quadratic Gauge

Here, we discuss a model in which we intend to establish a PT phase transition.
The model relies on the new type of quadratic gauge fixing of Yang-Mills action as
follows [28]:

Ha[Aμ(x)] = Aa
μ(x)Aμa(x) = f a(x); for each a (86.9)
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where f a(x) is an arbitrary function of x . The Faddeev–Popov determinant in this
gauge is given by

det

(
δ(Aaε

μ Aμaε)

δεb

)
= det

(
2Aa

μ(∂μδab − g f acb Aμc)
)
, (86.10)

Therefore, the resulting effective Lagrangian density is given as follows:

LQ = −1

4
Fa

μνF
μνa − 1

2ζ
(Aa

μA
μa)2 − 2ca Aμa(Dμc)

a (86.11)

where ζ is an arbitrary gauge fixing parameter, the field strength Fa
μν = ∂μAa

ν(x) −
∂ν Aa

μ(x) − g f abc Ab
μ(x)Ac

ν(x) and (Dμc)a = ∂μca − g f abc Ab
μc

c. The summation
over an index a is understood when it appears repeatedly, including when occurred
thrice in the ghost term. In particular, it is important for the present paper to under-
stand the structure of the ghost Lagrangian,

−ca Aμa(Dμc)
a = −ca Aμa∂μc

a + g f abccacc Aμa Ab
μ

where the summation over indices a, b and c each runs independently over 1 to
N 2 − 1. As shown in [29], The resulting Lagrangian is BRST invariant[35, 36]
which is essential for the ghost independence of the green functions and unitarity
of the S-matrix. The substantial non-perturbative implications of this gauge have
been studied in Refs. [28, 29]. In a recent in- teresting work, the FFBRST technique
itself has been extended to connect non-perturbative sector implied by this gauge to
perturbative sector signified by the Lorenz gauge [37].

86.3.1 Phases of the Theory in the Quadratic Gauge

This theory has two different phases [28]: the normal or deconfined phase and the
ghost condensed phase showing the confinement. The Lagrangian in normal phase is
given by Eq. (86.11) itself. We should note that the ghost Lagrangian does not have
kinetic terms. They act like auxiliary fields in the normal phase but play an important
role in the IR regime as we discuss now.

Ghost condensation

To demonstrate the significance of ghosts in terms of their condensates in the IR
limit and citing their value for the present purpose also, we elaborate the ghost
condensation and its implication thoroughly.Theghost condensation as a conceptwas
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introduced independently in Refs. [38–40]. The second term in the ghost Lagrangian
contains ghost bilinears multiplying terms quadratic in gauge fields. Hence, if the
ghosts freeze they amount to a non-zero mass matrix for the gluons as follows:

(M2)abdyn = 2 g
N 2−1∑
c=1

f abc〈cacc〉. (86.12)

We would get masses of gluons by diagonalizing the matrix and finding its eigen-
values. In an SU (N ) symmetric state, where all ghost-anti-ghost condensates are
identical as given in Eq. (86.13) below the mass matrix becomes peculiar,

〈c1c1〉 = ... = 〈c1cN 2−1〉 = ... = 〈cN 2−1c1〉 = ... = 〈cN 2−1cN
2−1〉 ≡ K . (86.13)

The physical relevance of the theory is lent strength once a physicalmechanism is laid
out withinwhich the state in the above equation can occur consistently. This objective
was achieved by introducing a Lorenz gauge fixing term for one of the diagonal
gluons, in addition to the purely quadratic terms of Eq. (86.9). This gauge fixing gives
the propagator to the corresponding ghost field. Using this ghost propagator, one can
give nontrivial vacuum values to bilinears cacc within the framework Coleman- -
Weinberg mechanism as described in [28]. This mechanism naturally gives the K
to be real. Thus, in the state of condensates given by Eq. (86.13), the mass matrix
becomes

(M2)abdyn = 2 gK
N 2−1∑
c=1

f abc (86.14)

which is an antisymmetric matrix i.e., non Hermitian,

(M2)† �= M2 (86.15)

due to the antisymmetry of the structure constants. The matrix in Eq. (86.14) is
unique, it has N (N − 1) non-zero eigenvalues only and thus has nullity N − 1which
implies that N (N − 1) off-diagonal gluons obtain masses and the N − 1 diagonal
gluons remain massless. Because of the antisymmetry, eigenvalues that occur are
purely imaginary and in conjugate pairs. Themassive off-diagonal gluons are inferred
as evidence of Abelian dominance, which is one of signatures of quark confinement.
Further,mass squared of the off-diagonal gluon is purely imaginary, hence, the pole of
the off-diagonal gluon propagator is on imaginary p2 axis which is another important
signature of color confinement [41]. The mass for gluons generated through a given
dynamical mechanism breaks the gauge symmetry as usual. We note that there exist
other interesting mechanisms where the mass can consistently be given to gluons
in a gauge-invariant manner, a thorough overview of such mechanisms is found
in Refs. [42, 43] and refs. therein. Thus, we see that the ghost condensation acts
as the QCD vacuum. Therefore, in the ghost condensed phase the Lagrangian can
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effectively be given as follows

LGC = − 1

4
Fa

μνF
μνa − 1

2ζ
(Aa

μA
μa)2 + M2

a A
a
μA

μa (86.16)

Here, for the diagonal gluons M2
a = 0, e.g., for SU (3), M2

3 = M2
8 = 0.While for the

off-diagonal gluons, M2
1 = +im2

1, M
2
2 = −im2

1, M2
4 = +im2

2, M
2
5 = −im2

2, M2
6 =

+im2
3, M

2
7 = −im2

3 (m2
1,m

2
2,m

2
3 are positive real). So the gluons 1 and 2 can be

considered as conjugate of each other. The same is true for other pairs. Hence for
SU (3), the last term of the effective Lagrangian in Eq. (86.16) would be

M2
a A

a
μA

μa = + im2
1A

1
μA

μ1 − im2
1A

2
μA

μ2 + im2
2A

4
μA

μ4 − im2
2A

5
μA

μ5

+ im2
3A

6
μA

μ6 − im2
3A

7
μA

μ7 (86.17)

Thus, we end our discussion on the quadratic gauge model. Having reviewed all the
prerequisites, we are now in a position to move on to the outlined objective of the
work.

86.4 PT Phase Transition in the Gauge Theory

There have been studies on the non-Hermitian extension of a gauge theory. How-
ever, the subject of PT phase transition has not been explored in gauge theories.
Here, we show that the non-Abelian gauge theory of interest exhibits the PT phase
transition. Since the discussion on PT symmetry becomes meaningful only in non-
Hermitian systems, we first discuss the hermiticity property of twomentioned phases
and demonstrate that they both are non-Hermitian.

86.4.1 Hermiticity of the Theory

The effective Lagrangian in the normal phase is given in Eq. (86.11)

Leff = −1

4
Fa

μνF
μνa − 1

2ζ
(Aa

μA
μa)2 − 2ca Aμa(Dμc)

a (86.18)

Now the hermiticity property of fields Aa
μ is well defined since they describe real

degrees of freedom. Fields must be Hermitian in order to define the real degrees of
freedom, i.e.,

Aa†
μ = Aa

μ (86.19)
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However, such is not the case for ghosts. Their Hermiticity remains unclear. Based on
the following heuristic argument, we shall define this property for ghosts underwhich
the present theory is cast as non-Hermitian model. As the operation of conjugation
in principle transforms particle to its anti particle, the following is the natural choice
of Hermiticity property for ghosts1 [33]

ca† = ca

ca
† = ca (86.20)

Under Eqs. (86.19),(86.20), the Lagrangian in the normal phase in Eq. (86.11) is not
Hermitian since the ghost Lagrangian is not Hermitian as shown below

(ca Aμa(Dμc)
a)† = (ca Aμa∂μc

a − g f abccacc Aμa Ab
μ)†

= −ca Aμa∂μca + g f abccacc Aμa Ab
μ

= −ca Aμa(Dμca) �= ca Aμa(Dμc)
a . (86.21)

The effective Lagrangian in the ghost condensed (confinement) phase (86.16) is
also not Hermitian as the mass term for gluons is purely imaginary as explained.
Important point here is to note that non hermiticity of the Lagrangian in this ghost
condensed phase is free of the hermiticity convention for ghosts as they do not appear
in this phase and thus the non hermiticity of the ghost condensed phase is profound.
The Lagrangian (86.16) obeys the extended hermiticity [28], i.e., when the following
inner automorphisms is applied hermiticity gets restored, viz. TL†

GCT
† = LGC ,

TL1T
† = L2 TL4T

† = L5 TL6T
† = L7 TL3T

† = L8

TL2T
† = L1 TL5T

† = L4 TL7T
† = L6 TL8T

† = L3 (86.22)

with the property

T2 = T†2 = 1 (86.23)

where Li refers to any individual Lagrangian term such as − 1
4 F

i
μνF

μνi , − 1
2ζ

(Ai
μA

μi )2, im2Ai
μA

μi appearing in Eq. (86.16). The inner automorphism amounts
to exchanging group indices as 1 ↔ 2, 4 ↔ 5, 6 ↔ 7, 3 ↔ 8. In the adjoint repre-
sentation it is given by

1In literature, at times unconventional Hermiticity property of ghost fields is invoked under which
the effective theory in a given usual gauge can be reinterpreted as Hermitian theory. However, this
is not natural and methodological way of treatment. (See Ref. [33]). The discussion on Hermiticity
of Eq. (86.11) with natural Hermiticity Eq. (86.20) is general to all usual gauges such as Lorenz
gauge.
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⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 1 0 0 0 0 0 0
1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1
0 0 0 0 1 0 0 0
0 0 0 1 0 0 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 1 0 0
0 0 1 0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

We have thus shown that both deconfined and confined phases are non-Hermitian,
later being profoundly. There is no spontaneous breaking of Hermiticity and the
system is consistently non Hermitian. Hence, it becomes interesting to discuss state
of PT symmetry in this theory which we shall commence now.

86.4.2 PT Symmetry of the Theory

As in the case of the hermiticity, parity and time reversal properties of the gluons are
well defined but not for ghosts. For gluons, parity is given as

Aa
i (x, t)

P−→ −Aa
i (−x, t)

Aa
0(x, t)

P−−→ Aa
0(−x, t). (86.24)

The rule for parity is same for all gluons as it is a linear operator. It is easy to see
that Lagrangian in the normal phase (86.11) is invariant under parity if we choose
ghosts to be scalars,

ca(x, t)
P−→ ca(−x, t)

ca(x, t)
P−−→ ca(−x, t). (86.25)

The ghosts being scalars under parity are consistent with the BRST transformations
of fields under which the LQ is invariant. Such convention is chosen in Ref. [44].

The case of the time reversal is not straight forward unlike parity as the time
reversal is an anti-linear operation. Since some of the generators of SU (N ) are
purely imaginary, the time reversal property is not same for all gluons. We shall
explain it using SU (3) group, further generalization to SU (N ) is obvious. In SU (3),
three generators namely, second,fifth, and seventh are purely imaginary. Therefore,
time reversal for gluons is given by

Ap
i (x, t)

T−−→ −Ap
i (x,−t)

Ap
0 (x, t)

T−−→ Ap
0 (x,−t), (86.26)
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where index p is 1, 3, 4, 6, 8 and,

Aq
i (x, t)

T−−→ Aq
i (x,−t)

Aq
0(x, t)

T−−→ −Aq
0(x,−t), (86.27)

where index q is 2, 5, 7. Therefore, the field strength with any spacetime and group
indices can utmost change up to overall negative sign, i.e.,

Fa
μν

T−−→ ±Fa
μν. (86.28)

Thus, the action in the normal phase (86.11) is invariant under time reversal given
that the time reversal property for ghosts is defined in the following manner:

cp(x, t)
T−−→ −cp(x,−t)

cp(x, t)
T−−→ cp(x,−t) (86.29)

and,

cq(x, t)
T−−→ cq(x,−t)

cq(x, t)
T−−→ cq(x,−t) (86.30)

where the description of indices p and q are as above. Anti-linearity makes two sets
of ghosts transform in a completely different manner. Thus, the theory in normal
phase is individually both parity and time reversal invariant. It can be shown that
these time reversal conventions are the only choice which are consistent with BRST
transformations. This PT symmetry breaks down spontaneously in the confined phase
as we explain now.

The theory in the confined phase is given by Eq. (86.16),

LGC = − 1

4
Fa

μνF
μνa − 1

2ζ
(Aa

μA
μa)2 + M2

a A
a
μA

μa

It is easy to check that parity (86.24) is still a symmetry. However, the time reversal
is broken due to pure complex nature of the mass term,

M2
a A

a
μA

μa = + im2
1A

1
μA

μ1 − im2
1A

2
μA

μ2 + im2
2A

4
μA

μ4 − im2
2A

5
μA

μ5

+ im2
3A

6
μA

μ6 − im2
3A

7
μA

μ7 T−−→ (86.31)

− im2
1A

1
μA

μ1 + im2
1A

2
μA

μ2 − im2
2A

4
μA

μ4 + im2
2A

5
μA

μ5

− im2
3A

6
μA

μ6 + im2
3A

7
μA

μ7

= −M2
a A

a
μA

μa (86.32)



86 Deconfinement to Confinement as PT Phase Transition 627

and also PTψ �= ±ψ , where ψs are eigenfunctions of the mass matrix (86.14). The
first two terms of LGC remain unaffected by the time-reversal. Thus, PT symmetry
is violated in this phase. We can see that the anti-symmetric nature of structure
constant appearing in the mass matrix has led to this breaking. An important point
again here is to note that the PT symmetry violation in the confined phase is profound
as it is independent of the convention for ghosts. Therefore, the transition from the
normal phase to the confinement phase with SU (N ) symmetric ghost condensates
can be identified as PT phase transition from unbroken to broken PT phase. We note
here that interestingly association between color confinement and spontaneous PT
breaking is model and mechanism independent even though in this model the link
is through ghost condensation since one prime signature of quark confinement, the
pole of the propagator on purely imaginary p2 axis, inevitably breaks PT symmetry.
The usefulness of a consistent model such as one in this paper lies in that it gives
valuable insight into a process through which the link can take place.

Conventionally, the order parameter is the one whose value tuning separates two
phases, e.g.., in the toy model of Sec. II, tuning of η ≡ 2μ2

|m2
1−m2

2| from less than 1
to greater than 1 separates PT unbroken and broken phase. We note the follow-
ing regarding an order parameter in the present model. For the phase transition from
deconfined phasewhich is PT unbroken to confined phasewhich PT broken, different
ghost bilinears cacc (a and c runs over 1 to N 2 − 1 independently) need to condense
first and that also to a stated SU (N ) symmetric vacuum given by Eq. (86.13). This
mechanism is quite similar to the Higgs mechanism in the electroweak theory where
ground state of theory parameterized by the expectation value of the Higgs field
spontaneously breaks the electroweak symmetry and thus in this sense, the expec-
tation value of the Higgs field acts as the order parameter. In the same way, the
present theory has the ground state parameterized by K of Eq. (86.13) which breaks
the PT symmetry. Therefore, K provides the order parameter of the PT transition in
this non-Abelian model. Thus, we have provided a gauge theory in which PT phase
transition is explicitly shown for the first time.

86.4.3 C-Symmetry

In the PT symmetric non-Hermitian quantum mechanics, a C-symmetry (not the
charge conjugation) is defined to improve the probabilistic interpretation of the PT-
inner product and is inherent in all PT symmetric systems hence it becomes essential
to find C-symmetry in the given model. We show that in the setup of quantum field
theory in which we are working the inner automorphism provides the representation
of this C-symmetry. So far, no explicit representation of the C-symmetry is known in
the framework of gauge theories. This symmetry in quantummechanics must satisfy
the following three conditions:

[H,C]ψ = 0, [PT,C]ψ = 0, C2 = 1 (86.33)
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The inner automorphism satisfies QFT analogue of the conditions (86.33) as we
explain now.
(1) The inner automorphism exchanges group indices i.e., 1 ↔ 2, 4 ↔ 5, 6 ↔ 7,
3 ↔ 8 and the Lagrangian of the initial unbroken PT theory in the normal phase
contains sum over group index a. Hence, the Lagrangian and therefore Hamiltonian
in this phase remain invariant under the inner automorphism. Thus, QFT analogue
of the first of conditions (86.33) is obeyed.
(2) PT is a space-time symmetry and the inner automorphism is the operation in
the group space. Therefore, it is easy to check that changing the order of inner
automorphism and PT operations on Lagrangians of both the phases in Eqs. (86.11)
and (86.16) does not alter the final result. In other words, they commute. This proves
the QFT analogue of the second condition in Eq. (86.33).
(3) The third of Eq. (86.33) has already been shown. Therefore, we see that the inner
automorphism forms an explicit representation of the C-symmetry, which in adjoint
representation is given by the matrix (86.24).

It is clear that the theory in both the phases is invariant under CPT. In the broken
PT phase, the theory also violates CP symmetry but preserves the CT, in complete
analogy with the scalar model described in sec. II.

86.5 Conclusion

The main features of the non-self adjoint theories are encoded in the rich characteris-
tics of the PT phase transition, hence it is extremely important to study the PT phase
in PT symmetric non-self adjoint theories. Even though non-Hermitian extension of
various models in quantum field theory has been studied, PT phase transition was not
realized in the framework of a gauge theory. In the present work, we have demon-
strated the PT phase transition by constructing an appropriate non-Hermitian but PT
symmetric model of QCD in a recently introduced quadratic gauge which throws
light on certain typical characteristics in non-perturbative sector. In this particular
gauge, we have ghost fields condensation leading to confinement phase. We have
shown the transition from deconfinement phase to confinement phase is a PT phase
transition in this model of QCD. Ghost condensates result in PT symmetry break-
down. To have a fully consistent non-Hermitian quantum theory, it is important to
explicitly find the C-symmetry which is inherent in all PT symmetric non-Hermitian
systems.We have found the C-symmetrywith its explicit representation in thismodel
which is nothing but the inner automorphism. Thus, we give a new example where
representation of C-symmetry in a gauge theory is constructed. Importantly, we note
that there is a direct association between quark confinement and PT breaking which
we bring to light through this model for the first time. It would be interesting to
further study the relevance that the implications of the PT phase transition in this
model may hold for the other areas of research.
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Chapter 87
Bottomonium Suppression in p−Pb and
Pb−Pb Collisions at the CERN Large
Hadron Collider: Centrality and
Transverse Momentum Dependence

Captain R. Singh, S. Ganesh, and M. Mishra

Abstract The deconfined state of QCD matter in heavy-ion collisions has been a
topic of paramount interest for many years. Quarkonium suppression in heavy-ion
collisions at the Relativistic Heavy-Ion Collider (RHIC) and Large Hadron Collider
(LHC) experiment indicates the formation of quark-gluon plasma (QGP) in heavy-
ion collision experiments. Experiments at LHC have given indications of deconfined
QCDmatter effect in asymmetric p−Pb nuclear collisions. Here, we use a theoretical
model to investigate the bottomonium suppression in Pb−Pb, 2.76 TeV, 5.02 TeV
and in p−Pb at 5.02 TeV center-of-mass energies under a QGP formation scenario.
Our current formulation is based on a unified model consisting of suppression due
to color screening, gluonic dissociation along with collisional damping. Regenera-
tion due to correlated quark and antiquark pairs has also been taken into account
in the current work. We obtain here the net bottomonium suppression in terms of
survival probability under the combined effect of suppression plus regeneration in
the deconfined QGP medium. We concentrate here on the centrality, number of par-
ticipants and transverse momentum, and pT dependence of bottomonium 1S and
2S state suppression in Pb−Pb and p−Pb collisions at mid-rapidity. We compare
our model predictions for bottomonium 1S and 2S suppression to the corresponding
experimental data obtained from the LHC. We find that the experimental observa-
tions on transverse momentum pT - and centrality NPART -dependent suppression
agree reasonably well with our model predictions.

87.1 Introduction

There are various QGP effects which affect the quarkonium yields [1–3]. Until the
mid-2000s, color screening (also known as Debye color screening) was thought to be
the only possible suppressionmechanism for quarkonia in a QGPmedium. However,
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experimental results involve some puzzling features which defy explanations based
on color screening alone. The other suppression mechanisms like, gluonic dissoci-
ation and collisional damping may breakup the bound state of quarkonium states.
However, there are some other mechanisms which can mimic the QGP effects up to
a certain extent without the actual QGP effects. To separate out these effects from
the QGP, it is required to study the smaller collision systems like p-p, p-A, d-A, etc.
Thus a comprehensive study of QGP formation in A-A collisions includes p-p and
p-A collision systems at the same or nearby energies. In such small collision systems,
the formation of QGP was considered very unlikely. But after recent observation on
collectivity in small systems and a few other results, it has now become the most
debated/discussed topic of current interest. If we assume that there is noQGP in small
collision systems, then what are the factors which suppress the quarkonia produc-
tion? This modification in the yield is explained as the initially produced quarkonia
that get strongly affected by the surrounding nuclear environment. This environ-
ment is considered as a hadronic fireball which contains an admixture of hadrons,
like nucleons and mesons. The environmental effects on the particles productions in
hard processes or soft processes are described in terms of the “cold nuclear matter
(CNM) effects”. The most significant CNM effect is the shadowing effect which
comes into the picture due to the modification of parton distribution functions in
the nuclear medium. Since a nucleus may contain some other hadrons along with
protons and neutrons, the deviation in the nucleus isospin due to the presence of these
hadrons affects all the perturbative QCD calculations. In the present work, we con-
sidered the combined effect of QGP and non-QGP effects to obtain the bottomonium
suppression in p-A at

√
sNN = 5.02 TeV and A-A collisions at

√
sNN = 2.76, 5.02

TeV collision energies. We named this framework as Unified Model of Quarkonia
Suppression, “UMQS”.More details about the model can be found in Refs. [4, 5].

87.2 UMQS Model Formulation

In our model, we start with realistic in medium lattice−based potential extractions
from dynamical lattice QCD. Using this potential, we investigated the bottomonium
decay width in the QGP medium. This static potential between two heavy quarks
placed in a QCD medium consists of two parts. The first part represents the standard
time-independent Debye screened potential. This is used to obtain the bottomonium
suppression due to color screening.

87.2.1 Shadowing Effect and Color Screening

Color Screening: In color screening, free flowing partons in theQGPmedium screen
the color charges present between the qq̄ bound states which leads to the dissociation
of bound states, or prevents to form bound states. Asmentioned earlier, this screening
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of color charges in QGP is analogous to the screening of electric charges in the
ordinary QED plasma. The color screening mechanism strongly depends on the
dissociation temperature (TD) of the quarkonia. For ϒ(1S), TD ≈ 700 MeV while
forϒ(2S), it is≈ 220MeV. So if the temperature of the QGPmedium is the less than
the dissociation temperature (T < TD) of any quarkonium species, then that statewill
not be dissociated due to the color screening effect. The Survival of bottomonium
around screening radius (r ) is obtained in the form of survival probability:

Sc(pT , Npart ) = 2(α + 1)

πR2
T

∫ RT

0
dr r φmax (r)

{
1 − r2

R2
T

}α

, (87.1)

where α = 0.5 and RT is the transverse radius of the QGP. In our calculation,
we have found that the color screening effect for ϒ(1S) state is negligible at√
sNN = 2.76,&5.02 TeV collision energies, due to its high dissociation temper-

ature (TD), while a significant color screening effect on ϒ(2S) can be seen in all the
above mentioned collision energies, as shown in Fig. 87.1a.

Shadowing Effect: Being a cold nuclear matter effect, it suppresses the initial
bottomonium production in heavy-ion collisions. It firmly depends on the center of
mass collision energy of the colliding ions [6]. The shadowing effect arises due to
the difference in the parton distribution between the nucleon present in the nucleus
and out of the nucleus. Suppression due to shadowing is plotted in Fig. 87.2b for
the various collision systems at different center-of-mass collision energies (

√
sNN ).

Figure 87.2b clearly depicts the dominance of
√
sNN in the shadowing effect, as for

higher values of
√
sNN shadowing increases the suppression.

We use the EPS09 parametrization to obtain the shadowing Si (A, x, μ) for nucleus
with mass A, momentum fraction x and scale μ. Thus, the shadowing factor is
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Fig. 87.1 a Color screening for ϒ(1S) and ϒ(2S) versus NPART in Pb−Pb Collisions at LHC
energies,

√
sNN = 2.76, 5.02 TeV. b Variation of ϒ(1S) shadowing factor (Ssh ) versus transverse

momentum (pT ) plotted corresponding to central rapidity region for Pb−Pb at
√
sNN = 2.76, 5.02

TeV and p−Pb at
√
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obtained as follows:

Siρ(A, x, μ, r) = 1 + Nρ(S
i (A, x, μ) − 1)

∫
dzρA(r, z)∫
dzρA(0, z)

(87.2)

where Nρ is determined by the following normalization condition:
1
A

∫
d2rdzρA(s)Siρ(A, x, μ, r) = Si (A, x, μ). The suppressiondue to the shadowing

effect is thus determined by

Ssh = dNAB/dy

TAB(b)dσpp/dy
. (87.3)

87.2.2 Collisional Damping, Gluonic Excitation and Gluonic
De-Excitation

Collisional Damping: Collisional damping is the dissociation of the bound state
of quark and antiquark pairs due to the exchange of low frequency fields between
q − q̄ pairs. Hence, we find the associated decay width, which is obtained by taking
the expectation value of the imaginary part of effective quark-antiquark potential in
QGP [7]:

�damp,nl =
∫

gnl(r)
† Im(V )gnl(r)dr, (87.4)

where gnl(r) is the singlet wave function.

Gluonic Excitation: The gluons absorbed by singlet state trigger a transition from
singlet to octet state. As the octet state is a colorful state, it represent a dissociated
state of b − b̄ pair. So the basic principle behind the suppression of a meson due
to gluonic dissociation is that, there is an excitation of the singlet state to the octet
state. The cross section and other details about this process are given in Ref. [5].
We have taken the thermal average of gluonic cross section over a modified Bose–
Einstein distribution to obtain the decay width �gd,nl corresponding to the gluonic
dissociation, given as

�gd,nl(τ, pT , b) = gd
4π2

∫ ∞

0

∫ π

0

dpg dθ sin θ p2gσd,nl(Eg)

e
{ γ Eg
Te f f

(1+vϒ cos θ)} − 1
, ; gd = 16 (87.5)

where σdiss,nl is the gluonic dissociation cross section.

Finally, we calculated the combined effect of�gd,nl and�damp,nl by unifying them
in a single entity �D , given as �D = �damp + �gd,nl .



87 Bottomonium Suppression in p−Pb and Pb−Pb Collisions… 635

0 0.1 0.2 0.3 0.4 0.5

T
eff

  (GeV)

0

0.1

0.2

0.3

0.4

Γ D
 (

G
eV

)
Γ

D
 for Y(1S)

Γ
D

 for Y(2S)
p

T
 < 30 GeV

|y| < 2.4

(a)

0 5 10 15 20 25 30

p
T
  (GeV)

0

0.1

0.2

0.3

0.4

0.5

0.6

Γ F
 (

G
eV

-2
) 

x 
10

Γ
F
 @ 400 MeV

Γ
F
 @ 200 MeV

Y(1S)

|y| < 2.4

(b)

Fig. 87.2 a Variation of ϒ(1S) and ϒ(2S) total decay width along with its components, i.e.,
gluonic dissociation and collisional damping versus effective temperature. b Variation of ϒ(1S)

recombination factor (�F ) versus transverse momentum (pT ) plotted for Tef f = 200 MeV and 400
MeV

In Fig. 87.2a, the net effect of gluonic dissociation and collisional damping is
plotted for ϒ(1S) and ϒ(2S) states. The total decay width for ϒ(1S) is a mono-
tonically increasing function of effective temperature as shown in Fig. 87.2a, but
a non-monotonic behavior is observed for ϒ(2S) as shown in the same figure. For
ϒ(2S), boost in �D around Tef f ≈ 200 MeV is due to the Debye mass (MD) which
is also a function of Tef f . The Debye mass initiates the sequential melting of ϒ(2S)

near its dissociation temperature and dissociates it completely at Tef f > TD .

Gluonic De-excitation: There is another process which works against the sup-
pression mechanisms.We named it regeneration due to correlated b − b̄ pairs. In this
mechanism, the particle which is already in the octet state can make the transition to
the color singlet state via emitting a gluon. Therefore, We have considered the possi-
bility of regeneration of bottomonia due to de-excitation of octet to singlet state. We
calculated the recombination cross section using the detailed balance from gluonic
dissociation cross section, given as

σ f,nl = 48

36
σdiss,nl

(s − M2
nl)

2

s(s − 4 m2
b)

(87.6)

where s is the Mandelstam variable, Mnl , and mb are the masses of bottomonium
states and bottom quark, respectively. Now define the recombination factor �F,nl as
the thermal average of the product of the above cross section and relative velocity
between b − b̄ [5].
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87.2.3 Survival Probability

The net production of ϒs includes hot and cold nuclear matter effects. We combined
all the effects in the UMQS model and finally obtained the survival probability. The
survival probability due to shadowing, gluonic dissociation along with collisional
damping and recombination is defined by Sϒ

gd(pT , b). So far color screening is not
included because it works independent of all other mechanisms. So, the net yield is
obtained after including the survival probability (Sc) of bottomonium due to color
screening:

SP(pT , b) = Sϒ
gd(pT , b) Sϒ

c (pT , b). (87.7)

Feed-down:The higher resonances of bottomoniamay decay into their respective
lower states, so the feed-down of the higher resonances into lower states becomes
important to include in the final calculation of survival probability.
Feed-down for ϒ(1S) is obtained by considering that ∼ 68% of ϒ(1S) come up by
direct production whereas ∼ 17% is from the decay of χb(1P) and ∼ 9% is from
the decay of ϒ(2S). The feed-down of χb(2P) and ϒ(3S) into ϒ(1S) is taken as
∼ 5% and ∼ 1%, respectively. Similarly, the feed-down of χb(2P) and ϒ(3S) into
ϒ(2S) effectively suppress its production. From the feed-down fractions for ϒ(2S),
we have considered that ∼ 65% of ϒ(2S) come up by direct production whereas
∼ 30% from the decay of χb(2P) and ∼ 5% is from the decay of ϒ(3S).

87.3 Results and Discussion

In this section, we have compared our model predictions for bottomonium sup-
pression with the corresponding experimental results obtained at mid-rapidity at
LHC energies. Our UMQS model determines the pT and centrality-dependent
survival probability of quarkonium states at mid-rapidity in Pb−Pb collisions at√
sNN = 2.76 and 5.02 T eV and in p−Pb collision at

√
sNN = 5.02 TeV [8–11].

87.3.1 Transverse Momentum-Dependent Suppression

The bottomonium transversemomentum (pT )-dependent nuclearmodification factor
RAA data sets are available corresponding to minimum bias (0 − 100% centrality).
Therefore, we have calculated the pT -dependent survival probability (SP ) at mini-
mum bias via taking the weighted average over all centrality bins and compared with
the corresponding RAA data.

Figure 87.3a suggests thatϒ(1S) suppression is a slowly varying function of trans-
verse momentum pT in comparison with ϒ(2S) in the QGP medium. Figure 87.3b
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Fig. 87.3 a Survival probability ofϒ(nS) versus pT is compared withϒ(nS) nuclear modification
factor RAA [9] in Pb−Pb collisions at

√
sNN = 2.76TeV.bSurvival probability ofϒ(nS) versus pT

is comparedwithϒ(nS) nuclear modification factor RAA [10] in Pb−Pb collisions at
√
sNN = 5.02

TeV

depicts the suppression for Pb−Pb collision at
√
sNN = 5.02 TeV else it is very

similar to what is shown in Fig. 87.3a.

Double ratio plotted in Fig. 87.4a represents the production ofϒ(2S) overϒ(1S)

and quantifies the medium effects since the shadowing effect is almost the same for
all bottomonium states. Thus suppression in yield ratio is purely due to the QGP
medium effect. It is clear from Fig. 87.4a that except for the first data point, our
calculated pT variation agrees well with the measured double ratio of bottomonium
states. In Fig. 87.4b, we have plotted our model predictions in terms of survival
probability of ϒ(1S) and ϒ(2S) versus pT along with a small suppression in ϒ(1S)

at low pT and a bit enhancement or almost no suppression at high pT observed
in the central rapidity region in p − Pb collision at 5.02 TeV energy. Our model
calculation showing small suppression of ϒ(1S) at low pT which decreases at high
pT is consistent with the observed suppression data. The indirectϒ(2S) suppression
in terms of the double ratio is plotted in Fig. 87.5b. The comparison of calculated
yield ratio and themeasured double ratio in Fig. 87.5b clearly supports our prediction
of ϒ(2S) suppression in p−Pb collisions at

√
sNN = 5.02 TeV.

87.3.2 Centrality-Dependent Suppression

In our model calculations, we have used a number of participants NPART to relate the
centrality of collisions to the measured relative yield in terms of RAA. We obtained
the centrality (NPART )-dependent survival probability forϒ(1S) andϒ(2S) by aver-
aging over pT .
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Fig. 87.4 a The predicted yield ratio of ϒ(2S) to ϒ(1S) is compared with the observed double
ratio,ϒ(2S) toϒ(1S) in Pb − Pb collision [10] at 5.02 TeV LHC energy. b Survival probability of
ϒ(1S) versus pT is compared withϒ(1S) nuclear modification factor RAA [12] in p−Pb collisions
at

√
sNN = 5.02 TeV. SP of ϒ(2S) is predicted for the same collision system
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Fig. 87.5 a The centrality variation of our calculated yield ratio of ϒ(2S) to ϒ(1S) is compared
with the measured double ratio as a function of centrality in Pb−Pb collisions obtained from the
CMS experiment at

√
sNN = 5.02 TeV [11]. b The centrality variation of our calculated yield ratio

of ϒ(2S) to ϒ(1S) is compared with the measured double ratio as a function of centrality in p−Pb
collisions obtained from the ATLAS experiment at

√
sNN = 5.02 TeV [12]

The yield ratio of ϒ(2S) to ϒ(1S) is compared with double ratio as plotted in
Fig. 87.5a; it is consistent with our model prediction for ϒ(1S) and ϒ(2S) suppres-
sion in Pb−Pb collision at 5.02 TeV LHC energy. A significant effect of feed-down
is seen at

√
sNN = 5.02 TeV energy over the most peripheral to the most central col-

lision. After taking the feed-down, our predicted results for ϒ(1S) yield is showing
good agreement with the data, while it predicts oversuppression for ϒ(2S) at the
mid-central region.
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87.4 Conclusion

Outcomes of our model show that bottomonium suppression is the combined effect
of hot and cold nuclear matter. The color screening effect is almost insignificant to
suppress theϒ(1S) productionwhile it significantly suppressedϒ(2S) production in
Pb−Pb and p−Pb collisions at all the LHC energies. The gluonic dissociation along
with the collisional damping mechanisms plays an important role in ϒ(1S) and
ϒ(2S) in Pb−Pb and p−Pb collisions. Our model suggests an effective regeneration
of ϒ(1S) in Pb−Pb at

√
sNN = 2.76 & 5.02 TeV. QGP formation in p−Pb collision

clearly explained by ϒ(1S) suppression is around unity with large uncertainty, and
no direct experimental results are available forϒ(2S) suppression. However, indirect
experimental information of ϒ(2S) suppression is available in the form of a double
ratio. Our model predicted the ϒ(2S) suppression in p−Pb collisions.
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Chapter 88
Nonlinear Effects in Singlet Quark
Distribution Predicted by GLR-MQ
Evolution Equation

Mayuri Devee

88.1 Introduction

The DGLAP evolution equation at the twist-2 level predicts a sharp growth of the
gluon densities as x grows smaller which is clearly observed in the DIS experiments
at HERA as well. It is quite obvious from the perturbative QCD calculations that
the sea quark distributions in a hadron evolve rapidly with ln (1/x) at fixed Q2 in
the same manner as the gluon distribution. However, in the region of very small
x , the individual gluons necessarily start to overlap or recombine with each other.
Therefore the sharp growth of the sea quark distribution is expected to slow down
in order to restore the Froissart bound [1] on physical cross sections. Accordingly,
the DGLAP equation was modified by incorporating correlations among the initial
partons by Gribov-Levin-Ryskin (GLR) and Mueller-Qiu (MQ) in their pioneering
works [2, 3] at the twist-4 level.

The solution of the GLR-MQ equation is important to examine the effect of non-
linear corrections due to the gluon-gluon recombination at small x . In our previous
works [4, 5], (related works: Refs. [6, 7]), we solved the GLR-MQ equation to
study the Q2 and x dependence of the gluon distribution function using Regge-like
behaviour of gluon distribution. In the present work, we have solved the GLR-MQ
equation for sea quark distribution using the same method in leading twist approx-
imation and investigate the effect of nonlinear corrections on the small x and Q2

behaviour of singlet structure function, FS
2 (x, Q2). Our semi-analytical results are

compared with NMC [8] and E665 [9] experimental data as well as with the NNPDF
collaboration [10]. Moreover, we perform a comparative analysis of our predictions
of FS

2 (x, Q2) obtained from the nonlinear GLR-MQ equation with those obtained
from the linear DGLAP equation.
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88.2 Formalism

88.2.1 General Framework

The nonlinear corrections arising from the recombination of two gluon ladders into
one gluon or a qq̄ pair modify the evolution equations of singlet structure function
as [11]

∂FS
2 (x, Q2)

∂ln Q2
= 5

18

∂FS
2 (x, Q2)

∂ln Q2

∣
∣
∣
DGLAP

− 5

18

27

160

α2
S(Q

2)

R2Q2
G2(x, Q2), (88.1)

which is known as the GLR-MQ equation. The first term on the right-hand side is
given by the standard linear DGLAP equation whereas the term quadratic in G is the
result of gluon recombination. The negative sign in front of the nonlinear term tames
the strong growth of singlet quark distribution generated by the linear term at very
small x . The size of the nonlinear term crucially depends on the correlation radius
R between two interacting gluons.

The first term of Eq. (88.1) in the leading twist approximation is given by [12]

∂FS
2 (x, Q2)

∂ln Q2

∣
∣
∣
DGLAP

= αs(Q2)

2π

[
2

3

(

3 + 4 ln(1 − x)
)

FS
2 (x, Q2)

+ 4

3

∫ 1

x

dω

1 − ω

{

(1 + ω2)FS
2

( x

ω
, Q2

)

− 2FS
2 (x, Q2)

}

+ NF

∫ 1

x

(

ω2 + (1 − ω)2
)

G
( x

ω
, Q2

)

dω

]

. (88.2)

Here,αs(Q2) = 4π
β0ln(Q2/Λ2)

withβ0 = 11− 2
3N f and N f being the number of active

quark flavours.

88.2.2 Solution of GLR-MQ Equation for Singlet Structure
Function and Effects of Gluon Recombination

To solve the GLR-MQ equation, we have taken into account a simple form of Regge-
like behaviour of singlet structure function as

FS
2 (x, Q2) = f (Q2)x−λS , (88.3)

where f (Q2) is a function of Q2 andλS is the Regge intercept for the singlet structure
function.

Now by employing the Regge ansatz of Eq. (88.3) in Eq. (88.1), we arrive at
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∂FS
2 (x, Q2)

∂Q2
= A1(x)

FS
2 (x, Q2)

ln(Q2/Λ2)
− A2(x)

[

FS
2 (x, Q2)

]2

Q2 ln(Q2/Λ2)
, (88.4)

where A1(x) and A2(x) are some functions of x . Here, we have assumed the relation
G(x, Q2) = k(x)FS

2 (x, Q2), with the ad hoc parameter k(x) to be determined from
phenomenological analysis. This assumption is justifiable as the evolution equations
of gluon and singlet structure function are in the same forms of the derivative with
respect to Q2.

Equation (88.4) is a partial differential equation for the singlet structure function
FS
2 (x, Q2) with respect to the variables x and Q2. It can be solved to obtain the Q2

and x evolutions of the nonlinear singlet structure function as

FS
2 (x, t) = t A1(x)FS

2 (x, t0)

t A1(x)
0 + A2(x)

[ ∫

t A1(x)−2e−t dt − ∫

t0A1(x)−2e−t0dt0
]

FS
2 (x, t0)

(88.5)
and

FS
2 (x, t) = t A1(x)FS

2 (x0, t)

t A1(x0) +
[

A2(x)
∫

t A1(x)−2e−t dt − A2(x0)
∫

t A1(x0)−2e−t dt
]

FS
2 (x0, t)

,

(88.6)
respectively. Here, we have used the variable t = ln( Q2

Λ2 ). The input functions
FS
2 (x, t0) and FS

2 (x0, t) are defined as FS
2 (x, t) = FS

2 (x, t0) at t = t0 where t0 =
ln

(
Q2

0
Λ2

)

for some lower value of Q2 = Q2
0 and FS

2 (x, t) = FS
2 (x0, t), at some high

x = x0.
Again the linear DGLAP equation at the leading order defined by Eq. (88.2) can

be solved using the Regge ansatz defined by Eq. (88.3) as

FS
2 (x, Q2) = f10t

A1(x)−A1(x0) (88.7)

for fixed Q2. The input distributions f10 have to be chosen from the initial boundary
conditions.

Now to estimate the effect of nonlinear corrections as a consequence of gluon
recombination in our predictions of the singlet structure function at small x , we
calculate the ratio of Eqs. (88.6) and (88.7) given by

RFS
2

= FS
2
GLR−MQ

(x, t)

FS
2
DGLAP

(x, t)
, (88.8)

as a function of variable x for different values of Q2.
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88.3 Result and Discussion

The effects of nonlinear corrections to the evolution of the singlet structure function,
FS
2 (x, Q2), are examined at small x by solving the GLR-MQ evolution equation.
We have performed our analysis in the kinematic region 0.6 ≤ Q2 ≤ 25 GeV2

and 10−4 ≤ x ≤ 10−1 where the suggested solution is found to be legitimate. In
Fig. 88.1, we plot the Q2 dependence of FS

2 (x, Q2) computed from Eq.(88.5) for
fixed x = 0.008, whereas Fig. 88.2 represents the small-x behaviour of FS

2 (x, Q2)

computed fromEq.(88.6) at fixed values of Q2 = 1.25, 1.094 and 4.03GeV2 for both
R = 2 GeV−1 and R = 5 GeV−1, respectively. The consistency of our results are
examined with the NMC, E665 and NNPDF data. The vertical error bars represent
the total combined statistical and systematic uncertainties of the experimental data.
It is observed that the obtained results of FS

2 (x, Q2) increase with increasing Q2

Fig. 88.1 Q2 dependence of singlet structure function with nonlinear corrections
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Fig. 88.2 x dependence of singlet structure function with nonlinear corrections

and decreasing x , but this attitude is tamed with respect to the nonlinear terms in
the GLR-MQ equation. The effect of nonlinearity is observed to be more at R = 2
GeV−1 than at R = 5 GeV−1.

In Fig. 88.3, the ratio RFS
2
defined in Eq.(88.8) is plotted against the variable

x in the range 10−4 ≤ x ≤ 10−2 for three representative values Q2. It is observed
that, towards smaller values of x and Q2, the GLR-MQ/DGLAP ratio for FS

2 (x, Q2)

decreases which implies that the effect of nonlinearity increases towards small x .
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Fig. 88.3 The
GLR-MQ/DGLAP ratio for
singlet structure function

88.4 Summary

To summarize, the nonlinear GLR-MQ equation for FS
2 (x, Q2) is solved in the lead-

ing order and the effect of nonlinear corrections due to the gluon recombination
processes has been investigated at small x and Q2. The suggested solution is found
to be valid in the kinematic domain 10−4 ≤ x ≤ 10−1 and 0.6 ≤ Q2 ≤ 25 GeV2,
where the gluon recombination processes play an important role on the QCD evo-
lution of FS

2 (x, Q2). Our results reveal the general trend of experimental data and
parametrization, however, with the inclusion of the nonlinear terms, this behaviour
of the singlet structure function is slowed down towards small x . The effect of non-
linear corrections become significant at the hot spot with R = 2 GeV−1 when the
gluons and the sea quarks are assumed to be condensed in a small region within the
proton. Moreover, the predictions of the GLR-MQ/DGLAP ratio also indicate that
nonlinearity increases towards smaller values of x and Q2.
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Chapter 89
Possible Restoration of Z3 Symmetry
in the Presence of Fundamental Higgs

M. Biswal, S. Digal, and P. S. Saumia

Abstract We study the Z3 symmetry in SU(3) Higgs theory using Monte Carlo
simulation methods. We focus mainly on the distribution of the Polyakov loop and
related parameters to study the Z3 symmetry. We show that the Z3 symmetry is
explicitly broken when Higgs condesate acquires a nonzero value. However, we also
show that there is a possibility of the Z3 symmetry in the Higgs symmetric phase
where Higgs condensate vanishes.

89.1 Introduction

It is expected that at high enough temperatures, hadrons melt into quark-gluon
plasma. These conditions existed in the early universe. Recently, heavy-ion collision
experiments are able to reach such extreme conditions. Theoretical studies in Quan-
tum Chromodynamics (QCD) show that the melting proceeds via a transition known
as confinement-deconfinement (CD) transition [1]. The CD transition is present in
all SU(N) [N ≥ 2] gauge theories like QCD and Electroweak theory. In pure SU(N)
gauge theories, the CD transition is described by an order parameter, the average
of Polyakov loop (〈L〉) and the ZN symmetry. In QCD, at ’μ = 0’ the presence of
dynamical quarks (in the fundamental representation) breaks this symmetry explic-
itly. The CD transition is a cross-over for realistic quark masses. In Electroweak
theory, the presence of Higgs and other matter fields breaks this symmetry explicitly.
In SU(N) Higgs theory, there are very few non-perturbative studies on the explicit
breaking of the ZN symmetry. And also it is important to understand the similarities
(differences) between bosonic and fermionic matter as to how they affect the ZN
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symmetry. So in this work, we study the Z3 symmetry in SU(3) Higgs theory by
Monte Carlo simulations of the CD transition. Our results suggest that the explicit
symmetry breaking is vanishingly small in part of the Higgs symmetric phase. Pre-
liminary results indicate that the explicit symmetry breaking vanishes in the entire
Higgs symmetric phase. This work is a follow up to our previous work [2].

89.2 Pure Gauge Theory and ZN Symmetry

The partition function of a pure SU(N) gauge theory at high temperature (T = 1
β
) is

Z = Tre−βH =
∫

d A〈A|e−βH |A〉 =
∫
bc

DAe−S(A) (89.1)

Here, S(A) is the Euclidean gauge action given by

S(A) =
∫ β

0
dτ

∫
V
d3x

{
1

2
Tr

(
FμνFμν

)}
(89.2)

where Fμν = ∂μAν − ∂ν Aμ + ig[Aμ, Aν], the allowed A’s in the path integral are
periodic in β,

Aμ(�x, 0) = Aμ(�x,β) (89.3)

S(A) and Z are invariant under the gauge transformation V (�x, τ ), Aμ transforms

Aμ −→ V AμV
−1 − i

g

(
∂μV

)
V−1 (89.4)

V (�x, τ ) need not be periodic, as long as it satisfies the following equation:

V (�x, τ = 0) = zV (�x, τ = β) (89.5)

where z ∈ ZN ,with, z = 1 exp( 2πinN ), n = 0, 1, 2...N − 1. Therefore, all the allowed
gauge transformations at finite temperature are classified by the ZN group. ZN is a
symmetry of Z .

89.3 Z3 Symmetry (with Fundamental Higgs)

The action in the presence of a fundamental Higgs field is given by
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SE =
∫ β

0
dτ

∫
V
d3x

[
1

2
Tr

(
FμνFμν

) + 1

2
|DμΦ|2 + m2

2
Φ†Φ + λ

4! (Φ
†Φ)2

]

(89.6)
Being a bosonic field,Φ(�x, 0) = Φ(�x,β).Under the above non-periodic gauge trans-
formations, Φ ′(0) 	= Φ ′(β) (when z 	= 1 ). It is not clear how this Z3 explicit break-
ing will affect the CD transition. Fluctuations of the gauge and Higgs fields need to
be considered. For simulations, we discretize the action on a 4D Euclidean space,
Φ(x) → Φn , eiagAn,μ → Un,μ. Further, we scale Φ, λ̄ and m as

Φ(x) →
√

κΦn

a
, λ̄ → λ

κ2
,m2 → (1 − 2λ − 8κ)

κa2

The discretized action is given by

S(U, Φ) = βg

∑
p

Tr(1 − 1

2N
(Up +U †

p)) − κ
∑
μ,n

Re
[
Tr(Φ†

n+μUn,μΦn)
]

+
∑
n

[
1

2
Tr

(
Φ†

nΦn
) + λ

(
1

2
Tr

(
Φ†

nΦn
) − 1

)2
]

.

(89.7)

Here βg = 6
g2 . Plaquette Up is the product of links around an elementary square ’p’

(Up = Un,μUn+μ,νU
†
n+ν,μU

†
n,ν). In the Monte Carlo simulations, an initial configu-

ration of Φn and Uμ,n is repeatedly updated to generate a Monte Carlo history. In an
update, a new configuration is generated from an old one according to the Boltzmann
probability factor e−S taking care of the principle of detailed balance. The Boltzmann
factor and the principle of detailed balance are implemented using the pseudo-heat-
bath algorithm [3],[4] for theΦ field and the standard heat-bath algorithm for the link
variables Uμ’s [5]. To reduce auto-correlation between consecutive configurations,
we use the over-relaxation method.

In Fig. 89.1(a), there is no Z3 symmetry in the distribution of the Polyakov loop
for SU(3). Here, the Z3 symmetry is explicitly broken. The largest distributed peak
corresponds to the stable state and others correspond to meta-stable states. In Fig.
89.1(b), the distribution of the Polyakov loop for SU(3) has the Z3 symmetry. Similar
behavior has been seen for the SU(2) case in Ref [2]. So away from the Higgs
transition line in the Higgs symmetric phase within the numerical accuracy, there is
a possibility of the Z3 symmetry, though a detailed study on this symmetry restoration
needs to be done.

89.4 Conclusion

Our results suggest that the Higgs condensate plays a role of the symmetry breaking
field like an external field in the Isingmodel.Under Z3, A → A′. ButΦ → Φ ′ = VΦ

is not considered as Φ ′ is not periodic, so S(A, Φ) 	= S(A′, Φ):
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Fig. 89.1 (a) Distribution of Polyakov loop real versus imaginary part for SU(3), at κ = 0.29, (b)
at κ = 0.05

S(A, Φ) = S(A) + S(Φ) + SI(A, Φ) (89.8)

It seems with an increase in Nτ , Φ ′ becomes available so that S(A, Φ) = S(A′, Φ ′)
giving rise to restoration of the Z3 symmetry. We believe increase in phase space of
the Higgs field is responsible for the Z3 restoration.
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Chapter 90
Electrical Conductivity of Hot QCD
Matter: A Color String Percolation
Approach

Pragati Sahoo, Swatantra Kumar Tiwari, and Raghunath Sahoo

Abstract The study of the transport coefficients like shear viscosity, electrical con-
ductivity, etc. of strongly interacting matter produced in heavy-ion collisions has
gained interest in the current scenario. We have attempted to study some of these
coefficients, and this work comprises the study of the normalized electrical conduc-
tivity (σel/T) of hot QCD matter as a function of temperature (T) using the Color
String Percolation Model (CSPM). We also investigate the temperature dependence
of shear viscosity and its ratio with electrical conductivity for the QCD matter. The
σel/T in CSPM is showing a very weak dependence on the temperature. We compare
CSPM results with those obtained in the Boltzmann Approach to Multi-Parton Scat-
terings (BAMPS) model, and a good agreement is found between CSPM results and
predictions of BAMPS with a fixed strong coupling constant.

90.1 Introduction

The transport properties play an important role to study and characterize the proper-
ties of matter produced at extreme conditions of temperature and energy densities.
These are mainly the theoretical inputs to the hydrodynamical calculations and affect
various observables. A very small shear viscosity to entropy density ratio explains
the elliptic flow of identified hadrons produced at RHIC and LHC energies [1] and
suggests a nearly perfect fluid nature of the QCD matter produced. Various methods
are used to estimate the shear viscosity (η) and Electrical conductivity (σel), which is
another key transport coefficient in order to understand the behavior and properties of
the hot QCD matter produced. Experimentally, it has been observed that very strong
electric and magnetic fields are created in the early stages (1-2 fm/c) of non-central
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collisions of nuclei at RHIC and LHC [2, 3]. The large electrical field produces an
electric current in the early stage of the heavy-ion collision, which depends on the
electrical conductivity (σel). The high interaction rates of the produced QCD matter
lower the shear viscosity to entropy density (η/s) ratio; this also balances the dom-
inance of the associated electric charges of the quarks of the σel. In view of this, a
detailed study of electrical conductivity in the strongly interacting QCD matter is
inevitable. It is impossible to experimentally measure the electrical conductivity (σel)
of the matter, and its information can be extracted from flow parameters measured
in heavy-ion collision experiments [2].

Color String Percolation Model is a QCD-inspired model [4–8], which can be
used as an alternative approach to Color Glass Condensate (CGC). In CSPM, the
color flux tubes are stretched between the colliding partons in terms of the color
field. The strings produce qq̄ pair in finite space filled similarly as in the Schwinger
mechanism of pair creation in a constant electric field covering all the space [9].With
the growing energy and the number of nucleons of participating nuclei, the number
of strings grows. The number of strings grows and starts to overlap and interact to
form clusters as the energy and size of the colliding nuclei grow. After a critical string
density is reached, a macroscopic cluster appears that marks the percolation phase
transitionwhich spans the transverse nuclear interaction area.When the initial density
of interacting colored strings (ξ ) exceeds the 2D percolation threshold (ξc), i.e. ξ >

ξc, a macroscopic cluster appears, which defines the onset of color deconfinement.
The critical density of percolation is related to the effective critical temperature and
thus percolation may be a possible way to achieve deconfinement in ultrarelativistic
heavy-ion collisions [10] and in high multiplicity pp collisions [11, 12]. Recently,
we have performed collision centrality, energies and species-dependent studies of the
deconfinement phase transition at RHICBeamEnergy Scan (BES) energies using the
color string percolation model [13]. We have also studied various thermodynamical
and transport properties at RHIC BES energies in this approach [14]. And a detailed
investigation can be found in Ref. [15]. In Sect. 90.2, we give the detailed formulation
for the calculation of electrical conductivity and shear viscosity in CSPM. The results
and discussions are presented in Sect. 90.3.

90.2 Electrical Conductivity and Shear Viscosity

We develop the formulation for evaluating the electrical conductivity of strongly
interacting matter using the color string percolation approach. The percolation den-
sity parameter, ξ for central Au+Au collisions at RHIC energies, is calculated by
using the parameterization of pp collisions at

√
s = 200 GeV as discussed below. In

CSPM one obtains

dNch

dp2T
= a

(p0 + pT)α
, (90.1)
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where a is the normalization factor and p0, α are fitting parameters given as p0 =
1.982 and α = 12.877 [16]. Due to the low string overlap probability in pp collisions,
the fit parameters are then used to evaluate the interactions of the strings in Au+Au
collisions as

p0 → p0

( 〈nS1/Sn〉Au+Au

〈nS1/Sn〉pp
)1/4

. (90.2)

Here, Sn corresponds to the area occupied by n overlapping strings. Now,

〈nS1
Sn

〉 = 1

F2(ξ)
, (90.3)

where F(ξ) is the color suppression factor. To calculate the electrical conductivity
of strongly interacting matter, we proceed as follows. The mean free path, which
describes the relaxation of the system far from equilibrium, can be written in terms
of number density and cross-section as

λmfp = 1

nσtr
, (90.4)

where n is the number density of an ideal gas of quarks and gluons and σtr is the
transport cross-section. Using the expressions for number density in CSPM, the λmfp

can be written in terms of ξ as follows:

λmfp = L

(1 − e−ξ )
, (90.5)

where σtr is the transverse area of the effective strings equal to S1F(ξ). And L is
the longitudinal extension of the string ∼1 fm.

Now we derive the formula for electrical conductivity by using the Anderson–
Witting model [17] and solving the Boltzmann transport equation, in the relaxation
time approximation. And this is given by

σel = 1

3T

M∑
k=1

q2
knkλmfp. (90.6)

Here, qk and nk are the charge and number density of the quarks and gluon species.
Putting Eq. (90.5) in Eq. (90.6) and considering the density of up quark(u) and its
antiquark(ū) in the calculation, we get the expression for σel as

σel = 1

3T

4

9
e2nq(T )

L

(1 − e−ξ )
. (90.7)
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Here, the pre-factor 4/9 reflects the fractional quark charge squared (
∑

f q
2
f ) and

nq denotes the total density of quarks or antiquarks. Here, e2 in the natural unit is
taken as 4πα, where α = 1/137.

In the framework of a relativistic kinetic theory, the shear viscosity over entropy
density ratio, η/s, is given by [18–20]

η/s � Tλm f p

5
. (90.8)

In the context of CSPM, the above equation can be reduced using Eq.(90.5) as

η/s � T L

5(1 − e−ξ )
. (90.9)

90.3 Results and Discussions

The results obtained in CSPM along with those obtained in various approaches will
be discussed in this section. In Fig. 90.1, we show σel/T as a function of temperature.
The details can be found in Ref. [15]. The green and brown dotted lines are the
result of the microscopic transport model BAMPS [21], in which the relativistic
(3+1)-dimensional Boltzmann equation is solved numerically to extract the electric
conductivity for a dilute gas of massless and classical particles described by the

Fig. 90.1 (color online)
σel/T versus T plot. The
black solid line is the result
obtained in CSPM and
various results from other
model calculations are also
shown in the figure
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Fig. 90.2 (color online) The
ratio η/s as a function of
T/Tc. Other estimations with
the CSPM result are shown
in the black solid line
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Fig. 90.3 (color online) The
ratio η/s and σel/T with
respect to T/Tc. The black
solid line is the CSPM result.
The DQPM and QP results
are shown by the black
circles and red solid line,
respectively [23]
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relativistic Boltzmann equation. The BAMPS results show a slower increase of σel/T
with temperature for both the cases of elastic and inelastic processes with running
αs as the effective cross-section changes with the temperature, while σel/T remains
almost independent of temperature for the case of constant αs . The solid black line
shows our results of CSPM for u-quark and antiquark calculated using Eq. (90.7).
We observe that σel/T is almost independent of temperature and matches with the
results of BAMPSwith constantαs , whichmay be due to the similar basic ingredients
and procedure for the estimation of σel/T . Due to an almost similar approach of both
the models, BAMPS and CSPM for the calculation of σel/T , the observations are in
agreement.

Figure 90.2 shows the variation of η/s as a function of T/Tc. Here, Tc is the
critical temperature which is different in different model calculations and for CSPM
Tc = 167.7 MeV. The black solid line is the CSPM result. The black circles are
the estimations from the dynamical quasi-particle model (DQPM) [22]. In CSPM,
η/s first decreases and after reaching a minimum value, it starts increasing with
temperature. Thus, it forms a dip which occurs at T/Tc = 1. We notice that CSPM
results are close to the DQPM predictions. Since we know that η/s is affected by the
gluon-gluon and quark-quark scatteringswhileσel is only affected by the quark-quark
scatterings [23], the ratio between them is important to quantify the contributions
from quarks and gluons in various temperature regions. In Fig. 90.3, we show the
ratio of η/s and σel/T versus T/Tc for CSPM and various other measurements. It is
observed that this ratio behaves in a similar fashion as η/s.

90.4 Summary and Outlook

In summary,wehave estimated the electric conductivity of strongly interactingmatter
using the color string percolation approach. We use the well-known Drude formula
for the estimation of electrical conductivity, which can be obtained after solving
the Boltzmann transport equation in relaxation time approximation assuming tiny
electric fields and no cross effects between heat and electrical conductivity. We see
that the CSPM results for the conductivity stay almost constant with increasing
temperature in a similar fashion as shown by BAMPS data and match the results
obtained inBAMPSwith the fixed strong coupling constant considering elastic cross-
section only.We have shown η/s as a function of T/Tc and compared our results with
DQPM and QP model results. CSPM results go in line with that obtained in DQPM.
We have also plotted the ratio, (η/s)/(σel/T ) as a function of T, which behaves in
a similar manner as η/s varies. We have confronted CSPM results with the results
obtained from DQPM and QP models and also compared them with various other
model predictions.
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Chapter 91
Effect of Inverse Magnetic Catalysis
on Conserved Charge Fluctuations
in the Hadron Resonance Gas Model

Ranjita K. Mohapatra

Abstract We discuss the inverse magnetic catalysis effect on conserved charge
fluctuations and correlations along the chemical freeze-out curve in the hadron reso-
nance gas model. We have compared fluctuations and correlations with and without
charge conservation. Charge conservation plays an important role in the calculation
of fluctuations at nonzero magnetic field and for fluctuations in strange charge at
zero magnetic field. Charge conservation diminishes the correlation χBS and χQB ,
but enhances the correlation χQS . We point out that baryonic fluctuations (second
order) at B = 0.25GeV 2 increase more than two times compared to B = 0 at higher
μB .

PACS numbers: 25.75.-q · 12.38.Mh

91.1 Introduction

The basic features of the physical system created at the time of chemical freeze-out in
heavy-ion collisions are well described in terms of the hadron resonance gas (HRG)
model [1, 2]. There is an excellent agreement between experimental data on particle
ratios in heavy-ion collisions with corresponding thermal abundances calculated in
the HRG model at an appropriately chosen temperature and baryon chemical poten-
tial with different conserved charges taken into account [3]. The universal chemical
freeze-out curve in the T − μB plane is determined by the condition E/N = ε/n �
1 GeV, where E(ε) is the internal energy (density) and N (n) is the particle number
(density) [4]. It has been already proposed that event-by-event fluctuations of con-
served quantities such as net baryon number, net electric charge, and net strangeness

R. K. Mohapatra (B)
Department of Physics, Indian Institute of Technology Bombay, Mumbai 400076, India
e-mail: ranjita@iitb.ac.in

Institute of Physics, Bhubaneswar 751005, India

Homi Bhabha National Institute, Training School Complex, Anushakti Nagar, Mumbai 400085,
India

© Springer Nature Singapore Pte Ltd. 2021
P. K. Behera et al. (eds.), XXIII DAE High Energy Physics Symposium,
Springer Proceedings in Physics 261,
https://doi.org/10.1007/978-981-33-4408-2_91

661

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4408-2_91&domain=pdf
mailto:ranjita@iitb.ac.in
https://doi.org/10.1007/978-981-33-4408-2_91


662 R. K. Mohapatra

as a possible signal of the QGP formation and quark-hadron phase transition [5, 6].
The fluctuations in net electric charge are suppressed in the QGP phase compared
to the hadronic gas phase due to the fractional charge carriers in the QGP phase
compared to unit charge carriers in the hadronic gas phase.

Moreover, higher order moments of conserved charge fluctuations are more sen-
sitive to the large correlation lengths in the QGP phase and relax slowly to their
equilibrium values at the freeze-out [7]. The divergence of correlation length or
higher order fluctuations will hint toward the existence of a critical point in the QCD
phase diagram. So, higher moments, different ratios, and skewness and kurtosis of
conserved charges have been measured experimentally and compared with the HRG
model predictions along the freeze-out curve [8]. The deviation of experimental
results from the HRGmodel predictions may conclude the presence of non-hadronic
constituents or non-thermal physics in the primordial medium [9]. Ratios of sus-
ceptibilities in lattice QCD have been shown to be consistent with the HRG model
predictions with near-zero chemical potential [10, 11].

However, it is very important to study these fluctuations in the presence of a
magnetic field because of the hugemagnetic field produced in non-central relativistic
heavy-ion collision due to the valence charges of colliding nuclei [12]. The effect
of the magnetic field on the conserved charge fluctuations has been studied in the
HRG model along the universal freeze-out curve and compared with the available
experimental data [13].

However, it has been shown that the inverse magnetic catalysis (IMC) effect arises
in the presence of an external magnetic field in lattice QCD, in which the chiral
transition temperature decreases [14]. But the system exhibits magnetic catalysis at
zero temperature where the chiral condensate increases in an external magnetic field.
Since the chiral transition temperature decreases in the presence of themagnetic field,
the freeze-out curve in the T − μB plane will correspond to a lower temperature
[15] in the HRG model. It has been shown that electric charge conservation and
strangeness conservation play an important role at higher baryon chemical potential
in a nonzero magnetic field. Electric charge susceptibility along the freeze-out curve
is very large without charge conservation at higher μB , but it decreases significantly
when the charge conservation is taken into account [15]. So, it is very important to
consider electric charge conservation and strangeness conservation at higher μB in
the presence of the magnetic field.

This paper is organized as follows. We discuss the essential aspects of the HRG
model in the presence of an external magnetic field in section II. Section III describes
different universal freeze-out conditions. Section IV describes the conserved charge
densities and fluctuations along the freeze-out curve.

91.2 HRG Model in the Presence of the Magnetic Field

The HRG model in the presence of the magnetic field has been studied and ther-
modynamic quantities like pressure, energy density, entropy density, magnetization,
and the speed of sound are presented as functions of the temperature and the mag-
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netic field [16]. The basic quantity in the HRG model is the grand partition function
defined for each hadron species i as

ln Zi = ±Vgi

∫
d3 p

(2π)3
ln

[
1 ± e−(Ei−μi )/T

]
(91.1)

For a constant magnetic field along the Z-axis, the well-known phenomena of
Landau quantization of energy levels for a charged particles takes place along
the plane perpendicular to the magnetic field [18]. The single-particle energy
for a charged particle in the presence of the magnetic field is given by E =√
pz2 + m2 + 2|qB|(n + 1/2 − sz). Here, n is the Landau level and sz is the z com-

ponent of the spin of the hadron.
The grand partition function in the presence of a magnetic field is given by

ln Zi = ±V
+s∑

sz=−s

∞∑
n=0

|qB|
2π

∫
dpz
2π

ln
[
1 ± e−(Ei−μi )/T

]
(91.2)

The vacuum part is in general divergent and it needs to be regularized and renor-
malized [16].

91.3 Universal Freeze-Out Curve

The first unified condition for chemical freeze-out is given by E/N = ε/n � 1
GeV. This makes sense because the freeze-out occurs when the average energy per
particle∼ m + 3

2T crosses 1GeV for non-relativistic particles. The second condition
for unified chemical freeze-out is given by a fixed value for the sum of baryon and
anti-baryon densities, i.e. nB + nB̄ � 0.12 fm−3 [19], and the third unified chemical
freeze-out is given by a fixed value of entropy density, i.e. s/T 3 � 7 [20].

The magnetic field produced in the relativistic heavy-ion collisions at LHC ener-
gies can reach the order of 0.25 GeV2. Keeping this in mind, we have shown the
effect of inverse magnetic catalysis on the freeze-out curve in the HRG model at
B = 0.25 GeV2 in Fig. 1. We have compared the freeze-out curve determined by the
condition E/N = ε/n � 1 GeV for zero and nonzero magnetic fields with charge
conservation and without charge conservation in Fig. 1a. A similar plot is already
shown in [15]. We can clearly see the freeze-out temperature is lowered at nonzero
B due to the effect of inverse magnetic catalysis with charge conservation. However,
the freeze-out temperature at nonzero B increases at higher μB without charge con-
servation. This is due to the fact that at higherμB , there aremore baryons, particularly
more protons at nonzero B. If there is no charge conservation; then the number den-
sity increases due to more protons produced at nonzero B. So, the freeze-out curve
determined by constant E/N � 1 GeV should be pushed to higher temperature [15].
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Fig. 91.1 Chemical freeze-out curve determined by a E/N � 1 GeV, b nB + nB̄ � 0.12 fm−3,
and c s/T 3 � 7 with (dashed line) and without (solid line) charge conservation

Figure91.1b represents the freeze-out curve determined from the condition nB +
nB̄ � 0.12 fm−3. The freeze-out temperature is lowered in nonzero magnetic field
with andwithout charge conservation.However, the freeze-out temperature decreases
sufficiently at nonzero B without charge conservation at higher μB . This is due to
the fact that the proton density increases sufficiently at nonzero B and higher μB

when there is no charge conservation. So, to keep nB + nB̄ � 0.12 fm−3 fixed, the
temperature will be pushed downwards.

Figure91.1c represents the freeze-out curve determined from the condition
s/T 3 � 7. The freeze-out temperature is also lowered at nonzero B with this freeze-
out condition. However, the freeze-out temperature is very low (∼ 20 MeV) at
nonzero B without charge conservation at higher μB = 600 MeV. At higher μB ,
the entropy density decreases sufficiently due to the increase in baryon density (pro-
ton density) at nonzero B. To keep the ratio s/T 3 � 7 fixed, the temperature should
decrease sufficiently. The chemical freeze-out parameters determined from different
universal conditions are almost the same at zero B. But, they are very different at
nonzero B at higher μB without charge conservation. From all these plots, it is clear
that it is very important to use charge conservation at nonzero B to determine the
chemical freeze-out parameters from different freeze-out conditions.

91.4 Results and Discussion

91.4.1 Quantities Related to Conserved Charges Along the
Freeze-Out Curve

Figure91.2 represents μS and μQ as a function μB along the freeze-out curve
described in Fig. 91.1a. The solid line in Fig. 91.2 shows the variation of μS and
dashed line shows the variation of μQ along the freeze-out curve. μS at nonzero
B = 0.25 GeV 2 is always larger than μS without a magnetic field. At higher μB ,
there are more baryons (protons and neutrons) in the system. Imposing charge
conservation, i.e. B/Q � 2.52, one needs negative μQ . μQ is of the order 0.1 GeV
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Fig. 91.2 Strangeness and
electric charge chemical
potential along the freeze-out
curve E/N � 1 GeV
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at higher μB at B = 0.25 GeV 2, and it is of the order 0.01 GeV at zero magnetic
field.

The chemical freeze-out temperature decreases due to the IMC effect at nonzero
B. However, if one assumes the freeze-out parameters at nonzero B are same as at
B = 0, then one could use the fitted freeze-out parameters of T , μB , μS and μQ

obtained in Eq.91.3 and Eq.91.4 as given below [8] at nonzero B.

T = a − bμB
2 − cμB

4 (91.3)

where a = (0.166 ± 0.002) GeV, b = (0.139 ± 0.016) GeV−1, and c = 0.053 ±
0.021) GeV−3

μX (
√
sNN ) = d

1 + e
√
sNN

(91.4)

Here, X is the chemical potential for different conserved charges and the corre-
sponding values of d and e are given in Table91.1.

Table 91.1 Parameterization of chemical potential μX along the freeze-out curve

X d[GeV] e[GeV−1]

B 1.308(28) 0.273(8)

S 0.214 0.161

Q 0.0211 0.106
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91.4.2 Fluctuations and Correlations Along the Freeze-Out
Curve

The fluctuations and correlations are given by the diagonal and off-diagonal compo-
nents of susceptibility. These are defined by

χi j
xy = ∂i+ j

(∑
k Pk/T

4
)

∂(
μx

T )i∂(
μy

T ) j
(91.5)

It also has been pointed out that the correlation between baryon number and
strangeness is stronger in the QGP phase compared to the hadronic gas phase since
the strange quarks have nonzero baryon number in the QGP phase [21]. But, in
the hadronic gas phase, this correlation decreases since strange mesons don’t carry
baryonic charge.

The most dominant contribution toward strange susceptibility comes from the
lowest mass strange particle, i.e. kaons. At B = 0, χ2

S is large without charge conser-
vation (solid line) compared with charge conservation (dash-dotted line) along the
freeze-out curve (Fig. 91.3a). This is also true for nonzero B. So, charge conservation
diminishes strangeness fluctuations along the freeze-out curve for zero and nonzero
B. We can see χ2

S with charge conservation at nonzero B is slightly below the curve
at zero B because the effective mass of kaon increases at nonzero B. χ2

S at B = 0.25
GeV2 from the fitted parameters (dotted line) is very different than the results at
nonzero B with charge conservation.

At B = 0, χ2
B is almost the same with (dash-dotted line) and without charge

conservation (solid line) as shown in Fig. 91.3b. At B = 0.25 GeV2, the second-
order baryon susceptibility (baryon fluctuations) is very largewhen there is no charge
conservation (due to more proton production). However, when charge conservation
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Fig. 91.3 a χ2
S and b χ2

B along the freeze-out curve at B = 0, B = 0.25 GeV2, and B = 0.25
GeV2 with fixed chemical freeze-out (CF) parameters obtained at zero B (dotted line). Here, the
solid line corresponds to the charge susceptibility without charge conservation and the dash-dotted
line corresponds to the charge susceptibility with charge conservation
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Fig. 91.4 a χQS , b χQB , and c χBS along the freeze-out curve with and without B. Here, the
solid line corresponds to the conserved charge correlations without charge conservation and the
dash-dotted line corresponds to the conserved charge correlations with charge conservation

is taken into account, the baryon fluctuations decrease at nonzero B. χ2
B at B = 0.25

GeV2 from the fitted parameters (dotted line) is very different from the results at
nonzero B with charge conservation. From the above discussions, it is clear that if
the freeze-out parameters at nonzero B are the same as at zero B (i.e. using zero B
fitted parameters at nonzero B), the fluctuations in conserved charges are different
compared to the fluctuations at nonzero B with charge conservation. So it is always
important to fix strange and electric charge chemical potentials using conservation
laws at nonzero B, rather than using zero B fitted parameters at nonzero B. This is
also true for all higher order fluctuations. From here onwards, we will not compare
the results from fitted parameters.

We have shown conserved charge correlations along the freeze-out curve in
Fig. 91.4. Figure91.4a presents χQS as a function of μB along the freeze-out curve.
The dominant contribution toward strangeness and electric charge correlation comes
from kaons (same nature of the corresponding charge). At zero B, the correlation
decreases toward higher μB , because higher μB corresponds to lower freeze-out
temperature and the number of kaons decreases due to a decrease in temperature.
The most important thing here to note is that the correlation increases with charge
conservation compared to no charge conservation at zero B. This is due to the fact
that kaon density increases with charge conservation due to the increase in chem-
ical freeze-out temperature compared to no charge conservation. The correlation
increases at nonzero B compared to zero B due tomore production of electric charges
with nonzero strangeness (kaons) in a nonzero magnetic field. The correlation also
increases with charge conservation at nonzero B due to the increase in chemical
freeze-out temperature. At nonzero B and higher μB = 500 MeV, we can see the
correlation increases without charge conservation due to the increase of chemical
freeze-out temperature as shown in Fig. 91.1a.

We have shown the variation χQB as a function of μB along the freeze-out curve
in Fig. 91.4b. At zero B, the electric and baryonic charge correlation is the same
with and without charge conservation. The correlation increases at nonzero B due to
more production of protons and �++ without charge conservation. This correlation
decreases when charge conservation is taken into account.
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Fig. 91.5 a χ12
QS , b χ12

BQ , and c χ12
BS along the freeze-out curve with and without B. Here, the

solid line corresponds to the conserved charge correlations without charge conservation and the
dash-dotted line corresponds to the conserved charge correlations with charge conservation

Figure91.4c presents the variation of χBS along the freeze-out curve. The correla-
tion is always negative because of the opposite nature of the corresponding charges.
The dominant contribution comes from � baryons. The correlation (modulus value)
is larger without charge conservation than with charge conservation at zero and
nonzero B. This is mainly due to more baryon production with nonzero strangeness
when there is no charge conservation.

Higher order mixed correlations are presented in Fig. 91.5. Charge conservation
always diminishes the absolute value of the correlations. Higher order mixed correla-
tions (absolute value) are always larger compared to lower order mixed correlations.

91.5 Conclusions

We have studied the IMC effect on conserved charge fluctuations and correlations
along the freeze-out curve in the HRG model. We have obtained the fluctuations
and correlations with and without charge conservation. At B = 0, charge conser-
vation does not play a role in the fluctuations (second and higher order) along the
freeze-out curve for the conserved charges of electric charge and baryon number.
But charge conservation plays an important role for strange charge at B = 0. Charge
conservation diminishes the fluctuations in strange charge at B = 0 compared to
the fluctuations without charge conservation. For nonzero B, charge conservation
plays a very important role. If there is no charge conservation at nonzero B, then the
fluctuations increase by a huge amount compared to zero B at higher μB .
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Chapter 92
Study of the Compatibility of Parton
Distribution Functions Using High-X Ep
Collision Data from ZEUS

Ritu Aggarwal

Abstract For Bjorken-x values larger than 0.6, the Parton Distribution Functions
(PDFs) have large uncertainties. A part of the problem is that knowledge of the proton
structure at these high-x values relies mainly on the data collected by different fixed-
target experiments. However, there is clean DIS data collected by ZEUS available
in this intense region but it has not been included in any of the PDF fits. Transfer
Matrix has been developed for the high-x ZEUS data, using which an expectation for
the ZEUS data can be obtained from different PDFs. A comparison of the agreement
of various modern PDFs with ZEUS data has been done using the Transfer Matrix,
and p-values are calculated for every PDF set. A wide variation in the p-values are
observed for the different PDF sets and are reported here.

92.1 Introduction

The composition of matter and its fundamental particles has always been an area
of interest for physicists. Many big particle colliders have been built which study
the collisions of different particles at various energies and increasing luminosities.
The present era’s biggest particle collider is located at CERN [1] which collides two
proton beams at energies and luminosities than was never achieved before. To be able
to analyze the information available from collisions of the protons, the knowledge of
the distribution of partons inside the proton is of utmost importance [2, 3]. However,
our understanding of the proton structure at the kinematic region of Bjorken-x > 0.65
is limited to the data available from the fixed-target experiments [4, 5]. The HERA
Neutral Current (NC) ep scattering data is one of the cleanest data available (as it
is free from nuclear corrections that are involved in the fixed-target experiments),
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but HERA data included in the Parton Distribution Function (PDF) extractions by
different theory groups is only up to 0.65 in Bjorken-x [6–8]. And this is the region
where different PDFs start exhibiting large uncertainties. The ZEUS experiment at
HERAhasmeasured the ep cross sections up to a value of 1 inBjorken-x [9]. This data
is unique as it is the onlyDIS data availablewhichmeasures cross sections atBjorken-
x up to a value of 1. As some of the bins at high-x have low statistics and Poisson
errors are quoted this data could not be included in the PDF extraction by the different
theory groups. This paper demonstrates the use of Transfer Matrix developed for the
ZEUS high-x data to predict cross sections from different commonly used PDFs and
comparison to ZEUS high-x data.

92.2 Transfer Matrix for ZEUS High-X Data

The events generated with given true x-Q2 co-ordinates could end up in a different x-
Q2 co-ordinatewhenQED radiative corrections are included. Their value further gets
smeared at the reconstructed level by the detector effects (finite resolution, limited
acceptance, selection criterion, etc.).

Figure92.1 (left) shows simulated data events reconstructed in the bins where
cross sections were reported for e+ p scattering [9]. These events when plotted in
the true (x-Q2) co-ordinate phase space have a distribution as shown in Fig. 92.1
(right). The binning here at the generated level is refined to contain each event in
the true co-ordinates and is also made finer than the cross section bins depending
upon the bin statistics. It is to be noted that the events at the generated level have
radiative corrections appliedwhichwere calculated usingHERACLES [10].Building
a Transfer Matrix for the ZEUS high-x data facilitates us with a probability that an
event which is generated in the i th bin gets reconstructed with certain x-Q2 co-
ordinates in the j th bin. Each element ai j in the Transfer Matrix T is given as

ai j =
∑Mi

m=1 ωm I (m ∈ j)
∑Mi

m=1 ωMC
m

(92.1)

where ωm is the weight given to themth event, I is 1 if (m ∈ j), else it is zero. Using
Transfer Matix T and the generated distribution of events M in the true x-Q2 phase
space, the expectation for events reconstructed in the cross section bins N can be
calculated as

N = TM

where
M = KS
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Fig. 92.1 Distribution of event weights in the data (left) in the cross section bins used in [9] after
all selection cuts are applied, (right) generated bins used to calulate elements in the M vector

Here,K represents the radiative corrections which are applied as the scaling factor
to the integrated Born cross sections in the true x-Q2 phase space (represented as
vector S).

The expectation N from any other PDF set (say k) can be obtained by using the
following equation:

Nk = TKSk

Here, the Transfer Matrix T and the radiative corrections K are independent of the
PDF set whereas the vectors Nk, MK and Sk are PDF dependent.

Figure92.2 shows the comparison of different PDFs, namely from MMHT [11,
11], CT10 [12, 13], ABM [14, 15] and NNPDF [16, 17] theory groups, at the gen-
erated level (vectors Mk) with respect to HERAPDF2.0. It is observed that there is
a difference in the different PDFs when compared to HERAPDF2.0 and this differ-
ence increases to a level of 10% at Bjorken-x of 0.6. The difference between the
different PDFs is more than the PDF uncertainties shown as the shaded region for
HERAPDF2.0 in Fig. 92.2.

92.3 Comparison to the High-x Data

Figure92.3 shows the comparison of reconstructed events from HERAPDF 2.0
(NLO) with ZEUS NC high-x data for e− p scattering (in left) and for e+ p scat-
tering (in right). The bands in green, yellow and green show the 68%, 95% and
99.9% probability regions (calculated as explained in [18]) for the HERAPDF2.0
expectations given the ZEUS high-x data. The comparison shows that ZEUS high-x
data agrees with HERAPDF2.0 mostly within 68% of the region.

The general agreement of expectations from a given PDF to the ZEUS high-x
data can also be estimated by calculating the p-values [19]. Table92.1 shows the
p-values for different PDFs (at NLO) given the ZEUS high-x data. It is observed
that for e+p ZEUS high-x data, most of the PDFs give a good p-value, whereas for
ZEUS e− p high-x data the p-values are generally lower. For the ZEUS e− p high-x
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Fig. 92.2 Ratios of total generated events (M vectors) for given PDF sets to those calculated using
HERAPDF2.0 as functions of x in different Q2 for e− p data (top) and e+ p data (bottom). The
shaded band represents the uncertainty quoted by HERAPDF2.0 and from NNPDF3.0
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Fig. 92.3 The ratio of the number of observed events to the expectations from the HERAPDF2.0
for e−p (left) and e+p (right) data, respectively. The green, yellow and red bands give the 68, 95,
99.9 % probability intervals calculated using Poisson statistics

Table 92.1 p-values for full Bjorken-x range for different PDFs (at NLO)

PDF e−p e+p
HERAPDF2.0 0.05 0.5

CT 14 0.002 0.8

MMHT 2014 0.002 0.8

NN PDF2.3 0.00007 0.6

NN PDF3.0 0.0002 0.7

ABMP16 0.01 0.8

ABM11 0.001 0.6

data, HERAPDF2.0 and ABMP 16 show the best results and other PDFs lie in the
tail of the p-value distribution. The comparison of different PDF sets is done in two
x ranges (x greater and lower than 0.6, respectively) and the results are shown in
Table92.2. It is observed that there are large differences in the behavior of e− p and
e+ p data sets as well as in the two different x ranges. The disagreement among the
PDFs is largest at low x for the e− p data.

All the uncorrelated and correlated sources of systematic uncertainty were
checked (a new transfer matrix was produced and a new expectation was calcu-
lated for each source of uncertainty and it was then compared to the data). The effect
of the statistical and all sources of systematic uncertainties was found to be negli-
gible. The only and most significant source of systematic uncertainty was found to
be the normalization uncertainty which is taken as 1.8%. It scales the M distribu-
tion (and hence the N distribution) up and down systematically. It is observed that
p-values from different PDFs increase, favoring different directions in the change of
normalization.
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Table 92.2 p-values for two different x ranges

e−p e+p
PDF x < 0.6 x ≥ 0.6 x < 0.6 x ≥ 0.6

HERAPDF2.0 0.06 0.2 0.6 0.1

CT14 0.0008 0.2 0.7 0.6

MMHT2014 0.00003 0.1 0.6 0.6

NNPDF2.3 0.00007 0.2 0.6 0.6

NNPDF3.0 0.00003 0.2 0.6 0.6

ABMP16 0.01 0.2 0.8 0.5

ABM11 0.03 0.3 0.7 0.4

92.4 Summary

In this paper, different PDF sets are compared at the generated level and with ZEUS
high-x data at the reconstructed level. While this data set has some overlap with
data used in other ZEUS publications [7], this high-x data has not been previously
used in the extraction of parton densities. The predictions for the expected number
of events from the different PDF sets are compared to the number observed by the
ZEUS Collaboration using Poisson statistics. Despite the fact that the event numbers
are small, the data set contains significant information on the behavior of the parton
densities at the highest values of x.
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Chapter 93
Φ and K*0 Production in p–Pb and
Pb–Pb Collisions with ALICE at the LHC

Sandeep Dudi

Abstract We report recent measurements of φ and K*0 production in p–Pb and Pb–
Pb collisions at

√
sNN = 8.16 and 5.02 TeV, respectively. The integrated yield and

mean transversemomentumare reported as a function of charged particlemultiplicity
to explore the particle production mechanism. Particle ratios K*0/K and φ/K are
studied as a function of charged particle multiplicity to explore rescattering and
regeneration effects. The nuclear modification factor (RAA) as a function of pT is
studied to explore parton energy loss.

93.1 Introduction

It has been established that in high-energy heavy-ion collisions, a hot and dense,
strongly interactingmatter, often described as a strongly coupled quark-gluon plasma
(sQGP), is created [1–3]. The K*(892)0 (ds̄) and φ(1020) (ss̄) particles produced in
these collisions contain strange (anti-strange) quarks and they can be used for the
systematic studies of the particle-species dependence of partonic energy loss in the
medium. The K*0 and φ have lifetimes in vacuum of 4.16±0.05 fm/c and 46.3±0.4
fm/c, respectively [4]. Due to their short lifetimes, resonance particles can be used
to probe the system at different timescales during its evolution. Resonance yields
measured by hadronic decay channels can be affected by particle rescattering and
regeneration in the hadron gas phase.
A Large Ion Collider Experiment (ALICE) [5] is a multi-purpose heavy-ion detector,
which has excellent tracking and particle-identification capabilities [6]. Resonances
φ and K*0 are reconstructed from their hadronic decay daughters (φ →KK and K*0

→ Kπ ) using an invariant mass technique. The details of the analysis can be found
in [7].
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Fig. 93.1 (Left) The integrated yield (dN /dy) and (right) the mean transverse momentum (〈pT〉)
of φ meson as a function of charged particle multiplicity (〈dNch/dη〉) in pp collisions at √s = 7 and
13 TeV and in p–Pb collisions at

√
sNN = 5.02 and 8.16 TeV

93.2 Results

Figure93.2 (left panel) shows the integrated yield of φ as a function of the charged
particle multiplicity in pp collisions in rapidity (|y| < 0.5) at

√
s = 7 and 13 TeV and

in p–Pb collisions in rapidity (−0.5 < y < 0) at
√
sNN = 5.02 [8] and 8.16 TeV. The

integrated yield increases with increasing charged particle multiplicity (〈dNch/dη〉)
independently of the identities of the colliding ions and their energies. The right
panel of Fig. 93.1 shows the mean transverse momentum (〈pT〉) of φ as a function of
〈dNch/dη〉 in pp collisions at√s = 7 and 13TeV and in p–Pb collisions at

√
sNN = 5.02

and 8.16 TeV. The 〈pT〉 increases as a function of the charged particle multiplicity
and seems to saturate at high multiplicity in p–Pb collisions. A similar trend of
〈pT〉 dependence on multiplicity is also observed for other resonances [8]. The new
results for 〈pT〉 may lead to a better understanding of the mass ordering (particles
with similar masses have similar 〈pT〉) observed in central and semi-central Pb–Pb
collisions, which is consistent with expectations from the hydrodynamic expansion
of the system [7]. The mass ordering in 〈pT〉 is not observed in small collision
systems [9].

TheK*0/Kandφ/K ratios as a functionof chargedparticlemultiplicity (〈dNch/dη〉)
in Pb-Pb collisions at

√
sNN = 5.02 TeV are shown in Fig. 93.2. The results are

comparedwith p–Pb and Pb–Pb collisions at
√
sNN = 5.02 and 2.76 TeV, respectively.

The K*0/K ratio decreases as we go from p–Pb and peripheral Pb–Pb collisions to the
most central Pb–Pb collisions. This decrease in the K*0/K ratio can be understood
as the rescattering of K*0 decay daughters in the hadronic medium [7]. The φ/K
ratio shows no suppression in p–Pb and Pb–Pb collisions and almost no dependence
on 〈dNch/dη〉. The φ/K ratio suggests that the φ (which has a lifetime of an order
of magnitude larger than the K*0) might decay predominantly outside the hadronic
medium.
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Fig. 93.2 pT integrated
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The nuclear modification factor (RAA) of π , K, p, φ and K*0 as a function of pT
in Pb–Pb collisions at

√
sNN = 5.02 TeV in the 0–10 % collision centrality class is

shown in Fig. 93.3. In the intermediate pT range (2–6 GeV/c), the RAA of φ and K*0

are similar to that of the charged kaons, whereas protons and φ exhibit a different
trend despite their similar masses [10]. For pT > 8 GeV/c, all the light flavoured
species, π , K, p, φ and K*0, show a similar suppression within uncertainties.
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93.3 Conclusions

The production of φ and K*0 mesons in p–Pb and Pb–Pb collisions in various cen-
trality classes at

√
sNN = 8.16 and 5.02 TeV, respectively, has been measured. The

integrated yields (dN /dy) of φ and K*0 mesons (only the φ measurement is shown
here) are independent of collision system and energy, indicating that particle produc-
tion is driven bymultiplicity. The 〈pT〉 of theφ meson saturates at highmultiplicity in
p–Pb collisions. The suppression in K*0/K ratio indicates that rescattering dominates
over regeneration. The RAA value of φ mesons and protons differ at intermediate pT
despite similar masses. At high pT (pT> 8 GeV/c), all particles show similar sup-
pression within uncertainties.
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Chapter 94
An Insight into Strangeness with φ(1020)
Production in Small to Large Collision
Systems with ALICE at the LHC

Sushanta Tripathy

Abstract Hadronic resonances are unique tools to investigate the interplay of re-
scattering and regeneration effects in the hadronic phase of heavy-ion collisions.
As the φ meson has a longer lifetime compared to other resonances, it is expected
that its production will not be affected by regeneration and re-scattering processes.
Measurements in small collision systems such as proton-proton (pp) collisions pro-
vide a necessary baseline for heavy-ion data and help to tune pQCD inspired event
generators. Given that the φ is a bound state of strange-antistrange quark pair (ss̄),
measurements of its production can contribute to the study of strangeness produc-
tion. Recent results obtained by using the ALICE detector show that although φ has
zero net strangeness content, it behaves like a particle with open strangeness in small
collision systems and the experimental results agree with thermal model predictions
in large systems. The production mechanism of φ is yet to be understood. We report
on measurements with the ALICE detector at the LHC of φ meson production in
pp, p–Pb, Xe–Xe and Pb–Pb collisions. These results are reported for minimum bias
event samples and as a function of the charged-particle multiplicity or centrality. The
results include the transverse momentum (pT) distributions of φ as well as the 〈pT〉
and particle yield ratios. The φ effective strangeness will be discussed in relation to
descriptions of its productionmechanism, such as strangeness canonical suppression,
non-equilibrium production of strange quarks and thermal models.

94.1 Introduction

Resonances are ideal candidates to probe the hadronic phase formed in heavy-ion
collisions due to their short lifetimes. The lifetime ofφ (46.3 fm/c) is longer compared
to that of other hadronic resonances as well as the lifetime of the fireball produced in

For ALICE collaboration.

S. Tripathy (B)
Department of Physics, Indian Institute of Technology Indore,
Simrol 453552, India
e-mail: Sushanta.Tripathy@cern.ch

© Springer Nature Singapore Pte Ltd. 2021
P. K. Behera et al. (eds.), XXIII DAE High Energy Physics Symposium,
Springer Proceedings in Physics 261,
https://doi.org/10.1007/978-981-33-4408-2_94

683

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4408-2_94&domain=pdf
mailto:Sushanta.Tripathy@cern.ch
https://doi.org/10.1007/978-981-33-4408-2_94


684 S. Tripathy

heavy-ion collisions [1]. Thus, it is expected that a φ meson will not be affected by
the re-scattering and regeneration processes during the hadronic phase [2]. φ being a
bound state of a strange-antistrange quark pair (ss̄), a measurement of its production
can help shed light on strangeness production mechanisms. Also, the study of φ in
small colliding systems helps in the search for the onset of collectivity and provides
a necessary baseline for heavy-ion collisions.

This article focuses on measurements of φ production with the ALICE detector
at the LHC in pp collisions at

√
s = 0.9, 2.76, 5.02, 7, 8 and 13 TeV, p–Pb collisions

at 5.02 and 8.16 TeV, Xe–Xe collisions at
√
sNN = 5.44 TeV and Pb–Pb collisions at√

sNN = 2.76 and 5.02 TeV. In particular, pT spectra at different energies and colliding
systems as well as pT-integrated particle ratios to long-lived hadrons are compared
for minimum bias collisions and as a function of the charged-particle multiplicity
(〈dNch/dη〉). In this paper, we aim at addressing one of the major questions, namely
whether φ behaves like a non-strange or strange particle. The strangeness of φ will
be discussed in relation to its production mechanism, such as strangeness canonical
suppression, non-equilibrium production of strange quarks and thermal models.

94.2 φ Meson Reconstruction and pT Spectra

The φ(1020) is reconstructed at mid-rapidity (|y| < 0.5) through an invariant-mass
analysis via its hadronic decay channel [3, 4] intoK+K− (branching ratio: 49.2%) [5].
Figure94.1 shows the invariant-mass distribution for the φ in pp collisions at

√
s

= 5.02 TeV in the pT range 0.5 < pT < 0.7 GeV/c in V0M Multiplicity class
VII. The left plot of Fig. 94.1 shows the unlike-charge invariant-mass distribution
with a combinatorial background. The event mixing and like-sign techniques are
used to estimate the combinatorial background and after combinatorial background
subtraction, a residual background remains as shown in the right plot of Fig. 94.1,
together with a fit used to describe the peak of φ and the residual background.
The latter is mainly due to mis-identified particle decay products or from other
sources of correlated pairs (e.g. mini-jets). The φ(1020) peak is fitted with a Voigtian
function, a convolution of Breit–Wigner and Gaussian functions [3, 4]. For some
cases, the φ peak is fitted without any combinatorial background subtraction when
the combinatorial background shows large statistical fluctuation.

In each pT intervals, raw yields are obtained from the fit to the signal peak and
then corrected for the detector efficiency × acceptance and the branching ratio to
determine the final pT spectrum. Figure94.2 shows the pT spectra of φ mesons in pp
collisions at

√
s = 13 TeV (left) and p–Pb collisions at

√
sNN = 8.16 TeV (right) in

different V0 multiplicity classes. The lower panels show the ratio of the pT spectra
to the 0–100% pT spectrum. The evolution of pT spectra is observed at low pT. For
high pT, the slopes of the spectra in different multiplicity classes seem to be similar
to those observed in minimum bias pp collisions. Figure94.3 shows the pT spectra
of φ mesons in Xe–Xe collisions at

√
sNN = 5.44 TeV (left) and Pb–Pb collisions at√

sNN = 5.02 TeV (right) for different centrality classes.
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Fig. 94.2 pT spectra of φ mesons in pp collisions at
√
s = 13 TeV (left) and p–Pb collisions at√

sNN = 8.16 TeV (right) in different multiplicity classes. In the bottom panels of the figure, the
ratios of the pT spectra to the multiplicity-integrated pT spectrum are reported

94.3 Results and Discussion

Figure94.4 shows the ratios of pT spectra of φ in inelastic pp collisions at various
center-of-mass energies to the spectrum obtained in pp collisions at

√
s = 2.76 TeV.

These ratios indicate that in the range 1–2 GeV/c, the yields increase as a function of
collision energy, but the production at low pT does not strongly depend on collision
energy.

The left panel of Fig. 94.5 shows the integrated yield of φ in pp collisions at√
s = 7 and 13 TeV and p–Pb collisions at

√
sNN = 5.02 and 8.16 TeV. The integrated
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Fig. 94.4 Ratios of pT
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the spectrum obtained in pp
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yield shows a linear increase as a function of charged-particle multiplicity for both
pp and p–Pb collisions. The right panel of Fig. 94.5 shows the φ yield normalized
by the 〈dNch/dη〉 value as a function of average charged-particle multiplicity in pp
collisions at

√
s = 13 TeV and in p–Pb collisions at

√
sNN = 5.02 and 8.16 TeV. The

ratio is independent of collision energy, which suggests that the event multiplicity
drives the particle production, irrespective of collision system type and energy.

The top left panel of Fig. 94.6 shows the yield ratios of φ and K∗0 to kaons as a
function of charged-particle multiplicity for different colliding systems at different
collision energies. As the lifetime of K∗0 is almost 10 times shorter compared to φ,
it is expected that K∗0 is affected by the regeneration and/or re-scattering processes
in a long-lasting hadronic phase of the expanding system. A decreasing trend in
the K∗0/K ratio is observed, suggesting that the re-scattering mechanism dominates
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over-regeneration. As expected, the φ/K ratio remains fairly flat, which indicates
that either the regeneration and re-scattering are balanced or φ decays after the
hadronic phase without being affected by these processes. The top right panel of
Fig. 94.6 shows the φ/π ratio as a function of 〈dNch/dη〉. The production of φ in
Pb–Pb and Xe–Xe collisions is well described by a grand-canonical thermal model
(GSI-Heidelberg) [6], while for small systems (pp and p–Pb collisions) the increase
of the φ/π ratio with multiplicity is in contrast to the expectation from strangeness
canonical suppression [7]. This behavior favors the non-equilibrium production of
φ and/or strange particles. The bottom panel of Fig. 94.6 shows the �/φ ratio as
a function of 〈dNch/dη〉. The �/φ ratio remains fairly flat or slightly increases
across a wide multiplicity range. In addition, a multiplicity dependence of the ratio
is observed, particularly at low multiplicities. Comparing the φ with particles with
strange quark content 1 or 2, we observe that φ behaves like a particle with open
strangeness [8].

94.4 Summary

ALICEhas studiedφproduction as a functionof collision energy andcharged-particle
multiplicity in different colliding systems. The event multiplicity seems to drive the
production of hadrons, including φ production, irrespective of collision energy for pp
and p–Pb collisions at the LHC. The φ/K ratio remains rather flat across a wide range
of multiplicity and across colliding systems, which indicates that either regeneration
and re-scattering are balanced or that the φ decays after the hadronic phase in Pb–Pb
collisions and is not affected by re-scattering and regeneration. The latter seems to
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be the likely scenario as φ has an almost 10 times longer lifetime than K∗0. Looking
at the φ/π, φ/K and �/φ ratios, the φ meson seems to show similar behavior to that
of particles with open strangeness.
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Chapter 95
Study of Charge Separation Effect
in Pb-Pb Collisions Using AMPT

Sonia Parmar, Anjali Sharma, and Madan M. Aggarwal

Abstract The strong magnetic field created by the spectator protons in non-central
heavy-ion collision causes the separation of oppositely charged particles along the
magnetic field direction which is an important consequence of the Chiral Magnetic
Effect. The charge-dependent multiparticle azimuthal correlations are studied as a
function of Dbmax± bins obtained using the Sliding Dumbbell Method (SDM). The
results reported in this article are performed on AMPT generated Pb-Pb collision
events at

√
sNN = 2.76 TeV.

Keywords Chiral magnetic effect · Multiparticle azimuthal correlations · Sliding
dumbbell method

95.1 Introduction

The interaction of two high-energy colliding nuclei produces deconfined overlap
region and the highly energetic spectator protons generate a strong magnetic field
which induces the electric current. This electric current results in the motion of more
positively charged particles in one direction and more negatively charged particles
in the opposite direction along the system orbital angular momentum direction, a
phenomenon known as Chiral Magnetic Effect (CME) [1]. The two main ingredients
required for the search of CME signal are the strong magnetic field and the non-
zero axial charge density. The fast-moving spectators have a highly positive charge
(Pb82+) and create the strongest magnetic field during and after the impact of two
heavy ions for a very short interval of time, and a non-zero charge density is also
created in the hot dense matter produced during the collision. In order to hunt the
CME experimentally, Voloshin [2] introduced the multiparticle correlator defined as

γab = 〈cos(φa + φb − 2φc)〉/v2,c (95.1)
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where φa , φb and φc are the azimuthal angles of charged particles. The indices a,
b and c represent the charges of the particles and could be + or −. The v2,c is the
elliptic flow of particle c. The evidences for the charge separation effect have been
reported by the ALICE collaboration at the Large Hadron Collider (LHC) for Pb-
Pb data at

√
sNN = 2.76 TeV [3, 4] and STAR collaboration at Relativistic Heavy

Ion Collider (RHIC) in Au+Au collisions for center-of-mass energies ranging 7.7–
200 GeV [5]. The charge-dependent three-particle correlator has been measured
for different charge combinations, viz., the same sign (SS) (+ +, − −) and the
opposite sign (OS). The results obtained are qualitatively in good agreement with
the expectations for the CME. CMS collaboration also reported the results on three-
particle correlator relative to the reaction plane at

√
sNN = 5.02 TeV [6].

95.2 Monte Carlo Event Generator

AMulti Phase Transport (AMPT)model, a heavy-ion event generator, is an important
tool to study the theoretical predictions for distinct physics observables. AMPT
comprises various stages of collision, viz., initial conditions, partonic interactions,
conversion from partonic to hadronic matter and hadronic interactions. A detailed
information about the AMPT model can be found in Ref. [7]. One million events are
generated for the Pb-Pb collisions at

√
sNN = 2.76 TeV with the string melting on

configuration and the preliminary results are presented here. The charged particles
in the transverse momentum (pT ) range 0.2 < pT < 5.0 GeV and pseudorapidity
(η) interval −0.8 < η < 0.8 are selected for the study.

95.3 Methodology

The Sliding Dumbbell Method (SDM) [8] is used in this analysis for the observa-
tion of charge separation effect. This method scans the full η − φ phase space at the
microscopic level and locates the events exhibiting charge separation. Events with
an excess of positively charged particles on one side of the dumbbell and negatively
charged particles on the other side are obtained by a sliding dumbbell of 60◦ in
steps of one degree to get a maximum value of Db± in each event. We obtained
the distributions for a maximum value of Db± in each centrality interval for AMPT
generated events. Further, the Dbmax± distributions in each centrality are sliced into
ten bins from 0–10% to 90–100% corresponding to highest and lowest Dbmax± val-
ues, respectively. For the analysis, the three-particle correlator defined in Eq.95.1
is calculated using the Q-cumulants method [9] and studied as a function of Dbmax±
bins. The background correlations due to elliptic flow, resonance decays, etc., can
also produce a signal similar to CME. Thus, it is necessary to suppress the back-
ground contributions to locate the CME signal events. The background estimation
is performed by randomly reshuffling the charges of the particles over the azimuthal
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Fig. 95.1 Dbmax± distributions obtained using the sliding dumbbell method for AMPT generated
and charge reshuffled events in different centrality intervals

plane keeping the η and φ the same. The results from AMPT and charge reshuffle
(ChrgR) events are compared to estimate the CME-type effects.

95.4 Results and Discussion

Figure95.1 displays the Dbmax± distributions obtained for AMPT events and charge
reshuffled events in different centralities. Both the distributions seem similar and
exhibit a shift toward higher Dbmax± values with decreasing centrality.

For further understanding, the usefulness of SDM and the Dbmax± distributions
in each centrality are divided into ten bins and the three-particle correlator (γab) are
measured in each Dbmax± bin for SS andOS. The difference of opposite and same sign
pairs correlator is a natural choice to study the CME contribution since it suppresses
the charge-dependent background correlations. The centrality dependence of OS
(γopp) and SS (γsame) charge pairs for the AMPT events and charge reshuffled events
are displayed in Fig. 95.2. For higher Dbmax± bins, theOS charge pairs exhibit positive
correlation whereas the pairs of SS have negative values showing strong correlation
among themselves. A similar trend is observed for AMPT and charge reshuffled
events.

Figure95.3 presents the centrality dependence of difference between opposite
sign and same sign correlators (γopp − γsame). The correlation values are positive for
higher Dbmax± bins in each centrality. Reasonably good agreement is seen between
the AMPT and charge reshuffle events.

To isolate the events with large charge separation, ten data points shown in
Fig. 95.3 are grouped into two bins where the first bin contains the events with
top 30% Dbmax± values (i.e., large charge separation) while the second bin corre-
sponds to 30–100% Dbmax± values. Again the correlation for the OS-SS charge pairs
is studied for the two bins and it is found that the top 30% Dbmax± have positive
correlation whereas the rest of the sample events exhibit almost zero values except
for the 50–60% centrality class. The average values for γopp − γsame correlator are
negligible in comparison to 0–30% Dbmax± bins. Figure95.4 also shows that though
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the top 30% Dbmax± bins have more positive values than the other bins, the values
for AMPT events match with those of charge reshuffled points within the statistical
uncertainties which is expected since there is no CME signal in AMPT events.

Thus, SDM isolates the events showing charge separation effect from the given
sample of events and is a powerful tool to observe the CME-type effects in the
real data. Also, the results from charge reshuffle agree with the normal AMPT events
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which lead to the conclusion that the charge reshufflemethod can be used to calculate
the background correlations while analyzing the experimental data.
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Chapter 96
A Portable Cosmic Muon Tracker (CMT)
Using Resistive Plate Chambers (RPCs)
an Outreach Perspective

B. Satyanarayana, R. R. Shinde, Honey, E. Yuvaraj, Pathaleswar,
M. N. Saraf, L. Umesh, and S. Rajkumarbharathi

Abstract Cosmic Muon Tracker (CMT) is a portable charged particle (Muons)
tracker, which can be used to track and acquire live Muon events. This compact
detector module is expected to serve as an excellent outreach tool for a wide range
of students—schools to university. Eight layers of Resistive Plate Chamber (RPC)
gaseous detectors are used to track Muons by ionization. Each Muon event from the
tracker is acquired by the FPGA-based Data Acquisition system (RPC-DAQ) and
generates events based on coincidence. Also, events are displayed in the form of
LEDs in a real-time basis. Apart from outreach, CMT can be used to plot the angular
distribution of muons, counting rates of strips and their dependence on ambient
parameters such as temperature, relative humidity and barometric pressure, which
are recorded by theDAQmodule. In this paper, theConstruction and operating details
of this detector will be presented.

Keywords Charged particle · RPC detector · Track · Event acquisition · LED
display

96.1 Introduction

Cosmic rays are high-energy particles—comprising mainly nuclei of hydrogen (pro-
tons), helium and other heavier elements, arriving from outer space.When they arrive
toward Earth, they collide with the atoms in the upper atmosphere, creating more
particles, mainly Pions. The charged Pions decay very quickly, producing particles
called muons. Unlike Pions, muons do not interact strongly with matter, therefore
can travel through the atmosphere to penetrate below ground. At sea level, the aver-
age flux of muons is about 1 per square centimeter per minute. Cosmic ray muons
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Fig. 96.1 Cosmic Muon Tracker

can be detected and tracked using stacks of particle detectors such as scintillators or
Resistive Plate Chambers (RPCs).

A cosmic muon tracker comprising a vertical stack of eight RPCs—each of 27 cm
× 27 cm in area—is built mainly for use during outreach campaigns, Fig. 96.1. The
RPCs are operated in gas-sealed mode, thus don’t require gas cylinders/system to be
carried along. Each RPC provides signals on eight pickup strips (3 cm wide) each on
X- and Y-planes. Typically, cosmic ray muons, passing through the stack, produce
tracks in all the eight RPCs and induce signals on the strips, which are in the path of
the tracks. LEDs—one per strip, mounted on the front-end boards of X- and Y-planes
of each RPC in the stack—display the tracks of these cosmic ray muons in real time.
The hit strips’ information is also stored in an FPGA-based digital Data Acquisition
(DAQ) module, which is connected to a computer via an Ethernet port. The DAQ
module also produces trigger signals to acquire the data, based on the pattern of hit
strips. The data acquired is transferred to the computer and is also displayed as a 3D
image of the event in the tracker. The live display of events can also be ported onto
the Internet for viewing from anywhere. The low voltages as well as high voltage
required to bias the RPCs are all locally generated from mains power, thus making
the tracker highly portable.
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Fig. 96.2 Townsend Avalanche inside RPC

96.2 RPC Detector and Detection Principle

Resistive Plate Chamber (RPC) detectors are gaseous detectors. The Chambers are
made by sandwiching two glass electrode plates using poly carbonate spacers. Seal-
ing all sides of the two glass plates forms a chamber. Glass electrodes are painted
with a conductive coating whose surface resistance is around 1 Mega Ohm. Pickup
panels are made up of Honeycomb material. Copper strips are pasted on one side
are used to picking induced signals on the glass. On the other side, Aluminum acts
as the ground. Both sides of the chamber pickup panels are kept orthogonal. Ioniz-
ing charged particles traversing the gap initiates a streamer in the gas volume. That
results in a local discharge of the electrodes. This discharge is limited to a tiny area
of about 0.1 cm2 due to the high resistivity of the glass electrodes and the quench-
ing characteristics of the gas. The discharge induces an electrical signal on external
pickup strips on both sides orthogonal to each other, which can be used to record the
location and time of ionization (Figs. 96.2 and 96.3).

96.3 Front-end Board

Each layer of RPC will have 8 X side signals and 8 Y side signals. It is necessary to
process these signals near the detector. So a Front-End board is connected to each
layer on both X and Y sides as shown in Fig. 96.4. These FE boards receive raw RPC
signals 8 from each side of the RPC. MAX9108 IC discriminates these signals with
a common threshold. A TTL buffer is used to convert the discriminated logic signals
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Fig. 96.3 Fabricated Front-end Board

Fig. 96.4 Front-end Block diagram

to standard 2.5V TTL signals. These TTL signals from each FE board are sent to
the RPC-DAQ module using high-density cables. Each FE board consist of 8 LEDs
mounted accordingly to the strip width of the RPC. These LEDs are driven by the
RPC-DAQ via an LED driver IC ULN2803. A detailed block diagram of FE boards
is shown in Fig. 96.5.

96.4 Data Acquisition

The data acquisition module RPC-DAQ consists of a Cyclone 4 FPGA. It contains
256 TTL compatible IO channels. Out of 256 IOs, 128 channels are used as output for
driving LED corresponding to each RPC strip. The remaining 128 channels are used
as inputs which receive all the discriminated outputs from the FE boards of all layers
both X and Y. These signals are then processed and used for Trigger formation. The
same signals are given to a High Performance Time to Digital Converter (HPTDC)
for time stamping input signals with 100 picoseconds resolution. A 100 nanosec-
ond Real-Time Clock timestamps every event. On successful chance coincidence, a
Trigger will be generated. The trigger criteria are programmable. The same set of
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Fig. 96.5 Data Acquisition Module

input signals are also stretched to 1us, to keep the signal available until the trigger
forms. On trigger, these 1us stretched input signals are latched. This latch will have
binary high for strips that are responsible for trigger formation. This latch is directly
connected to the FE board LEDs. So the LEDs which are in front of the strips which
are responsible for the Muon trigger will be high, others low.

Until the next trigger forms, the previous latch state is maintained in LEDs of
all layers. Each event consists of position, timing and RTC information. A Softcore
Processor NIOS is instantiated in the same FPGA to handle data collection and trans-
portation. Wiznet W5300 Module is interfaced with the FPGA which is an Ethernet
offload engine. Using Wiznet, data can be transferred using standard Ethernet pro-
tocols like UDP and TCP. Server access RPC-DAQ using a dedicated IP address.
Figure6 shows the logic inside the DAQ FPGA.

96.5 Conclusion

Presently, only hit and count rates are being collected by the Back-end server. TDC
and TPH interfaces will be added to the Firmware. Autonomous mode and normal
modes of operationwill be implemented.Also, the possibility of SDcard andwireless
interfaces with RPC-DAQ will be studied. An Android App will be published.
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Chapter 97
Aging Study for Resistive Plate
Chambers (RPC) of the CMS Muon
Detector for HL-LHC

Priyanka Kumari, Vipin Bhatnagar, and J. B. Singh

Abstract During the phase II of the LHC physics program, called High Luminosity
LHC (HL-LHC), the accelerator will increase the instantaneous luminosity up to
5×1034 cm−2 s−1. At HL-LHC, the CMS Resistive Plate Chambers (RPC) system
will be subjected to high background radiations which could induce non-recoverable
aging effects and can alter the detector properties. A new longevity test is then needed
to estimate the impact of HL-LHC conditions up to an integrated charge equivalent to
the integrated luminosity of 3000 fb−1, to confirm that the RPC system will survive
the harsher background conditions. A dedicated consolidation program is ongoing
at the CERN Gamma Irradiation Facility (GIF++), where a few RPC detectors are
exposed to intense gamma radiation. The main detector parameters (currents, rate,
and resistivity) are under monitoring as a function of the integrated charge and the
performance studied with a muon beam. After having collected a significant amount
of the total irradiation, preliminary results will be presented.

97.1 Introduction

At present, the Compact Muon Solenoid (CMS) muon system consists of three types
of gas-ionization detectors : Drift Tube Chambers (DTC), Cathode Strip Chambers
(CSC), and Resistive Plate Chambers (RPC). The RPC system [1] covers both Barrel
and Endcap regions of CMS contributing to the trigger, reconstruction, and identi-
fication of muons. It consists of 1056 RPCs, organized in 4 stations called RB1 to
RB4 in the Barrel region, and RE1 to RE4 in the Endcap region.

The RPC system was designed to provide muon identification, excellent trigger-
ing, timing, and momentum measurements at the Large Hadron Collider (LHC) at
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the nominal luminosity of 1 × 1034 cm−2 s−1. During the LHC Run1 and Run2 data
taking, the performance of the muon systems was outstanding [2].

In the second phase of the LHC physics program, HL-LHC, the instantaneous
luminosity will reach 5 × 1034 cm−2 s−1 (factor five more then the nominal LHC
luminosity), providing toCMSan additional integrated luminosity of about 3000 fb−1

over 10 years of operation, starting in 2026. The expected conditions in terms of
background, pile-up, and the probable aging of the present detectors will make the
muon identification and correct pT assignment a challenge for the muon system. In
order to ensure redundancy also under the HL-LHC conditions, two upgrades [3]
are planned on the RPC system: the consolidation of the present system and the
extension of the muon coverage at the |η| < 2.4.

97.2 RPC Aging Studies for the Present System

The present RPC system has been certified for 10 LHC years of operation, at a max-
imum background rate of 300Hz/cm2 and a total integrated charge of 50mC/cm2.
Based on Run2 data and assuming a linear dependence of the background rates as
a function of the instantaneous luminosity, the expected background rates and inte-
grated charge at HL-LHC will be, respectively, ≈600Hz/cm2 and ≈ 840mC/cm2,
(including a safety factor of three) [3]. HL-LHC will therefore be a challenge for
the RPC system since the new operating conditions are much higher with respect to
those for which the detectors had been designed, and could induce non-recoverable
aging effects that can alter the detector properties and performance.
A new longevity test is then needed to estimate the impact of the HL-LHC condi-
tions up to an integrated charge equivalent to the integrated luminosity of 3000 fb−1,
in order to confirm that the RPC system will survive the expected HL-LHC condi-
tions. Longevity studies will identify possible aging effects by monitoring the main
detector parameters and performance as a function of the integrated charge.

97.2.1 Setup and Test Procedure

A dedicated longevity study was set up at the CERN Gamma Irradiation Facility
(GIF++) where it is possible to test real-size detectors. The facility is equipped with
a 13 TBq Cs-137 gamma source, and a system of movable filters allows to variate
the gamma irradiation conditions, providing a fairly realistic simulation of the HL-
LHC background conditions. A 100 GeV muon beam, providing excellent probes
for detector performance studies, complements the source [4]. Since the maximum
background rate is expected in the endcap region, in July 2016, the irradiation test
was started at GIF++ using four spare endcap chambers: two RE2/2 and two RE4/2
types. Two different types of chambers have been used for this test because the
endcap RPC production has been performed in two periods: in 2005 for all RPCs
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Fig. 97.1 Integrated charge
versus time, accumulated
during the longevity test at
GIF++ for RE2/2 (red) and
RE4/2 (blue) chambers. The
RE4/2 chamber has been
turned on a few months later
because of total gas flow
limitations. Different slopes
account for different
irradiation conditions during
data taking

in the endcap system, except the RE4/2 and RE4/3 chambers, which were made in
2013.

In order to study the detectors’ longevity, two chambers out of the four (one
RE2/2 and one RE4/2) are continuously operated under gamma irradiation, while the
remaining two chambers are turned on only from time to time and used as a reference.
Themain detector parameters aremonitored and periodically comparedwith those of
the reference chambers (currents and counting rates at several background conditions,
noise and dark current, etc.). Moreover, when the muon beam at GIF++ is available,
the detector performance is studied at different irradiation conditions. The method
for the data analysis is described in Ref. [5]. All measurements are performed under
controlled environmental and gas conditions. The detectors are operating with two
gas volume change per hour for the irradiated chambers and one for the reference
chambers, and with a relative gas humidity of ∼30–40%. The integrated charge
versus time is shown in Fig. 97.1. At present, about 592 and 322 mC/cm2 have
been integrated into the RE2/2 and RE4/2 irradiated detectors, which correspond
respectively at around 70 and 38% of the expected integrated charge.

97.2.2 Detector Parameter Monitoring

In order to spot possible degradations of the electrode surface due to the irradiation,
the detector noise rate and dark current are periodically measured. Figure97.2 shows
the currents (left) and noise rate (right) at the working point as a function of the
integrated charge for the RE2/2 irradiated and reference chambers. No significant
variations have been observed so far.

The variation of current and rate with background radiation is periodically mea-
sured as well. To exclude the dependence on the external parameters, the ratios of the
irradiated and the reference chambers are measured as a function of the integrated
charge. Figure 97.3 left shows the RE2/2 current and rate ratio.



706 P. Kumari et al.

Fig. 97.2 Dark current (left) and noise rate (right) versus the integrated charge, for RE2/2 irradiated
(blues) and reference (red) chamber, at the working point voltage

The measurements show a decreasing trend at the beginning of the irradiation
period, up to≈300mC/cm2, when the operating conditions, in terms of gas flow rate
and relative gas humidity, were too low with respect to the high gamma background
rate. These operating conditions lead to the electrode resistivity increase, which
caused the observed rate and current decrease.

The electrodes resistivity increase is confirmed by the measurements performed
running the RPCs filled with pure Argon gas. Figure97.3 (right) shows the coherent
correlation between the RE2/2 currents ratio (red) and the resistivity variation (blue).
The resistivity variation allow us to cancel out the dependence on the environmental
conditions, and is defined as

ρvar = ρirr − ρre f

ρirr
(97.1)

These plots show also that the resistivity increase is a recoverable effect, in fact,
the resistivity starts to decrease, and the current and rate increases when the gas flow
and the gas relative humidity have been increased.

97.2.3 Detector Performance Monitoring

The detector performance has been tested using the muon beam, before starting the
longevity test, and repeated after different irradiation periods at GIF++, up to 51%
of the expected integrated charge. Figure97.4 shows the RE2/2 irradiated chamber
efficiency as a function of the effective High Voltage (voltage normalized at the
standard temperature and pressure), without irradiation (left), and with a gamma
background rate of ≈600Hz/cm2 (right).
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Fig. 97.3 Left: RE2/2 current (red) and rate (blues) ratio between irradiated and reference chamber
as a function of the integrated charge. Right: RE2/2 current ratio (red) and resistivity variation (blue)

Fig. 97.4 RE2/2 irradiated chamber efficiency as a function of the effective HV, taken with no
irradiation (left) and under a gamma background rate of about 600Hz/cm2 (right). The efficiency is
measured during different Test Beams (TB) corresponding to different fractions of the target charge
to integrate

The performance without background rate is stable in time and we do not
observe any efficiency degradation or working point shift. With a background rate
of ≈600Hz/cm2, the efficiency remains stable at a working point, but we observe a
100V shift, starting from 45% of the expected integrated charge. The working point
shift is related to the electrode resistivity increase, since the effective voltage applied
to the electrodes (HV) is reduced by the voltage drop across the electrodes, which
is proportional to the current (I) produced by the ionizing particles and to the bake-
lite resistance (R) [6]. The effective voltage applied to the gas (HVgas) is therefore
defined as
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Fig. 97.5 Left: RE2/2 irradiated chamber efficiency as a function of the HV gas, at different
background irradiations and at different integrated charge values. Right: RE2/2 irradiated chamber
efficiency at the working point as a function of the background rate at different integrated charge
values

HVgas = HV − RI (97.2)

The detector operation regime is invariant with respect to HVgas , therefore the effi-
ciency as a function of HVgas does not depend any longer on the background radiation
andon the bakelite resistance. Figure97.5 (left) represents theRE2/2 irradiated cham-
ber efficiency curves at different background radiation (up to ≈600Hz/cm2) and at
different integrated charge. All the efficiency curves overlap and we do not observe
anymore the working point shift, since the electrode resistivity increase effect has
been removed. The RE2/2 irradiated chamber efficiency at the working point as a
function of the background rate is shown in Fig. 97.5 right. The efficiency is stable
in time with a 2% decrease at the highest expected background rate, 600Hz/cm2.

97.3 Results and Conclusion

From preliminary results, no evidence of any aging effect has been observed so far
in the RPC detectors. The main detector parameters are stable, other than minor
variations like the electrode resistivity, that did not affect the performance which
remains stable up to 51% of the expected integrated charge. Further investigations
are needed to get closer to the final integrated charge of 840mC/cm2.
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Chapter 98
Testing Real-Size Triple GEM Chambers
with Pb+Pb Collision at CERN SPS

Ajit Kumar, A. K. Dubey, Jogender Saini, V. Singhal, V. Negi, Ekata Nandy,
S. K. Prasad, C. Ghosh, and Subhasis Chattopadhyay

Abstract We discuss the fabrication, assembly and beam tests of two large-size
triple Gas Electron Multiplier (GEM) detector prototypes, of CBM Muon Chamber
(MuCh), with Pb+Pb collisions at CERN SPS. This was the first prototype test in a
multiparticle environment, wherein realistic CBM DAQ collected data from a large
number of channels in a free streaming mode, using several nXYTER-based [1]
Front End Boards (FEBs) and recording simultaneous hits from over a wide area
of the GEM prototypes. The response of the detector and issues related to DAQ,
electronics, cooling, etc. have been reported.
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98.1 Introduction

The CBM [2] experiment is a fixed-target heavy-ion experiment at the upcoming
facility called FAIR [3] at Darmstadt, Germany. By colliding heavy ions in the energy
range of 2–35 AGeV, the goal of CBM is to explore the properties of nuclear matter
at high net baryon densities. The physics goals include the study of the fundamental
aspects of quantum-chromo-dynamics (QCD) and astrophysics. The CBM experi-
ment will operate at a high interaction rate of ∼10MHz. The challenge thus is to
measure rare probes like dilepton pairs decaying from light vector mesons (ρ, ω and
φ) and charmonium. TheMuCh system with its novel arrangement of the alternating
absorber and detector stations [4] would detect dimuon signals in a broadmomentum
range. For the first two stations which face high particle rates and harsh radiation
environment, trapezoidal-shaped gas detector modules based on Gas Electron Mul-
tiplier (GEM) technology would be employed. Tests of such a large-size (∼80cm
× ∼40cm) “Mv1” prototype and small ones (10cm × 10cm) with single-particle
beams have been reported in [5, 6]. In this contribution, we present the performance
of the large-size prototype in Pb+Pb collisions at the H4 beamline of CERN SPS,
wherein, a simultaneous response from the full active area of the detector due to a
spray of high-energy particles originating from the nucleus-nucleus collision at 150
AGeV/c has been studied for the first time. The new CBM DAQ took data in free
streaming mode, involving a large number of FEBs (Fig. 98.2b) for the first time. It
was also the prototype tests employing a water-based cooling system.

98.2 Fabrication of Large-Size Chamber

Two real-size detector triple GEMmodules were fabricated for the tests. Figure 98.1
shows the fabrication process in a CPDA lab (class 100,1000), clean room at VECC,
Kolkata. The assembly procedure is similar to that described in [5, 7]. Large size
single-mask GEM foils having 24 segments were used. A translucent glow-box was
locally designed and built for the visual inspection of the foils, as shown in Fig. 98.1a.
Each foil segment showeda leakage current of∼3–5nA(at∼50%humidity and∼23◦
temperature) at 550V; dimensions of all the components were measured and ascer-
tained to be within specified tolerance levels. After all the satisfactory quality checks,
the foils were stacked together in a 3/1/1/1.5mm gap configuration (Fig. 98.1b) and
stretched using glueless “ ns2 ”technique [8]. The stretching of GEM foil is demon-
strated in Fig. 98.1c. The picture of the complete assembled module is shown in
Fig. 98.1d. The GEM foils were powered using a resistive chain as mentioned in [7].

Each of the trapezoidal GEM modules consisted of about ∼1900 readout pads
having progressively increasing pad sizes, as guided by the design simulation of
the CBM-MUCH. A total of 15 FEBs (each having 128 channels) per module was
used. Data were taken with almost full FEB coverage. An elaborate cooling [9, 10]
arrangement involving a 10mm Aluminum plate with controlled water flow either
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Fig. 98.1 Fabrication of large-size triple GEM detector in CPDA lab, VECC. a Inspection of GEM
foil. b Placing GEM foils on top of each other with a gap of 3mm / 1mm / 1mm / 1.5mm. c
Mechanical stretching of the foils. d Complete chamber

through grooved channels or through 6mm Al pipe winding inside the plate volume
was used for the first time. Figure98.2b shows the picture of the cooling plate with
all the FEBs mounted on one side. Small, flat copper pieces of 3mm thickness
were thermal-glued below the FEBs, providing the metal contact with the plate. The
detector is mounted on the other side of this plate. 10mm wide slots were machined
at 15 readout connector positions. The FEBs were connected with these connectors
via 10cm long flexible Kapton cables each carrying signals from 64 channels.

98.3 Experimental Setup

The schematic of the experimental setup is shown in Fig. 98.2a. Pb beams of
150 GeV/c collided on a 3mm thick Pb target having an area of 9cm × 9cm. Addi-
tionally, 2 blocks of Fe of thicknesses 4 cm and 6 cm were placed downstream of
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Fig. 98.2 Schematic and picture of test setup and DAQ. a Block diagram of experimental setup.
b FEB boards mounted on Al plate. c)Picture of the experimental setup inside a cave of the H4
beamline. d) Block diagram of DAQ setup

Fig. 98.3 aGlobal X-Y distribution of detector hits. b η-φ distribution of detector hits (Red-GEM1,
Green-GEM2 and Blue-GEM3)

from the Pb target at∼2cm and∼17cm, respectively, for increasing interaction rate.
A diamond detector was placed just before the target to provide beam information.
The prototype detectors were placed on a common mounting frame, tilted at about
∼7◦ from the beam axis, considering the target positioned at (0,0,0). Two “Mv1”
modules, one in the front and the other at the back of the setup, were placed as shown
in the figure. The first GEMmodule (GEM-1) was placed at ∼3 m distance from the
target and its upper boundary about ∼20cm below the beam axis. The second GEM
module (GEM-2) was placed at ∼6m from the target position. A third triple GEM
chamber of size 10cm× 10cm, GEM-3 (built at GSI), was also put in at a later stage
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Fig. 98.4 Spill structure seen on GEM2 plane

to provide an additional hit-point for tracking. The global X (mm)-Y (mm) distribu-
tion of pad coordinates for the three GEM detectors is shown in Fig. 98.3 (left panel)
and the corresponding η-φ coordinates are shown in Fig. 98.3 (right panel). A picture
of the final setup in the cave of the H4 area of CERN SPS is shown in Fig. 98.2c.
A premixed gas mixture containing Ar/CO2 in a ratio of 70/30 was used as the fill
gas for all three GEM detectors. The block diagram of the data acquisition system is
shown in Fig. 98.2d. Data from different detectors (TOF, MuCh) were processed by
FPGA-based Data Processing Board (DPB) [11]. These DPBs were configured on an
AFCK board, and it was mounted on a μTCA crate. Twisted-pair LVDS flat-ribbon
cables, ∼6 m in length, were used as signal cables from the back-end of FEBs to
the front-end of AFCK boards. An optical cable of ∼50 m in length was used from
the back-end of the AFCK to the FLIB (FLES Interface Board) board which was
mounted on FLIB-PC. Time synchronization for combining the detector hits in the
two subsystems was carried out via two dedicated AFCK (master and slave) boards
placed in the same crate.

98.4 Results and Discussion

Pb-Pb collision data taken for 150 GeV/c have been analyzed. Individual channel
hits in the detector prototypes due to particle hits were recorded along with the
corresponding time-stamps and amplitude. This free-streaming data was stored in
time slices of 10 ms interval. Data were taken for different GEM voltages and also
for different noise thresholds. The unsorted raw data was sorted within every time
slice during unpacking and later corrected for offsets.
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Fig. 98.5 Left: Time difference spectra between GEM and diamond detector. Middle: Pulse height
distribution with 3xσ window of time correlation. Right: Hit multiplicity distribution

Fig. 98.6 Left: Hit multiplicity correlation between GEM1 and GEM2. Middle: Time difference
spectra between one FEB with another FEB of the same GEM plane before time-walk correction.
Right: after time-walk correction

The incident Pb beam for collisions was delivered in spills. Figure98.4 shows the
spill structure as observed from the hits in the GEM2 detector. A spill frequency of
∼30s and spill width of ∼9s can be noted. The various colors in the figure represent
different FEBs of GEM2 connected to pads in different regions. Constructing single
events from the collection of hits with time-stamp becomes a challenging task. The
diamond detector (placed just before the target) was selected as a reference detector
for building an event. A simple algorithmwherein all theGEMhits which lie between
two consecutive diamond hits was taken to be one event. The time difference spectra
of hits in GEM2 and Diamond, event by event, is shown in Fig. 98.5(left). The σ of
this spectra is of the order of ∼14ns, which is the measure of the time resolution
of the detector. The pulse height spectra fitted to the Landau distribution for GEM2
within 3σ window of time correlation spectra are shown in Fig. 98.5(middle). The
distribution of number hits per event (hit multiplicity) for GEM2 detector and its
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Fig. 98.7 Residuals in X (mm) and Y (mm) at GEM1 plane

correlation with those in GEM1, event-by-event, is shown in Figs. 98.5(right) and
98.6 (left), respectively.

Figure98.6 (top-bottom) shows the time correlation spectra between hits of one
FEB with that of another FEB in the GEM2 plane. The spectra peaks at ∼14 ns with
σ of∼23 ns and after walk correction, a reduction of∼3ns was observed, as shown in
Fig. 98.6 (right-bottom). Detector time resolutions add up in quadrature. The sigma
value for the combined FEBs, after walk correction is found to be consistent with
this theoretical deduction considering a value of 14 ns from Fig. 98.5.

A track-fit was carried out using hit coordinates in different detector planes. Con-
sidering the origin (0, 0, 0) and two GEM hits in detectors GEM2 and GEM3 lying
in a common window of 1.39< η <1.42 and 262< φ <264, a straight-line fit was
carried out, and the extrapolated hit coordinates in GEM1 plane were calculated
based on the fit parameters. The distribution of the residual thus obtained for GEM1
hits in X and Y is shown in Fig. 98.7.

In summary, we have tested for the first time large-size GEM detectors in a multi-
particle environment coupled to self-triggered electronics and studied its response in
terms of time correlation spectra, hit correlation, and event reconstruction. A straight-
line fit was carried out using the hits in the three GEM planes and the diamond. The
corresponding residual distributions were also studied.
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Chapter 99
HARDROC2B: A Readout ASIC
for INO-ICAL RPCs

Aman Phogat, Moh. Rafik, Ashok Kumar, and Md. Naimuddin

Abstract The India-based neutrino observatory (INO) is an upcoming multi-
purpose underground experiment in the Theni district of Tamil Nadu, with the main
aim to determine the neutrino mass hierarchy. In order to satisfy the experimental
requirements, the ICAL detector at INO will use 29000 Resistive Plate Chambers
(RPCs) as the active detection element, which in turn requires millions of channels
to be read out. In this paper, we report on the test results and integration of a new
Front-end Application-Specific Integrated Circuit (ASIC), called HARDROC, with
an RPC detector. The ASIC comprises 64 readout channels with a variable gain cur-
rent preamplifiers followed by one slow and three fast shapers and a 10 bit-DACs
in each channel. The present study includes the optimisation of various parameters
such as preamplifier gain and DAC values for threshold settings.Wewill also present
the important RPC performance results like hit registration efficiency and count rate
variation with DAC values.

99.1 Introduction

The proposed 50 kton magnetised Iron Calorimeter (ICAL) detector at the India-
based Neutrino Observatory (INO) aims to investigate atmospheric neutrino oscilla-
tions. Low cost, good timing capabilities, long time stability and high efficiency
are among the main factors which make Resistive Plate Chamber (RPC) [1, 2]
favourable as the active detector element. ICAL will employ about 29000 glass
Resistive Plate Chambers (RPCs) for charge detection and requires millions of elec-
tronic channels to be read out. Therefore, a dedicated multichannel front-end readout
application-specific integrated circuit (ASIC) named HARDROC is under consider-
ation as a possible option to fully exploit the advantageous features of INO-ICAL
RPC detectors. In fact, due to a large number of electronic channels to be read out,
only an ASIC-based readout can assure satisfactory results when specifications in

A. Phogat (B) · Moh. Rafik · A. Kumar · Md. Naimuddin
Department of Physics and Astrophysics, University of Delhi, Delhi, India
e-mail: amanphogat.phogat@gmail.com

© Springer Nature Singapore Pte Ltd. 2021
P. K. Behera et al. (eds.), XXIII DAE High Energy Physics Symposium,
Springer Proceedings in Physics 261,
https://doi.org/10.1007/978-981-33-4408-2_99

719

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4408-2_99&domain=pdf
mailto:amanphogat.phogat@gmail.com
https://doi.org/10.1007/978-981-33-4408-2_99


720 A. Phogat et al.

Fig. 99.1 HARDROC2 ASIC Board

terms of compactness, detector-embeddedness, reliability and power consumption
for the detection system have to be fulfilled. HARDROCASIC [3, 4] is a 64 channel
analog-digital front-end chip which can read negative fast and short input signals. It
is being developed at the Austrian Micro System (AMS) laboratory and fabricated
in the 350nm Silicon-Germanium technology. Version 2 of HARDROC was tested
with prototype glass RPC detectors and its performance is reported.

99.2 Description of the HARDROC2 ASIC

HARDROC (HAdronic Rpc Detector ReadOut Chip) is a 64-channel front-end
ASIC designed primarily for the readout of a gaseous detector like RPC. A view
of the HARDROC2 ASIC board is shown in Fig. 99.1. Each of the 64 channels of
HARDROC2 is made of a fast low-input impedance current sensitive preamplifier
with 8-bit variable gain (analog gain is between 0 to 2). The received RPC signals are
amplified and are shaped further. A variable slow shaping filter with peaking time
50ns to 150ns is followed by a Track and Hold buffer to provide a multiplexed analog
charge output up to 10pC charge. The preamplifier is also coupled to 3 variable gain
CR-RC bipolar fast shapers (FSBs), with peaking time 20–25 ns. The bipolar fast
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Fig. 99.2 50% efficiency curve of (left) pedestal and (right) with 100 fC charge input for all the
64 channels of the HARDROC2 ASIC

shaper FSB0 is dedicated for input charges from 10fC up to 100fC, FSB1 for input
charges from 100fC up to 1pC and FSB2 for input charges from 1pC up to 10pC. This
triple-branch shaper stage is followed by 3 low-offset discriminators. Three internal
10-bit Digital to Analog Converters (DAC) are used to adjust the global thresholds.
The output signal of the shaper is compared to a programmable threshold by the
course of a fast voltage comparator, which generates a trigger signal as soon as a
valid event is detected. Three discriminators are cascaded to a 3 input to 2 output
encoder. A 127 deep digital memory is used to store the 2-bit encoded outputs [5].

99.3 S-Curve Method

The performance of theHARDROC2ASIC has been gaugedwith tests performed for
the better apprehension of the different operational parameters and their impact on
the readout behaviour of the chip. The s-curve test allows channel response efficiency
to be estimated in terms of the applied threshold and noise measurement [6, 7]. The
s-curve procedure consists of injecting a given charge on each of the 64 channels of
HARDROC2 through the inbuilt input capacitor. In our case, an input chargeof 100 fC
was injected into theHARDROC test board through an arbitrarywaveform generator.
The discriminator threshold scan has been performed over the whole dynamic range
(0–1023) in steps of 1 DAC units. The declension point on the efficiency curve for
each channel for a fixed preamplifier gain is determined. Figure99.2 (left) shows the
s-curve for the 64 channels without giving any input charge, i.e. the pedestal value,
and the results (right) show the s-curve for a 100 fC reference charge. The pedestal
average was found to be around 94 DAC units. Pedestal subtraction is usually the
first step for a given readout system and a cutoff value is then applied to the data.
The measured performance is adequate for our application.
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Fig. 99.3 HARDROC response to RPC pulse

99.4 RPC Pulse

The behaviour of the analog channel has been investigated by means of the injection
raw avalanche RPC signal on the HARDROC2 front-end board. Figure99.3 shows
the output pulse of the shaper in response to an injected signal, setting preamp gain=
28. The resulting peaking time is about 20 ns.

99.5 Experimental Setup

A prototype 30 cm× 30cm glass-based Resistive Plate Chamber (RPC) is integrated
and commissioned with the HARDROC2 ASIC and tested for cosmic ray muons.
RPC is made of two parallel 3mm thin glass plates. A uniform 2 mm gas gap is
maintained between the glass plates by polycarbonate button spacers. A thin layer
of semi-resistive graphite coating is applied on the outer side of the glass plates to
provide the necessary high voltage. When a charged particle crosses the gas gap, it
ionises the gas and produces electron-ion clusters. Due to high voltage, an avalanche
is produced and the electrons are attracted towards the anode side of the glass plate.
They will induce a signal on the copper readout strips which are separated from
graphite paint via insulating a mylar sheet. A gas mixture of 94.5% tetrafluoroethane
(R134a), 5% iso-butane and 0.5 %sulphur hexafluoride was used to operate the RPC
in avalanche mode of operation [8].

A trigger system of three scintillators each coupled to a photomultiplier tube
(PMT) was used to carry out efficiency performance measurement when cosmic ray
muons cross the detector. Two scintillators of dimension 15cm× 60cm and 2.8cm×
28cmwere placed above the RPC strip under consideration and one large scintillator
of dimension 15cm× 60cm was placed below the chamber. The coincidence signal
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Fig. 99.4 Efficiency (left) and Count Rate (right) variation with DAC threshold value

of these three scintillators has been used for triggering and was chosen for 3 fold
counts. The efficiency is obtained by evaluating the ratio between the number of
counts in which the RPC strip under consideration has fired to the total number of
triggered events in the time window of 200 ns.

99.6 Results

Adetailed study of the efficiency dependence upon theDAC thresholdwas done at the
10.4 kV working point. The trigger threshold was optimised to maximise efficiency
while minimising the noise contribution. A common preamplifier gain of 28 was
used. Since the pedestal average was found to be around 94 DAC units, the threshold
is scanned above the pedestal value. The efficiency and count rate were scanned
in 5 DAC unit steps. Figure99.4 shows the efficiency and count rate variation as a
function of the threshold. The efficiency decreases down to 70% at 240 DAC value
(see Fig. 99.4 (left)) and count rate moves as expected, i.e. lower as the threshold
increases (see Fig. 99.4 (right)).

99.7 Conclusion

We have successfully commissioned and integrated the 30cm × 30cm single gap
RPCs with the HARDROC front-end ASIC. The variation of the efficiency and count
rate with DAC value is reported. The efficiency of RPC at plateau working voltage
reached 94% at 140 DAC threshold. The count rate was measured to be less than 0.4
Hz/cm2. The signal contamination is thus negligible.
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Chapter 100
Effect of Variation of Surface Resistivity
of Graphite Layer in RPC

Anil Kumar, V. Kumar, Supratik Mukhopadhyay, Sandip Sarkar,
and Nayana Majumdar

Abstract The non-uniform surface and bulk resistivity of theGraphite layer present
in a Resistive Plate Chamber (RPC) may affect detector response and dead time. In
this paper, we present the initial results of a study that is oriented toward investigating
the effects of resistivity of different materials on RPC signal generation.

100.1 Introduction

Resistive Plate Chamber (RPC) [1] is an active detector in the Iron CALorimeter
(ICAL) detector at the India-based Neutrino Observatory (INO). The INO Project is
a multi-institutional effort aimed at building a world-class underground laboratory
with a rock cover of approximately 1200m for non-accelerator-based high energy
and nuclear physics research in India as explained in the Physics White Paper of the
ICAL (INO) Collaboration [2].

Components of the INO Project

• Construction of an underground laboratory and associated surface facilities at
Pottipuram in Bodi West Hills of Theni District of Tamil Nadu, India.
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• Construction of an Iron Calorimeter (ICAL) detector consisting of 50000 tons of
magnetized iron plates arranged in stacks.

• 29000 RPCs of size 2m × 2m would be inserted as active detectors in the gap
between the iron layers.

There are several reasons that can lead to the non-uniform surface and bulk resis-
tivity which, in turn, can affect RPC detector response and dead time. In this paper,
we present the initial results of a study that is oriented toward investigating the effects
of resistivity of different materials on RPC signal generation during the ICAL exper-
iment and their analysis. We have simulated potential buildup across the graphite
layer for uniform as well as non-uniform surface resistivities and studied their tim-
ing behavior.

100.2 Resistive Plate Chamber

A Resistive Plate Chamber is a gaseous detector where the gas is confined between
two parallel resistive platesmade up of glass or bakelite (Fig. 100.1). The electric field
is present inside the gas gap to collect primary ions produced by passing charged
particles and also produce secondary electron-ion pairs. The motion of electrons
inside the gas gap induces a signal voltage on the pickup strip made up of copper.
The resistive plates have very high resistivity which makes them transparent for
signal induction but the high voltage cannot be applied to them. The resistive plates
have a coating of graphite layer from outside for making electrical contact.

The resistivity of the graphite layer should be low enough to allow the uniform
potential buildup and high enough to not disturb the signal induction. The surface
resistivity of the graphite layer in the RPC should be around 1 M�/�. The surface
resistivity depends on the thickness of the layer and a non-uniform surface resistivity
may result due to the non-uniform thickness of the layer. We are investigating the
effect of non-uniform surface resistivity on the potential distribution and charge
transport on the resistive layer.

Fig. 100.1 Schematic diagram of RPC
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100.3 Charge Transport Simulation

We use a mathematical framework as broadly described in [3], where the simulation
of charge transport is carried out by the solution of the Poisson equation through the
surface of interest at each time step and calculation of the currents between small
subcells of the surface.

∇2 V = −σ

ε
δ(z) (100.1)

Here, “method of moments” is used to solve the corresponding Poisson equation.
The initial conditions are given in terms of the charge on the subcells. The poten-

tial, as well as the charge, at a later time is calculated by this program for uniform
surface conductivity. In order to make the code more realistic, we have introduced a
non-uniform conductivity matrix for various subcells and used it to study the effect
of non-uniformity in surface resistivity. The input resistivity of these subcells has
been obtained from the experiment as described in the next section.

100.4 Surface Resistivity Measurement

The resistivity of the graphite layer has been obtained by measuring the resistance
using a square zig. The resistance of a square region is equal to the surface resistivity.
Wehave used a square probe of size 1cm2 attached to theAEROTECHPRO165 linear
stage programmed in AEROBASIC programming language to traverse the surface
of the Graphite layer with an accuracy of 10 µm. The resistance is measured by a
pico-ammeter which can supply voltage andmeasure current with high accuracy. The
data acquisition from the KEITHLEY 6487 pico-ammeter is done through a Python
programusing aGPIB interface.We have obtained a resistivitymap by synchronizing
the pico-ammeter as the linear stage traverses the XY plane of the graphite layer.
The area of 10 ×10 cm2 has been divided into 100 cells of size 1 cm2 each as shown
in Fig. 100.2b.

100.5 Simulation of Potential Buildup for Uniform
Resistivity

A potential of 5000V is applied at the left side of the resistive layer of size 10 ×
10 cm2 having a uniform resistivity of 2 × 105 M�. The relative permittivity of the
graphite layer is around 10–15, hence, that of the resistive layer is taken as 10 in the
current simulation. The potential and charge at each cell is zero at time t = 0. The
simulation calculates the charge and potential at each cell after time t = 40 µs.
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Fig. 100.2 a Experimental setup with square zig probe to measure surface resistivity. b Experi-
mentally measured surface resistivity of graphite layer
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Fig. 100.3 The potential of 5000V is applied at the left side of the resistive layer through a
conducting contact. a Charge buildup as a function of time in a cell (1,5) to (4,5). b Potential
buildup as a function of time in cells (1,5) to (4,5). c Potential distribution for uniform resistivity
after 40 µs. d Distribution of time required to reach a fixed voltage of (1 − 1/e) × 5000 V for
uniform surface resistivity

Figure100.3a shows that the charge buildup as a function of time in cells (1,5),
(2,5), (3,5), and (4,5). A charge pile up can be seen in the cells (1,5) and (2,5) which
can be due to a sudden increase in resistivity at the contact point where voltage is
applied. The charge increases gradually and then saturates for the cells far away from
the applied voltage point.
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Fig. 100.4 a Comparison of charging behavior for various surface conductivities. b Time constant
as a function of surface resistivity variation

Figure100.3b shows that the potential increases with time and then saturates. The
rate of increase of the potential slows as we move away from the applied voltage.
Figure100.3c shows nearly constant potential distribution for each cell at time t =
40 µs. Although all cells have reached the same potential, it takes different time
for cells to saturate. We have defined the time constant τ as the time required to
reach a fixed voltage (1 − 1/e) × 5000 V. Figure100.3d shows the distribution of
time constant τ which increases as we move away from the point of application of
voltage.

Figure100.4a shows the total charge of the layer as a function of time for different
surface conductivities. It can be observed that the charging becomes faster for higher
surface conductivity (or lower surface resistivity) and the total charge at saturation is
independent of surface conductivity. Figure100.4b shows time constant as a linear
function of surface resistivity where the time constant is defined as the time required
by the total charge to reach (1 − 1/e) × QTotal at Saturation.

100.6 Simulation of Potential Buildup Across Non-uniform
Resistivity

In this section, we describe the simulation of potential buildup across experimentally
measured non-uniform surface resistivity as mentioned in Sect. 100.4. Figure100.5a
shows the simulated potential distribution for experimentally measured non-uniform
resistivity after 40 µs. It can be observed that the potential distribution is constant
but each cell requires a different time to reach the final potential. Figure100.5b
shows the distribution of time required to reach a fixed potential of (1 − 1/e) ×
5000 V for experimentally measured non-uniform resistivity. The non-uniformity of
surface resistivity results in a slight difference in τ distribution compared to that in
Fig. 100.3d.
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Fig. 100.5 a Simulated potential distribution for experimentally measured non-uniform resistivity
after 40 µs. b Simulated distribution of time required to reach a fixed voltage of (1 − 1/e) ×
5000 V for experimentally measured non-uniform resistivity

100.7 Summary

The potential buildup across the graphite layer is simulated for uniform and non-
uniform surface resistivities on applying a potential. The experimental setup is devel-
oped tomeasure the two-dimensional distribution of surface resistivitywhich is given
as input to the simulation. The simulation shows that the final potential distribution
is constant for uniform as well as non-uniform resistivities. The non-uniformity in
surface resistivity disturbs the distribution of time required to reach the final potential.
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Chapter 101
Characterization of Metal by GEM
Detector Using Ion Beam Facility at IOP

A. Tripathy, P. K. Sahu, S. Swain, S. Sahu, and B. Mallick

Abstract A Triple GEM prototype of area 10 × 10 cm2 is fabricated and charac-
terized using Fe55 source at the Institute of Physics, Bhubaneswar, India. The same
GEM detector is used to characterize different metals by using the ion beam facility
at the Institute of Physics. Proton beam generated from a 3 MV Tandem Pelletron
has been used to emit X-rays from different metal targets, which irradiate on GEM.
X-ray yield of the metals is directly proportional to the proton beam current. The
spectra obtained from the detector have been used to detect the sample based on
their energy output. The spectrum is taken with a brass sample shows two peaks
corresponding to two X-ray energies.

101.1 Introduction

In recent years, there have been significant advances in the field ofMicro Pattern Gas
Detector (MPGD) [1] due to their features of high rate capability, excellent spatial
and time resolution, stability, radiation hardness, etc. These evolving micropattern
technologies are already introduced in different mega projects of nuclear and high
energy physics experiments [2]. The Gas Electron Multiplier (GEM) is one of these
micropattern detectors, which is the first choice of researcher whenever operation in
a high luminosity environment, stability over performance and high radiation resis-
tance are required. GEMdetectors are already employed in several particle trackers in
high energy experiments [3], imaging instrumentswith optical and electrical readouts
[4], cryogenic detectors for dark matter and neutrino search and fast single-photon
detectors, and many more applications are foreseen. Apart from the above features,
GEM has one more advantage that it can be used in multiple layers, i.e., multi-
GEM structure. The main objective to use the multi-GEM configuration is to get
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high detector gain (order of 103–104), suppression of ion feedback, low discharge
probability, reduced aging issue, optimum spatial and time resolution, etc.

GEMs were first introduced by Fabio Sauli in the Gas Detector Development
Group at CERN in 1997 [5]. GEM consists of 50 µm Kapton foil with 5 µm copper
cladding on both sides. Kapton is generally used because of its stability over a wide
range of temperature (−269 °C–400 °C). With the acid etching process and specific
photolithography technique, an array of holes are created throughout the foil. The
typical hole diameter is 70 µm at the surface and 50–55 µm at the center with hole-
to-hole distance, i.e., pitch is 140 µm. A magnified view of a standard double mask
GEM foil with hole diameter and pitch is given in Fig. 101.1. Potential difference is
applied across the coppermetals and high-intensity electric field is generated through
the holes. The reduced diameter concentrates the field lines within the holes through
out the foil. The typical field configuration of a GEM foil with field lines is shown
in Fig. 101.2.

The simplest GEM detector, often called as single GEM is formed with a single
GEM foil, a drift plane (Kapton with one-sided copper) placed above the GEM and
a readout plane below the GEM for collection of electrons. In this configuration
when external radiation enters, electrons are ionized through primary and secondary
ionization in the drift gap and then carried toward the holes by the provided drift field.
Inside the holes, electron multiplication occurs due to the avalanche process and then
all the electrons are collected over the readout plane. For R&D purposes, we have

Fig. 101.1 Magnified view of GEM foil from electron microscope
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Fig. 101.2 Cross section
diagram of electric field lines
and equipotential lines for
two holes in a GEM foil

assembled a triple-layered GEM detector and obtained its characteristic properties
by using ion beam facility. The full detector description with beam facility at IOP is
discussed below.

101.2 Triple GEM Detector Geometry

The triple GEM detector consists of a gas-filled chamber with a drift plane, three
cascaded GEM foils and a read-out plane. All the components are procured from
CERN and assembled here in IOP, High Energy Detector laboratory. The negatively
biased drift plane is placed at 3 mm distance above the top of the first GEM, acting
as a cathode. Three 10× 10 cm2 standard stretched double mask GEM foils are kept
one above another, separated by 2 mm distance forming two transfer gaps. Finally,
a read-out plane is placed below the third GEM, forming an induction gap of 2 mm.
When any external radiation enters into the detector and deposits its energy, ionization
occurs, thus electron-ion pairs are generated in the drift volume. The field applied in
this drift region is just high enough to push the primarily generated electrons into the
holes of GEM 1. The electrons, which reached near the hole, experience a huge field
due to a high potential difference around 60 kV/cm across the hole. Here electrons
undergo proportional amplification and avalanchemultiplication occurs. Appropriate
fields are applied between the GEMs to transfer the avalanche generated electrons
from one layer to another. Once the electrons come out from the holes of GEM1,
they enter GEM 2 and again multiplications occur. Again, an avalanche occurs and
electrons are transferred into holes of GEM 3 for additional multiplication. Finally,
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Fig. 101.3 Voltage divider circuit for triple GEM detector designed for voltage application to each
layer

all the amplified electrons are collected over the readout and the induced signal is
processed to further electronics. The readout used here has two-dimensional strips
with variable width. The voltage distribution to the detector is done with a high-
voltagedivider circuit and the correspondingdesign is given inFig. 101.3.Continuous
flow of gas is done throughout the detector during the experiment. Here a mixture of
Ar and CO2 gas is used in a 70:30 ratio. As the detector performance is significantly
affected by temperature and pressure ratio, the gas flow rate with ambient parameters
such as temperature, pressure, and relative humidity is monitored by a data logger
built in-house [6].

101.3 Ion Beam Facility at IOP

The IonBeam laboratory of IOP consists of anNECmodel 9SDH-2 tandemPelletron
accelerator that can provide a proton beam of energy range 1–6 meV [7]. The
maximum terminal voltage is 3 MV and it can be set as per the user’s requirement
from 0.5 MV to 3.0 MV. Two negative ions sources Alphatross and MC-SNICS are
employedwithin the accelerator.Alphatross is exclusively used for producingH− and
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He− ions, whereas MC-SNICS produces all other types of negative ions. Commonly
used ion beams are that of H, He, Li, C, Si, Cu, Ag, Au, etc. When energetic negative
ions (order of 55 keV) are injected into the accelerator, they lose their electrons due
to several collisions with stripper (Ar) gas atoms. At high terminal voltage, positive
ions are emitted with a huge amount of energy. These positive beams are incident on
the target with current varying from a few nano Ampere (nA) to a few tens of nano
Ampere (nA). Here, 3 meV proton beams generated from 3MV tandem Pelletron are
used with different targets. The emitted X-rays from those targets are then detected
by the detector for further characterization purposes.

101.4 Experimental Setup

The total setup consists of a triple GEM detector with high-voltage power supply,
3MeV Proton beam as external radiation to be incident on 2× 1× 0.2 cm3 Fe, brass,
and Cu sample and a Keithley Pico-ammeter for anode current measurement. The
high-voltage power supply provides the negative potential to each layer through a
divider circuit for the detector operation. The readout i.e. the anode plane is connected
to the Picoammeter. A premixed gas mixture of Ar/CO2 is continuously passed
through the detector in a 70/30 ratio at an optimum flow rate value. The distance
between the target toGEMdetector is around 20 cm. The samples are placed at 45˚ on
the beamline such that diffracted X-rays are incident on the detector perpendicularly.
The schematic diagram of the setup and a picture of the setup in IBL are shown in
Figs. 101.4 and 101.5.

The terminal voltage is set to 3 MV and variable beam current from 50 to 200
nA is applied during the experiment. Anode current from the detector was observed
with different GEM voltage starting from 3500 to 4200 V.

Fig. 101.4 Schematic view of detector setup with Ion beam
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Fig. 101.5 Experimental setup in IBL

101.5 Results

The anode current was observed with increasing GEM voltage keeping beam current
fixed for three different samples, Fe, Cu, and Brass. This is done for beam currents
150 nA and 200 nA and the same pattern is obtained as shown in Fig. 101.6.

The energy spectrum obtained for the brass sample is shown in Fig. 101.7.We can
clearly distinguish the two energy peaks for brass using the GEM detector. The GEM
detector can characterize the unidentified metal samples, which is very cost-effective
and cheap.

Fig. 101.6 Variation of anode current with GEM voltage for target currents (a) 150 nA and (b) 200
nA
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Fig. 101.7 Energy Spectrum for brass sample showing two energy peaks

Fig. 101.8 Fe55 spectrum at 4200 V for the GEM detector

The detector is tested with a Fe55 X-ray source which provides 5.9 keV X-rays.
The pulse height spectrum at 4200 V for this source is shown in Fig. 101.8.

Acknowledgements We would like to thank the members of the IOP workshop and IBL for their
invaluable cooperation.
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Chapter 102
Muon Momentum Spectra
with mini-ICAL

A. D. Bhatt, Gobinda Majumder, V. M. Datar, and B. Satyanarayana

Abstract The upcoming 50kt magnetized iron calorimeter (ICAL) detector at the
India-based Neutrino Observatory (INO) is designed to study the atmospheric neu-
trinos and antineutrinos separately over a wide range of energies and path lengths.
A prototype magnet (mini-ICAL) detector made of 11 layers of 4m×4m×5.6cm
iron layer with interlayer gap of 4.5cm is set up at IICHEP campus,Madurai (9.9 ◦N,
78.1 ◦E), where maximum magnetic field is 1.3T. The RPCs are placed in the inter-
layer gap and act as sensitive detectors. The data are collected using coincidence
signal in four layers, which are mainly due to cosmic ray muon. The momentum
distribution as well as charge ratio of cosmic ray muons at the sea level will be
presented.

102.1 Introduction

INO will be an underground experiment with at least 1km rock overburden in all
directions [1]. To carry out the neutrino physics experiment, an Iron Calorimeter
(ICAL) has been proposed for installation at the INO cavern to observe the neutrino
oscillation pattern at least over one full period. The main goals of this experiment
are precise measurement of neutrino oscillation parameters including the sign of the
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of the leptonic CP phase and, last but not the least, the search for any non-standard
effect beyond neutrino oscillations. The Resistive Plate Chamber (RPC) [3] is chosen
as the active detector element for ICAL detector due to its low cost and excellent
timing resolution.

As part of the ICAL detector R & D programme, two detector stacks have been
successfully built to study the performance and long-term stability of the RPCs using
cosmic ray muons. But, these tests were done with different electronics including the
final design for the INO-ICAL experiment [1]. Also, these were tested in absence
of magnetic field. To validate the magnet design and all the electronics in the fringe
field of magnet, the miniICAL detector is constructed.

Other than the test of electronics in presence of magnetic field, these following
items are also being tested in this setup (i)magnetic field measurement using pickup
coil and Hall probes and compare with 2D simulation by MAGNET [2] software,
(i i) performance of RPC including DC–DC power supply, (i i i) feasibility study of
using Muon Spin Rotation to measure B-field, complementary to sense wire loop
and Hall probe data, (iv) measurement of the charge-dependent muon flux upto ∼
1.5GeV and compare with simulation, (v) proof of principle test of the cosmic muon
veto detector for the feasibility of a shallow ICAL detector, etc.

102.2 Detector

The detector is ∼1/600th the size of final ICAL detector in terms of volume and
around 0.1%interms of RPC and related electronics. A view of the detector is shown
in Fig. 102.1. The detector mainly consists of 11 layers of soft iron plates having high
magnetic permeability and low carbon percentage. The iron plate hasmaterial density
of 7850kg/m3 and Young’s modulus of 200GPa. These iron plates have a knee point
at 1.5T magnetic field. Spacers, made of non-magnetic material (SS304), are used
to create gap of 45mm between two iron layers for placing resistive plate chamber
detectors. Pure copper (purity 99.99%) OF grade with high electrical and thermal
conductivity is used for mini-ICAL coil manufacturing. There are 2 coils with 18
turns each and induction of 24,000ampere-turns. For cooling the coil, DM water
with low conductivity is used. The Magnet Power Supply with rating 30 V, 1500
A, made by “Danfysik” is used for energizing the mini ICAL Magnet to achieve
required magnetic field. A closed-loop low-conductivity (≤ 10µmho/cm) chilled
water system is used to cool the magnet power supply system and the conducting
copper coils.

The RPCs made of 1.74×1.87m×8mm glass gap are used as the sensitive detec-
tors in miniICAL. The signal is readout from two orthogonally placed copper pickup
panels on either side of the gas gaps, labelled as X- and Y-palnes. The strips are
of width 2.8cm with an inter-strip gap of 0.2cm. Thus, there are ∼60 strips on X-
side and ∼63 strips on Y-side. They can record a 2D position information of the
charged particle traversing through the gas gap. The signal from the RPCs is first
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Fig. 102.1 (left) ARPCwith complete readout electronics and (right) A view ofminiICALdetector
with 10 layers of RPC detector

passed through front-end electronics which includes 128 channels of fast amplifier
and discriminator. Out of 10 layers of RPCs, the second layer uses ANUSPARSH
[4] front-end amplifiers, designed by BARC. The other nine layers uses NINO [5]
preamplifier-discriminator chip which is an ultrafast, low noise, 8-channel front-end
developed at CERN to be used mainly in the ALICE time-of-flight detector. Also,
there is DC–DC high voltage (HV) supply for providing bias voltage for RPC. An
FPGA based DFE module with most of the data acquisition functionality built into
it is used for on board DAQ [6]. The front-end electronics, RPCs, power supplies
and gas lines are packed in a steel-reinforced epoxy tray. The back end electronics
consists of multilevel trigger system, calibration unit and pulse shaper. The RPCs
use a gas mixture of R134a, iso-butane and SF6 with a proportion of 95.5:4.3:0.2. A
closed-loop gas system, which maintains a flow rate of 6SCCM with 2–3mbar over
pressure with respect to atmospheric pressure for individual chamber, is used for the
circulation of this mixture [7]. The backend is formed with data concentrator, event
builder, data storage system, etc. along with slow controls and monitoring of gas,
magnet, power supplies, etc.

102.3 Simulation Code for MiniICAL

A GEANT4 [8] based simulation code for mini-ICAL detector is developed. The
detector geometry in the simulation is designed as the actual detector, along with
room and building in which mini-ICAL detector is placed to account for all the
materials in the muons path till it reaches the detector. The muon events obtained
from the simulation of primary cosmic rays using CORSIKA [9] generator are used
in the simulation. These events were simulated in the CORSIKA with the geomag-
netic location of the detector in Madurai. An INO specific digitization algorithm
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Fig. 102.2 Magnetic field map at 900A current, (left) Bx and (right) By in Tesla. Length in X- &
Y-axis are in mm

is developed to digitize the data. This helps in simulating various possible detec-
tor properties like detector inefficiencies, strip multiplicity, time resolution, detector
noise, hardware trigger, etc. The magnetic field simulated using MAGNET [2] soft-
ware is also an useful input in the simulation. The magnetic field in a layer of iron
obtained through simulation is presented in Fig. 102.2.

102.4 Reconstruction of Track

The cosmic ray muons incident on the detector registers clean tracks with just about
one cluster (combination of nearby hits) per RPC layer in the detector. In the absence
of magnetic field, the hits frommuon (being minimum ionizing particle) will present
a straight line pattern with small kinks appearing due to multiplie scattering and strip
multiplicity effect in the RPCs. Hence these tracks are fitted with straight line and
various detector properties like efficiencies, strip multiciplities, electronic offsets
for time measurements, etc. which are estimated. The mechanical alignment of the
RPCs is also determined and perfected from these observations. These properties are
further used as correction parameters and as inputs to the full detector simulation.

In presence of magnetic field, the hits from muon (experiencing Lorentz force)
will show a curvature representing the bending of muon trajectory. The standard
Kalman fit algorithm developed for the ICAL detector is used in these trajectories.
The momentum, zenith angle and the azimuthal angle of the incident muon can be
estimated through this fit. The track reconstruction is performed in two stages: track
finding and track fitting. The track finding algorithm analyses the topology of the
strips in order to identify seed tracks for fitting algorithm. A Kalman-filter-based
algorithm is used to fit the tracks based on the bending of the tracks in the magnetic
field. Every track is identified by a starting vector X0 = (x , y , dx/dz , dy/dz , q/p) which
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contains the position of the earliest hit (x, y, z) as recorded by the finder, with the
charge-weighted inversemomentumq/p taken tobe zero. Since the tracks are virtually
straight in the starting section, the initial track direction is calculated from the first
two layers. This initial state vector is then extrapolated to the next layer using a
standard Kalman-filter based algorithm. The track fitting algorithm is explained in
detail in [10].

102.5 Cosmic Muon Spectrum at Madurai

Figure 102.3 shows some cosmic muon events observed in mini-ICAL detector at
900A current which corresponds to magnetic field of ∼1.5T in the central region.
The magnetic field in the central region of the mini-ICAL detector is along the Y-
direction and the particle is moving along Z-direction. Hence, the bending of the
track is supposed to be observed only along X-coordinate. It is expected that the
track will not show any deviation in Y-coordinate except for multiple scattering.

The cosmic-raymuons events recorded using themini-ICAL detector were passed
through the same reconstruction algorithm, where the top four layers are used in the
trigger criteria. To compare the observed data with MC, discrete muons from the
CORSIKA [9] event generator were passed through the GEANT4-based detector
simulation. In the simulation, the muons are generated above the ceiling of the build-
ing. The various detector parameters like uncorrelated and correlated inefficiencies,
trigger efficiencies, strip multiplicity, layer residuals and hardware trigger criterias

Fig. 102.3 Typical cosmic muon events in miniICAL
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Fig. 102.4 Comparison of muon spectrum in data and CORSIKA simulation

were incorporated during the digitisation process of simulation. The detector param-
eters were calculated with the cosmic-ray muon events recorded in absence of mag-
netic field. The normalized momentum, polar angle and azimuthal angle distribution
of data and MC sample are shown in Fig. 102.4.

Due to limited number of layer and poorer position resolution (σx ∼7–8mm)with
respect to conventional tracking device (σx ≤ 100µm), the momentum resolution is
poor.But, the discrepancybetween the data andMC ismainly due to small uncertainty
of magnetic field measurement and improper prediction of momentum spectrum of
muon atMadurai. Themeasuredmomentum spectra of cosmic raymuons is distorted
due to the finite resolution, limited trigger acceptance and other systematic effects
of the detector. This spectrum needs to be unfolded to get the true muon spectrum at
Madurai.

102.6 Summary

The mini-ICAL detector is commissioned with 10 layers of RPCs and is operational
since May with 1.3T field. The magnetic field measurement is closely matched with
the simulation using MAGNET software. There is no unexpected noise in the RPC
electronics due to fringe field. The observed muon spectrum is also closely matched
with CORSIKA predictions. The measurement of momentum spectrum can be used
to improve the neutrino flux at Theni.
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Chapter 103
Modeling Neutron Damage in Silicon
Detectors for High Energy Physics
Experiments

Chakresh Jain, Geetika Jain, Ranjeet Dalal, Ashutosh Bhardwaj,
Kirti Ranjan, Alberto Messineo, and Maria Agness Ciocci

Abstract Silicon detectors are expected to experience an unprecedented neutron
flux in the future upgrades of the detectors at the Large Hadron Collider (LHC).
The challenging radiation environment of these experiments will severely affect
the performance of silicon detectors. An irradiation campaign is generally carried
out, followed by measurements, to develop radiation-hard silicon detectors. Device
modeling complements the measurement results for the detailed understanding of
the silicon detectors. Our Group at the University of Delhi successfully developed
the radiation damage model for proton irradiation. However, a similar model for
neutron irradiation has been missing. In the present work, a Technology Computer-
Aided Design (TCAD) simulation software—Silvaco, has been used to study the
effects of neutron irradiation on silicon detectors. The effects of radiation damage
are incorporated using an effective two-trap model. A trap level is characterized by
a number of trap parameters, e.g. trap type, trap energy level, introduction rate of
acceptors and donors, and carrier (electrons and holes) capture cross section for that
particular trap level. A systematic study of the sensitivity of various macroscopic
parameters of silicon detectors to these trap parameters has been performed. The
simulation results on leakage current (ILEAK), full depletion voltage (VFD) and charge
collection efficiency (CCE), using the neutron damagemodel, are found to be in good
agreement with the measurement results.
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103.1 Introduction

The interaction of radiationwith the detector causes the formation of trap levels in the
forbidden energy gap of silicon. These trap levels modify the macroscopic properties
of the detector namely, VFD, ILEAK and CCE. In simulations, we parameterize the
effects of all such real trap levels by using an effective radiation damage model
consisting of a few bulk and surface traps. Earlier, the University of Delhi developed
a proton radiation damage model [1], and the effects of proton irradiation on the
macroscopic properties of the detectorwere studied. In this work, amodel for neutron
irradiation which is extremely important for predicting the behavior of Si detectors
in an irradiated environment is developed. A systematic study for the sensitivity of
macroscopic parameters towards various trap parameters has been done in order to
develop an effective neutron radiation damage model.

103.2 Sensitivity of Macroscopic Parameters
of the Detector

The two-trap bulk damage model for proton irradiation has been used as a starting
point and the trap parameters, viz. Introduction rate (Gint) and capture cross sections
for electrons and holes (σe, σh), are varied one at a time, to study the variation in
macroscopic properties of the detector viz. VFD, ILEAK and CCE.

103.2.1 Simulation Structure and Parameters

Aplane parallel p-on-n structurewith a physical thickness of 300μmand a resistivity
of 1.8 K ÄW cm has been used to study VFD and ILEAK. While for CCE simulations, a
similar structure has been used with p-type bulk (with resistivity of 4.6 K ÄW cm) and
a physical thickness of 320 μm.

103.2.2 Sensitivity of VFD

The variation in VFD is linked to the change in the density and properties of trap
levels which are responsible for a change in the effective bulk doping density (Neff).
Similarly, variation in σe, σh may vary the ionization ability of the traps and may also
affect the trapping and de-trapping time of free charge carriers. Figure 103.1 shows
the effect of variation of some of these trap parameters on VFD of p-on-n detectors.
It can be seen that VFD depends on Gint (Donor) but not on σe (Donor).
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Fig. 103.1 Effect of trap parameters, aGint (Donor),b σe (Donor) onVFD values of n-type detectors

103.2.3 Sensitivity of ILEAK

The leakage current of a Si detector depends upon temperature, volumeof the detector
and recombination of free charge carriers through recombination centers or trap
levels. This recombination rate further depends upon lifetime of the free charge
carriers which in turn depends on density and capture cross sections of trap levels.

Further, according toShockley–Read–Hall (SRH) theory, recombinationof charge
carriers depends upon the position of recombination centers within the forbidden
energy gap of Si and is maximum for mid gap levels. Therefore, the change in the
detector leakage current on varying the trap parameters is attributed to the change in
density and other parameters of these trap levels. Figure 103.2 shows the effect of
variation of some of the trap parameters on ILEAK of the Si detectors. It is observed

Fig. 103.2 Effect of trap parameters, a Gint (Donor), b σh (Acceptor) on ILEAK values of n-type
detectors
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Fig. 103.3 Effect of trap parameters, a Gint (Donor), b σe (Acceptor) on CCE values of p-type
detector. Simulations are performed at 3 bias levels: 100 V, 400 V and 1000 V

that ILEAK has a strong dependence on σh (Acceptor) and is independent of Gint

(Donor).

103.2.4 Sensitivity of CCE

The deep levels, generated due to irradiation, trap the free charge carriers and may
have de-trapping time larger than the detector electronics peaking time. So, the
collected charge is less resulting in decrease of CCE. Figure 103.3 shows the effect
of variation of some of the trap parameters on CCE of the p-type silicon detectors.
The CCE is found to be a function of σe (Acceptor) in fully depleted detectors.

103.2.5 Results of Sensitivity Study of Macroscopic
Parameters

In the previous subsections, the variations of macroscopic parameters have been
shown only for two-trap parameters. However, similar studies are performed by
varying other trap parameters and the conclusions related to sensitivity of VFD, ILEAK
and CCE with respect to these parameters are given below.

1. VFD has a strong dependency on Gint (donor trap) and σe, σh (Acceptor traps).
2. ILEAK depends only on σh (Acceptor) and is independent of other parameters.
3. CCE depends mainly on Gint (donor) before full depletion, σe (Acceptor) after

full depletion and slightly on other parameters.
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Table 103.1 Parameters of the two-trap neutron bulk damage model

Trap type Energy level
(eV)

Introduction rate
(cm−1)

σe
(cm2)

σh
(cm2)

Acceptor EC−0.51 4 7.2e−15 2.8e−14

Donor EV + 0.48 1 2e−15 2e−15

103.3 Development of Two-Trap Neutron Bulk Damage
Model

To construct a radiation damage model for neutron irradiation, the developed proton
bulk damage model is considered as the base model and the results of various
experimental studies related to neutron irradiation are incorporated to tune themodel.

It has been observed that neutron irradiation produces only one-sixth of the donor
traps in comparison to proton irradiation [2]. Also, the VFD values, after type inver-
sion, for neutron-irradiated n-type bulk are found to be higher in comparison to proton
irradiation [3]. ILEAK is observed to be independent of proton and neutron irradiation
[3]. Table 103.1 shows the proposed neutron radiation damage model with values
of various trap parameters based on the understanding gained from experimental
studies and the sensitivity studies performed in the previous section.

103.4 Results and Comparisons: Simulation Versus
Measurements

103.4.1 VFD Variation with Fluence

Figure 103.4a shows the comparison of simulation and measurement results of VFD

for an n-type detector for two different bulk doping: 2.37e12 cm−3 and 1e12 cm−3.
From these plots, it can be seen that simulation and measurement results [4] are in
good agreement. For n-type detectors, VFD first decreases with an increase in fluence
reaches the minima and thereafter it starts increasing again. This is because the
neutron irradiation mainly creates acceptor kind of traps. Therefore, for an originally
donor-rich bulk the Neff first decreases with increase in fluence, eventually leading
to the type inversion of the bulk from n-type to p-type and after that Neff and hence
the VFD keep on increasing with increasing neutron fluence.



752 C. Jain et al.

Fig. 103.4 a Variation of simulated and measured VFD values with fluence for two different bulk
doping: Nb1 = 2.37e12 cm−3 and Nb2 = 1e12 cm−3. b Variation of ILEAK with fluence

103.4.2 ILEAK Variation with Fluence

Figure 103.4b shows the variation of the saturation value of ILEAK with fluence for
a n-type detector. As expected, the saturation value of ILEAK (Simulated) increases
with increase in fluence. The slope of this plot gives the value of the current related
damage parameter α. The simulated value of α is coming out to be 3.97e−17 A/cm
which is very close to the measured value of 4e−17 A/cm, at a temperature of 293 K.

103.4.3 CCE Variation with Fluence

Figure 103.5 shows the CCE variation with bias voltage both for the non-irradiated
and irradiated p-type detector at a fluence of 9e14 neq cm−2. From this plot we can
see that for a particular fluence CCE increases with an increase in bias voltage and
for a fixed bias voltage, CCE decreases significantly for a fluence of 9e14 neq cm−2.
Simulation results are in good agreement with the measurement results [5].

Fig. 103.5 CCE variation
with fluence for a
non-irradiated and irradiated
p-type detector with a
fluence of 9e14 neq cm−2
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103.5 Summary

Neutron radiation damage model is developed by using the results of experimental
measurements and the sensitivity studies of VFD, ILEAK and CCE. This model is
applied to the n- and p-type Si detectors and the simulation results are found to be
in good agreement with the measurements.
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Chapter 104
Cut-Based Photon ID Tuning of CMS
Using Genetic Algorithm

Debabrata Bhowmik

Abstract Wheneverwe expect a photon as a final state particle of a collider search, it
is essential to identify whether the photon is coming from a hard scattering at the pri-
mary vertex of the collision(prompt photons) or from decays ofπ0 and fragmentation
processes within a jet depositing their energies in the electromagnetic calorimeter.
The goal of photon identification(ID) is to accept prompt photons at a high efficiency
while rejecting the non-prompt photonsmaximally, for a given efficiency. Identifying
prompt photons and measuring the energy deposited by the photons accurately, play
a crucial role for analyses which have photon(s) in the final state. In this talk, we
will discuss the optimization of the photon identification criteria obtained by using
genetic algorithm. Using Monte Carlo samples of CMS corresponding to run condi-
tions of 2017, different working points of the ID corresponding to signal efficiencies
90%, 80%, and 70% are derived for both barrel and endcap.

104.1 Introduction

In a p − p collision at LHC, multiple number of photons can be observed in a single
event. All of them may not come from the primary vertex as there are tens of soft
collision vertices produced in every branch crossing. Specially for photons we do not
get any track associated with them and so it is not trivial to know the vertex a photon
is coming from. Also particles from these pile up vertices can deposit their partial
energies inside the isolaton cone of the photon candidates we are interested in. In
this analysis, we first removed such pile-up effects using a median energy density
technique.We used γ -Jet samplewhere a prompt photon and a jet are present in every
event. Jetmay have several photons inside it coming fromπ0 decay and fragmentation
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processes leading the jet to fake as a photon. These jets are treated as background
candidates and our aim is to distinguish these jets from the prompt photons which
are treated as signals.

104.2 Analysis

For this study, we have chosen five variables as discriminators of signal from back-
ground which are σiηiη,1 H/E and three isolations (Photon, charged, and neutral-
hadron), where σiηiη is shower shape variable. H/E is the ratio of energy deposited
of the particle in the Hadron calorimeter and electromagnetic calorimeter. We want
to optimize the cut values of these variables to separate signal from background.

104.2.1 Necessity of Pile-Up Correction

In collision, we will detect the particles not only coming from primary vertices but
from the soft collisions too. If we are looking for isolated photon then the momentum
of other particles coming from pile up may be counted. For charged particles, we
have tracks in the tracker and can identify the vertices they are originating from and
remove their contributions. For neutral hadrons and photons, it is necessary to remove
the effect of pileup. We have used a median energy density(ρ)-based technique to
correct pile-up effect.

104.2.2 Pile-Up Correction

If whole Ecal η − φ plane can be thought of N patches and area of the i-th patch is
Ai . Then ρ is defined as

1
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ρ = median
i∈patches

{
pti
Ai

}

ρ is thus an effective contribution in Pt sum from pile-up per unit area. If isolation
sum is defined as the sum of pt(excluding the seed particle) inside a hollow cone, it
should vary linearly with ρ.

I solation = E A × ρ + I solationCorr

(Y = m × X + C)

We now plot ρ versus isolation and get the slope which is called effective area.
Figure 104.1 shows such plots for three (charged hadron, neutral hadron, and

photon) isolations in one eta region (1.0 < η < 1.479) and the table in Fig. 104.2
contains effective area (EA) values for different eta regions. Having the EA values
pile-up corrected isolations can be calculated easily as

I solationCorr = I solation − E A × ρ

Fig. 104.1 Effective area for 1.0 < η < 1.479



758 D. Bhowmik

Fig. 104.2 Effective area for isolations in different η regions

Fig. 104.3 Pt scaling for photon and neutral hadron isolations in barrel

104.2.3 Pt Scaling

Pile-up corrected isolations has a dependency on the candidate photon Pt as shown
in Fig. 104.3. Leakage of energy from the particle cone to the isolation cone with
the increase in Pt mainly causes this. The dependency with photon Pt for photon
isolation is linear and for neutral hadron isolation is quadratic in nature.

104.2.4 Genetic Algorithm

Aim of the analysis is to find the optimized cut values in a five-dimensional (for 5
variables) space. Every variable can take at least 1000 different values leaving the
choice of at least 1015 solutions. Pure canonical way is to apply every solution on
a large number of signal and background MC samples and find out which one has
maximum signal efficiency and maximum background rejection. For that, a large
number of samples has to be processed 1015 times and providing the amount of time
and computing it will demand is next to impossible. Most importantly, can we not
have a smart way to reach close enough to the right solution. Genetic algorithm is
one of the effective approaches towards it.
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The algorithm has few steps as described below, and a chart flow
is also shown in the right side.

1. To initialize, forget right solution, make a population of solu-
tions. For us that is set of values of the variables of the events in
the training samples. These solutions are called chromosomes and
the set of chromosomes is considered as initial population. Every
solution (Chromosome) consists of five values corresponding to five
variables and each value is named as gene.

2 & 3. Based on the probability (which is one form of fitness
assignment), randomly select two chromosomes as parents.Advan-
tage is that the solutions which have less background rejection abil-
ity will contribute less in the next generation. Thus, a faster way
toward right solution.

In the previous step, parent chromosomes have been selected that
will produce off-springs.

4. One point crossover. A random crossover point is selected
and the tails of both the chromosomes are swapped to produce a
new off-springs.

5. There is some change in the genes of children which makes
them different from its parents. A random tweak in the chromosome, which also
promotes the idea of diversity in the population. A simple method of mutation is
randomly replacing one particular gene of a chromosome by that of another.

6. There are different termination conditions, which are listed below:

(i) There is no improvement in the population for over x iterations.
(ii) We have already predefined an absolute number of generation for our algorithm.
(iii) When our fitness function has reached a predefined value.

We train a genetic algorithm based network with MC samples using Root TMVA
package.

104.2.5 Results

After the training, the network gets ready with the optimized values of all the five
variables for particular signal efficiencies with maximum possible background rejec-
tion. This means we actually obtain the cut values of the variables from which given
an unknown mixed sample of signal and background, eventually which will be the
case of data, we will be able to know for a working point (loose/medium/tight) cor-
responding to a particular signal efficiency how much the background rejection will
be. This set of optimized cut values is called an photon ID. Optimized ID (for barrel)
to be used for 2017 analyses is presented in Fig. 104.4. Results in Fig. 104.5 verifies
that the optimized ID is consistent with different Pt values, with number of vertices
and in different eta region (inside barrel) of the detector.
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Fig. 104.4 Optimized ID for barrel

Fig. 104.5 Dependency of signal and background efficiencies on Pt (left panel), number of vertices
(middle panel), and η (right panel)
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Chapter 105
Design and Development of Various
Cooling Arrangements for Muon
Chamber Detector Electronics

C. Ghosh, A. K. Dubey, J. Kumar, A. Kumar, and Subhasis Chattopadhyay

Abstract The Compressed Baryonic Matter (CBM) experiment at FAIR is being
designed to explore the QCD phase diagram of high baryon density matter using
high-energy fixed target nucleus–nucleus collisions [1]. Muon Chamber (MUCH) is
the detector to be used in CBM to detect low-momentum muons. The final design
of the muon detector system consists of six hadron absorber layers and 18 Gaseous
tracking chambers located in triplets behind each absorber slab [2]. Collaboration has
decided to perform a mini CBM (mCBM) experiment before commencing the main
CBM experiment. The mCBM setup consists of mMUCH system which contains
3 GEM prototype stations consisting of real-size modules with 2304 pads each.
Each module has 18 MUCH-XYTER asic; almost 7K readout channels in total for
3 modules. In total 135W heat is deposited by the 3 GEM modules. The main CBM
will consist of 48 detector modules in first station resulting in total heat generation
of 2.2 KW; for extraction of this heat continuously, we have to design some proper
cooling arrangement. Here we have discussed about the design and development of
various cooling arrangement.

105.1 Design of Aluminum Plate Water Cooling System

A 10mm thick aluminum plate with water channels grooved inside (Fig. 105.1a)
is designed and fabricated at VECC for cooling purpose. A 2mm aluminum strip
was welded on the top of the groove (Fig. 105.1b) and the entire plate was surface
finished.
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Fig. 105.1 a Schematic of water channel groove b 5mm groove is made before welding of 2mm
strip c Surface finished aluminum plate with water channel grooved inside

105.1.1 Cooling Performance Test

For testing the performance of the cooling plate, we used 18 heating resistors each of
2.5W heating capability. The resistors were placed on to the surface of the aluminum
plate to replicate the heat sink of Front End Boards (FEBs) electronics (Fig. 105.1c).

A DC voltage is applied across the series connection of all the resistors such
that each element deposits a heat of 2.5W. Simultaneously, water is pumped using
a submersible pump into the aluminum plate from a water chiller and the outlet
hot water from aluminum plate is looped back into the chiller. We used an aurdino-
based micro controller board to control and monitor the temperature of the plate,
Fig. 105.2a.

If the plate is heated without any water circulation, then the plate temperature
reaches 50 ◦C. We need to keep our FEBs below 25 ◦C for accurate data taking,
so we need to cool down the plate continuously as long as the FEBs are taking
data. To measure the uniformity of temperature across the entire surface we placed
18 temperature sensors (DS18B20) at different points on the plate. Figure105.2b
shows the temperature variation with time. The blue curve shows the chiller water
temperature, black curve is ambient temperature, and the red curve is cooling plate
temperature. One can see the stability of the plate temperature (red curve) which
remains stable for 100h continuous operation [3].

Fig. 105.2 a Schematic of the cooling arrangement b Temperature profile of three different sensors
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105.1.2 Cooling Plate Arrangement in CERN SPS H4 Test
Beam Line

The cooling plate fabricated at VECC workshop was used at CERN SPS H4 test
beam for cooling of the detector electronics [3]. The detector was mounted on one
side of the plate and on the other side the FEBs were placed, and these FEBs were
connected by flexible cable to the detector. The plates were successful in maintaining
the temperature of all FEBs within 25 ◦C.

105.2 Air Cooling Setup for MUCH Electronics

After demonstrating the aluminum plate water cooling system we tried to develop
an alternative cooling system which can work without any liquid like water. In long
run duration of a few years, water cooling system is prone to leakage, so to eliminate
this issue we tried some other cooling arrangements.

Here we have developed a dummy of the actual trapezoidal GEM detector with
18 FEBs attached to it. The entire dummy is made out of G10 sheet. To simulate the
heat sink of each FEB we have used 18 resistors of each 4�. A voltage of 57V is
applied across the series connection of the resistors such that each resistor deposits
2.5W of heat. One high flow rate DC fan is used to extract the heat of each element
as shown in Fig. 105.3a. Ambient temp= 20 ◦C, R.H= 47%. At first the resistors were
heated without any cooling, when all the resistor temperature gets stable at higher
value then the fan was switched on and the resistor temperatures went down and got
stable at lower value.

Fig. 105.3 a Schematic of the cooling arrangement b Temperature profile of three different sensors
at three different location



764 C. Ghosh et al.

From Fig. 105.3b, it can be seen that if no cooling is applied then the heating
element temperature rises above 50 ◦C. From the plots we can infer that after cooling
the final temp value lies between 25 ◦C and 28 ◦C. It is a nice observation that almost
all the heating element temp goes down below 28 ◦C.

105.3 Cooling of MUCH Electronics Using Peltier Module

We have used a 2mm thick Aluminum plate on which 14 heating resistors of each
10� is placed in series and a voltage of 70V is applied across the series connection
of the resistors such that each resistor deposits 2.5W of heat. Three Peltier cooling
unit (TEC1-12706) is kept in contact of the aluminum plate as shown in Fig. 105.4a.

We observed almost 8 ◦C temperature variation across different position of the
aluminum plate. Peltier modules are good for localized cooling. The area within few
cm of the peltier module gets cooled below dew point temperature and water droplets
are formed on the aluminum plate, which is detrimental for the readout electronics.
Another issue with peltier module is the extraction of heat from the hot side of the
module, and we tried to extract the heat with a special arrangement of heat sink
and small cooling fan, but this procedure is difficult to implement in main CBM
environment.

105.4 Water Cooling with Minimum Material Budget

mini CBM experiment will be a platform for detector integrity test along with all
electronics and data acquisition chain. It is decided to have three real-size Muon
Chamber (MUCH) modules with 10mm thick aluminum cooling plate in mCBM.
The effect of the aluminumplate onmomentumdistribution of primary and secondary
particles was simulated and it was found that the momentum distribution changes

Fig. 105.4 a Schematic of temperature sensor and peltier module positions b Peltier module
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Fig. 105.5 a Cross section of the aluminum profile b aluminum profile used for water cooling
c cooling setup at VECC

with the insertion of the 10mm thick aluminum plate in detector acceptance. So it
was decided to reduce material budget in detector acceptance.

Accordingly, we designed a cooling setup which uses less material budget. An
extruded aluminum profile was chosen as shown in Fig. 105.5a with a rectangular
hollow channel inside shown in blue color, through which water can flow.

In Fig. 105.5c, it can be seen that the “U” shaped cooling profile and one dummy
detector are clamped to an aluminum support structure. The dummy FEBs are placed
on the aluminum cooling profile. The blue color pu tubes coming out of the cooling
channel are for water inlet and outlet. One DC power supply is used to drive current
through the heating elements of dummy FEBs. Two temperature sensors are placed
on the cooling profile from which the temperature values are logged and monitored.
A water pump drives chilled water from the water chiller to the aluminum cooling
channel and loops back to the chiller. This setup can maintain the temperature of
each FEB well below 25 ◦C.

105.5 Conclusion

We have fabricated and tested a 10mm aluminum cooling plate for MUCH elec-
tronics cooling with satisfactory performance. In search of alternative cooling which
uses no liquid, we have demonstrated an air cooling setup, with few iterations of
channelized air flow. A Peltier cooling setup is developed and demonstrated, but due
to localized and uneven cooling and also heat extraction issue, this setup did not give
satisfactory performance. A rectangular water channel cooling setup is developed at
VECC Workshop for mini CBM experiment with low material budget.
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Chapter 106
Transient Current Technique (TCT)
Measurements and Simulations at the
University of Delhi

Geetika Jain, Chakresh Jain, Ashutosh Bhardwaj, and Kirti Ranjan

Abstract The foreseen high fluence environment in future nuclear and particle
physics experiments requires corresponding radiation hard silicon sensors. However,
these sensors must be tested for their charge collection performance and long-term
radiation sustainability prior to their usage. The Transient Current Technique (TCT)
is a useful characterization technique for investigating the radiation damage effects.
This work reports measurements on silicon pad detectors carried out using the TCT
setup installed at the University of Delhi. Measurement results are complemented
with TCAD simulation, which is useful to get an insight of the silicon detector.

106.1 Introduction

The silicon sensors, deployed in various Nuclear and High Energy Physics (HEP)
experiments, are exposed to extensive radiation fluences. High luminosities corre-
spond to large particle fluxes which distort the silicon structure both on the surface
and in the bulk by displacing the atom from its lattice site. This leads to three major
deterioration effects on the sensor performance (1) increase in the leakage current,
(2) change in full depletion voltage (Vfd), and (3) decrease in charge collection (CC)
efficiency. The Transient Current Technique (TCT), developed by the Ioffe Institute
in St. Petersburg, Russia and the Brookhaven National Laboratory, USA [1], is a
technique used to investigate the CC behaviour of the sensors. It is based on the
generation of free charge carriers within the Device Under Test (DUT), when it is
illuminated by a laser light. These charge carriers then drift towards the respective
electrodes, inducing current at the electrodes by Ramo-Schokley Theorem, which
states that charge induced (q) on the electrodes by the generated charge carriers (Q)
is proportional to the displacement (x) of the carriers, where the proportionality con-
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stant is the DUT thickness (w) [2, 3]. The induced current pulse signal is then fed
to the electronics for amplification and pulse shaping. The output TCT signal can be
used to extract various sensor properties like Vfd, CC efficiency, rise time and sensor
profiles like charge carrier mobility, electric field, etc.

106.2 TCT Measurement Setup at Delhi

The University of Delhi has developed a programmable TCT setup, as shown in
Fig. 106.1, in collaboration with CERN PH Detector Lab within the framework of
RD50 collaboration. The DUT, mounted on the PCB, is placed inside the electro-
magnetic shielded metal box and is illuminated by red laser (the trigger rate is set by
the function generator). While a Source Measuring Unit (SMU) is used to reverse
bias the DUT, a bias tee filters the transient TCT signal, which is then amplified by
an amplifier.

106.3 TCT Simulations at Delhi

Silvaco TCAD tool [4] is being used at the University of Delhi to simulate the
electrical and optical behaviour of the DUT. The schematic of the simulation Mixed-
Mode TCT circuit is shown in Fig. 106.2. The values of the circuit elements used in
the simulations are used as implemented in the measurement setup. Cstray and Lstray

represent the capacitance and inductance of the cables and connectors in the circuit.

Fig. 106.1 The red laser TCT measurement setup at University of Delhi
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Fig. 106.2 The mixedMode TCT simulation circuit diagram at University of Delhi

106.4 Results of Measured and Simulated TCT Signals

In this work, TCT measurements were carried out on two test diode structures, viz.
N3 and L11; from the same wafer. A comparison of their TCT signals is shown in
Fig. 106.3. The overlap of the TCT signals from two diodes validate the working of
the TCT setup at the University of Delhi.

Fig. 106.3 The TCT signal (Voltage versus Time) for 2 diodes at 200 V bias
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Figure 106.4 shows the electron signal at different bias voltages from 0 to 200 V,
when the p+-n-n+ diode is illuminated from the front side. It can be seen from the
plot that as the bias voltage is increased, more and more charge pairs are collected.
This means that at higher biases, the recombination and trapping effects reduce
significantly.

Both Cstray and Lstray have been tuned to 14 pF and 15 nH (see Fig. 106.5),
respectively, such that there is a good agreement of the simulated TCT signal with
the measured TCT signal.

Fig. 106.4 The electron TCT signal at various bias voltages for diode N3

Fig. 106.5 Variation of
Cstray and Lstray values
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106.5 Summary

The TCT setup using red laser is installed and commissioned at University of Delhi.
TCTmeasurements have been carried out on twodiode structures. To complement the
measurements, Mixed-Mode simulations were performed and the results are found
to be consistent.

Acknowledgements Authors are thankful to UGC-JRF, DST, R&D grant DU and ISJRP for finan-
cial research support and to PH-DT Lab at CERN to set up the TCT system.
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Chapter 107
Progress of the Charged Pion
Semi-inclusive Neutrino Charged
Current Cross Section in NOvA

Jyoti Tripathi

Abstract The NOvA experiment is a long baseline neutrino oscillation experiment
designed to measure the rates of electron neutrino appearance and muon neutrino
disappearance. It uses the NuMI beam that has recently been upgraded to 700 kW
as the neutrino beam source. The NOvA Near Detector (ND) is placed onsite at
Fermilab, 800 m from the NuMI target while the far detector is placed 810 km
away at a site near Ash River, Minnesota, both the detectors being functionally
identical and 14.6 mrad off-axis w.r.t the NuMI beam. The primary physics goal of
the experiment include precise measurement of θ23, CP violating phase δCP and the
neutrino mass hierarchy. In addition to oscillation physics, the NOvA experiment
provides an excellent opportunity to study neutrino-nucleus cross-sections at the ND
as it is situated close to the neutrino source and observes an intense rate of neutrino
interactions. Thiswork is a proceeding to a talk showing the status of the charged pion
production in muon neutrino introduced charged current interactions at the NOvA
ND based on the exposure equivalent to 8.85 × 1020 for the neutrino beam using
convolutional neural networks (CNN).

107.1 Introduction

Neutrino oscillation physics has entered into a precision era. The accelerator based
neutrino experiments need reduction of systematic uncertainties to a level of few
percent for precise measurement of the neutrino oscillation parameters. Neutrino-
nucleus cross-sections are an important source of systematic uncertainty as they
are known with a precision not exceeding 20% in the hundred-MeV to a few GeV
neutrino energy region. This energy region is dominated by several cross-sectional
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channels that are not well measured: charged and neutral current quasielastic, single
pion production, multipion resonant production and collective nuclear responses like
the 2p2h. The peak neutrino energy for the NOvA experiment lies between 1 and 3
GeV where there is an overlap between the charged current quasielastic interactions
(CCQE) and the resonant pion production. The pion production processes are of great
interest as they act as a source of background and systematic uncertainties because
pions can mimic an electron in the final state. Also, a single charged pion produced
in the interaction can make the event mimic the CCQE topology. Estimating the
rate of a single charged pion production in the charged current (CC) interactions is
important for the correct estimation of the incoming neutrino energy.

107.2 Single Charged Pion in νμ CC Interactions

This analysis looks at one muon and a single charged pion in the final state where
the kinetic energy of the charged pion lies between 250 and 900 MeV.

νμ + N → μ∓+ π± + X

where N is the nucleus in the detector and X is the recoil nucleus plus any other
particle. Figure 107.1 shows the feynman diagram of a νμ CC interaction producing
a charged pion and a neutron through �+ resonance along with the event display of
a simulated interaction producing a muon and a charged pion in the final state.

The NOvA ND Monte Carlo sample has been used for the selection and identifi-
cation of the signal events.

107.3 Event Selection and Classification

To reject events from the neutrino interactions in the rock surrounding the detector,
the reconstructed vertex of the interaction is required to be within a well-defined
fiducial volume. The events that reconstruct outside the detector location or failing

Fig. 107.1 A single charged pion produced in CC interaction (left). Simulation of a NOvA Near
Detector event showing a muon and a π+ in the final state (right)
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to get reconstructed well are rejected. Also, only two 3D prong events are considered
where prong is defined as a cluster of hits with a starting point and a specific direction.
These cuts applied together are referred to as Preselections. After the candidate
neutrino interactions are selected, each event is examined to determine if it belongs
to the signal sample.

107.3.1 Convolutional Neural Network

Convolutional Neural network (CNNs) is widely used in the field of computer vision
for image recognition. NOvA has pioneered the use of CNNs for particle classifica-
tion in neutrino physics. NOvA has developed its own CNN, called CVN (convolu-
tional visual network) for identifying the neutrino interaction [3]. Each interaction
topology is treated as an image with cells as pixels and charge as color value. The
convolutional layers optimally extract features from the images providing good sep-
aration between the different interaction modes. Figure 107.2 shows extraction of
features by different convolutional layers from a simulated νμ CC interaction pro-
ducing muon and charged pion in the final state. Another implementation of CVN
in NOvA is of particle classification using Prong CVN as particle identification is
important for the cross-sectional analyses looking for specific final states. It takes
complete image of the event and the image of the individual prong in each view as an
input and assigns 5 different scores to each prong in the event under a specific par-
ticle hypotheses (MuonID, ElectronID, ProtonID, Charged PionID and PhotonID)
[5]. Currently, Prong CVN has been used for this analysis for identifying a muon
and a charged pion in the final state.

Fig. 107.2 Simulated νμ CC event. Some track activity is visible in one of the feature maps [4]
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107.3.2 Muon and Pion Selection

The selected event sample consists of a two prong events. For muon selection, out
of all the prongs that are identified as muon (based on the CVN score), the one
with the highest CVN muon score is identified as the muon. Figure 107.3 shows the
distribution of CVN MuonID (left) and the highest CVN MuonID (right) for each
true particle type. This cross-sectional measurement will be limited by systematic
uncertainties, and therefore the Figure ofMerit (FoM) for the event selection is based
on the minimization of fractional uncertainty on the total cross section [6].

δσ

σ
=

√
(δNsyst

bkg )2

(Nsel − Nbkg)2
+

(δε

ε

)2

where Nsel and Nbkg are the number of selected and background events, δε is the
fractional uncertainty in the signal efficiency, and δNsyst

bkg is the systematic uncertainty
in the background.

The second non-muon prong is considered as the potential pion candidate. Pion
selection is based on the optimized sum of the pion and muon score since the pion
and the muon look alike a lot in the detector and the muon has already been separated
out in the event.

The sum of the pion and themuon score where the δσ/σ distribution is minimized
is considered as the optimum value for the pion selection. Figure 107.4 shows the
minimum in the distribution where the MuonID + PionID is 0.8 [7].
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Fig. 107.3 Distribution of the CVN MuonID for all the true particle prongs (left) and the true
particle prongs that are most likely to be the muons as per the muon CVN score (right)
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Fig. 107.4 The fractional systematic uncertainty on the background (top left) and the fractional
uncertainty on the signal (top right). The fractional uncertainty on the total cross section (bottom)
shows a minimum at 0.8

107.4 Efficiency and Purity of Event Selection

The efficiency is defined as the fraction of signal events getting selected where as
the purity is the fraction of selected events which is signal. Table 107.1 shows the
efficiency and purity of the selected sample after each selection cut. The selected
signal has 72.78% events from resonance, 7.5% from coherent and 19.6% from DIS,
respectively. Figure 107.5 is showing the purity and efficiency as a function of true
kinetic energy of the charged pion after each selection cut is applied. The selection
efficiency of the signal sample is 21% and 1.5% with respect to the preselection and
the total, respectively, where as the purity of the selected sample is 93%.

107.5 Summary and Future Prospects

Charged current single charged pion measurement has a potential to look at the
interactions with lowW (invariant hadronic mass) leading to the improved model of
these processes. The analysis presented here uses deep learning-based technique for
particle classification. The charged pion selection criteria is optimized based on the

Table 107.1 Purity, Efficiency, and different background fractions as each cut is applied sequen-
tially

Background

Selection Selected Efficiency
(%)

Purity
(%)

CC
Resonance
(%)

CC
DIS
(%)

NC
(%)

Coherent
(%)

Total 7.16e+07 100 2.7 19.6 64 9.5 0.58

Preselections 5.27e+05 6.9 27.25 36 16.4 16.9 1.5

Muon Selection 3.56e+05 5.6 32.48 48.4 14.1 2.1 1.27

Pion Selection 43,927 1.5 70.3 15.7 10.78 1.2 1.9
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Fig. 107.5 Purity (left) and Efficiency (right) of the event selection after applying all the selection
cuts

minimization of the systematic uncertainties on the total cross section. The analysis
further looks to the energy estimation of the charged pion so that a differential cross-
sectional measurement w.r.t to the charged pion kinematics could be made.
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Chapter 108
Electronics and DAQ for the Magnetized
mini-ICAL Detector at IICHEP

M. N. Saraf, Pathaleswar, P. Nagaraj, K. C. Ravindran, B. Satyanarayana,
R. R. Shinde, P. K. Kaur, V. B. Chandratre, M. Sukhwani, H. Kolla,
M. Thomas, Umesh Shas, D. Sil, S. S. Upadhya, A. Lokapure, U. Gokhale,
Rajkumar Bharathi, E. Yuvaraj, A. Behere, S. Moitra, N. Ayyagiri, S. Sikder,
S. R. Joshi, A. Manna, A. Padmini, M. Punna, Gobinda Majumder,
and V. M. Datar

Abstract Magnetized iron calorimeter (ICAL) detector built using Resistive Plate
Chambers (RPCs), which are interleaved between the iron plates, is proposed by
India-based Neutrino Observatory (INO), to study atmospheric neutrinos [1]. Ten
layers ofRPCs are deployed in themini-ICALwhich is an 85-tonmagnetized detector
stack with 20 RPCs in 10 layers. The mini-ICAL is being used for prototyping
data acquisition electronics, its integration with the magnetized detector, back-end
software, etc. The analog front-end Amplifier-Discriminator, digital front-end RPC-
DAQ and bipolar HV unit to bias RPC are embedded with the RPC. The RPC-DAQ
mainly generates pre-triggers, acquires event data on a final trigger and monitors
the health of RPC. A central trigger system generates the final trigger by processing
the pre-trigger signals. The relative arrival time offsets of the final trigger at each
of the RPC-DAQs are measured and event timer stamp clocks are synchronized by
the Calibration and Auxiliary Unit (CAU) housed next to the trigger system. All
the RPC-DAQ nodes are connected to back-end servers over LAN for control, data
collection and monitoring. The back-end server manages the overall run control and
detector health monitoring. The data concentrator server collects data from all the
digital front-ends (DFEs) and the event builder server builds events based on event
time stamps. The overall design is motivated by modularity, flexibility, reduced cost
and power, and the use of open-source software. This paper will highlight the design
details and performance of prototype electronics.
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108.1 Introduction

The ICAL detector will study atmospheric neutrino oscillation parameters and mass
ordering by tracking charged particles in the magnetized ICAL detector, produced
during neutrino interactions [1]. The mini-ICAL is a stack of 10 layers of RPCs
interleaved between magnetized iron layers. On a physics event, each participating
RPC-DAQ records event time stamp, interaction x-y co-ordinates and TimeOf Flight
(TOF) relative to the final trigger arrival, and event data packets are pushed over the
LAN using the TCP/IP protocol. These packets are collected by the back-end Data
Concentrator (DC) servers, and events are built by collating the event time stamps. In
addition to event data recording, the DAQ system sets high voltage to the RPCs and
monitors the high voltage applied, RPC current and RPC noise rates periodically in
the background as the RPC health monitoring process. The mini-ICAL is a scaled-
down version of the ICALmade of amagnetized detector stack and is currently being
used for prototyping the ICAL electronics and the DAQ system.

The architecture of the ICAL’s electronics and DAQ system (Fig. 108.2) is based
on designating the RPC as the minimum standalone unit of the detector. Every RPC
tray assembly (Fig. 108.1) consists in addition to the RPC, the analog and digital
front-end processing electronics as well as a high voltage power supply module for
biasing the RPC.

Fig. 108.1 RPC tray
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Fig. 108.2 DAQ architecture

108.2 Front-End Electronics

The analog front-end (AFE) consists of boards (Fig. 108.3) made using NINO ASIC
which is an ultra-fast, low power, 8-channel pre-amplifier discriminator chip devel-
oped at CERN [1]. The AFE boards are mounted along the two orthogonal sides
of the RPC corresponding to the X and Y planes. The single-ended signals from
the RPC are converted into the differential type and fed to the differential inputs of
the NINO chip. The output of the AFE is in the form of pseudo-LVDS signals and
feeds the digital front-end. Meanwhile, AFE boards using indigeneously designed 4-
channel voltage amplifier and 8-channel leading edge discriminator ASICs are being
extensively tested and getting ready to be mass-produced.

TheRPCsignal processing electronics called the digital front-end (DFE) is located
at one corner of the RPC tray as shown in Fig. 108.1. The DFE module comprises
several functional blocks such as a Time-to-Digital Converter (TDC), Strip-hit latch,
Ratemonitor, Pre-trigger generator, ambient parametermonitor and analog front-end
(AFE) control [2]. A softcore processor takes care of all the data acquisition (DAQ)
needs, configuration of the front-end components as well as data transfer between
the RPC unit and the back-end servers. A considerable part of the DFE module’s
hardware, including the soft-processor, is implemented inside a Field Programmable
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Fig. 108.3 NINO AFE

Fig. 108.4 DFE

Gate Array (FPGA). Digitized data is transmitted to the back-end using the DFE’s
network interface. Figure 108.4 shows a DFE module with its dismantled power
supply board.

108.3 Trigger System

The trigger criteria for the ICAL electronics have been decided considering the
characteristic hit patterns of various physics events that will occur in the ICAL
detector. The trigger systemwill generate a global trigger signal if the event topology
satisfies such a trigger criteria set by the user. The trigger criteria thus is solely based
on the event topology and is defined as M × N / P, i.e. a trigger is generated when
M consecutive strips have simultaneous signals in at least N layers in a group of P
consecutive layers.

The design of the trigger system follows a distributed and hierarchical architec-
ture as shown in Fig. 108.5. The pre-trigger signals from DFEs are routed to the
Signal Router Boards (SRBs) and sorted M fold signals are sent to the Trigger Logic
Boards (TLBs). The second-level trigger logic is implemented in the TLBs and the
boundary coincidences are resolved by the Global Trigger Logic Boards (GTLBs).
The entire control of the trigger system and monitoring of various signal rates, etc. is
handled by the Trigger Control and Monitor (TCAM) module. Further, the Control
and Monitoring (CAM) module pushes a trigger packet on every final trigger, to
back-end DC servers where it is used as a reference time stamp while collating the
RPC event data packets.
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The CAU is a common interface between all the ICAL subsystems for control,
calibration and time synchronization. The CAU performs the functions of distribu-
tion of global clocks and trigger signals as well as the measurement of global trigger
time offset at each DFE, which are present due to disparate signal path lengths from
the trigger system to the DFEs, by measuring the round path delay using calibration
signals. The local TOF in each DFE is then translated to a common timing refer-
ence by adding the respective offsets for reconstructing the particle trajectories with
direction. The CAU unit was tested extensively on the RPC stacks and was found to
provide offset corrections of better than 100 ps. The CAU also pre-loads the Real-
Time Clocks (RTCs) of all the DFEs with epoch time and keeps them synchronized
up to a tenth of a microsecond using a Pulse Per Second (PPS) signal and a global
clock. These RTC time stamps enable the back-end to built events.

108.4 Back-End Data Acquisition

All RPC nodes, Trigger node and CAU node are configured as a network element
along with back-end server nodes, in Ethernet-based LAN using network switches.
Thus, the entire mini-ICAL detector is a small Ethernet LAN between the front- and
back-end processing nodes for control, data acquisition and monitoring [3].

The back-end Data Concentrator (DC) server receives an event and monitors data
on different TCP/IP ports from the DFE modules. The DC also receives a trigger
packet from the TCAM containing a trigger number and trigger time stamp. The DC
adds a common event marker to all the RPC data packets by collating the event time
stamp with the trigger packet time stamp within a window of 20µs and forwards
this data to the event builder. This event data is then collated by the event builder
using the common eventmarker. Finally, the back-end system performs various quick
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quality checks on the data in addition to providing user interfaces, slow control and
monitoring, event display, data archival and so on.

108.5 Power Supplies

RPCs require a variable High Voltage (HV) supply of up to 12 kV for the genera-
tion of the electric field across their detector gas medium. In order to eliminate the
requirement of bulky HV cables and connectors, it was decided to generate the HV
bias locally on each RPC. This significantly reduces the space usage in the cable trays
as well as the overall cost. However, the modules have to be very compact and should
not generate electromagnetic interference to the RPC or to other electronics [5].

The supply for RPC biasing is designed as a± 0–6 kV split supply, so as to min-
imize the HV leak problem on the chamber surface. The HV outputs are generated
by two low cost, low noise HV DC-DC converters. The converter topology, shown
in Fig. 108.6, is based on a current-fed resonant Royer circuit, which minimizes
harmonic generation and RFI due to quasi-sinusoidal power delivery of the inverter.
The stepped-up secondary output is further raised by amulti-stageCockcroft–Walton
multiplier. In addition to the programming of output voltages, the supply has pro-
vision for remote on/off control, setting adjustable HV ramp rates and output volt-
age/load current readback facility. Figure 108.7 shows a fully assembled HV power
supply.

The low voltage power supplies required for the analog and digital front-end
boards as well as the HV DC-DC module on-board the RPC unit are individually
supplied, controlled and monitored through a commercial and centrally located low-
voltage power supply distribution and monitoring sub-system.
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Fig. 108.6 HV generation schematic
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Fig. 108.7 HV module

108.6 Status

The mini-ICAL electronics and DAQ has been installed at Madurai, Tamilnadu,
with 10 RPCs and is performing very well. More RPC units are being added to the
mini-ICAL stack. The integration of the front-end and back-end electronics and the
back-end data acquisition software has been done successfully. The integration of
electronics, especially the analog and digital front-end and the HV module on-board
the RPC detector module, posed a big challenge.

Meanwhile, extensive cosmicmuon data has been takenwith the detector with and
without the magnetic field to study the detector parameters like RPC multiplicity,
efficiency and noise rate stability. Figure 108.8 shows a glimpse of muon tracks
captured by theDAQ; slight bending can be seen in the tracks because of themagnetic
field. RPC multiplicity and region-wise normalized efficiency can be seen in the
figure. The yellow spots are RPC button locations.

Fig. 108.8 Results showing a bent track, RPC multiplicity and region-wise efficiency
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Chapter 109
Deep Learning-Based Energy
Reconstruction of Cosmic Muons
in mini-ICAL Detector

Deepak Samuel, Manjunath Omana Kuttan, Amrutha Samalan,
and Lakshmi P Murgod

Abstract Themini-ICAL is amagnetized prototype of the proposed iron calorimeter
(ICAL) detector of the upcoming India-Based Neutrino Observatory (INO). The
mini-ICAL is designed to study the performance of Resistive Plate Chambers (RPCs)
in a magnetic field and the efficiency of reconstruction algorithms. In this study,
we investigate the possibility of using a deep learning-based algorithm for muon
energy reconstruction in the detector. Deep learning models were developed using
the data generated from a simplified geometry of mini-ICAL simulated using the
Geant4 package. The models are evaluated for their accuracy in predictions and
reconstruction time.

109.1 Introduction

The INO-ICAL aims to study atmospheric neutrinos using a 50 kton iron calorimeter
(ICAL) detector [1]. The mini-ICAL is a miniature prototype of this detector built
at IICHEP, Madurai, for the R&D activities of the ICAL experiment. The mini-
ICAL detector is a stack of 10 layers of RPCs of dimension 2 m × 2 m interleaved
between iron plates of thickness 56mm. The current-carrying copper coils wound
through the detector can magnetize the iron plates to a field of up to 1.5T in the
central region. A muon traversing the stack produces signals in the RPCs which
are picked up by orthogonal pickup panels having a strip pitch of 3cm, placed over
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and below each RPC [2]. The RPCs also offer a time resolution of about 1 ns. The
position and timing information are used to reconstruct the properties such as charge,
momentum and direction of the incoming muon. A Kalman filter-based algorithm is
presently employed for the purpose. In this study, we examine the possibility of using
a deep learning algorithm for reconstructing the energy of cosmicmuons reaching the
detector. Simplified geometry of mini-ICAL is simulated using the Geant4 package
with the aim of benchmarking the code, and this data is used to develop machine
learning models based on XGBoost [3] and Artificial Neural Networks (ANN). The
performance of thesemodels is then studied based on the accuracy of their predictions
and the time taken to reconstruct the energy of the muon.

109.2 Simulation Setup and Datasets

The geometry of the mini-ICAL detector was simulated using an in-house developed
software based on Geant4. The simulated geometry consists of 10 glass plates of
dimension 4m × 4m × 6mm interleaved between iron plates of dimension 4m ×
4m × 56mm. The glass plates record the position information of muons crossing
it. A rectangular slab of vacuum material of dimensions 4m × 4 m × 1mm placed
above themodule is used to record the energy of the incomingmuons. The fine details
of the geometry such as copper coils, gas gap and pickup panels were not included
in the simulations. Two datasets (Dataset 1, Dataset 2) containing 30000 µ− events
each with a uniform energy spectrum of 200 MeV–2000 MeV were generated from
a point source above the detector without angular smearing. Dataset 1 was generated
without any magnetic field while Dataset 2 was generated using a magnetic field of
1.5T along the plane in the iron plates.

109.3 Training the Models

XGBoost andANNalgorithmswere used to develop 4models (XGB1,ANN1,XGB2
and ANN2) using 75% the events in the datasets (Dataset 1, Dataset 2) while the
remaining events were used to test themodels. The details of themodels are tabulated
in Table 109.1. Each event was represented as a sparse matrix where the location of
hits was marked 1 leaving the other cells as 0. The hit positions in a detector were
digitized to a strip number between 0 and 133 so that the strip pitch is ∼3cm. There-
fore, an event in a stack of 10 layers can be represented by a matrix of dimension
20 × 134 where the first 10 rows represent the x strip hits while the next 10 rows
represent y strip hits. The use of such a large feature set for training is computation-
ally inefficient and consumes a lot of memory. This is overcome by using a matrix
of smaller dimension. Figure109.1 shows the sparse matrix representations of two
different events having similar features but passing through different locations in the
detector. As shown in the figure, if we translate event 2 by certain values, we don’t
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Table 109.1 Table summarizing the models developed in this study. In each dataset, 75% of the
events were used for training and remaining 25% for testing the model

Model Dataset used Algorithm used

XGB1 Dataset 1 XGBoost

XGB2 Dataset 2 XGBoost

ANN1 Dataset 1 ANN

ANN2 Dataset 2 ANN

Fig. 109.1 Sparse matrix visualization of two events. The solid red line is the actual track of the
muon and the gray cells are the strips fired. The dashed red line is the track after translating the
event

lose any features, and the size of the matrix required to store the event reduces. As
an alternative to translating the events, we have chosen a point source of particles so
that the representation of all the events is a uniform 20 × 30 matrix.

109.4 Results and Discussions

All the models were tested using the remaining 25% of the events in their corre-
sponding dataset. Figure 109.2 shows the correlation plot for 4 different models.
Both XGBoost and ANN algorithms (XGB1 and ANN1) gave comparable results
with small error bars for energies up to around 750 MeV (region 1) and large error
bars for higher energies (region 2). The presence of a magnetic field (XGB2 and
ANN2) made the results slightly better in region 2 while keeping the same trend. On
a system running on an Intel i3 processor with 8 GB physical memory and Ubuntu
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Fig. 109.2 Correlation plots of different models. All plots have two distinct regions: region 1
having small error bars where the true energy is less than 750 MeV and region 2 with large error
bars where the true energy is greater than 750 MeV

16.04 Operating System, the XGBoost models predicted an event in ∼1 mS while
the ANN models were much faster with a prediction time of ∼30µS for a single
event.

Both XGBoost and ANN models were comparable in terms of accuracy in the
predictions but the ANN models were found to be faster in predicting. For the simu-
lated geometry, the energy loss of muons [4] is such that the events become partially
contained for energies beyond ∼750 MeV. Thus, the large error band in region 2 is
due to the inability of the model to accurately predict the energy of partially con-
tained events compared to the fully contained events. In this study, we have shown
the first results of an energy reconstruction algorithm using machine learning for the
INO-ICAL experiment. Further fine-tuning of the algorithm and addition of finer
details of geometry in the simulation will be the next step of this study. The first
results show that the existing Kalman filter technique can be replaced by the simpler
and faster machine learning models to use, for example, in triggerless systems.
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Chapter 110
Simulation Studies for a Shallow Depth
ICAL

N. Panchal, Gobinda Majumder, and V. M. Datar

Abstract The Iron CALorimeter (ICAL) is an upcoming neutrino detector at India-
based Neutrino Observatory (INO). The observatory is planned to be located at
Bodi West Hills, Madurai, under a mountain cover of ∼1km. The rock overburden
reduces the cosmic muon background by a factor of 106 and also casts aside the
hadronic component of cosmic ray background. It is possible to remove the hadronic
component almost completely by a shallow depth (100m) of the rock where the
cosmicmuon flux also reduces by a factor of 100. For achieving the same background
reduction of cosmic muons at a shallow depth of 100m, a veto detector with veto
efficiency of 99.99% is required which appears to be feasible Panchal et al. (J Instrum
12:T11002, 2017 [1]). The neutral particles (neutrons and K0

L ) produced by muon-
nuclear interaction can pass through the veto detector undetected which can mimic
neutrino events in the ICAL detector. With this motivation, Geant4 based simulation
studies have been performed to estimate such false positive event rate in the ICAL
detector and the results are presented in this paper.

110.1 Introduction

One of the prime goals of the proposed ICAL at INO is to determine the mass
hierarchy in the neutrino sector [2]. ICAL will be a 51kTon detector consisting of
three 17ktonmodules, each having 150 layers of iron interleavedwith Resistive Plate
Chamber (RPC) detectors [3]. INO is planned to be situated under a mountain cover
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of about ∼ 1km from all the sides at Pottipuram in Bodi West Hills of Theni, India.
The rock overburden above ICAL significantly reduces the background arising due
to cosmic ray muons (by a factor of 106). Building an efficient cosmic muon veto
detector (CMVD) can lead to achieving a similar background reduction at shallow
depth say ∼ 100m. The reduction in cosmic muon flux at a depth of 100m is about
a factor of 100. Therefore, an ICAL detector placed at a shallow depth along with
a CMVD with veto efficiency 99.99% could result in similar muon flux as that at
the Theni site. Such a detector is referred to as a shallow depth ICAL (SICAL). At
shallow depths, the most significant background is due to cosmic ray muons which
can be vetoed with a high veto efficiency. However, the secondaries generated due
to muon-nucleus interaction with the rock material can be a serious concern which
needs to be carefully investigated.

In this paper, we present results of a GEANT4-based study to estimate the con-
tribution of this background and compare it with the event rate expected from atmo-
spheric neutrinos in the SICAL detector. We first present the details of the simulation
framework to characterize muon-nuclear interactions in the rock in Sect. 110.2. In
Sect. 110.3, we discuss the estimation of false-positive event rate by propagating
the neutrals through the ICAL detector using the INO-ICAL simulation code. The
summary of the major results of the simulation is presented in Sect. 110.4.

110.2 Simulation of Neutral Particles Following Cosmic
Muon-Rock Interaction

A full simulation of the neutrino-like events in ICAL would involve propagating the
cosmic muons at the surface in the intervening rock corresponding to the chosen
location. This would include keeping track of the secondary particles produced in
muon-nucleus interactions anywhere along their path toward the ICAL detector at
a specified depth. We performed the simulation for a depth of 100m and the results
are presented in this paper. The propagation of low-energy muons and secondary
hadrons, produced in high-energy muon interactions in the upper part of the 100m
rock overburden, increases the computation time as these will not survive the remain-
ing rock thickness. Therefore, to decrease the computation time, the simulation was
done in two parts with the corresponding geometry using GEANT4. In the first part
of the simulation, we study the energy loss of muons in the rock to parametrize it. In
this part, the geometry was defined to be a cube of dimension 100m×100m×100m
with SiO2 as the material. Muons were incident from the center of the top surface
and propagated in the positive z-direction (downward going) with energies uniformly
distributed between 0.01 and 500GeV. The energy of the muon (Eμ

′) after traversing
100m of the rock is plotted as a function of incident muon energy (Eμ) as shown in
Fig. 110.1 (left). The full range of Eμ was divided into energy bins of width 1GeV
and the corresponding Eμ

′ distribution was fit to a Crystal Ball function [4]. The
typical Eμ

′ distribution for Eμ = 80GeV and Eμ = 300GeV are shown in Fig. 110.1.
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Fig. 110.1 Two-dimensional plot of incident muon energy Eμ and muon energy after 100m rock
Eμ

′ (left) and Eμ
′ distribution for 80GeV (center) and 300GeV (right) incident muon energy fitted

to Crystal Ball fit function

Fig. 110.2 (Left) Schematic showing the geometry and placement of the blocks of rock and ICAL
detector used in the simulation. (Right) Primary cosmic muon energy spectrum generated from
CORSIKA at position A (Red), muon energy spectrum at position B, i.e., after traversing 100m of
the rock (Blue) and the shifted muon energy spectrum as described in Sect. 110.2

In the second part of the simulation, CORSIKA software with SIBYLL [5] model
was used to generate the primary cosmic muon spectrum. For any particular incident
muon energy, Eμ

′ was chosen generating a random number from the Crystal Ball fit
function as shown in Fig. 110.1 (center and right). The muon energy spectrum was
then shifted according to the two-dimensional plot in Fig. 110.1 (left). The simulated
Eμ

′ and the shifted energy spectrumwere given as an input to theGEANT4 simulation
with geometry as a cuboid of dimensions 100m×100m×3m (thickness) and SiO2

as rock material. The neutrals produced in muon-nuclear interactions, mostly from
the last part of the 3m depth of the rock, could exit the rock. The choice of 3m was
guided by the hadronic interaction length for the rock which is 36cm [6], i.e., 10
times smaller.% This was verified by performing the simulation for 5m and 10m
of the rock which produced, within error, the same number of outgoing particles as
with the 3m rock.

We have used the Kokoulin model [7] to simulate muon-nuclear interactions in
the material. The hadronic interactions of the secondaries were also considered. In
the simulation, the primary muons, along with all the secondaries in the hadronic
cascade, were propagated to the bottom of the block B shown in Fig. 110.2 (left) and
the associated information about the particles were stored. The secondaries produced



796 N. Panchal et al.

Table 110.1 Fraction of secondaries produced in muon-nuclear interaction

n π0 K 0
L �0 η0 η1 λ0 �− �+ ρ0 �0 �−

93.8 4.9 0.65 0.21 0.16 0.05 0.04 0.03 0.03 0.02 0.001 0.001

Fig. 110.3 Energy and theta spectra of neutrons (left top and left bottom) and K 0
L s (right top and

right bottom). The blue histogram shows the total neutrons (or K 0
L s) coming out of the rock and the

red histogram shows neutrons (or K 0
L s) coming out without any accompanied charged particle

in muon-nuclear interactions with their fractions are listed in Table 110.1. The two
most populous and relevant long-lived neutrals are neutrons and K0

L , and the typical
energy and θ distributions of both the particles from this simulation are shown in
Fig. 110.3. Theπ0s are not considered here as they have a very short lifetime (∼10−16

s) and decay into 2 γ -rays leading to an electromagnetic shower which can be vetoed
out.

In the simulation for total 1010 incident muons, there are total ∼4.5×107 muon-
nuclear interactions. The total secondaries produced were about 3.0×108 out of
which 1.3×107 come out of the rock and the number of events in which no charged
particle is present is about a hundred. Out of a total of ∼6.8×106 events, in roughly
8% of them, neutrons and K 0

Ls having an energy more than 1GeV come out of the
rock. The number of events with neutrals unaccompanied by any charged particle
that are relevant for this study should satisfy the following conditions :
(a) the charged particle coming out of the rock along with the neutral particle should
have energy more than 50MeV, as below this energy the charged particle may not
give any signal in the veto detector,
(b) the neutral particle should have energy greater than 1GeV which is required to
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produce a charged particle in nuclear interaction, which can pass through 5 layers of
RPC detector in ICAL to mimic a muon in a νμ charged current interaction.

110.3 False-Positive Event Rate in ICAL Due to
Muon-Induced Neutrals

Any event that is generated as a result of the interaction of particles different from a
neutrino but is very likely to be classified as a neutrino induced event in the ICAL
detector is called a false-positive signal. All the secondaries resulting from themuon-
nuclear interactions, as listed in Table 110.1, were propagated in the ICAL simulation
code [8] with their respective (E, θ ) distributions taken from previous simulation (as
shown in Fig. 110.3). The incident particlewas chosen in accordancewith the fraction
by which it was produced. A trajectory of a charged particle due to false-positive
signal is considered to be track-like, if it gives hits in minimum 5 layers of ICAL
detector and χ2/nd f <10. In the simulation, the fraction in which a track-like signal
Ftrk was obtained is 2×10−3.

Due to the almost 100% efficiency of the veto detector, a large fraction of all
the secondaries coming out of the rock would be vetoed. However, due to the small
inefficiency, the rest will traverse the veto detector undetected. From an earlier mea-
surement with a small Cosmic Muon Veto Detector [1], the veto efficiency achieved
was 99.978% which is equivalent to a reduction in muon flux, resulting in reducing
false-positive events, by about 104. So, the number of secondaries coming out of the
rock which could lead to false-positive events will also effectively reduce by a factor
of 104. The fraction of false positives due to neutrals in ICAL is given as

FFP = Nout × Ftrk × (εveto)
nq (110.1)

where nq is the number of charged particles coming out of the rock along with at least
one neutral particle, Nout (E > 1GeV) is the number of events in which a neutron or
K0

L comes out of the rock with E> 1GeV and εveto is the veto inefficiency. While the
probability of not detecting only one charged particle is more than the probability
of not detecting at least one out of two, for the sake of completeness the event-wise
breakup is done for estimating the FFP . Table 110.2 shows the distribution of events
with a different number of charged and neutral particles coming out of the rock.

The total number of incident muons in the simulation at 100m depth was 1010.
As the surface flux reduces after traversing the 100m rock by a factor of ∼100, the
effective number of muons at the surface is 1012. From Eq.3.1, the false-positive
signal rate comes out to be 0.2×10−12. The primary cosmic ray muon flux at sea
level is 70m−2 sec−1 sr−1 from [6]. The dimensions of each module of ICAL are
16m×16m×14.5m and there will be three suchmodules resulting in a total surface
area of 48m×16m. For an overground ICAL, themuon event ratewill be∼1010 /day
and the false-positive event rate due to neutrals is 0.002 /day. If σCC = 10−38 cm2 [6]
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Table 110.2 Breakup of eventswith a specified number of charged particles (q) and neutral particles
(n) for 1010 muons interacting with the last 3m rock just above ICAL

Configuration Nout (E > 1GeV) FFP

0q & 1n 120 2.4×10−1

0q & 2n 1 2×10−3

0q & 3n 0 0

1q & 1n 119381 2.3×10−2

1q & 2n 0 0

1q & 3n 0 0

2q & 1n 70430 1.4×10−6

2q & 2n 4636 9.3×10−8

2q & 3n 0 0

Others 329818 0

Total 524386 2×10−1

is the νμ and νμ inclusive of scattering cross section (per nucleon), ρ = 7.8gm-cm−3

is the density of iron (Fe), A = 56 is the atomic weight (in units of amu) of Fe and
λ is the thickness of the iron plate in the ICAL detector, and NA is the Avogadro
number, then from Nev

Ninc
= σμN ·ρ·λ·NA

A , Nev
Ninc

∼4×10−14 for 150 layers of iron in ICAL.
The primary cosmic ray flux from [9] is 103 m−2 sec−1 sr−1 which gives the neutrino
event rate for ICAL to be∼3 /day. The signal to false positive for SICAL is therefore,
about 1000 which makes SICAL a feasible proposition.

110.4 Summary

In this paper, the possibility of locating the INO-ICAL detector at a shallow location
with a rock overburden of ∼100m along with a CMVD of veto efficiency 99.99%
was explored. The muon-induced neutral background is a vital background which
needs to be considered in such a case. Therefore, a GEANT4-based simulation for
estimating the neutral particles produced considering only the vertical going muon
passing through a block of 103m of the rock was carried out. These neutral particles
are further propagated in the ICAL simulation code for estimating the neutrino-
like events produced by such particles. A background of ∼0.1% was obtained from
the simulation which makes SICAL a viable option to be persuaded. However, the
validation of the simulation is required on a proof-of-principle detector built at a
shallow depth of about 30m rock overburden, together with the Cosmic Muon Veto
Detector.
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Chapter 111
ALICE Inner Tracking System Upgrade
at the LHC

Nirbhay Kumar Behera

Abstract The design objective of ALICE is to study the properties of the Quark–
Gluon plasma using the pp, p–Pb, and Pb–Pb collisions at the LHC. Using the
excellent tracking and particle identification capability, ALICE has achieved several
milestones in understanding the hot and dense nuclear matter produced in these
collisions.During the long shutdownperiod in 2019–20,ALICEwill undergo amajor
upgrade to improve its precision of the present physics measurements. As part of this
upgrade plan, the ALICE Inner Tracking system (ITS) will significantly be upgraded
to enhance its capabilities to measure the rare probes with greater precision. The key
goal of the ITS upgrade is the construction of a new detector with high resolution, low
material budget, and high read-out rate. This upgrade will enable to collect data at the
rate of 400 kHz and 50 kHz in pp and Pb–Pb collisions, respectively, during the LHC
high luminosity program in Run 3. The new ITS detector has 7 concentric layers of
CMOS pixel detector based on Monolithic Active Pixel Sensor (MAPS) technology
and is designed to achieve all these requirements. It is one of the first applications of
MAPS technology in a high-energy physics experiment. This MAPS-based sensor,
with other stringent mechanical design of the detector support material, will reduce
the material budget to 0.3% X0 for the inner layers and 1% X0 of the outer layers.
In this presentation, we will discuss the design goal, layout of the new detector, its
performance during the research and development phase, and the production status.

111.1 Introduction

The design goal of A Large Ion Collider Experiment (ALICE) at the LHC is to study
the properties of Quark–Gluon Plasma (QGP) [1]. ALICE has collected the pp and
Pb–Pb collision data during the Run 1 and Run 2 periods of LHC and helped to
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unravel many interesting physics results. It has enriched our understanding of the
particle production mechanisms, thermal properties of QGP, and the parton interac-
tion with the QGP medium. However, some of the physics results from rare probe
measurements need further improvement. Current results of rare probes face chal-
lenges due to small event statistics and limited coverage of transverse momentum
(pT) range, which is due to the limitations of the detectors. After Run 2 data taking
finished in December 2018, LHC is now in the second long shutdown (LS2) up to
2020. During LS2, ALICE plans for a detector upgrade to meet the following physics
goals [2, 3]:

• measurements of the elliptic flow of charm and beauty hadrons to study the ther-
malization and hadronization of heavy quarks;

• nuclearmodification factor (RAA) ofD andBmesons for awide range of transverse
momentum (pT) to understand the in-medium energy loss of heavy quarks.

These measurements demand high event statistics and precise measurement of
the primary and secondary vertices. After LS2, LHC is planning for the high lumi-
nosity run of Pb–Pb collisions at 50 kHz interaction rate. Therefore, to meet the
requirements of the LHC high luminosity run, ALICE plans for major upgrades. The
objectives of the upgrades are (i) new beam pipe with smaller radius, (ii) upgrade
of Time Projection Chamber (TPC) with Gas Electron Multiplier (GEM) detectors
and new read-out electronics, (iii) upgrade of the read-out electronics of TRD, (iv)
upgrade of the forward trigger detectors, (v) upgrade of online–offline reconstruction
framework, and (vi) upgrade of Inner Tracking System (ITS) with high-resolution
and low-material-budget detectors.

In this report, the upgrade plans of the ALICE ITS are discussed.

111.2 ALICE ITS Upgrade Plan

The current ITS detector consists of six layers. The two innermost layers are made
of Silicon Pixel Detectors (SPD), the two middle layers are made of Silicon Drift
Detectors (SDD), and the two outer layers are made of double-sided Silicon Strip
Detectors (SSD). Although the current ITS is used for high precision measurements
of rare probes in a broad range of pT, it has the following limitations:

• low read-out rate: the SDD has a read-out rate of about 1 kHz. Therefore, ALICE
can only record a small fraction of the Pb–Pb collisions delivered at the rate of 8
kHz by the LHC;

• high material budget: current ITS has about 1.1 % X0 per layer;
• low spatial resolution: current ITS has the spatial resolution about 110–120 µm at

pT ∼ 0.5 GeV/c. The path length of �c baryon is 60 µm. Therefore, it limits the
measurement of �c baryon in Pb–Pb collisions.

To overcome these limitations and to meet the requirements of the Run 3 physics
program of LHC, the ITS detector will go for a major upgrade. The new upgraded



111 ALICE Inner Tracking System Upgrade at the LHC 803

Table 111.1 The upgrade objectives of the ALICE ITS detector

Current ITS Upgraded ITS

Number of layers 6 7

Distance to IP 39mm 23mm

Pointing resolution in z (at pT
0.5 GeV/c)

120 µm 40 µm

Material budget 1.1 % X0 0.3 % X0

Pixel size 50×425 µm2 O(30×30 µm3)

Read-out rate 1 kHz 100 kHz (Pb–Pb)

ITS detector will be made up of seven concentric cylindrical layers of silicon pixel
detectors based on Monolithic Active Pixel Sensor (MAPS) technology of 180nm
CMOS technology of TowerJazz [3]. The new upgraded ITS detector has the follow-
ing objectives tabulated in Table 111.1 [4, 5]:

111.3 The Upgraded ITS Detector

111.3.1 Detector Layout

The new ITS detector has seven layers and is grouped into two barrels: Inner Barrel
(IB) and Outer Barrel (OB). The IB consists of three layers, and OB consists of four
layers. The schematic layout of the upgraded ITS detector is shown in Fig. 111.1.
It will have a pseudorapidity coverage of |η| < 1.3. All layers are azimuthally seg-
mented into mechanically independent units called Staves. Each stave consists of a
space frame, cold plate, and hybrid integrated circuit (HIC). The staves of OB are
further divided into two halves called half-staves. There is a total of 48 staves in the
IB, and each stave consists of one module. The two middle layers have 54 staves
and eight modules per staves. Similarly, the two outer layers have 90 staves and each
stave consists of 14 modules. The modules are made up of a HIC, which is glued
onto a carbon plate. Each module has eight sensors and 14 sensors for IB and OB
staves, respectively. So there will be total 24×103 silicon chips making 10m2 active
silicon area. This will act as a 12.5 G-Pixels 3D camera. The main active component
is the silicon sensor, which is called the ALICE Pixel Detector (ALPIDE). Some of
the salient features of the ALPIDE chip are discussed in the next section.
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Fig. 111.1 (Color online) The schematic layout of the upgraded ALICE ITS detector

111.3.2 ALPIDE Chip

The ALPIDE chip uses the 180nm CMOS technology by TowerJazz. The dimension
of each pixel is 27 × 29 µm2. The size of each ALPIDE chip is 30 × 15mm2 with
epitaxial layer thickness 50 µm (100 µm) for IB (OB). Each ALPIDE chip has
1024 × 512 pixels. Some of the highlights of the ALPIDE chips are as follows: (i)
the n-well collection diode has 2 µm diameter, which leads to smaller capacitance
(∼ fF); (ii) the deep p-well shields the n-well of PMOS transistor allowing full CMOS
circuitry within the active volume; (iii) the analog signal is amplified and digitized
at the pixel level leading to low power consumption (<300 nW); (iv) reverse bias
voltage can be applied to the substrate between−6V and 0V; (v) high resistivity (>1
k�cm) p-type epitaxial layer on p-type substrate leads to a larger signal to noise ratio;
(vi) the detection efficiency is higher than 99 %, and fake hit rate is less than 10−10

pixels per event; and (vii) high radiation hardness (2.7 Mrad for IB, 100 Krad for
OB (TID), including a safety factor of ten, and, 1.7 ×1012 1 MeV neq/cm2 (NIEL)).

111.4 ITS Construction

The chip production startswith rawwafers. First, theCMOSwafer production is done
by TowerJazz. After wafer probe testing is done at CERN, they are sent for thinning
and dicing by FUREX in SouthKorea. The chips are picked and placed in the tray and
sent to the mass chip test sites (50 µm chips to CERN, 100 µm chips to Pusan-Inha,
Yonsei University in South Korea). After the series test, the chips are sent to different
HIC assembly sites. In the HIC assembly sites, the HICs are produced by aligning
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the chips and glued with the pre-verified Flexible Printed Circuit (FPC) using the
customized (ALICIA) machine. The electrical connection between the chips and
FPC are established by wire bonding. The assembled HICs then go through the
qualification test. The qualified HICs are then sent to stave assembly sites where the
HICs are glued to the cold plates. The power bus is connected with cross-cables of
HICby soldering. Then the staves are glued on the carbon space frame.All assemblies
are done with high precision. All the assembled staves will go through a number of
qualification tests before the assembly of the detector. The qualification test ensures
the electrical and mechanical functionality of different components.

111.5 Summary and Outlook

In summary, theALICE ITSdetector is going for amajor upgrade to fulfill the require-
ments of the ALICE physics goal and the LHC high luminosity physics program. The
new ALICE ITS detector will be equipped with a MAPS technology-based CMOS
pixel sensor with high resolution, low material budget, and high radiation tolerance.
The mass chip test, HIC assembly, and stave production are finished. Meanwhile,
the quality assurance test of the staves is ongoing. The surface commissioning will
take place in 2019. In 2020, the final detector will be installed in the ALICE pit. The
upgraded ITS detector will take part in data taking in Run 3 and Run 4, which will
help to study the rare probe with greater precision at the LHC.
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Chapter 112
Azimuthal Dependence of Cosmic Muon
Flux by 2 m × 2 m RPC Stack at
IICHEP-Madurai and Comparison with
CORSIKA and HONDA Flux

S. Pethuraj, Gobinda Majumder, V. M. Datar, N. K. Mondal, S. Mondal,
P. Nagaraj, Pathaleswar, K. C. Ravindran, M. N. Saraf, B. Satyanarayana,
R. R. Shinde, Dipankar Sil, S. S. Upadhya, P. Verma, and E. Yuvaraj

Abstract The INO-ICAL experiment is a proposed underground particle physics
experiment to study the neutrino oscillation parameters. Twelve layers of 2m×2m
RPC stack was built to study the performance of RPC detectors which are made in
the Indian industry and test the indigenously made electronics and DAQ. The RPC
Stack is used to study the azimuthal dependence of the cosmic ray muons in different
zenith angular bins. The observed results are comparedwith CORSIKAandHONDA
predictions.

112.1 Introduction

The primary cosmic rays coming from outer space mostly consist of protons (90%),
helium (9%), and a small fraction of heavy elements like carbon, nitrogen, oxygen,
etc. The interaction of primary elements with the earth’ atmosphere creates a shower
of secondary particles (mostly pions (π+, π− and π0). The neutral pions mostly
decay to 2 γ and the charged pions mainly decay to muon and neutrino. Muons are
the most abundant charged particles at sea level from cosmic ray shower. The flux
of primaries is modulated by the earth’ magnetic field, which will cause azimuthal
dependency in arrival directions. This effect is called the “east-west” asymmetry of
cosmic rays. The same effect can be observable in the ground-based experiments.
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The east-west asymmetry depends on the latitude, longitude, altitude, andmomentum
cutoff. Many experiments studied the east-west asymmetry in a different locations
on earth [1–4].

112.2 Experimental Setup and Data Analysis

The INO-ICAL experiment will be built using 50k-tonne iron plates and RPC detec-
tor of 2m×2m in the area chosen as an active detector element. The main aim of
the INO-ICAL experiment is to measure the sign of Δm2

32(m
2
3 − m2

2) through earth
matter effects [5]. A prototype of INO-ICAL is built using 12 layers of 2m×2m
RPC detectors [6]. A 3D view of the RPC stack is shown in Fig. 112.1. RPC detectors
are made of two thin glass plates of 3mm thickness, separated by a gap of 2mm.
In order to establish high potential, both sides of the chamber are coated by a thin
layer of graphite. The suitable gas mixtures of C2H2F4 (95.2%), iC4H10 (4.5%), and
SF6 (0.3%) are chosen to operate RPCs in avalanche mode in the differential bias
voltage of ±5kV. The passage of muon through the gas gap ionises the gas mixtures
and produces an avalanche and induces the signal in the pickup strips placed on both
sides of the chamber orthogonally to get a localised position. The X-plane has 60
pickup strips and Y-plane has 63 pickup strips of width 2.8cm and the inter-strip
gap between the strips are 0.2cm. The induced signal is amplified and discriminated
by a front-end board (NINO [7] (charge sensitive) front-end board is used for layer
0 to layer 10, ANUSPARSH (voltage sensitive) is used for layer 11). The LVDS
output from the front-end passes through FPGA-based RPC-DAQ digital front-end,
the event data is latched by the arrival of the trigger from the Trigger system. The
current study is done from the data taken with a coincidence of signals within 100ns
from trigger layers of 4, 5, 6, and 7 (either X-or Y-plane). The data collected from the
experiment has two sets of information: 1. strip hit information and 2. time of muon
arrival in each layer. The detailed description of the selection criteria and method
to estimate detector efficiency, position residues, noise, and strip multiplicity are
discussed in [8, 9]. For the sake of completeness, this section discusses a few points
about the data analysis of muon data. The present analysis uses the hit information
at most three consecutive hits per layer. The hit position in selected layers is fitted
using a straight-line equation (112.1) in both XZ- and YZ-planes.

x(/y) = α × z + β (112.1)

where x or y is the hit position from the X- or Y-plane, respectively, for Zth layer, α
is the slope which is tanθcosφ (tanθsinφ ) for XZ (YZ) plane, and β is the intercept.
The θ and φ of the muon is estimated using the fitted parameters.
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Fig. 112.1 12-layer detector
stack of 2m×2m RPCs

112.3 Monte Carlo Generation

The Geant4 toolkit [10] is used for the detailed simulation. The detector geometry
along with all support materials, detector building hall, and nearby building around
the experimental hall is also incorporated in the Geant4 geometry description. The
CORSIKA [11] software is used to generate 20million primary protons and 2million
primary helium. The generated primary energy is compared with cut-off rigidity at
different zenith-azimuth bins. The primary particle having energymore than a cut-off
rigidity will be allowed to progress, otherwise, the new primary will be generated.
The vertex, px, py, pz, and arrival time of secondary particles at an experimental
site are stored in the ROOT file. The vertex of the secondary particles is digitised
in the detector area. The position and momentum of the secondary particle are gen-
erated on the top trigger layer and extrapolated in to the bottom trigger layer to
check the acceptance condition. The event vertex on top of the roof is calculated for
accepted events and events are generated above the roof. The detector parameters
like inefficiency, trigger efficiency, position-dependent strip multiplicity, and noise
are calculated from data and incorporated in the digitisation process. The simulated
data is analysed by the same analysis code is used for experimental data.
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112.4 Estimation of Muon Flux at Different (θ, φ) Bins

The reconstructed muons which have χ2/ndf less than 8 and more than 5-layer muon
hits used to estimate the muon flux at different (θ, φ) bins the using Eq.112.2,

Iθ,φ = Idata
εtrig × εselec × εdaq × Ttot × ω

(112.2)

where Idata is the number of reconstructed muons at a (θ, φ) bin, εtrig is the trigger
efficiency in that (θ, φ) bin, εselec is the event selection efficiency in that (θ, φ) bin,
εdaq is the efficiency due to dead time in the data acquisition system, Ttot is the total
time taken to record the data (in seconds) including DAQ’s dead time (0.5 ms/event),
and ω is the accepted solid angle times the surface area, which is further defined as

ω = AN

N ′

∫ θ2

θ1

sinθdθ ×
∫ φ2

φ1

dφ (112.3)

where A is the surface area of the RPC on the top triggered layer, N is the number
of events accepted at a (θ, φ) bin when the generated position on the top and bottom
trigger layers is inside the detector, and N ′ is the Number of events generated on the
top trigger layer at (θ, φ) bin.

112.5 Systematic Studies

The systematic variation of muon flux at different (θ, φ) bins are studied. The param-
eters changed to study the systematic are given as follows: 1. To account the uncer-
tainties in the inefficiency and trigger efficiency of the detector, the inefficiency and
trigger efficiency are increased and decreased by ±1σ ; 2. increase and decrease the
noise by 10% during the digitisation process; 3. To account uncertainty in the mate-
rial description of the detector, the thickness of the roof and density of the detector
materials are changed in geometry description in Geant4; 4. The selection criteria
on reconstructed muons are changed, and the muon flux is calculated with muons
having more than 4 layer hits; 5. The data set is split in to odd numbered and even
numbered events, and the muon flux is calculated for two data sets; 6. The input
interaction model is changed in CORSIKA to generate cosmic ray shower.
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Fig. 112.2 Comparison of the azimuthal muon flux with CORSIKA and HONDA predictions

112.6 Comparison of Data with CORSIKA and HONDA
Predictions

The shape of the observed muon flux is compared with CORSIKA and HONDA
predictions. The observed muon flux, CORSIKA with different interaction models
(namely SIBYLL-GEISHA (SG), VENUS-GEISHA (VG), and HDPM-GEISHA
(VG)), and HONDA predictions are shown in Fig. 112.2.

The data and predictions are fitted using Eq.112.4,

f (φ) = P0(1 + Asin(−φ + φ0)), (112.4)

here parameter A from the fit will give the amplitude of asymmetry of the fit func-
tion. The fitted asymmetry parameters, A and φ0, are shown in Fig. 112.3a and b,
respectively.
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Fig. 112.3 a Asymmetry parameter for data, CORSIKA and HONDA, b φ0 parameter for data,
CORSIKA and HONDA
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112.7 Conclusion

The intensity of cosmic ray muons is calculated for different (θ, φ) bins. The detailed
systematic studies are done to estimate the variation ofmuon flux by varying different
detector parameters in Geant4 and by changing the input model in CORSIKA. The
azimuthal asymmetry of the data is compared with different CORSIKA andHONDA
predictions. The asymmetry from data is better matching with the predictions for
lower zenith angle. The discrepancy between the data and predictions at a higher
zenith angle will be a better input neutrino event generator to estimate neutrino flux
at the INO experimental site.
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Chapter 113
Development of an Extended Air Shower
Array at Darjeeling: An Update

S. Roy, S. Chakraborty, S. Chatterjee, S. Biswas, S. Das, S. K. Ghosh,
A. Maulik, and S. Raha

Abstract The only cosmic ray extended air shower (EAS) array in the eastern part of
India, consisting of 7 active plastic scintillator detectors, has been commissioned at
an altitude of about 2200m above sea level in the Eastern Himalayas (Darjeeling) at
the end of January 2018. Six detectors are kept at the vertices of a hexagon and one at
the center of it. The distance between two consecutive detectors is 8m. Each detector
element is made up of four plastic scintillators of dimension 50cm × 50cm × 1cm
thereby forming a total active area of 1m × 1m. These scintillators are fabricated
indigenously in the Cosmic Ray Laboratory (CRL), TIFR, Ooty, India. All four
scintillators of a detector are coupled with a single Photo Multiplier Tube (PMT)
using wavelength shifting (WLS) fibers. A custom-built module with seven inputs is
used to generate a multifold trigger. Measurement of the number of cosmic ray air
showers is going on since the end of January 2018. The secondary cosmic ray flux
and its variation over time are also recorded at the laboratory in Darjeeling using
a threefold coincidence technique with plastic scintillators. All the details of the
experimental setup and techniques of measurement are reported earlier. The updates
in the results are presented in this article.

113.1 Introduction

To study the properties of cosmic rays at high altitudes and to compare the results
with measurements from other experiments at different parts of the world [1–6],
a cosmic ray air shower array has been commissioned at Darjeeling Campus of
Bose Institute in the beginning of 2018. This detector array is constructed for a
better understanding of the dependence of cosmic ray fluxes on the geographical
parameters such as latitudes, longitudes, and altitude. The method of fabrication of
the detectors, experimental setup, and the preliminary results are discussed in detail
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in [8, 9].We have carried out the measurements for a longer time duration to increase
the statistics of the result in our earlier work. The updated result is presented in this
paper.

113.2 Description of the Air Shower Array

Ahexagonal array consisting of 7 plastic scintillator detectors is built to study cosmic
ray extended air showers at an altitude of about 2200m above sea level in the Eastern
Himalayas (Darjeeling, 27o 3’ N 88o 16’ E) as described in Ref. [9]. Six detectors are
placed at the vertices of the hexagon and one at the center. The arms of the hexagon
are 8m and the array covers an area of 168m2. Each detector element consists of four
plastic scintillators of dimension 50cm × 50cm × 1cm making the total active area
of 1m× 1m.These plastic scintillators are fabricated indigenously at theCosmicRay
Laboratory (CRL), TIFR, Ooty, India [5–7]. The details of the fabrication method
and experimental setup are mentioned in Ref. [8]. The schematic of the cosmic ray
extended air shower detector array at Darjeeling is shown in Fig. 113.1.

All detectors are biased with −1740V from a single high voltage (HV) power
supply using an external HV distribution network. The signals from the detectors are
passed through a leading edge discriminator (LED) which sets a common threshold
of −20 mV for all signals to eliminate the noise. A custom-built logic module with
seven inputs is used to generate a multifold trigger. Seven individual signals from
the discriminator are fed to the trigger module and the shower trigger is generated
when the central detector and any two detectors give signal simultaneously. The NIM
output from the trigger module is counted using a scaler module also fabricated at
TIFR. The trigger output is counted for 60min to get each data point. The counts are

Fig. 113.1 Schematic of the
hexagonal cosmic ray
extended air shower detector
array at Darjeeling
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made so far manually. It has been observed that in 60min, a significant number of
counts are accumulated.

113.3 Observation and Results

The data for the number of cosmic ray air shower, i.e. the output of the triggermodule,
is being taken using a NIM scaler since the end of January 2018. Each data is taken
for a duration of 60min. The shower rate as a function of date and time is shown
in Fig. 113.2. The distribution of the shower rate is fitted with a Landau function as

Fig. 113.2 Cosmic ray air shower rate as a function of date and time. Data from February 2018 to
May 2019 is presented. Each data point is the average count rate measured in 60min duration
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shown in Fig. 113.3. It has been found that the most probable value of the air shower
rate is∼1.3Hzwith a sigma of 0.13. This value could be comparedwith that obtained
from a large array at a similar altitude but a different geographical location [14].

113.4 Summary

An array of seven plastic scintillator detectors is operational at an altitude of about
2200m above sea level in the Himalayas at the Centre for Astroparticle Physics and
Space Sciences, Darjeeling campus of Bose Institute, for the detection of cosmic ray
air showers since the end of January 2018. From this array, it has been found that at
an altitude of about 2200m, the average air shower rate is ∼1.3 Hz with a sigma of
0.13.

In the shower rate plot (Fig. 113.2), it can be observed that on some days the
shower rate is significantly high. It is found that there was either some solar flares or
proton fluence, electron fluence, and increase of Kp index on these particular days
[11–13]. So far we have counted the number of showers manually using a NIM scaler
as mentioned earlier during daytime only (Morning 7 a.m. to Evening 6 p.m. Indian
Standard Time (IST)). Most of the jumps are observed during 12:00–15:00h.

This small array is a pilot project and will be extended to an array of 64 such
detectors, at the Darjeeling campus of Bose Institute.

Since the installation is located at a relatively high altitude (2200m), the detector
can also be made more sensitive to the primary radiation with respect to the similar
installation at sea level. We are also planning an estimate of the energy of the primary
cosmic ray that initiated the shower that we are measuring with the detector.
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Chapter 114
Experimental and Numerical Studies
of the Efficiency of Gaseous Detectors

Promita Roy, Supratik Mukhopadhyay, Sandip Sarkar,
and Nayana Majumdar

Abstract We have estimated the gain and efficiency of resistive plate chambers
experimentally, as well as numerically. The experimental setup has a stack of three
plastic scintillators and a detector. We have calculated threefold and 4-fold efficiency
of RPC with respect to plastic scintillators by designing a FPGA-based DAQ (Hu in
Nucl Instr Methods Phys Res A, 2011). Garfield++ has been used in various possible
modes to numerically simulate the detector response of RPCs. The results have been
compared and attempts have been made to interpret their nature.

114.1 Introduction

Gaseous detectors have played an important role in the discovery of various particles.
These radiationdetectors are basedon the effects producedby a chargedparticlewhile
traversing the gas volume and provide us with a range of information regarding
the detected particles that allows us to study their properties and understand the
intricacies of the world at a microscopic scale. However, it is not always possible to
have access to a detector or to predict what to expect from a particular setup. This
is where the exciting world of simulation comes and to know whether a detector is
worthy enough, we need to calculate the gain and efficiency of a detector. We tried
calculating efficiency using a Field Programmable Gate Array (FPGA)-based Data
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Acquisition (DAQ). In simulations, we first tried the approximated RKF (Runge–
Kutta–Fehlberg) method of charge transport and then tried a detailed microscopic
charge transport method.

114.2 Experimental Setup and Results

The experimental setup has a stack of three scintillators and a detector, here it is Resis-
tive Plate Chambers (RPC). An FPGA-based DAQ has been used for the readout.
FPGA programming has been done using Labview software. Similar attempts have
become increasingly popular in recent times [1].

The RPC used in our lab is a bakelite one, which has a gap of 2 mm, and was
operated at voltages ranging from 5500 to 6500 V.

114.2.1 Field Programmable Gate Arrays

FPGA is a semiconductor device on which a function can be designed even after
manufacturing. It enables one to reconfigure hardware for specific applications even
after the product has been installed in the field, hence the name field programmable.
It has a large number of channels and gates which are not permanently connected.
One can always erase the previous configuration and reprogram it using software to
design some newhardware. Also, it is very cost-effective compared to the customized
circuit design (Fig. 114.1).

Fig. 114.1 Block diagram for coincidence detection with FPGA
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The experimental setup has a pulse stretcher, two logical AND units, a 64-bit
timer, and a counter. This whole setup has been interfaced with FPGA card through
an i/o device from NI instruments.

114.2.2 Experimental Results

Using the experimental setup, the efficiency of RPC has been obtained. The gas
mixture used is Freon_isobutane_SF6 in the ratio of 95.5:4.3:0.2. The detector is
operated at different voltages starting from 5500 to 6500 V.

3-fold and 4-fold coincidence readings have been recorded. Efficiency has been
calculated by taking the ratio of a 4-fold coincidence with 3-fold coincidence rates.
3-fold coincidence has the rates from three scintillators and 4-fold coincidence has
rates from three scintillators and the detector (Fig. 114.2).

From the figure, we see that efficiency increases with the applied field and finally
saturates.

114.3 Simulation Details and Results

Simulation of gaseous detectors is done using a package namedGARFIELD++ [2]. It
is an object-oriented toolkit for the detailed simulation of particle detectors that uses
a gas mixture or a semiconductor material as a sensitive medium. Using programs

Fig. 114.2 Variation of efficiency of the detector with the applied field using FPGA DAQ
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a) Freon:Isobutane:SF6 = 95.5:4.3:0.2  b) Argon:CO2:N2 = 5:65:30

Fig. 114.3 Distribution of primaries

like Magboltz and HEED, transport properties of gas mixture and distribution of
primary electrons and their energy deposition are calculated, respectively. Following
which the electron multiplication and the required characteristics of the gas mixture
have been calculated.

114.3.1 Primary Ionization

Generally, a gas mixture consists of three components:
An ionizing gas, a photon quencher, and an electron quencher [3]. HEED is used

to calculate the number of primaries generated.
Two mixtures have been analyzed.

(a) Freon:Isobutane:SF6 = 95.5:4.3:0.2
(b) Argon:CO2:N2 = 5:65:30

From Fig. 114.3, we see that number of primaries in the freon mixture is more
than that in argon–nitrogen–CO2 mixture.

114.3.2 Transport Properties

Different gas properties like Townsend coefficient, attachment coefficient, and drift
velocities have been calculated using MAGBOLTZ [4] (Figs. 114.4, 114.5, 114.6
and 114.7).

(a) Freon: Isobutane: SF6 = 95.5: 4.3: 0.2
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Fig. 114.4 Variation of drift velocity

Fig. 114.5 Variation of Townsend coefficient

With increase in 
Argon percentage, 
drift velocity de- 
creases as electric 
field increases.

Fig. 114.6 Variation of drift velocity for combinations of Ar, CO2, and N2
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Townsend coefficient 
increases with increase 
in argon percentage 
with increasing applied 
field.

Fig. 114.7 Variation of Townsend coefficient for combinations of Ar, CO2, and N2

From this figure, we see 
how RKF gain varies 
exponentially with the 
electron cluster position 
following the equation 
G = eαx . 

Fig. 114.8 Variation of RKF gain with electron cluster position

(b) Argon: CO2: N2 mixture.

114.3.3 Charge Transport

114.3.3.1 RKF Method

It is a modified form of RK4method. It was developed by the Germanmathematician
Erwin Fehlberg. It does not take into account diffusion and attachment of electrons
(Fig. 114.8).

114.3.3.2 Microscopic Method of Charge Transport

In Microscopic tracking, all the microscopic parameters are considered while calcu-
lating the track of the particle, position of the electron clusters, and finally the gain
of the detector (Fig. 114.9).

A more detailed approach has been adopted which includes
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Fig. 114.9 Drift lines of
particle showing the number
of clusters and their positions

• gas number density,
• scattering cross-sections,
• instantaneous velocity, and
• fractional energy loss.

114.4 Comparison of Results

The efficiency obtained fromRKFmethod,microscopic trackingmethod, and experi-
mental setup has been compared inFig. 114.10.Although the trends of both the curves
are the same, the values are not in good agreement. We have traced the reason for
improper area correction in the experimental estimates which is now being repeated.
The numerical simulation is also being improved by including the effects of addi-
tional experimental details. However, it is clear from the agreement in the trend that
the FPGA-based DAQ is working as designed.

Summary

• We have successfully designed a coincidence unit using FPGA and validated the
results by measuring the efficiency of RPC.

• We tried to explore different mathematical models of charge transport within the
detector volume and calculate the efficiency.
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Fig. 114.10 Efficiency of RPC obtained from various methods

• RKF45 method gives a good estimate of gain but it does not take into account
several physical processes such as attachment and diffusion.

• Microscopic Tracking gives the realistic picture of what actually happens in the
detector, but it lacks computational efficiency.
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Chapter 115
32Si and 32P Background Estimate in
CDMS II Silicon Detectors

Rik Bhattacharyya

115.1 Introduction

Several observational evidence indicate that almost 26.8% of the mass-energy bud-
get of the Universe is composed of ‘dark matter’, which does not seem to inter-
act with normal baryonic matter except through gravitational force [1]. The Super
Cryogenic Dark Matter Search (SuperCDMS) identifies nuclear recoils from a dark
matter-nucleus elastic scattering. The next iteration of SuperCDMS will take place
in SNOLAB (2 km underground, ∼ 6010 m.w.e.), Canada, where we will employ
germanium and silicon detectors at cryogenic temperatures. These detectors measure
charge and phonon signals that result from the interaction of dark matter with the
detectors. Due to the very low dark matter-nucleon interaction cross-section (upper
bound is of the order of 10−45 cm2) and tiny nuclear recoil energy (∼ few keV) [2],
identifying dark matter interaction becomes very challenging. To detect this rare and
weak signal, a rigorous understanding of backgrounds is essential. 32Si is an isotope
that exists in the Si detectors right from the time of its fabrication. The provenance
of Si materials is very difficult to control throughout the commercial production [3].
32Si undergoes beta emission. These beta particles act as a source of background
as they interact with the electrons of the detector materials and create a charge sig-
nal. DAMIC has reported 32Si activity for their Si-based CCD detectors at 80 +110

−65
decays/kg-day [4] and more recently at 11.5 ± 2.4 decays/kg-day at 95% CL [5].
The large variation in the reported activity could be due to different ingots used to
fabricate detectors. Different ingots may have different levels of 32Si contamination.
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For our 32Si analysis, CDMS II data is used [6, 7]. To estimate this background,
both beta decay model spectrum and charge energy spectrum from CDMS II data is
required. Since CDMS II uses Si detectors, it allows us to set an upper limit on 32Si
contamination level for the upcoming SuperCDMS SNOLAB experiment.

115.2 32Si and 32P Beta Decay Model Spectrum

When a dark matter particle or neutron interacts with the detector, it scatters off the
nucleus, creating a nuclear recoil (NR). Similarly, when a gamma or beta particle
interacts with the detector, it scatters off the electron and produces an electron recoil
(ER). ERs or NRs coming from any sources other than dark matter are considered
to be backgrounds. In SuperCDMS SNOLAB, we will be using detectors operated
at High Voltage (HV), which cannot discriminate between these two types of recoils
unlike detectors used inCDMS II. Hence,we are unable to reject this 32Si background
for HV detectors [2].

32Si decays into daughter radioactive 32P, which decays into stable 32S via beta
emission. The endpoint energies of β decay are 227.2 keV and 1710.6 keV for 32Si
and 32P, respectively. The half-lives of these 32Si and 32P are 153 years and 14.27 days,
respectively. Fermi’s theory of beta decay predicts the distribution of beta particles
(N (Te)) with kinetic energy (Te) [8–10]

N (Te) = C
√
T 2
e + 2Teme(Q − Te)

2(Te + me)F(Z , Te) , (115.1)

where Q is the end-point energy of beta particles, Z and me are the atomic number
of daughter nuclei and mass of beta, respectively, C is the normalization constant
and F(Z , Te) is the Fermi function to account for the Coulomb interaction between
the charged daughter nuclei and emitted beta particle after the decay.

In the relativistic regimewhen kinetic energy is greater than the rest energy of beta
particle, such as in the case for the 32P decay, which occurs with roughly three times
the electron rest energy, the form of the Fermi function becomes a bit complicated [8,
11, 12]. We will use the Bethe–Bacher formalism for the relativistic Fermi function
given as [11, 12]:

F(Z , Te) = FNR(Z , Te)
{
T 2
e (1 + 4γ 2) − 1

}S
, (115.2)

with

• Non-relativistic Fermi function FNR(Z , Te) given by the numerical solution of
electron wave function to the Schrödinger equation [8, 13].

FNR(Z , Te) = 2πη

1 − e−2πη
with η = αZE

pc
, (115.3)
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Fig. 115.1 [Color online] A comparison between the beta spectrum from the relativistic Fermi
model (Bethe–Bacher) and BetaShape are shown for (a) 32Si and (b) 32P

where

– α is the fine-structure constant (∼ 1/137) ;
– E, p and c are the total energy, momentum of emitted beta particles and speed
of light in vacuum, respectively.

• γ and S are defined by

γ = αZ ; S = (1 − γ 2)1/2 − 1.

At low energy, the theoretical Fermi curve does not fit with the experimental
data. Some correction factors (called shape correction factor or spectral correction
factor) are needed to account for the exchange and screening effects [14, 15]. We
will use BetaShape by Laboratoire National Henri Becquerel (LNHB) [16]. It uses
experimental data from Decay Data Evaluation Project (DDEP).

The spectrum obtained from BetaShape in Fig. 115.1 deviates at most 2% from
the relativistic Fermi theory. Thus, the spectrum from BetaShape will be used as beta
decay model for 32Si and 32P.

115.3 CDMS II Data and Experimental Setup

During the years 2003–2008, CDMS II took data at SoudanUnderground Laboratory
(SUL, 780 m underground), Minnesota, U.S.A. It used a total of 30 Z-sensitive
Ionization and Phonon (ZIP) detectors: 19 Ge (∼ 239 g each), 11 Si (∼ 106 g each),
operated at <50 mK. ERs and NRs create electron-hole (e/h) pairs in ZIP detectors,
which are then drifted to the respective electrodes due to the applied bias voltage.
This gives the ionization signals. In addition, it alsomeasures nonequilibriumphonon
signals as a result of that interaction. Detectors can measure these ionization and
phonon energies [7, 17, 18]. CDMS II deployed 11 Si detectors during its run. For
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Fig. 115.2 [Color online]
Summed charge distribution
from silicon detectors. The
red and black dashed lines
are the end-point energies of
32Si and 32P, respectively

this analysis, we consider the 8 detectors that were used for the CDMS II WIMP
search as these detectors were the best understood [6].

As a beta particle from 32Si and 32P creates ER, they will produce both charge
and phonon energies. For some detectors, phonon channels get saturated at lower
energies. Hence, charge energy has been chosen as the main observable for this
analysis. We can measure 32Si content from the charge energy spectrum. Glitches,
pulses with baseline fluctuations, events not producing proper amplification, time
periods with some improper hardware settings, time periods with DAQ issues, etc.
were excluded from the data.

We summed up the energy of each of the 8 detectors on an event-by-event basis
because, for the energies of decays and weak stopping power of Si, events might not
be entirely contained within a single detector. The total charge energy spectrum for
the 8 Si detectors is obtained as shown in Fig. 115.2. The red and black dashed lines
in Fig. 115.2 are the end-point energies of 32Si and 32P beta decays (227.2 keV and
1710.6 keV, respectively).

We will further optimize event selection. We will put an upper limit using the
optimum interval method [19] and the likelihood method on the 32Si contamination
level for SuperCDMS detectors.

115.4 Summary

We have presented the status of the analysis related to 32Si background. Currently,
we have obtained the total charge energy spectrum using CDMS II data. We have
evaluated models of the Si beta spectrum and determined that BetaShape is appro-
priate as it has a basis in theory but incorporates data-driven corrections. 32Si will be
a dominant background for future silicon-based direct dark matter detection experi-
ments like SuperCDMS SNOLAB. This analysis will also be helpful in putting better
limits on SuperCDMS dark matter search results.
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Chapter 116
Prototype Test for Electromagnetic
Calorimeter, FOCAL, at CERN-SPS
Using Large Dynamic Range Readout
Electronics

Sanjib Muhuri, Sinjini Chandra, Sourav Mukhopadhyay, Jogender Saini,
V. B. Chandratre, R. N. Singaraju, T. K. Nayak, Ton van den Brink,
and Subhasis Chattopadhyay

Abstract A silicon–tungsten prototype calorimeter, for the proposed ALICE LS3-
upgarde, was fabricated and tested at the CERN-SPS beamline facility in the year
2017. The calorimeter was designed with the help of GEANT4 simulation to perform
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in a high multiplicity density environment with optimised energy and position reso-
lutions for incident energy up to 200 GeV. There were several tests conducted with
different prototype configurations both at laboratory and CERN beamline facilities.
The latest prototype in the series consists of 20 layers, each layer consisting of a
6 * 6 array of 1cm2 silicon pad detector, fabricated on a single 300 um thin wafer,
and 1 radiation length (XR) thick, 10 cm * 10 cm pure tungsten plates as absorbers.
Data was collected for pion, muon, and electron over a wide range of incident ener-
gies (20–180 GeV). Because of large energy deposition within the calorimeter by the
electromagnetic showers, the readout electronics need to have a large dynamic range.
Here,wewill discuss the performances of the prototype, experimented atCERN-SPS,
using a newly developed readout electronics (ANUINDRA) with a large dynamic
range (up to 2.6 pC) and compare the improvements in this regard.

116.1 Introduction

Anewsampling type electromagnetic calorimeter, FOrwardCALorimeter (FOCAL),
has been proposed as an upgrade for the ALICE experiment at CERN to extend its
physics capabilities in the forward pseudorapidity region (3.5 ≤ η ≤ 5.5). This can
help to probe the Parton distribution functions in the gluon-dominated region which
is still unexplored. A detailed GEANT-4 simulation led to an optimised geometry for
the calorimeter, with depth 20 XR and transverse size with inner and outer radii of
6 cm and 60 cm, respectively, at 7 m from the interaction point. Using tungsten as the
absorber/convertor and silicon pad detectors for the calorimeter would confine and
tighten the electromagnetic showers within the longitudinal and transverse directions
giving desired energy and position resolutions in the incident energy range of 1–
200 GeV [1–3].

A series of prototype calorimeters were fabricated and tested both with a radioac-
tive source and test beam to check the feasibility and functionality of the calorimeter.
Initially, a mini-prototype was constructed and tested at the CERN-PS [4]. This was
followed by the development of a full-depth (20 XR) prototype calorimeter, which
was tested at CERN-SPS beamline [5]. Both the prototypes were tested with pions to
studyMIP-response and electrons (EM-shower) of different incident energies from 1
to 60 GeV. The analysis showed the performance of the prototype getting affected at
higher incident energies of particles (saturation in ADC distribution was observed)
because of the limited dynamic range (up to 600 fC) of the ASICs used. This led to
the requirement and fabrication of a new ASIC, named ANUINDRA with a large
dynamic range (from 0 to 2.6 pC), which was used in the prototype calorimeter tested
at CERN-SPS beamline facility in July 2017 [6].
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116.2 FOCAL Prototype SetUp at CERN-SPS

Figure 116.1 shows the prototype calorimeter arrangement at CERN-SPS. It consists
of 20 tungsten layers sandwichedbetween21 layers of silicon pad sensors and readout
electronics. Each detector layer is a 6 * 6 array of 1 cm * 1 cm Si-sensors fabricated
on a single 4-inch wafer of thickness 300 um. The tungsten layers are 3.5 mm thick
each, with a transverse dimension of 10 cm * 10 cm. A mechanical frame made of
stainless steel has been used for keeping the tungsten plates, silicon detector layers
and the readout electronics in place. The readout electronics are taken out either from
the top or from the side of the mechanical frame using different backplane printed
circuit boards (BP-PCBs) forMANAS andANUINDRAASICs. Five detector layers
(8th–12th) around the shower–maxwere readout usingANUINDRAASICs,whereas
MANASASICs (with linear dynamic range from−300 fC to 500 fC) have been used
to read out signals from the other layers as shown in Fig. 116.2. The prototype has
been tested at the T4-H8 beamline at the CERN-SPS facility for a wide range of
incident energies for different types of particles (20–150 GeV electrons, 120 GeV
pions and 180 GeV muons). The trigger for positioning and selecting beam-type
during the test beam is provided by three scintillators, Presence (P), Horizontal (H)
and Vertical (V) along with a Cherenkov counter upstream. The Cherenkov detector
helps to improve the purity of electron beams. The trigger unit helps to select the
position of the incoming beam and restrict it to the centre of the detector or tungsten
layers.

Prototype test for electromagnetic calorimeter, FOCAL, at CERN-SPS using large
dynamic range readout electronics.

Fig. 116.1 The experimental setup at CERN-SPS in July 2017, along with ASIC ANUINDRA
(linear dynamic range up to 2.6 pC)
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Fig. 116.2 Schematic diagram showing the different ASICs used to readout signals from different
layers of the prototype

116.3 Results and Discussions

Analysis of the test beam data shows satisfactory calorimetric performances for the
prototype. Also, the newly developed large dynamic range ASIC, ANUINDRA is
found to resolve the saturation effect up to 80 GeV, which was seen with MANAS
ASIC for the higher incident energies (beyond 20 GeV) in earlier experiments. The
results have been discussed in detail in the next sections.

116.3.1 Response to Pion Beam

The prototype calorimeter was exposed to a pion beam of energy 120 GeV, to
understand the behaviour of the prototype to minimum ionising particles (MIPs).
Pions behave like MIPs within the EM-calorimeter depth under consideration and
are unlikely to produce a shower within the longitudinal depth of the prototype
calorimeter used in the experiment. The energy deposited by the pion beam in a
single silicon pad detector (that lies directly in the path of the beam) is plotted in
Fig. 116.3 in units of ADC. The energy spectrum is fitted with a Landau distribu-
tion which gives a good fit matching with theoretical predictions. The most probable
value (MPV) obtained is 17.81 ± 0.06 ADCwhich matches with earlier calculations
and experimental results [4].

116.3.2 Response to Electron Beam

For studying the response of the prototype calorimeter to EM showers, the experi-
mental setupwas exposed to electron beams of different incident energies in the range
from 20 to 150 GeV. Due to the segmentation in longitudinal as well as in the trans-
verse directions, it has been possible to track the propagation of the shower within
the depth of the prototype calorimeter. The total energy deposited in the prototype
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Fig. 116.3 Response of
Si-pad detector to 120 GeV
pion beam

by electrons in the incident energy range 20–110 GeV has been plotted in Fig. 116.4.
The distributions are well- separated from each other and have distinct peaks, which
shows a reasonably good discrimination capability of the calorimeter over a wide
incident energy range. However, beyond 100 GeV, the distributions started to get
distorted which may be because of limitation in a dynamic range of the readout
electronics or contamination of electron beam with hadrons.

The measured energy is found to increase monotonically with the incident energy
as shown in Fig. 116.5, which proves that the prototype behaves linearly. A deviation
from linearity has been observed beyond 90 GeV and is considered as an impor-
tant input for further development. Prototype test for electromagnetic calorimeter,
FOCAL, at CERN-SPS using large dynamic range readout electronics.

Fig. 116.4 Total measured
energy reconstructed for
electrons of different
incident energies
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Fig. 116.5 Calibration of measured energy with respect to incident energy shows the prototype is
working in the linear region

To find the energy resolution of the prototype calorimeter, the data has been fitted
with a two-parameter fit function as shown inFig. 116.6,which includes contributions
from the compactness of the detector (af) and the fluctuation in shower development
(bf). The prototype is found to have a good energy resolution of 22.1% as obtained
from the equation σ/Edep(%) = 5.6 + (22.1/

√
Ei). This leaves the opportunity to

Fig. 116.6 Energy resolution plot of the prototype calorimeter
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Fig. 116.7 Response of MANAS and ANUINDRA to 60 GeV electrons. WithMANAS, saturation
is seen due to its limited dynamic range, whereas no saturation is seen with ANUINDRA

improve the calorimeter with better performances and taken up in the next step of
development.

The ADC distribution of a single pad detector has been found to get saturated for
higher incident energies (20 GeV e– onwards) when readout using MANAS due to
its limited dynamic range. However, such saturation has been successfully removed
while using ANUINDRA as the readout electronics, as shown in Fig. 116.7.
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Chapter 117
Charge Threshold Study of a Glass RPC
in Avalanche Mode

Anup Kumar Sikdar and Prafulla Kumar Behera

Abstract India-based Neutrino Observatory (INO) is proposed to detect atmo-
spheric neutrinos and measure the earth’s matter effect to address the mass hierarchy
problem in neutrino physics. INO is going to host the world’s largest 50 kton iron
calorimeter (ICAL) using 28,800 Resistive Plate Chambers (RPC) as an active ele-
ment. These glass RPCs are very efficient for the energy of coming muons on the
GeV scale. The performance of the RPC depends on howwe are separating the signal
from the background. We are studying the performance of a glass RPC of dimension
30 × 30cm2 by measuring the efficiency of RPC and calculating charge and timing
of signal with varying charge threshold at flow rate 10 standard cubic centimeters
per minute (SCCM) of gas mixture C2H2F4/iC4H10/SF6 at 10.4kV and 21 ◦C with
relative humidity (RH) ∼53%.

117.1 Introduction

The India-based Neutrino Observatory (INO) is a non-accelerator-based high-energy
physics project. The primary goal of INO is to precisely measure the oscillation
parameter by studying atmospheric neutrinos. According to the Standard Model
(SM) of particle physics, neutrinos are massless and they come in three different
flavors associated with electron, muon and tauon. However, a recent experiment from
Super-Kamiokande shows these neutral fundamental particles have small but finite
mass. The determination of neutrino masses and mixing parameters for oscillation
is one of the most important open problems in physics. INO aims to determine the
neutrino mass hierarchy and improve the precision bounds on θ23 and Δm2

32 from
the Earth’s matter effects on the atmospheric neutrinos.
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INO is proposed to build an underground laboratory, which will host 50,000
tons of Iron CALorimeter (ICAL) in three stakes of 151 layers with dimension
16m×16m×14.5m [1]. Each layer consists of 5.6cm thick iron plates and 4cm
air gap to place 2m×2m RPC as an active detector element. RPCs are used in
most of the high energy experiments as tracking detectors because of their excellent
efficiency, position and time resolutions [2].

RPC is a gas ionization chamber which consists of two parallel plates of glass
separated by a gas gap. These plates are painted with graphite coating and very
high voltage (∼10.4kV) is applied to produce a uniform magnetic field across the
gap. We operated RPC in the avalanche mode and a mixture of three different gases
continuously flows (10 SCCM) through the gap. The gas mixture contains R134a
(C2H2F4, 95%), Isobutane (iC4H10, 4.5%) and Sulfur hexafluoride (SF6, 0.5%).
When an incoming particle passes through themedium, it ionizes gases and produces
e−-ion pair [3]. These ions propagate through the medium and further give rise to
charge multiplication and are later collected by the copper read-out strips as a signal.
How thevariation of different thresholds on these signals affects the charge collection,
time resolution and efficiency of the RPC was studied and presented here.

117.2 Experimental Setup

We have used two Saint-Gobain glass plates of 3mm thick and 30cm×30cm in
dimension. These plates were pasted with conductive tape (T-9149) and separated
by 2mmgap to form the RPC. The RPCwas sandwiched between two pick-up panels
consisting of 10 copper strips each of 28mm separated by 2mm gap. The middle
strip was used to read out the signal.

Figure117.1 shows the schematic setup of RPC with scintillators. Three plastic
scintillator paddles P1, P2 and P3 were arranged vertically one above the other to get
a threefold coincidence and the RPC was placed between P1 and P2. The dimensions
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Fig. 117.1 Schematic of experimental setup
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of P1, P2 and P3 in length × width × thickness are 30 × 2 × 1cm3, 30×3×1cm3

and 30×5×1cm3, respectively. The central read-out strip of RPC was vertically
aligned with three paddles. Each scintillator was attached to a photo multiplier tube
followed by the discriminator to convert the analog signal into a digital one. Three
logic signals from scintillators are ANDed using a logic unit. In the avalanche mode,
the total charge produced by the muon is ∼pC. A preamplifier of gain 70 is used
to amplify the signal coming from the RPC and is fed into the Data Acquisition
System (DAQ). The amplified analog signal from RPC was connected to a linear
FAN IN/FANOUT (FIFO) to get two buffered output signals. One output signal was
connected to an oscilloscope to measure the charge and time of the signal, and the
other was converted to a logic signal by feeding it to a discriminator with a varying
threshold voltage.

117.2.1 Calibration of the Gas System

A gas mixing system with multi-channel distribution, developed by the INO team
[4], was used to supply a different proportion of gases to the RPC. We used Mass
Flow Controllers (MFCs) to control the flow rates of different gases. The actual
flow rate which is different from the set value in the MFC system is calibrated
using the water downward displacement method. The calibration plots of MFCs
corresponding to Freon, Isobutane and SF6 are shown in Fig. 117.2. The required
proportion (95.5% : 4.2% : 0.3%) of three (Freon:Isobutane:SF6) individual gases
in the mixture was determined, and the flow rates were adjusted in the corresponding
MFCs according to the calibration.

117.3 Effect of Threshold Variation on the Performance
of RPCs

We have used a mixture of R134a (C2H2F4, 95.5%), Isobutane (iC4H10, 4.2%)
and Sulfur hexafluoride (SF6, 0.3%). Freon acts as a secondary electron quencher

Fig. 117.2 Calibration plots of MFCs corresponding to Freon, Isobutane and SF6
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with a high probability for primary ionization and Isobutane acts as an absorber
of UV photons. SF6 is required to control the excess number of electrons in the
avalanche mode [4]. When atmospheric muons pass through the RPC, ionization
takes place which induces signals in the copper strips. The threshold voltage was
applied to the discriminator to separate these signals from background noise. The
effects of the variation on threshold voltage to the discriminator are studied through
the performance of RPC by measuring charge distribution and time resolution from
the 1000 signals for each threshold.

117.3.1 Charge Distribution

We have applied four different threshold voltages 13.20, 19.66, 26.90 and 40.86 mV.
The effects of the variation of these voltages are shown in Fig. 117.3 and fitted with
Gaussian distribution function.

The Mean and Sigma of charge distribution are shown in Fig. 117.4 (left plot) and
Efficiency of the RPC at different thresholds is shown in Fig. 117.4 (right plot).
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Fig. 117.4 Mean and sigma of charge distribution and efficiency of the RPC

117.3.2 Time Resolution

The time distribution of the signals collected with the RPC at various thresholds is
shown in Fig. 117.5. The time resolution of the RPC is found to be 1.3 ns approxi-
mately.
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117.4 Conclusion

The total charge collection decreases with increasing threshold because of removing
more andmore background aswell as signals. At the lowest threshold−13.20mV, the
efficiency is quite small. It increases with threshold and gets flat at ∼98% because at
a low threshold, the noise rate is high. Time resolution is not affected significantly by
the threshold but becomes poorer at a higher value of the threshold. Larger statistical
data can provide more accurate and precise results presented here.
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Chapter 118
Effect of FCNC-Mediated Z Boson
in Semileptonic Decay Bs → ϕμ+μ−

P. Nayek and S. Sahoo

Abstract Rare B meson decays induced by flavour-changing neutral current
(FCNC) transition play the most promising role to probe the flavour sector of the
standard model (SM). Basically, FCNC processes are forbidden at the tree level in
SM and will arise from loop diagrams which are generally suppressed in compar-
ison to tree diagrams. This provides an excellent testing ground for NP. On the
basis of various experimental studies, it is found that the FCNC processes having
quark-level transition b → s are challenging because of their small branching ratio
(O(

10−6
)
. So we would like to study such a type of semileptonic rare B decay mode

Bs → ϕμ+μ− involving the quark-level transition b → sl+l−(l = μ). Here, we
analyse the effect of non-universal Z boson in the differential decay rate of the decay
mode Bs → ϕμ+μ−. The non-universal Z model is a simple model beyond the SM
with an extended matter sector due to an additional vector-like down quark, as a
consequence of which it allows the CP-violating Z-mediated FCNC process at the
tree level. We find a significant deviation of the differential decay rate for this decay
Bs → ϕμ+μ− from the SM value because of non-universal Z − bs coupling.

118.1 Introduction

In recent years, semileptonic decays of bottom hadrons are in the focus of many
theoretical and experimental studies due to increasing experimental evidences of
new physics (NP). Rare B meson decays which are induced by FCNC transition
b → s play one of the most important roles in the research area of the particle
physics, especially in the flavour sector of the standard model (SM). These FCNC
transitions arise at the loop level and are suppressed in the SM due to the dependency
on the weak mixing angles of the CKM matrix VCKM [1, 2]. At the loop level, they
are induced by the GIM mechanism [3]. This provides an excellent testing ground
for NP. Here, we are interested to study Bs → ϕμ+μ− in the non-universal Z model.
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FCNC coupling of this Z boson can be generated at the tree level in various exotic
scenarios, e.g. (i) by including an extra U (1) symmetry in the gauge group of the
SM [4] and (ii) by adding the non-sequential generation of quarks [5].

118.2 Standard Model Contribution

The semileptonic B meson decay channel Bs → ϕμ+μ− is governed by b → sl+l−
quark-level transition for which the effective Hamiltonian can be written as [6–9]

Hef f = −4GF√
2
VtbV

∗
ts

10∑

i=1

Ci (μ)Oi (μ), (118.1)

where Oi (μ)(i = 1, . . . . . . . . . 6) are the four-quark operators, i = 7, 8 are dipole
operators and i = 9, 10 are semileptonic electroweak operators given in. Ci (μ) are
the corresponding Wilson coefficients at the energy scale μ = mb. In our study, we
use the light-cone sum rules for calculating these form factors related to the matrix
element of the decay Bs → ϕl+l−. Now the free quark decay amplitude for this
transition b → sl+l− can be written as

M = GFα√
2π

VtbV
∗
ts

{
−2Cef f

7
mb

q2

(−
s iσμυq

υ PRb

)(−
l γ μl

)
+ Cef f

9

(−
s γμPLb

)(−
l γ μl

)
+ C10

(−
s γμPLb

)(−
l γ μγ5l

)}
.

(118.2)

The Wilson coefficient Cef f
9 corresponding to the operator O10 has three parts

and can be written as

Cef f
9 = CSM

9 (μ) + YSD
(
z, s ′) + YLD

(
z, s ′), (118.3)

where z and s’ are denoted as z = mc
mb

and s ′ = q2

mb
2 . The function YSD

(
z, s ′) defines

the short-distance perturbative part that involves the indirect contributions from the
matrix element of the four quark operators

∑10
i=1〈l+l−s|Oi |b〉 and lies at the region far

away from the c
−
c resonance regions. The long distribution contributions YLD

(
z, s ′)

come from four quark operators near the c
−
c resonance and cannot be obtained

from the first principle of QCD. In our study, we have excluded this long-distance
resonance part because this is far away from the part of the interest and experimental
analysis also ignore this [6, 10, 11]. The expression of the differential decay rate of
the decay can be written as [12, 13]
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d�
(
Bs → ϕl+l−)

ds
∧ = GF

2mB
5α2

1536π5

∣
∣VtbV

∗
ts

∣
∣2λ

1
2

(
1, s

∧

, r
∧)

√

1 − 4m
∧

s
∧

[(
1 + 2m

∧

s
∧

)
βV + 12m

∧

δV

]
. (118.4)

The functions βV , δV , G, F, H+ and R are taken from [12, 13]. The form factors
are taken from [14, 15].

118.3 Contribution of Z Boson on Decay Mode
Bs → ϕμ+μ−

We consider a model beyond the SM with an extended matter sector due to the addi-
tion of extra vector-like down quark D4. In this model, the corresponding effective
Hamiltonian in this model is given as [16–19]

He f f = GF√
2
Usb

[−
s γ μ(1 − γ5)b

][−
l

(
Cl

V γμ − Cl
Aγμγ5

)
l

]
, (118.6)

where Cl
V and Cl

A are the vector and axial-vector couplings of the leptons with the
Z boson, i.e. Zl+l−. The total contributions on two Wilson coefficients C9 and C10

can be written as

CTotal
9 = Cef f

9 + 2π

α

UsbCl
V

VtbV ∗
ts

, (118.7)

CTotal
10 = C10 − 2π

α

UsbCl
A

VtbV ∗
ts

. (118.8)

The couplingUsb representing the Z-b-s strength is in a general complex quantity
and can be parameterized as Usb = |Usb|eiϕsb , and it induces the weak phase differ-
ence ϕsb between the SM and NP contributions. The value of Usb can be obtained
from B0

s − B̄0
s mixing parameters. It indicates that for |Usb| ≤ 0.00048, the total range

of ϕsb is allowed, i.e. from 0 to 2π . The value of the coupling parameter is consistent
with the value obtained from the branching ratio of decay mode B → XSl+l−.

118.4 Numerical Analysis

We have taken all input parameters from [20]. We have calculated |Usb| = 0.00048
in the previous section and the weak phase difference can be considered as 0 for
destructive interference and π for constructive interference between SM and NP
amplitude.ConsideringEqs. (118.7) and (118.8),we show the variation of differential
branching ratio graphically for Bs → ϕμ+μ− decay channel with the coupling
parameter and weak phase and also with q2 in this section. In Fig. 118.1a, we have
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/

| |

/
Fig. 118.1 The variations of differential branching ratio dBr

dq2
(DBR) are shown. In Fig. 118.1a,

blue plate is for S1, green plate is for S2 and orange plate represents SM value

considered the newweak phase ϕsb = 0, 180 degree and shown the variation of DBR
with the coupling parameter and q2. For S2, DBR initially crosses the SM value at a
small value of coupling parameter and q2 then increases sharply. The contribution of
scenario 2 data on DBR is more from the SM than scenario 1 for this decay channels.
Therefore, we can conclude that with the higher values of the coupling parameter
and momentum, the differential branching ratio decreases. In Fig. 118.1b, we have
fixed the value of the coupling parameter as |Usb| = 0.00048 and vary DBR with
the variation of q2 as well as the new weak phase ϕsb. Here, we can see that the
enhancement of DBR from SM value through NP is significant only in the low q2

region but in the high q2 region, this enhancement is quite small. This deviation of
DBR from the SM value provides a clear conjecture for NP.

118.5 Summary and Conclusions

A set of intriguing anomalies are found in the measurements of branching fractions,
ratios of branching fractions and angular distributions in those rare decays having
the quark-level transition b → sl+l−. So in this situation, the theoretical analyses of
physical observables for b → sl+l− transition are required [21–23]. In this paper,
we have studied differential branching fraction for b → sl+l−-mediated decays
Bs → ϕμ+μ− in SM and the non-universal Z model. We have also predicted the
value of the branching fraction for this muon decay channel as 7.30 × 10−7 (for
S1) and 5.78 × 10−6 (for S2) over the whole kinematic region. Recently, the LHCb
Collaboration [24] has found the branching fraction of the decaymode Bs → ϕμ+μ−
as B(

Bs → ϕμ+μ−) = (
7.07+0.64

−0.59 ± 0.17 ± 0.71
) × 10−7 over the full q2 range.

From the significant enhancements of DBR for the decay process Bs → ϕμ+μ− in
the non-universal Z model, we can conclude that FCNC-mediated Z boson modifies
the SM picture and gives a signal for NP beyond the SM. The other parameter Rϕ is
also more interesting. The future measurements of these decays which are sensitive
to lepton flavour non-universality establish the lepton flavour non-universal NP.
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Chapter 119
Testing Lepton Nonuniversality
in b → cτ ν̄l Decay Modes

Suchismita Sahoo, Rukmani Mohanta, and Anjan K. Giri

Abstract We present a model-independent analysis of B → D(∗)τ ν̄l and Bc →
(ηc, J/ψ)τ ν̄l processes involving b → cτ ν̄l quark-level transitions by considering
the most general effective Lagrangian in the presence of new physics. We perform a
global fit to various sets of newcoefficients, including themeasurement on RD(∗) , RJ/ψ

and the upper limit on Br(Bc → τνl). We then show the implication of constrained
new couplings on the lepton nonuniversality ratios of these decay modes in bins of
q2.

119.1 Introduction

Though the study of rare semileptonic B channels with tau-lepton in the final state
is experimentally quite challenging, however, they are quite interesting from the
theoretical point of view, due to the presence of several observables besides branching
fractions, such as decay distributions and tau polarizations, which are quite sensitive
to newphysics (NP) beyond theStadardModel (SM). Furthermore, themeasurements
on lepton nonuniversality (LNU) ratios associated B̄ → D̄(∗)τ ν̄τ processes [1]

RExpt
D = 0.340 ± 0.027 ± 0.013 , RExpt

D∗ = 0.295 ± 0.011 ± 0.008 , (119.1)
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have 3.08σ disagreement with their corresponding SM predictions [2]

RSM
D = 0.300 ± 0.008 , RSM

D∗ = 0.252 ± 0.003 . (119.2)

Besides these, the RExpt
J/ψ = 0.71 ± 0.17 ± 0.18 [3] value measured by the LHCb

Collaboration also shows a discrepancy of 1.7σ from its SM result, RSM
J/ψ = 0.289 ±

0.01 [4]. In this concern, we would like to perform model-independent analysis of
B → D(∗)lν̄l and Bc → (ηc, J/ψ)lν̄l processes in different q2 bins.

The paper is structured as follows. In Sect. 119.2, we discuss the effective Hamil-
tonian in the presence of NP and the global fit to new parameters. The numerical
analysis of LNU parameters of b → clν̄l decay modes are presented in Sect. 119.3
followed by the conclusion in Sect. 119.4.

119.2 General Effective Hamiltonian and the Numerical Fit

The effective Hamiltonian of b → cτ ν̄l processes by using only the left-handed
neutrinos can be written as [5]

Heff = 4GF√
2
Vcb

[
(δlτ + VL )Ol

VL
+ VROl

VR
+ SLOl

SL + SROl
SR + TOl

T

]
, (119.3)

whereGF is the Fermi constant,Vcb is theCKMmatrix element, X (= VL ,R, SL ,R, T )
are the Wilson coefficients and Ol

X are their respective effective operators

Ol
VL

= (
c̄LγμbL

) (
τ̄Lγμνl L

)
, Ol

VR
= (

c̄RγμbR
) (

τ̄Lγμνl L
)
, Ol

SL
= (c̄LbR) (τ̄Rνl L ) ,

Ol
SR

= (c̄RbL ) (τ̄Rνl L ) , Ol
T = (

c̄RσμνbL
) (

τ̄Rσμννl L
)
, (119.4)

with qL(R) = L(R)q, L(R) = (1 ∓ γ5)/2 being the projection operators.
We first perform a χ2 fit to know the disagreement of SMwith the measured data,

which is defined as

χ2(X) =
∑
i

(Oth
i (X) − Oexp

i )2

(ΔOexp
i )2 + (ΔOSM

i )2
. (119.5)

Here, Oexp
i (i are the no. of observables) represent the measured central values of

the observables where ΔOexp
i stand for the respective error values. The theoretical

predictions as a function of X are denoted by Oth
i with ΔOSM

i as the theoretical
uncertainties arising due to input parameters. We include the measurements on RD(∗)

and RJ/ψ parameters and the upper limit on Br(B+
c → τ+νl) as 30% [6] for the

evaluation of χ2. Considering one new coefficient at a time, which is real, the com-
puted best-fit values of all coefficients are given in Table119.1. We also provide the

χ2
min,SM+NP/d.o.f and pull=

√
χ2
min,SM − χ2

min,SM+NP values of individual coefficients
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Table 119.1 Predicted best-fit, χ2
min/d.o.f and pull values of new real Wilson coefficients

New Wilson
coefficients

Best-fit values χ2
min/d.o.f Pull

VL −2.086 0.842 3.692

VR −0.0671 3.298 2.502

SL 0.097 4.492 1.64

SR −1.443 2.695 2.841

T −0.034 1.45 3.44

Fig. 119.1 The plots for RD (top-left), RD∗ (top-right), Rηc (bottom-left) and RJ/ψ (bottom-right)
ratios in four q2 bins

in this table. One can see that the theory with only VL coefficient fits the data very
well.

119.3 Implication on B(c) → (P, V )lν̄l Decay Modes

The effects of these real new coefficients on the RP(V ) ratios of B(c) → (P, V )lν̄l
processes, defined as

RP(V ) = Br(B → P(V )τ ν̄τ )

Br(B → P(V )lν̄l)
, l = e,μ. (119.6)

where P = D, ηc are the pseudoscalar mesons and V = D∗, J/ψ are the vector
mesons, are discussed in this section. For numerical estimation, the particle masses
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and the lifetime of B(c) mesons are taken from [7] and the form factors from [8].
Using the best-fit values of VL ,R , SL ,R and T coefficients from Table119.1, the
binwise graphical representation of RD (top-left), RD∗ (top-right), Rηc (bottom-left)
and RJ/ψ (bottom-right) ratios are shown in in Fig. 119.1. Here, the red solid lines
represent the SM contribution and the blue, green, cyan, dark yellow and magenta
color dashed lines stand for the contributions from the additional VL , VR , SL , SR and
T coefficients, respectively. The presence of either VL or VR or SL show profound
deviation from the SM values of RD and Rηc parameters only in the last bin, whereas
tensor coupling has a vanishing effect. The SR coefficient has maximum impact on
RD(ηc). None of the new couplings affect these ratios in the first three q2 bins. All the
coefficients excluding SL have significant impact on the RD∗ and RJ/ψ parameters.

119.4 Conclusion

We perform a binwise analysis of lepton nonuniversality ratios of B → D(∗)τ ν̄l and
Bc → (ηc, J/ψ)τ ν̄l processes in a model-independent approach. We constrain the
new vector, scalar and tensor couplings from the χ2 fit to b → cτ ν̄l data. We found
that all coefficients have larger impact on RD(ηc) except T in the last bin and on RD∗ ,
RJ/ψ except SL coefficient in the four q2 bins.
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Chapter 120
Measurement of the CKM Angle φ3
Using B→DK with Belle II

M. Kumar, K. Lalwani, and K. Trabelsi

Abstract Wepresent a preliminary study of using the decay B± → DCPK± tomea-
sure φ3 at Belle II, where DCP represents a D meson decay to a CP even eigenstate,
i.e. K+K− and π+π−. We discuss the φ3 measurement one may expect at Belle II
with an integrated luminosity of 50 ab−1. We also present the preliminary results on
the reconstruction of B and D mesons from a Belle II data sample corresponding to
an integrated luminosity of 472 pb−1.

120.1 Introduction

The CKM angle φ3 is one of the least well-constrained parameters of the Unitar-
ity Triangle [1, 2]. The measurement of φ3 from B± → D0K± and B± → D0K±
decays is theoretically clean as they occur at the tree level [3] as shown in Fig. 120.1.
If the D0 or D0 is reconstructed as a CP eigenstate, the b → c and b → u processes
interfere. This interference may lead to direct CP violation. To measure D meson
decays to such final states, a large number of B mesons is required since the branch-
ing fraction of these modes are only of the order 0.01% [5]. Then a large number of
B decays are required to extract φ3. To extract φ3 using the GLW method [6], the
observables sensitive to CP violation are

A1,2 ≡ B(B− → D1,2K−) − B(B+ → D1,2K+)

B(B− → D1,2K−) + B(B+ → D1,2K+)
(120.1)

= 2r sinδ
′
sinφ3

1 + r2 + 2rcosδ′cosφ3
, (120.2)
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Fig. 120.1 Feynman diagram for B− → D0K− (left) and B− → D
0
K− (right) [4]

and the double ratios

R1,2 ≡ RD1,2

RD0 = 1 + r2 + 2rcosδ
′
cosφ3 (120.3)

δ
′ =

{
δ for D1

δ + π for D2.
(120.4)

The ratiosRD1,2 and RD0
are defined as

RD1,2 = B(B− → D1,2K−) + B(B+ → D1,2K+)

B(B− → D1,2π−) + B(B+ → D1,2π+)

RD0 = B(B− → D0K−) + B(B+ → D
0
K+)

B(B− → D0π−) + B(B+ → D
0
π+)

,

where D1 and D2 are CP-even and CP-odd eigenstates, respectively. Here r =

|A(B− → D
0
K−)/A(B− → D0K−)| is the ratio of themagnitude of the tree ampli-

tudes and δ is their strong-phase difference. Note that the asymmetries A1 and A2

are of opposite sign.
There have been many efforts by BaBar, Belle and LHCb collaborations to mea-

sure the CKM angle φ3, which are summarized in Table120.1, but a measurement
with a precision of 1◦ is desirable to compare to the indirect measurement. There-
fore, the determinations of φ3 with high statistics are required, as the measurement
is dominated by the statistical uncertainty.

Table 120.1 Previous φ3 measurements

Experiment Measurement of φ3

Belle
(
73+13

−15

)◦
[7]

BaBar
(
69+17

−16

)◦
[8]

LHCb
(
74+5.0

−5.8

)◦
[9]
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Fig. 120.2 Distribution
between the expected φ3
from
B+ → D(K 0

Sπ+π−)K+
uncertainty versus
luminosity accumulated by
Belle II [10]

In this work, we present a preliminary Monte Carlo (MC) study of B± → D0K±
to extract φ3 using the 50 ab−1 data to be accumulated by the Belle II detector.
The Belle II [11] experiment at the SuperKEKB asymmetric e+e− collider [12]
will accumulate collision data at an unprecedented instantaneous luminosity of 8 ×
1035cm−2sec−1, which is 40 times larger than the Belle experiment. Figure120.2
shows how the expected uncertainty on φ3 scales with luminosity based on toy
MonteCarlo studies for themode B+ → D(K 0

Sπ
+π−)K+. It shows that the expected

uncertainty is approximately 3◦ and the overall φ3 projection is 1.6◦ after including
GLW/ADS [13] and D∗ modes with an integrated luminosity of 50 ab−1. In this
work, we present the study of D∗± → D0(K−π+)π± using the Phase II data of
the Belle II experiment collected within the integrated luminosity of 472pb−1. This
decay is an important control channel for GLW and ADS analyses at Belle II. Here,
Phase II data is incorporating single ladder per layer of the vertex detector, which
is approximately 1

8 th of the complete vertex detector and all other subdetectors. We
also show the study on B± → D0K± with MC simulation.

120.2 Preliminary Results from Phase II Data

We reconstruct the decay of D∗± → D0(K−π+)π± using Phase II data, correspond-
ing to an integrated luminosity of 472 pb−1. To select cc events, the center-of-mass
momentum of D∗ is required to be greater than 2.5 GeV/c. The distribution of ΔM
is shown in Fig. 120.3 (left), where ΔM is the difference between the invariant mass
of D∗± and D0 meson. The invariant mass distribution of D0 from K−π+ is shown
in Fig. 120.3 (right).

Further, the reconstruction of B mesons is carried out with an MC data sample of
2 × 106 B± → D0(K+K−)K± events. In order to select B mesons, two important
variables, the energy difference, ΔE = ∑

Ei − Ebeam and the beam-constrained
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Fig. 120.3 ΔM (left) and MD (right) distribution in Phase II data for D0 → K−π+ final state

Fig. 120.4 ΔE (left) and Mbc (right) distribution from MC simulation

mass, Mbc =
√

(Ebeam)2 − ∑
(
−→pi )2, are used. Where Ebeam is the center-of-mass

(CM) beam energy, Ei and pi are the CM energies and momenta of B candidate’s
decay product. Figure120.4 shows the Mbc andΔE distributions reconstructed from
the MC sample; work is in progress to reconstruct B mesons in the Phase II data.

120.3 Summary

The full 50 ab−1 data sample to be collected by Belle II at SuperKEKB will provide
a substantial improvement in the precision measurement of φ3. A clear signature of
D∗± → D0(K−π+)π± is observed in Phase II data corresponding to an integrated
luminosity of 472 pb−1. Further, the reconstruction of B mesons using Mbc and ΔE
is carried out with MC simulation and the same is in progress with data.
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Chapter 121
Projection Operators in Second Class
Constrained Systems

A. S. Vytheeswaran

Abstract We look at a method developed to convert second class constraints into
first class. The method involves a certain operator introduced at the classical level.
For two second class constraints, this operator is a projection operator. For more than
two second class constraints, more than one operator, each one a projection operator
by itself, are possible. We analyse here the conditions under which combinations of
such operators are also projection operators.

121.1 Introduction

In the theory of Constrained Dynamical systems, developed in the phase space for-
malism, constraints are classified as first class and second class. First class constraints
are the generators of gauge transformations. Second class constraints are tradition-
ally known to merely reduce the physical degrees of freedom, and Dirac brackets are
introduced to eliminate them.

It is also possible to convert the second class constraints into first class. This
introduces new gauge invariances in the theory, and enlarges existing gauge symme-
tries. One procedure [1] to carry out this conversion is developed within the phase
space of the original second class constrained system. This is done by defining and
constructing one or more operators, at the classical level.

These operators, when considered individually, are projection operators. How-
ever, they may or may not commute among themselves. Also, combinations of such
operators may or may not immediately result in projection operators.

Here, we analyse these operators and present some results. We start with a system
with only two second class constraints, and later generalise to four constraints.
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121.2 The Case of Two Second Class Constraints

Consider a system with two second class constraints φ1 ≈ 0, φ2 ≈ 0, defining a
surface

∑
2 in the corresponding phase space. Their second class nature is reflected

in the invertibility, everywhere in the phase space, of the matrix

C =
[

0 {φ1,φ2}
{φ2,φ1} 0

]

=
(

0 c
−c 0

)

, with c = {φ1,φ2}. (121.1)

To construct a gauge theory [1], we first define χ = c−1φ1, ψ = φ2. The
redefined constraint χ alone is retained, and the ψ is discarded as a constraint. The
relevant constraint surface is now

∑
1, defined by only χ ≈ 0. On this

∑
1, the χ

and ψ form a canonically conjugate pair.
The χ ≈ 0 is now like a first class constraint. For a proper gauge theory, with

gauge transformations generated by the χ, physical observables must be gauge
invariant; their Poisson brackets with χ must be zero, at least on

∑
1. For this, we

first define the operator χ̂ by its action on a phase space function A : χ̂(A) = {χ,A}.
Using this, we construct the operator IP as follows:

IP = : e−ψχ̂ : =
∞∑

n=0

(−1)n

n! ψnχ̂n, χ̂n = {χ, {χ, {χ, . . .}} . . .}
(121.2)

with the operator χ̂n representing the n-tuple Poisson bracket with χ appearing n
times.

The IP operator acting on any quantity A gives the gauge invariant quantity Ã,

Ã = IP(A) =
∞∑

n=0

(−1)n

n! ψnχ̂n(A) =
∞∑

n=0

(−1)n

n! ψn{χ, {χ, {χ, . . . ,A}} . . . .}}
(121.3)

This Ã satisfies {χ, Ã} = 0, at least on the new surface
∑

1 . Thus Ã is gauge
invariant.

The operator IP is central to the extraction of a gauge theory from the existing
second class constraints, and has the following properties:

(1) IP(ψ) = 0.
(2) IP(constant B) = B.
(3) IP (AB) = IP (A) IP (B) .
(4) {IP(A), IP(B)} = IP ({A,B}DB) .

(5) IP2 = IP.

In the fourth property above, the subscript DB implies the Dirac bracket. Note that
the last property implies that IP is a projection operator.
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121.3 The Case of More Than Two Second Class
Constraints

Consider a systemwith four second class constraints φi ≈ 0, i = 1, 2, 3, 4. The non-
zero determinant of the matrix C with elements {φi ,φ j } i, j = 1, 2, 3, 4 reveals
the second class property of the φi . Going by the structure of this matrix, different
cases can be considered.

121.3.1 Case 1 (the simplest)

{φ1,φ2} = c1,
{φ3,φ4} = c2,

C =

⎡

⎢
⎢
⎣

0 c1 0 0
−c1 0 0 0
0 0 0 c2
0 0 −c2 0

⎤

⎥
⎥
⎦ (121.4)

with all other Poisson brackets zero. For simplicity, we take the c1, c2 to be constants.
It may be seen that there are two pairs of constraints, each pair being second class

within itself: (φ1,φ2) and (φ3,φ4). This indicates that two IP operators are possible:

IP1 = : e−ψ1χ̂1 :, IP2 = : e−ψ2χ̂2 :, χ1 = 1

c1
φ1, χ2 = 1

c2
φ3, ψ1 = φ2, ψ2 = φ4.

(121.5)

Individually, both the IP1 and IP2 are projection operators. The other properties are
also obeyed.

Moreover, the two operators commute with each other: IP1IP2 = IP2IP1. This
can be seen by operating IP1IP2 on some A, and the result can be rewritten as IP2IP1

operating on the same A.
Finally, we see that the combined operator IP1IP2 is also a projection operator:

(IP1IP2)
2 = IP1IP2.

121.3.2 Case 2

Let us include one more non-zero Poisson bracket among the four constraints; say
{φ2,φ3} = α, with α a constant. Then, the C matrix appears as

C =

⎡

⎢
⎢
⎣

0 c1 0 0
−c1 0 α 0
0 −α 0 c2
0 0 −c2 0

⎤

⎥
⎥
⎦ , with {χ2,ψ1} = − α

c2
. (121.6)
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The operators IP1, IP2 defined earlier, no longer commute—IP1IP2 �= IP2IP1. Con-
sequently, the combined operator IP1IP2 is not a projection operator.

However, we can define a different operator. First defining ψ′
1 =

(
ψ1 + α

c2
ψ2

)
,

we construct the following operator, IP′
1 = : e−ψ′

1χ̂1 :. This is a projection operator—
(
IP′

1

)2 = IP′
1. Further, this operator IP′

1 commutes with IP2—IP′
1IP2 = IP2IP

′
1. The

combined operator IP′
1IP2 is also a projection operator—

(
IP′

1IP2
)2 = IP′

1IP2. The
new operator IP′

1 contains only quantities gauge invariant with respect to the χ2.

Further, we also find the result

IP1IP2(A) =
∞∑

k=0

1

k!
(

α

c2
ψ2

)k

IP2IP
′
1 (χ̂

k
1A). (121.7)

121.3.3 Case 3

Instead of {φ2,φ3} = α, let us consider {φ1,φ4} = β, with β a constant. Then,

C =

⎡

⎢
⎢
⎣

0 c1 0 β
−c1 0 0 0
0 0 0 c2

−β 0 −c2 0

⎤

⎥
⎥
⎦ , {χ1,ψ2} = β

c1
. (121.8)

Here also IP1, IP2 no longer commute—IP1IP2 �= IP2IP1. Again, IP1IP2 is not a
projection operator. To overcome this, the IP2 is modified to IP′

2 = : e−ψ′
2χ̂2 :, with

ψ′
2 =

(
ψ2 − β

c1
ψ1

)
. Then we have

(
IP′

2

)2 = IP′
2 and also IP′

2IP1 = IP1IP
′
2. Further,

(
IP′

2IP1
)2 = IP′

2IP1. The new operator IP′
2 contains only quantities gauge invariant

with respect to the χ1. We also have

IP2IP1 (A) =
∞∑

k=0

(−1)k

k!
(

β

c1
ψ1

)k

IP1IP
′
2

(
χ̂k
2A

)
. (121.9)

121.3.4 Case 4

Both the cases above can be combined to get,

C =

⎡

⎢
⎢
⎣

0 c1 0 β
−c1 0 α 0
0 −α 0 c2

−β 0 −c2 0

⎤

⎥
⎥
⎦ , {χ2,ψ1} = − α

c2
, {χ1,ψ2} = β

c1
. (121.10)



121 Projection Operators in Second Class Constrained Systems 867

Needless to say the IP1 and IP2 do not commute with each other. We then replace
both ψ1 and ψ2 by ψ′

1 = ψ1 + αψ2

c2
and ψ′

2 = ψ2 − βψ1

c1
respectively, and construct

operators IP′
1 and IP′

2 which commute with each other. Then, the operator IP′
1IP

′
2

will also be a projection operator.

We also have the useful relation IP1IP2(A) =
∞∑

k=0

1
k!

(
α
c2

ψ2

)k
IP′

2IP
′
1 (χ̂

k
1A).

121.4 Conclusions and Discussion

When combining two or more projection operators, the combined operator may not
be a projection operator. The original projection operators have to bemodified. These
modified (projection) operators, when combined, result in more projection operators.
The requirement of gauge invariance is the guiding factor in such modifications.
These results can be applied to both finite-dimensional systems and to field theories.

We also mention a completely different approach. In general, as in Case 4 above,
we can construct a different combined operator as follows: we first demand that the
ψi (i = 1, 2) always stay outside the Poisson brackets; then

IPcomb = : e−ψ1χ̂1−ψ2χ̂2 : (121.11)

can be used and shown to obtain gauge invariant observables and a gauge theory.
More generalisations of the above results can be considered. One such generali-

sation is the case of the c1, c2,α,β being variables. A second generalisation arises
when the two first class constraints form a non-Abelian set. Work along these lines
is in progress.
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Chapter 122
Same Sign WW Studies Using EFT
at LHC

Geetanjali Chaudhary, Jan Kalinowski, Manjit Kaur, Paweł Kozów,
Kaur Sandeep, Michał Szleper, and Sławomir Tkaczyk

Abstract Study of discovery potential of new physics in the Effective Field Theory
(EFT) framework for the same-sign WW Vector Boson Scattering (VBS) process
at the High-Luminosity (HL) and High-Energy Large Hadron Collider (HE-LHC)
is done. We focus on purely leptonic decays of the W and as a final state in proton-
proton collisions, look for pp → 2 jets + W+W+ → j jl+νl

′+ν
′
decay at the LHC

and theWW invariantmass cannot be determined experimentally.We study the effect
of a single dim-8 operator that alters WWWW quartic gauge coupling and for hints
of new physics, we look for the deviations from the Standard Model case. Work at
27 TeV at HE-LHC is reported for both positive and negative values of operators
and is compared with previously done work at 14 TeV with 3ab−1 luminosity. In
this paper, we present comparison results for two dim-8 operators. It is observed
that discovery regions for the individual dim-8 operators at HE-LHC shift to lower
values of the Wilson coefficients but the overall discovery potential does not get
significantly enhanced.

122.1 Introduction

At the LHC, no physics Beyond Standard Model (BSM) has been discovered so far.
Lack of direct observation of new physics necessitates the indirect BSM searches.
Any deviation in data from the SM predictions would be a signal of new physics. The
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BSM contributions are effectively parameterized in terms of higher dimension oper-
ators in EFT and the information of the scale Λ of new physics and the strength C
of the coupling is encoded in the Wilson coefficients of the higher dimension oper-
ators, fi = Cm/Λn . The extended SM Lagrangian with higher dimension operators
looks like L = LSM + ∑

i f
(6)
i O(6)

i + ∑
i f

(8)
i O(8)

i + · · · , where f (6)
i and f (8)

i are
the Wilson Coefficients for dim-6 and dim-8 operators, respectively.

For any value ofWilson coefficient, the EFT formulation is valid forMWW < Λ ≤
MU , as in WW gauge Boson scattering (Feynman diagrams shown in Fig. 122.1),
Wilson coefficients of dim-8 operators affect the WWWW quartic vertex in such
a way that above certain MWW , the scattering amplitude violates unitarity. This
scale where unitarity gets violated is denoted by MU . Also, EFT is an expansion
of E/Λ where E is the energy scale of the process and Λ is scale of new physics
(E is identified with MWW in our case of WW scattering). Hence MWW must fulfil
MWW<Λ condition otherwise expansion in powers of MWW /Λ is not convergent.
To test the EFT “model” (O(d)

i , f (d)
i ), the BSM signal S is defined as the deviation

from SM predictions observed in the distribution of some observable Di ,

S = Dmodel
i − DSM

i (122.1)

A quantitative estimate of the signal can be written as

Dmodel
i =

∫ Λ

2MW

dσ

dM
|ModeldM +

∫ Mmax

Λ

dσ

dM
|SMdM (122.2)

where Mmax is the kinematic limit of the WW invariant mass. Equation (122.2)
defines the signal coming uniquely from the EFT “model” in its range of validity and
assumes only the SMcontribution in the regionMWW>Λ. BSMcontribution from the
region aboveΛmay enhance the signal, but it may also prevent the proper description
of the data in the “EFT model”. To effectively describe BSM physics within EFT
framework, the additional contribution aboveΛ should be small enough compared to
the contribution from the validity region of EFT “model”. For a quantitative estimate
of this contribution, a second estimate has been defined in which all the helicity
amplitudes above Λ are assumed to remain constant at their respective values when
they reach Λ. A quantitative estimate of the signal can be written as

Fig. 122.1 Feynman diagrams of WW scattering
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Dmodel
i =

∫ Λ

2MW

dσ

dM
|ModeldM +

∫ Mmax

Λ

dσ

dM
|A=const dM (122.3)

This estimate regularizes the helicity amplitudes above Λ that violate unitarity at
MU . Following this criterion, the EFT “model” is tested for values of (Λ ≤ MU , fi )
and we check whether the signals computed from (122.2) are statistically consistent
within 2σ with the signals computed with (122.3). BSM observability imposes some
minimum value of fmin, while the description within the EFT “model” imposes
some maximum value of fmax such that signal estimates computed from (122.2) and
(122.3) remain statistically consistent. For Λ = MU a finite interval of fi values is
possible, while for Λ ≤ MU the respective limits on fi depend on the actual value
of Λ. As a result, a triangle in the (Λ ≤ MU , fi ) plane is formed which is bounded
from above by the unitarity bound MU ( f i), from the left by the signal significance
of 5σ and from the right by the consistency within 2σ from (122.3). Following this
consistency criterion, discovery potential of BSM physics can be explored within
EFT framework as long as the “EFT triangle” is not empty. The physics potential
of the single-operator EFT approach has already been tested on a hypothetical new
physics signal observed in the same-sign WW scattering process at the 14 TeV HL-
LHC [1].

122.2 Simulations

We present generator level study aimed at finding the EFT triangles for individual
dim-8 operators at the HE-LHC. Event samples of the process pp → j jμ+μ+νν

at 27 TeV were generated at Leading Order (LO) for each dim-8 operator Oi that
modifies the WWWW quartic coupling (i = S0, S1, T0, T1, T2, M0, M1, M6, M7)
using the MadGraph5 aMC@NLO v5.2.6.2 generator [2], with the appropriate UFO
files containing additional vertices involving the desired dim-8 operators. A scan
of fi values for each operator was made using the MadGraph reweight command,
including fi = 0 to represent the SM case. The Pythia package v6.4.1.9 [3] was used
for hadronization as well as initial and final state radiation processes. Unitarity limits,
MU , for different helicity amplitudes are different and were determined using the
VBFNLO calculator v1.4.0 [4]. Cross sections at the output of MadGraph were mul-
tiplied by a factor 4 to account for all the lepton (electron and/or muon) combinations
in the final state. Only signal samples were generated and the SM case was treated as
irreducible background in the study of possible BSM effects. Standard VBS cuts are
applied to require at least two reconstructed jets and exactly two leptons (muons or
electrons) satisfying the following conditions: Mj j >500 GeV,Δη j j > 2.5, p j

T >30
GeV, |Δη j | < 5, plT >25GeV and |Δηl | < 2.5. According to (122.3), the total BSM
signal was estimated by suppressing the high-mass tail above the calculated value
of Λ. This was achieved by applying an additional weight of the form (Λ/MWW )4

to each generated event in this region. For each dim-8 operator, signal significance
expressed in standard deviations(σ ) is calculated as the square root of a χ2 resulting
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Fig. 122.2 Regions in the Λ versus f space for fM7 and fS0 operators

from a bin-by-bin comparison of the event yields in a given dim-8 scenario and in
the SM. For each dim-8 operator, the kinematic distribution that produced highest
χ2 is considered. The most sensitive kinematic variables are RpT for fS0 and fS1
operators, while M01 for the remaining operators where

RPT ≡ pl1T pl2T
p j1
T p j2

T

(122.4)

M01 ≡
√

(|−→pl1T | + |−→pl2T | + |−−→
pmiss
T |)2 − (pl1T + pl2T + pmiss

T )2 (122.5)

These kinematic distributions tell about the deviation from SM predictions. EFT
triangles are made in the Λ versus f space for dim-8 operators and the comparison
results are presented for fM7 and fS0 (Fig. 122.2) at the HE-LHC and HL-LHC case,
assuming in each case an integrated luminosity of 3 ab−1. In these triangles, 5σ BSM
signal can be observed and the EFT is applicable. The unitarity limit is shown in blue,
the lower limits for a 5σ signal significance from (122.3) (red) and the upper limit on
2σ EFT consistency (black). The solid (dotted) lines correspond to

√
s = 27 (14) TeV.

122.3 Results and Conclusions

Wehave analyzed the physics potential of EFTmodels defined by the choice of single
dim-8 operators in the same-signWW scattering process in the purely leptonic decay
modes. It is observed that increasing the proton beam energy allows exploring much
lower values of the Wilson coefficients, as lower limits for a 5σ BSM discovery are
being shifted. On the other hand, the upper limit on consistent EFT description shifts
likewise by a similar amount. This is due to the fact that by increasing the collision
energy more and more events come from the region, where MWW > Λ and therefore
shrinking the range of Wilson coefficients that satisfy our EFT consistency criterion.
Thus, the area of the actual EFT triangle does not get significantly larger for 27 TeV
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compared to 14 TeV, even when viewed in a log scale and the triangles turned to
be rather narrow. This result concludes that the study of BSM effects by means of
varying singleWilson coefficients has little physics potential and future data analysis
should be rather focussed on simultaneous fits of many operators to the combined
data from all VBS processes. We find this conclusion to hold equally regardless of
the actual beam energy.

Acknowledgements We would like to acknowledge the funding agency, Department of Science
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providing generous financial support.
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Chapter 123
Effect of Non-universal Z′ Boson
on B → K∗τ+τ− Decay

P. Maji and S. Sahoo

Abstract Recently, the LHCb collaboration has detected some hints of lepton
flavour universality violation while measuring the parameter Rk∗ , i.e. the ratio of
branching fraction of μ-channel to that of e-channel of B → K ∗l+l− decay mode.
This lepton flavour non-universality parameter Rk∗ has unit value in the standard
model (SM) but the experiment shows a clear deviation of ~3σ from its SM value. It
is expected that the heavy leptons could provide some clear explanations for various
anomalies that are being observed in recent times. In this work, we are interested to
study the B → K ∗τ+τ− mode.We predict the branching fraction for B → K ∗τ+τ−
decaymode in theSMand in the family non-universal Z ′ model.We also look towards
the ratios of branching fractions of τ -channel toμ- and e-channels, i.e. Rτμ

K ∗ and Rτe
K ∗ ,

respectively, to find out whether any lepton flavour non-universality is present in τ

sector.

123.1 Introduction

The standard model (SM) of particle physics is the most promising theory for
maximum of the experimental observations. But some of the information like
neutrinomass, lepton flavour universality (LFU) violation, etc. could not be extracted
from SM itself. So, we need to extend our theory to some new direction towards
physics beyond the SM.

Rare B meson decays provide some stringent way to test different descriptions
of flavour within SM. Recently, some hints of LFU have been observed at LHC

through the decay channel B → K (∗)l
−
l [1–3]. Various decay modes containing

other light leptons like μ and e are well-measured at different experiments. But the
channels having heavy τ -leptons in its final state are still far from experimental reach.
Taking hints of new physics (NP) into account, we might expect LFU violation in
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the neutral current transitions involving tau leptons, such as, in b → sτ+τ− [4,
5] or b → dτ+τ− [6] processes. But till now the decay modes that consist of the
above transitions have not been observed experimentally. So, the possibility for NP
remains hidden under poor constraints. In some [7–9], it has been shown that there
might be an increment of three orders ofmagnitude compared to theSMpredictions in
b → sτ+τ− processes, whereas, only LHCb [10] has given the upper limit for Bs →
τ+τ− as Br

(
Bs → τ+τ−)

[LHCb] ≤ 6.8 × 10−3 which is far from SM prediction
of O(10−7). BaBar [11] has given the upper limit for B → K τ+τ− channel as
Br

(
B → K τ+τ−)[BaBar] ≤ 2.25 × 10−3. The SM prediction for branching ratio

of the exclusive channels B → K ∗τ+τ−, B → φτ+τ− has been assessed in [12–
14] and that of the inclusive mode B → Xsτ

+τ− has been measured in [4, 15]. The
authors in [5] have updated the SM values for the branching ratio of these decays as
following: Br

(
B → K τ+τ−)

SM = (1.20±0.12)×10−7, Br
(
B → K ∗τ+τ−)

SM =
(0.98 ± 0.10) × 10−7, Br

(
B → φτ+τ−)

SM = (0.86 ± 0.06) × 10−7. In [4], the
constraints on NP contributions are found to be much loose for these processes if
one can correlate the effects in b → sτ+τ− and b → dτ+τ− transitions to avoid the
stringent bounds coming from ��s/��d .

123.2 Theoretical Framework

In the SM neglecting the doubly Cabibo-suppressed contributions, the effective
Hamiltonian describing the b → sτ+τ− transitions can be written as [16]

He f f = GF√
2
VtbV

∗
ts

∑

i

Ci (μ)Oi (μ). (123.1)

The above Hamiltonian leads to the following free quark matrix element for our
desired decay mode [17]

nef f
(
b → sτ+τ−) = GF√

2

αem

2π
VtbV

∗
ts

[
−2

C7γ (mb)

q2
(
(mb + ms )

(
siσμνq

νb
) + (mb − ms )

(
siσμνq

νγ5b
))(

τγμτ
)

+Cef f
9V

(
mb, q

2)(sγμ(1 − γ5)b
)(

τγμτ
) + C10A(mb)

(
sγμ(1 − γ5)b

)(
τγμγ5τ

)]
.

(123.2)

Introducing the dimensionless kinematical variables s
∧ = q2/M2

B , we have got the
expressions for dilepton mass distribution (or differential decay rate) such as [18]

d�
(
B → K ∗τ+τ−)

dŝ
= G2

FM
5
B

∣∣V ∗
tsVtb

∣∣2α2
em

1536π5

√

1 − 4m̂

ŝ
λ

1
2

(
1, ŝ, r̂

)[βV

(
1 + 2m̂

ŝ

)
+ 12m̂δV ]. (123.3)
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We have introduced a new lepton flavour non-universality parameter in the form
of Rτ l

K ∗ which is defined as

Rτ l
K ∗ = BR

(
B → K ∗τ+τ−)

BR(B → K ∗l+l−)
(where l = e, μ). (123.4)

As we know two operators O9 and O10 are mainly responsible for semileptonic
transitions, so it is much convenient for the NPmodel to change the twoWilson coef-
ficients Cef f

9 and C10 corresponding to those semileptonic operators. In the presence
of non-universal Z ′, neglecting Z −Z′ mixing and considering the Z ′ couplings with
right-handed quarks to be diagonal, new effective Hamiltonian for FCNC transitions
mediated by Z ′ boson could be written as [19]

HZ
′

e f f = −4GF√
2
VtbV

∗
ts

[
�sbC

Z
′

9 O9 + �sbC
Z

′
10 O10

]
, (123.5)

where �sb = 4πe−iφsb

αemVtbV ∗
ts
, CZ

′
9 = |Bsb|SLR

ll , CZ
′

10 = |Bsb|DLR
ll

with SLR
ll = BL

ll + BR
ll , D

LR
ll = BL

ll − BR
ll .

Here, Bsb corresponds to off-diagonal left-handed coupling of Z ′ with quarks, BL
ll

and BR
ll are left- and right-handed couplings for Z

′ with leptons. φsb is the new weak
phase angle. It is very much convenient to use Z ′ model because in this model, the
operator basis remains the same as in the SM; only the modifications are done for
C9 and C10 while C

ef f
7 remains unchanged. The newWilson coefficients C9 and C10

with the total contributions of SM and Z ′ model are written as

CTotal
9 = Cef f

9 + CNP
9 ,CTotal

10 = C10 + CNP
10 , (123.6)

where CNP
9 = �sbC Z

′
9 and CNP

10 = �sbC Z
′

10 .

The numerical values of the Z ′ couplings suffer from several constraints that arise
due to different exclusive and inclusive B decays that have been found in the [20]
and also from other low energy experiments. We have used three scenarios in our

calculation. From the available data of Bs − −
Bs mixing, UTfit collaboration has

found three different fitting values of new weak phase angle φsb which arise due to
the measurement uncertainties. These three are referred to as S1, S2 and S3. The
values of input parameters are set by UTfit collaborations [21] and recollected in
Table 123.1.
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Table 123.1 The numerical values of the Z
′
parameters [22]

|Bsb| × 10−3 φsb (Degree) SLRll × 10−2 DLR
ll × 10−2

S1 1.09 ± 0.22 −72 ± 7 −2.8 ± 3.9 −6.7 ± 2.6

S2 2.20 ± 0.15 −82 ± 4 1.2 ± 1.4 −2.5 ± 0.9

S3 4.0 ± 1.5 150 ± 10 (or −150 ± 10) 0.8 −2.6

123.3 Result and Discussion

We have predicted the branching ratio for B → (K , K ∗)τ+τ− decay channels in
the SM as well as for the two scenarios of Z ′ model as we discussed before. The
distributions for differential branching ratio indicate some interesting phenomena of

the corresponding channels. The resonant contributions coming from c
−
c loop are

highly peaked in narrow regions around their masses. So, outside of these regions,
one can neglect their effects. For τ -channels, we observe only ψ ′ peak within the
allowed kinematical region, i.e. 4m2

τ < q2 < (mB − mK (∗) )2.
To get the branching ratio for the full kinematic region, we integrate the decay

width above the resonance regime to the low recoil endpoint and neglect the region
near the high recoil endpoint due to high uncertainty. For each of the modes except
S3, we have seen some enhancement due to the presence of Z ′ which we summarize
in Table 123.2. For S3, the branching ratio and LFU parameter have been decreased.
This might happen due to the different couplings of leptons and quarks with Z ′
boson. We are expecting the mode B → K ∗τ+τ− to be seen experimentally and
thus branching ratio should not be decreased in any scenario. For this reason, we
might neglect S3 in this study. From the above table, it is clear that the values of
all the parameters are deviated from their SM values. This fact could be a way of
investigation of LFU violation between the tau and other lepton families.

Table 123.2 Branching ratio and predicted values for Rτ l
K ∗ for B → K ∗τ+τ− decay channel

Parameter Bin size Z ′ model prediction

S1 S2 S3

Branching ratio (×10−7) 14–19 GeV2 2.63 ± 0.22 2.11 ± 0.33 0.83 ± 0.63

Rτ l
K ∗ 14–19 GeV2 1.02 ± 0.07 0.82 ± 0.16 0.32 ± 0.29
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Chapter 124
Inferring the Covariant Θ-Exact
Noncommutative Coupling at Linear
Colliders

J. Selvaganapathy and Partha Konar

Abstract The covariant Θ-exact noncommutative standard model (NCSM) pro-
vides a novel non-minimal interaction of neutral right-handed fermion and abelian
gauge field as well as it satisfies the Very Special Relativity (VSR) Lorentz subgroup
symmetry, which opens an avenue to study the top quark pair production at linear
colliders. In this work, we consider helicity basis technique further, the realistic
electron and positron beam polarization are taken into account to measure the model
parameters NC scale Λ and non-minimal coupling κ .

124.1 Introduction

At high energy nearly Planck scale, when gravity becomes strong, the spacetime
coordinates become an operator x̂μ. They no longer commute, satisfying the algebra

[x̂μ, x̂ν] = iΘμν = icμν

Λ2
(124.1)

Here Θμν (of mass dimension −2) is real and antisymmetric tensor. cμν is the anti-
symmetric constant andΛ, the noncommutative scale. In the noncommutative space,
the ordinary product between fields is replaced by Moyal-Weyl (MW) [1] star (�)
product defined by

( f � g)(x) = exp

(
i

2
Θμν∂xμ∂yν

)
f (x)g(y)|y=x . (124.2)
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The non-zero commutator of the U (1)Y abelian gauge field and SM fermion pro-
vides the non-minimal interaction under the background antisymmetric tensor field.
Such type of background tensor interaction equally acts on the SM fermion field e.g.
quarks, leptons or left handed, right handed particle, irrespective of their group rep-
resentation. In this scenario, although the neutral current interactions get modified,
the charged current interaction does not. Thus the NC fields takes hybrid Seiberg-
Witten (SW)map in theΘ-exact approachwhich constructs theΘ-exact non-minimal
covariant NCSM [6]. The Θ-exact hybrid SW map for NC fields are as follows,

Ψ̂L = ΨL − Θμν

2

(
g AaμT

a + YL gY Bμ

)
• ∂νΨL − Θμν κ gY Bμ � ∂νΨL + O(V 2)ΨL

l̂R = lR − Θμν

2
(YR gY Bμ) • ∂ν lR − Θμν κ gY Bμ � ∂ν lR + O(V 2)lR

ν̂R = νR − Θμν κ gY Bμ � ∂ννR + O(V 2)νR (124.3)

The products (used above) are defined as f � g = f

(
sin

(
1
2

←−
∂ μΘμν−→∂ ν

)
i
2

←−
∂ μΘμν

−→
∂ ν

)
g

f � g = f
(
e

i
2

←−
∂ μΘμν−→∂ ν

)
g ; f • g = f

(
e

i
2

←−
∂ μΘμν−→∂ ν − 1

i
2

←−
∂ μΘμν

−→
∂ ν

)
g ; (124.4)

In the (124.4), Θμν is the constant antisymmetric tensor which can have arbitrary
structure. But when we impose Cohen-Glashow Very Special Relativity (VSR) [2]
onΘμν which provides the relationΘ0i = −Θ3i Where i = 1, 2.We the structure of
Θμν which is given in [7], admits translational symmetry and azimuthal anisotropy by
virtue of broken rotational symmetry. In the present workwe predominantly focusing
the top quark pair production on certain center ofmass energy of the electron-positron
collision which is future plan of the CLIC [3].

124.2 Helicity Correlation

Considering the top pair production, the measured spin correlation depends on the
choice of the spin basis. Thereby we work on helicity basis which admits the center
of mass frame in which the top spin axis is defined. The helicity correlation factor
defined as [4]

Ctt = σLL + σRR − σLR − σRL

σLL + σRR + σLR + σRL
(124.5)

Here σi j (i, j = L , R) represents the total cross section of the final state top, anti-
top helicity. The top quark SM helicity correlation as shown in Fig.124.1, which are
Ctt = −0.9518(−0.9894) at

√
s = 1.4(3.0)TeV respectively. Here the negative sign
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Fig. 124.1 Helicity correlation between the top and anti-top quark

emphasize that the opposite final state helicity cross section are usually dominant
over the one with same helicity final state cross section in the e−e+ colliders. The
helicity region 0 > κ > −0.596, the value of Ctt reduces gradually when the NC
scale increases those are greater than the SM helicity correlation. We have notice
that the region Λ < 350 GeV at

√
s = 1.4 TeV and Λ < 800 GeV at

√
s = 3.0 TeV

are excluded because which are arises due to unphysical oscillatory behaviour near
lower values of NC scale. The non-minimal coupling κ can be arbitrary in the positive
region which can be restricted by statistical significance of the experimental results
but in the negative region it can be taken as κmax = −0.296.

124.3 Polarized Beam Analysis

In general, the electron and positron beams can have two types of polarizations which
are transverse and longitudinal polarization. Since we consider the bunch of massless
electrons as a beam at linear colliders, the transverse polarizations are negligible,
thus one can define the total cross section with arbitrary longitudinal polarization
(Pe− , Pe+ ) given by [5]

σPe− Pe+ = (1 − Pe− Pe+)σ0(1 − Pef f ALR) (124.6)

Here the unpolarized total cross section σ0 = (σLR + σRL)/4, left-right asym-
metry ALR = (σLR − σRL)/(σLR + σRL) and effective polarization Pef f = (Pe− −
Pe+)/(1 − Pe− Pe+). In our analysis σ0 and ALR are function of Λ. We made χ2 test
for polarized beam analysis by keeping the azimuthal anisotropy as an observable
shown in Fig. 124.2. The polarization enhances the lower limit on NC scale and non
minimal coupling κmax also which are given in the Table 124.1 for certain values of
integrated luminosity.
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Fig. 124.2 The figure depicts χ2 statistical test (95% C.L) of polarized the noncommu-
tative signal event arises due to azimuthal anisotropy only considering the −ve region
of the κ . The color line corresponds to Pe− = −80%, Pe+ = 30% and dot-dashed color
line corresponds to Pe− = −80%, Pe+ = 60% for various integrated luminosity

∫ L dt =
100 (blue), 500 (red), 750 (cyan) f b−1 and 1000 (megenta) f b−1 at CLIC

√
s = 1.4 TeV (left)

and
√
s = 3.0 TeV (right)

Table 124.1 The lower bound on noncommutative scale Λ (95% C.L) and κmax =
{−0.5445 , −0.607} obtained by χ2 analysis when P{e−,e+} = {−0.8 , 0.3} and P{e−,e+} =
{−0.8 , 0.6} for four different integrated luminosity

Integrated
luminosity (L)

100 fb−1 500 fb−1 750 fb−1 1000 fb−1

κmax = −0.5445 and P{e−,e+} = {−0.8 , 0.3}
Lower limit on
Λ:

√
s = 1.4 TeV

1.131 TeV 1.390 TeV 1.462 TeV 1.517 TeV

Lower limit on
Λ:

√
s = 3.0 TeV

2.000 TeV 2.474 TeV 2.606 TeV 2.703 TeV

κmax = −0.607 and P{e−,e+} = {−0.8 , 0.6}
Lower limit on
Λ:

√
s = 1.4 TeV

1.172 TeV 1.440 TeV 1.514 TeV 1.570 TeV

Lower limit on
Λ:

√
s = 3.0 TeV

2.075 TeV 2.560 TeV 2.70 TeV 2.80 TeV

124.4 Summary and Conclusion

We study the top quark pair production at the TeV energy linear collider in the non-
minimalNCSMwithin the framework of covariantΘ-exact Seiberg-Witten approach
[7]. We present the helicity correlation Ctt of the final state top quark and anti-
top quark produced with a certain helicity and found that such a correlation which
is constant at

√
s = 1.4(3.0) TeV i.e. CSM

tt = −0.9518 , (−0.9894) respectively,
varies with the NC scale Λ for different coupling constant κ in the NCSM. Further,
we perform a detailed χ2 analysis for the polarized electron-polarized beam with
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Pe− = −80% and Pe+ = 60% corresponding to the machine energy
√
s = 1.4 (3.0)

TeV for different machine luminosities. The results are given in the following table
as well as in [7].
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Chapter 125
N = 2 Supersymmetric Theory
with Lifshitz Scaling

Akhila Mohan, Kallingalthodi Madhu, and V. Sunilkumar

Abstract We construct an N = 2 supersymmetric gauge theory in Lifshitz space-
times by starting from a N = 1 supersymmetric lagrangian and imposing an addi-
tional Z4 subgroup of R-symmetry.

125.1 Introduction

It has been pointed out that supersymmetry can be realized in Lifshitz scaling space-
time [1–5]. It is important to know how supersymmetry is broken and Lorentz sym-
metry is restored at low energy, potentially of interest in beyond standard model
scenarios. With the aim of studying these aspects we set up anN = 2 supersymmet-
ric theory in a spacetime with Lifshitz type anisotropic scaling and demonstrate its
invariance under the two sets of supersymmetric variations and R-symmetry.

125.2 N = 2 Supersymmetry in Lifshitz Case

The N = 1 supersymmetry with Lifshitz scaling has chiral superfield and vector
superfield as the irreducible representations. The chiral superfield is of the form

�̃ = φ + iθσμθ̄∂̃μφ + 1

4
θθθ̄θ̄�̃φ + √

2θψ − i√
2
θθ∂̃μψσμθ̄ + θθF (125.1)
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while the vector superfield

V = −θσμθ̄ Ãμ + iθθθ̄λ̄ − i θ̄θ̄θλ + 1

2
θθθ̄θ̄D (125.2)

Here Ãμ = [A0, (c + iη�
z−1
2 )Ai ] �̃ = ∂̃2

0 − ∂̃i ∂̃i = ∂2
0 + c2� + 2cη�

z+1
2 + η2�z .

Superspace derivatives take the form

Dα = ∂

∂θα
+ iσμ

αα̇θ̄α̇∂̃μ

D̄α̇ = − ∂

∂θ̄α̇
− iθασ

μ
αα̇∂̃μ (125.3)

Lifshitz scaling is realized as xi → bxi , t → bzt for the spatial and time coordinates
respectively.

TheN = 2 supersymmetry consists of vectormultiplet and hypermultiplet. These
multiplets are constructed out of N = 1 superfields. Vector multiplet consists of
N = 1 chiral superfield �(φ, ζ, F) and real vector field V ( Ãμ,λ, D) which are
in the adjoint representation. Hypermultiplet consists of N = 1 chiral superfield
P(P,ψ, K ) and anti-chiral field Q(Q, ξ, L)which are expressed in the fundamental
representation.

The vector multiplet lagrangian in terms of superfields is given by,

LV =
∫

d4θ tr [�†e−gV�egV ] + Im

64π
[ τ

∫
d2θtrWαW

α + cc.] (125.4)

where τ = 4πi
g2 + θ

2π .

For z = 4n + 1, the vector multiplet Lagrangian in terms of component fields

LV = tr [φ†D̃μD̃μφ + √
2ig[φ†,λ]ζ + √

2igλ̄[ζ̄,φ] + gD[φ,φ†]
+ iD̃μζσμζ̄ + F†F + iD̃μλσμλ̄ + 1

2
D2 − 1

4
Ãμν Ã

μν] (125.5)

The hypermultiplet lagrangian in terms of the N = 1 superfields is,

Lhyper =
∫

d4θ(P†i eV Pi + Qie−V Q†
i ) + (− i√

2

∫
d2θQi�Pi + cc.)

+ (

∫
d2θμi

j Q
j Pi + cc.) (125.6)

In terms of component fields (for z = 4n + 1 case),
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Lhyper = P†i D̃μD̃μPi + i√
2
P†iλψi − i√

2
ψ̄i λ̄Pi + P†i DPi + K †i Ki − iψiσμD̃μψ̄i

+ Qi D̃μD̃μQ†
i + i√

2
Qi λ̄ξ̄i − i√

2
ξiλQ†

i + LL† − 1

2
Qi DQ†

i − iξσμD̃μξ̄i

− i√
2
[QiφKi − Qiζψ + Qi FPi − ξiφψi − ξiζPi + LiφPi ]

+ i√
2
[P†iφ†L†

i − P†i ζ̄ ξ̄ + P†i F†Q†
i − ψ̄iφ†ξ̄i − ψ̄i ζ̄Q†

i + K †iφ†Q†
i ]

+ μi
j [Q j Ki − ξ jψi + L j Pi ] + μ†i

j [P† j L†
i − ψ̄ j ξ̄i + K † j Q†

i ] (125.7)

The on-shell conditions for auxiliary fields are

Fa = i√
2
Q†i t a Pi ; F†a = − i√

2
P†i t a Qi

Da = −g[φ,φ†]a + 1

2
Qi taQ† − 1

2
P†i t a Pi

Ki = − i√
2
φ†ataQ†

i − μ
† j
i Q†

j ; K †i = i√
2
Qiφata − μi

j Q
j

Li = −i√
2
P†iφ†ata − μ†i

j P
† j ; L†

i = i√
2
φata Pi − μ

j
i Pi (125.8)

The on-shell Lagrangian of N = 2 gauge theory with matter fields can be written
as L = LV + Lhyper after integrating out the auxiliary fields. The couplings in the
Lagrangian are so arranged that under the following Z4 transformations of certain
component fields, Lagrangian in is invariant.

λ → ζ; λ̄ → ζ̄; ζ → −λ, ζ̄ → −λ̄

P → Q†; P† → Q; Q† → −P; Q → −P† (125.9)

This Z4 is a subgroup of the R-symmetry.

125.3 Conclusion

Wehave constructed theN = 2 supersymmetric gauge theorywith a Lifshitz scaling.
Weobserve that this could be achievedby imposing additional symmetries to aN = 1
theory similar to the Lorentz invariant case by introducing a Z4 symmetry involving
certain components of the chiral and vector superfields. The present Lagrangian now
provides us with the ability to study phenomenologically interesting questions like
that of partial breaking of supersymmetry and restoration of Lorentz invariance.
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Chapter 126
Majorana Dark Matter in a Minimal S3
Symmetric Model

Subhasmita Mishra and Anjan K. Giri

Abstract The Standard Model is extended with S3 and Z2 to explain the neutrino
phenomenology under the framework of type I seesaw mechanism. Along with the
Standard Model particles we consider three right-handed Majorana neutrinos and
two extra Higgs doublets with one of them being inert. We explain the Majorana
Dark matter of TeV scale mass in this model with a correct relic density which
demands the Yukawa coupling to be large enough satisfying both neutrino mass and
Dark Matter relic density.

126.1 Introduction

Despite all its success, Standard Model (SM) is considered not to be a complete
theory to explain all experimental evidences. Of them, we focus on neutrino mass
and dark matter in this model. Experiments based on solar and atmospheric neu-
trino oscillation have already confirmed the non-zero masses of neutrinos and the
improvement in the sensitivity of oscillation data have achieved many more infor-
mation regarding the neutrinos, like the non-zero mixing angles and furthermore, the
possible existence of fourth generation sterile neutrino. But still the mass hierarchy
and the absolute mass scales of neutrinos remain open questions to be solved. Like
the visible sector, there are a lot of experimental evidences, hints towards the exis-
tence of Dark Matter, occupying one-fourth of the universe energy budget. Through
many decades theorist are trying to connect the visible sector with the Dark sector
to find the existence of new physics that will open an window towards the new era
of HEP. This model is an extension of SM with simplest permutation symmetry S3
and Z2 along-with three right-handed neutrinos and two scalar doublets to explain
the neutrino phenomenology and DM relic density simultaneously [1].
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126.2 The Model

In order to discuss the Neutrino phenomenology, we start with the particle contents
and their corresponding quantum numbers with respect to the SM and S3 symmetry
in Table126.1. The SM × S3 × Z2 invariant interaction Lagrangian in charged and
neutral lepton sector is given by [1–3]

LD+M = −y1
[
Le H̃2N1R + Lμ H̃1N1R + Le H̃1N2R − Lμ H̃2N2R

]

−y2
[
Lτ H̃1N1R + Lτ H̃2N2R

]
− y5[ Lτ H̃3N3R]

−yl2
[
LeH2E1R + LμH1E1R + LeH1E2R − LμH2E2R

]

−yl4
[
Lτ H1E1R + Lτ H2E2R

] − yl5[ LeH1E3R + LμH2E3R]
−1

2
N

c
i RM1NiR − 1

2
N

c
3RMDMN3R + h.c. (126.1)

This model includes 3 scalar doublets H1, H2 and H3, Of them first two retain non-
zero VEVs, 〈H1〉 = v1 and 〈H2〉 = v2, after electroweak symmetry breaking and the
third onedoesn’t gain anyVEVdue to the remnant Z2 symmetry.As H1 andH2 couple
to both quark and lepton sectors, giving rise to tree level FCNCs, which can be sup-
pressed bymaking the other Higgs, except the SM like Higgs, to be heavy.We explic-
itly add a soft breaking term in the potential VSB = μSB

2
(
H1

†H2 + H2
†H1

)
. Hence

from the mixing between these two Higgs fields, i.e. HL = H1 cosβ + H2 sin β and
HH = −H1 sin β + H2 cosβ with tan β = v2

v1
, and v2 = v1

2 + v2
2 = 246GeV is the

VEV of SM like Higgs, we can have the SM like Higgs (HL ) with mass 125 GeV and
other Higgs (charged and neutral) with mass of order TeV in mass eigenstate. The
TeV scale mass is achieved by finetuning the symmetry breaking parameter. In order
to discuss the Neutrino masses and mixing we start with the mass matrix, where the
full mass matrix for neutral leptons is given by in the basis Ñ = (νc

L, NR)T with the
expression for type I seesaw mass is as the following

M =
(

0 mD

mT
D MR

)
, mν = MDM

−1
R (MD)T (126.2)

Looking at the Lagrangian, as described above in (126.1), we can write the flavor
structure of Dirac mass matrix for neutral and charged leptons as following.

Table 126.1 Particle contents and quantum numbers under SM and S3
Particles (Le, Lμ) Lτ (E1R , E2R ) E3R (N1R , N2R ) N3R (H1, H2) H3

GSM (1, 2, −1) (1, 2, −1) (1, 1, −2) (1, 1, −2) (1, 1, 0) (1, 1, 0) (0, 2, 1) (0, 2, 1)

S3 2 1 2 1 2 1 2 1

Z2 + + + + + − + −
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MD =
⎛
⎝
y1v sin β y1v cosβ 0
y1v cosβ −y1v sin β 0
y2v cosβ y2v sin β 0

⎞
⎠ , Ml =

⎛
⎝
yl2v sin β yl2v cosβ yl5v cosβ

yl2v cosβ −yl2v sin β yl5v sin β

yl4v cosβ yl4v sin β 0

⎞
⎠

(126.3)

Where we get mν1 = 2y12v2

M1
, mν2 = 2(y12+y22)v2

M1
and mν3 = 0 after diagonalization.

Hence the third generation neutrino can get mass through radiative correction as
described in the Ma model [5].

mν33 = y52MDM

16π2

[
mR

2

mR
2 − MDM

2 ln

(
mR

2

MDM
2

)
− mI

2

mI
2 − M3

2 ln

(
mI

2

MDM
2

)]

(126.4)

wheremR andmI are the masses of CP even (h3) and CP odd (a3) components of H3,
MDM is the mass of lightest Majorana neutrino N3. The simple block diagonal form
of mass matrix is easy to diagonalize, where the mixing matrices for both neutrino
and charged leptons are given as following [1, 4]

Uν =
⎛
⎝

cos θ sin θe−iφν 0
− sin θeiφν cos θ 0

0 0 1

⎞
⎠ , Uel =

⎛
⎜⎜⎜⎝

x√
2(1−x2)

1√
2(1+x2)

1√
2(1+√

z)
−x√
2(1−x2)

−1√
2(1+x2)

1√
2(1+√

z)√
1−2x2√
1−x2

x√
1+x2

√
z√

(1+√
z)

.

⎞
⎟⎟⎟⎠

Where x = me
mμ

and z = m2
em

2
μ

m4
τ
, Uν

T MνUν = Diag(mν1e
iφ1 ,mν2e

iφ2 ,mν3) and Uel

MlMl
†Uel

† = Diag(me
2,mμ

2,mτ
2). From the above parameterization, we find

sin θ13 ≈ 0.004, tan θ12 ≈ 0.56 for θ = π
6 and tan θ23 ≈ 0.707 and the sum of neu-

trino mass can be obtained within the cosmological bound (< 0.12 eV) by fixing y1
and y2 of order 10−2 and M1 ≈ O(1012) GeV.

126.3 Dark Matter

This model allows the lightest right handed neutrino to be a dark matter candidate
stabilized by the Z2 symmetry. Here the darkmatter is allowed to have only scalar and
leptonmediated t-channel annihilation process and hence doesn’t have any s-channel
resonance, which contribute to the relic density, is shown in Fig. 126.1.

The relic abundance expression for the dark matter is given by

Ωh2 = 2.14 × 109 GeV−1

Mpl
√
g	 J f

, J f =
∫

x f

∞ < σv >

x2
dx, and Mpl = 1.22 × 1019GeV .
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Fig. 126.1 Feynman diagrams of the channel contribute to DM relic

Fig. 126.2 First figure shows the variation of dark matter mass with the relic density for different
Yukawa couplings and 2nd figure shows the parameter space for Yukawa coupling and dark matter
mass as per the observed relic density (Ωh2 = 0.12)

And the freezeout parameter is given by [6] x f = ln
(
0.038gMplMDM〈σv〉

(g	xf )0.5

)
.

We can find from Fig. 126.2, the DM mass of order TeV with a large Yukawa
coupling of order 1, satisfy the correct DM relic density and the Yukawa coupling
decreases with the DM mass within the allowed experimental value of Ωh2.

126.4 Conclusion

In this model we discussed the neutrino masses and mixing by generating the mass
for third generation neutrino by radiative correction, satisfying the 3σ experimental
values. Dark matter phenomenology is explained in this framework with correct relic
density with Majorana mass of the order of about 1.2 Tev, which demands the corre-
sponding Yukawa coupling to be large for which we assumed the quartic coupling,
responsible for the mass splitting of the real and imaginary part of H3 to be very
small to satisfy the neutrino mass. The model is discussed in detail with additional
information in [7].
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126 Majorana Dark Matter in a Minimal S3 Symmetric Model 895

References

1. T. Araki, J. Kubo, E.A. Paschos, Eur. Phys. J. C 45, 465 (2006). https://doi.org/10.1140/epjc/
s2005-02434-3 [hep-ph/0502164]

2. C. Patrignani et al., Particle data group. Chin. Phys. C 40, 100001 (2016)
3. S.F. King, J. Phys. Conf. Ser. 631(1), 012005 (2015). https://doi.org/10.1088/1742-6596/631/

1/012005
4. A.A. Cruz, M. Mondragn, arXiv:1701.07929 [hep-ph]
5. E. Ma, Phys. Rev. D 73, 077301 (2006). https://doi.org/10.1103/PhysRevD.73.077301 [hep-

ph/0601225]
6. D. Borah, D. Nanda, N. Narendra, N. Sahu, arXiv:1810.12920 [hep-ph]
7. S. Mishra, A. Giri (to be submitted)

https://doi.org/10.1140/epjc/s2005-02434-3
https://doi.org/10.1140/epjc/s2005-02434-3
https://doi.org/10.1088/1742-6596/631/1/012005
https://doi.org/10.1088/1742-6596/631/1/012005
http://arxiv.org/abs/1701.07929
https://doi.org/10.1103/PhysRevD.73.077301
http://arxiv.org/abs/1810.12920


Chapter 127
Magnetic Affect in the Rotation of Boson
Star

Bharti Jarwal and S. Somorendro Singh

Abstract Boson star made of bosonic particles are hypothetical objects of early
universe. We calculated the possible presence of these objects by calculating the
rotation of it in our earlier paper [1]. Now we look forward for strong confirmation
in their rotation considering magnetic field. This may indicate the possible parameter
for its existence in the universe as the content of the universe have large number of
charge particles. So introducing the magnetic field in it, the rotation of boson star is
slightly increased from the rotation of boson star without magnetic field. The slight
increment in rotation predicts the presence of this hypothetical objects ….

127.1 Introduction

Magnetic fields play an important role in the life history of astrophysical objects
especially of compact relativistic stars which posses surface magnetic fields of 1012

G. Magnetic fields of magnetars [2, 3] can reach up to 1015 ∼ 1016 G and in the deep
interior of compact stars, the magnetic field strength may be estimated up to 1018 G.
The strength of compact star’s magnetic field is one of the main quantities determin-
ing their observability, for example as pulsars through magneto-dipolar radiation.
Therefore it is extremely important to study the effect of the different phenomena on
evolution and behaviour of stellar interior and exterior magnetic fields.

The Astrophysical compact stars are providing us the opportunity to study the
strongly interacting dense nuclear matter under the extreme condition in their inte-
rior, which has not yet reproduced in the laboratory environment. Theoretically, it
is discussed that the composition of compact stars is ranging from the mixture of
hadrons, leptons to various phases of superconducting quark matter under beta equi-
librium.
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In this context, Boson stars are hypothetical and astronomical objects formed
of self gravitating field of bosonic particles. These objects were first studied by
considering second quantized scalar field satisfying Klein-Gordon equation [4, 5]
in non interacting systems. In this equation the semi-classical Einstein equation had
been solved and gravitationally bound state of fieldwas obtained. Quarks, antiquarks,
gluons, fermions, pions etc. are also supposed to be present in the boson stars. In this
work, the magnetic field due to the presence of kaon in the boson star is considered
and the affect of this internal field on rotation of star is investigated.

127.1.1 Theoretical Treatment

BS is considered to be a complex scalar field which is influenced by couple to
gravity [4]. The action principle of such system is discussed in detail under weak
field approximation. The Lagrangian density of the system is modified by addition
of magnetic term in it.

The modified Lagrangian density is given by

£ = R

16πG
+ gμν∂μΦ

∗∂νΦ − V (|Φ|2) (127.1)

where,V (|Φ|2) = M2Φ∗Φ + q
−→
L .

−→
B

2vμ
, q is charge of the particle, μ is mass of particle

and v is volume density.
The metric gμν is expanded as follows gμν = ημν + hμν with | hμν � 1 | and

ημν = diag(1,−1,−r2,−r2sinθ2). The equation of motion for Φ is given by

�Φ + M2Φ = 0. (127.2)

The solution with stationary rotation for Φ will depend on t and φ only. Thus the
solution is given as Φ(r, t) = φ(r, θ)eiωt eimϕ. The second equation of motion is
given as

�hμν = −16πGSμν (127.3)

where Sμν = Tμν − 1
2ημνT

Tμν = ∂μΦ
∗∂νΦ + ∂νΦ

∗∂μΦ − ημν[ηαβ∂αΦ∗∂βΦ − M2Φ∗Φ + q
−→
L .

−→
B

2vμ
]

.
By using weak field approximation of general relativity the further equations

are simplified. Further rescaling of parameter solutions for stationary state and first
excited state are obtained.
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Fig. 127.1 The variation of
ground state radial
wavefunction, R with
distance r with and without
magnetic field
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Fig. 127.2 The variation of
first excited state (l = 1 and m
= 0, 1) radial wavefunction,
R with distance r with and
without magnetic field
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127.1.2 Results and Conclusion

The radial wave function for ground and first excited states are obtained to observe
the effect of magnetic field on the rotation of boson stars. The results are shown in
Figs. 127.1 and 127.2. There is change in energy which is observed for stationary
and first excited state. For the calculation we use the mass of the BS used is around
30 GeV. Along with this the enhancement in the radial wave function R is observed
for both states after including the magnetic term in Lagrangian.

It is clear from the graph that wave function for ground state attains maximum
value around 0.012 after considering the internal magnetic effects. The radial wave
function of excited state shows the similar behavior as seen in stationary state. In
the case of first excited state the wave function R has larger amplitude when the
value of m = 0 in comparison to m = 1. Figure127.2 also shows that the radial wave
function is attaining peak value of 0.0084 for m equals to 0 and for m = 1 case,
its that maximum value at 0.0072 after considering the internal magnetic affects. It
also indicates the minimization of the oscillating amplitude with the higher excited
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state. The amplitude of ground state wave function is higher than that of first excited
state. Along with this the oscillation of boson star is more favored at the lower value
of angular contribution for same excited state. This shifting of the peaks shows the
rotating behavior of the BS after considering the effect of magnetic field.
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Chapter 128
Higher Derivative Theory for Curvature
Term Coupling with Scalar Field

Pawan Joshi and Sukanta Panda

Abstract Higher order derivative theories, generally suffer from instabilities, known
as Ostrogradsky instabilities. This issue can be resolved by removing any existing
degeneracy present in such theories. We consider a model involving at most second-
order derivatives of scalar field non-minimally coupled to curvature terms. Here we
perform (3+1) decomposition of Lagrangian to separate second-order time derivative
from the rest. This is useful to check the degeneracy hidden in the Lagrangian will
help us to find conditions under which Ostrogradsky instability does not appear. In
our case, we find no such non-trivial conditions which can stop the appearance of
the Ostrogradsky ghost.

128.1 Introduction

Observations suggest that our current universe is in an accelerating phase [1] and
explanation of this acceleration can be provided by dark energy. The dark energy is
generally modelled by modifying gravity part of Einstein Hilbert action [2]. One of
the brands of this modified gravity model is scalar-tensor theories [3, 4]. When we
consider scalar-tensor theories with higher order derivative terms. If higher deriva-
tive Lagrangian is non-degenerate there exist a ghost-like instability known as Ostro-
gradsky instability [5] in which Hamiltonian contains such terms which are linear in
momentum. In degenerate theory, the higher derivative is present in the Lagrangian
but they cancel such a way that does not appear in the equation of motion [6]. In
1974 Horndeski proposed a general action for scalar field that contain the higher
derivative term in the Lagrangian but the equation of motion is of second order [7].
Horndeski Lagrangian takes a form
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L = LH
2 + LH

3 + LH
4 + LH

5 , (128.1)

where

LH
2 = G2(φ, X), LH

3 = G3(φ, X)�φ, LH
4 = G4(φ, X)R − 2G4,X (φ, X)(�φ2 − φμνφμν ),

(128.2)

LH
5 = G5(φ, X)Gμνφμν + 1

3
G5(φ, X)R − (�φ3 − 3�φφμνφμν + 2φμνφν

ρφμρ),

(128.3)

andφμ = ∇μφ,φμν = ∇μ∇νφ, X = ∇μφ∇μφ, R, Rμν ,Gμν is Ricci scalar, Ricci Ten-
sor and Einstein tensor, respectively. Here we notice that in LH

2 is some combination
scalar field and its first derivative and LH

3 additionally contain the second derivative
of the scalar field, LH

4 , L
H
5 contain curvature term and first and second derivative of

φ. In the case, we have constructed a Lagrangian containing higher derivatives of
a scalar field with non-minimal coupling to curvature. Our motivation is to find a
degeneracy condition to get rid of Ostrogradsky instability in our higher derivative
Lagrangian.

128.2 Possible Terms for ∇μ∇νφ∇ρ∇σφ

Consider an action of the form,

S =
∫

d4x
√−gC̃μν,ρσ∇μ∇νφ∇ρ∇σφ, (128.4)

where C̃μν,ρσ contain metric tensor and curvature term and it is only possible term
for non-minimal coupling of second derivative of scalar field with the curvature term.
Its simple form is

C̃μν,ρσ = (D1g
μρgνσ + D2g

μσgνρ)R + (D3g
ηρgμνgβσ + D4g

μηgβρgνσ)Rηβ

+(D5g
μηgνβgγρgδσ + D6g

μηgσβgγρgδν)Rηβγδ.

Now we rewrite the action replace first derivative of scalar field by a new field Aμ,
i.e. ∇μφ = Aμ. So the new form of action is given as

S =
∫

d4x
√−g[C̃μν,ρσ∇μAν∇ρAσ + λμ(∇μφ − Aμ)], (128.5)

this action can be written as

S =
∫

d4x
√−g[L1 + L2 + L3 + L4 + L5 + L6] + λμ(∇μφ − Aμ)], (128.6)
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where

L1 = D1Rg
μρgνσ∇μAν∇ρAσ, (128.7)

L2 = D2Rg
μνgρσ∇μAν∇ρAσ, (128.8)

L3 = D3g
ημgβρgνσRηβ∇μAν∇ρAσ, (128.9)

L4 = D4g
ηρgμνgβσRηβ∇μAν∇ρAσ, (128.10)

L5 = D5g
μηgνβgγρgδσRηβγδ∇μAν∇ρAσ, (128.11)

L6 = D6g
μηgνβgγρgδσRηβγδ∇μAν∇ρAσ, (128.12)

and λμ are Lagrange multiplier. Here it is noted that due to the symmetry property
of Riemann tensor L5 term vanishes.

128.3 Representation of Action in (3+1) Decomposition

In this section, we want to find degeneracy condition on Lagrangian, using a (3+1)
decomposition. Our (3+1) convention and notation similar to [8, 9] in (3+1) decom-
position ∇a Ab is

∇a Ab = DaAb − A∗Kab + na(KbcAc − Db A∗)

+ nb(KacAc − Da A∗) + 1

N
nanb( Ȧ∗ − NcDc A∗ − NAca

c). (128.13)

Now we introduced Xab = (DaAb − A∗Kab), Yb = (KbcAc − DbA∗) and Z =
(NcDc A∗ + NAcac) for simplifying the calculation so (128.13) becomes

∇a Ab = 1

N
nanb( Ȧ∗ − Z) − Xab − naYb − nbYa, (128.14)

where Da spatial derivative associated with spatial metric hab. Aa and A∗ spatial
and normal projection of 4-vector Aa given as Aa = hba Ab and A∗ = na Aa , Na is
shift vector, N is lapse function, ab = nc∇cnb is the acceleration vector and Kab is
Extrinsic curvature tensor related to first derivative of metric. In (3+1) formalism
R, Rμν, Rμνρσ are

R = R + K 2 − 3KabK
ab + 2 habLnKab − 2Dba

b − 2aba
b, (128.15)

⊥Rab = Rab + KabK − KasK
s
b + LnKab − Daab − aaab, (128.16)

⊥Rbn = Ds K
s
b − DbK , (128.17)

⊥Rnn = Kst K
st − hst LnKst + Dsa

s + asa
s, (128.18)

⊥Rabcd = Rabcd + KacKad − KadKbc, (128.19)

⊥Rabcn = DaKbc − DbKac, (128.20)
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⊥Rabnn = KauK
u
b − LnKab + Daab − aaab, (128.21)

where LnKab is Lie derivative of Extrinsic curvature tensor and related to second-
order derivative of metric. ⊥Rab, ⊥Rbn, ⊥Rnn is spatial, one normal and two normal
projection of Ricci tensor and ⊥Rabcd , ⊥Rabcn, ⊥Rabnn is spatial, one normal and two
normal projection of Riemann tensor known as Gauss, Codazzi, and Ricci relations,
respectively.
By using these relation we decompose the action (128.6) in (3+1) formalism and
separate out second-order derivative of metric. Next we derive conditions that no
second-order derivative of metric appear in the action. Here we are not analysing
Ostrogradsky instability arising from the higher derivative of scalar field.

128.4 Condition for No Second-Order Derivative of Metric

In this section, after substituting (128.13–128.20) in (128.6) and keeping the terms
that are second derivative of metric.

L = habLnKab(
Ȧ2∗
N2 − 2 Ȧ∗Z

N2 + Z2

N2 )(2D1 + 2D2 + D3 + D4) + habLnKabYcY c(−4D1 − D3) + habLnKab

( Ȧ∗−Z)X
N (4D2 + D4) + 2habLnKab(D1Xcd Xcd + D2X2) + LnKabY aY b(−D3 − 2D6)

+LnKab
( Ȧ∗−Z)Xab

N (D4 − 2D6) + LnKab(D3Xa
d X

bd + D4XXab) + other terms. (128.22)

To be free from terms containing second derivative of metric in the Lagrangian, we
require the coefficient of habLnKab and LnKab to vanish. This amounts to a trivial
condition D1 = D2 = D3 = D4 = D5 = D6 = 0. There is no non-trivial condition
exists in this case.

128.5 Unitary Gauge

Here we check the possibility to get rid of second derivative of metric in unitary
gauge, this gauge gives the condition φ(x, t) = φo(t). In this case constant time
hypersurfaces coincide with uniform scalar field hypersurfaces. When we apply
unitary gauge (Aa = 0), demand that the values of Xab, Yb and Z become, Xab =
−A∗Kab, Yb = −DbA∗ and Z = 0, respectively, after substituting this result into
(128.22), we get

L = habLnKab
Ȧ2∗
N2 (2D1 + 2D2 + D3 + D4) + A∗

N Ȧ∗Kc
c (4D2 + D4) + 2habLnKab A2∗(D1Kd

c K
c
d

+D2A2∗Kc
c K

d
d ) + D4LnKab

A∗
N Ȧ∗Kab(D4 + 2D6) + LnKab(D3A2∗Ka

c K
bc + D4A2∗Kc

c K
ab) + other terms.

(128.23)
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In this case also, we have find condition on the condition D1 = D2 = D3 = D4 =
D5 = D6 = 0. There is no non-trivial condition exists in this case.

128.6 Conclusion

In this paper, we work with higher derivative model where both second derivative
of metric and scalar field arise in the Lagrangian. Then using (3+1) decomposition,
we have shown that no non-trivial conditions can be found under which all the terms
containing second-order derivative of metric disappear from the Lagrangian.

Acknowledgements This work was partially funded by DST (Govt. of India), Grant No. SERB/
PHY/2017041. Calculations were performed using xAct packages of Mathematica.
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Chapter 129
Status of σ8 Tension in Different
Cosmological Models

Priyank Parashari, Sampurn Anand, Prakrut Chaubal, Gaetano Lambiase,
Subhendra Mohanty, Arindam Mazumdar, and Ashish Narang

Abstract �CDMmodel provides the most plausible theoretical framework for our
Universe. However, there are some drawbacks within this model, one of them is
the σ8 tension between CMB and LSS observations. We study two models, namely,
Hu-Sawicki Model (HS) and Chavallier-Polarski-Linder (CPL) parametrization of
dynamical dark energy (DDE). We found that σ8 tension increases in HS model
whereas it is somewhat alleviated in DDE model. Recently, it has also been shown
that viscosity in dark matter can resolve this tension. Modified cosmological models
change the matter power spectrum which also depends upon the neutrino mass. As
massive neutrinos suppress the matter power spectrum on the small length scales,
bounds on neutrino mass also get modified in these models.

129.1 Introduction

The�CDMcosmology is themost plausible theoretical framework which is invoked
to explain Cosmic Microwave Background (CMB) temperature anisotropy and
Large-Scale Structure (LSS) observations. However, there are some tension between
these two observations, within �CDM paradigm. One of the problem is the value
of σ8, the r.m.s fluctuation of perturbation 8h−1 Mpc scale, inferred from the CMB
and LSS experiments are not in agreement with each other [1, 2]. Many gener-
alisations of the �CDM model were proposed to resolve this tension. Recently, it
has been shown that viscous cold dark matter can resolve this tension [3]. In this
article, we analyse different cosmological models in order to resolve this tension.
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We have analysed the Hu-Sawicki (HS) model [4] of f (R) cosmology, Chavallier-
Polarski-Linder (CPL) [5, 6] parametrization of Dynamical Dark Energy (DDE) and
viscous �CDM model. We find that tension in σ8 between Planck CMB and LSS
observations worsens in the HS model compared to the �CDMmodel, whereas it is
somewhat alleviated in DDE model as compared to �CDM model. Neutrino oscil-
lation experiments have established the fact that neutrinos have mass. Since massive
neutrinos play a crucial role in the background evolution as well as formation of
structures in the universe, cosmological observations can also constraint neutrino
mass. We, therefore, do the analysis with massive neutrinos and obtain the bound on
the neutrino mass allowed in these models. The details of these work can be found
in [7, 8]. This article is structured as follows: we first started by briefly explaining
the different cosmological models. We then present our results in the next section.

129.2 Different Cosmological Models

In this section, we will discuss three different cosmological models, namely, HS
model, DDE model, and viscous �CDM model.

129.2.1 Dynamical Dark Energy Model

The current measurements of cosmic expansion indicate that the present Universe
is dominated by dark energy (DE). The most common dark energy candidate is
cosmological constant� representing a constant energy density occupying the space
homogeneously. However, a constant � makes the near coincidence of Ω� and Ωm

in the present epoch hard to explain naturally. One of the approach to explain this
is the DDE. We use the Chavallier-Polarski-Linder (CPL) [5, 6] parametrization of
DDE, in which

wDE(z) = w0 + wa
z

z + 1
, (129.1)

where w0 and wa are the CPL parameters. This parametrization describes a non
phantom field when wa + w0 ≥ −1 and w0 ≥ −1.

129.2.2 F(R) Theory: Hu-Sawicki Model

We consider the Hu-Sawicki model, which explains DE while evading the stringent
tests from solar system observations. In HS model

f (R) = R − 2� − fR0

n

Rn+1
0

Rn
, (129.2)
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where R ≥ R0 and fR = ∂ f/∂R. We use the following parametrization which was
introduced in [9] to include the effect of modified gravity.

k2� = −4πGa2μ(k, a)ρδ and



�
= γ (k, a), (129.3)

where μ(k, a) and γ (k, a) are two scale and time dependent functions, which are
given as [10]

μ(k, a) = A2(φ)(1 + ε(k, a)), and γ (k, a) = 1 − ε(k, a)

1 + ε(k, a)
, (129.4)

where

ε(k, a) = 2β2(a)

1 + m2(a) a
2

k2

. (129.5)

Coupling function β(a) is constant for all the f (R) models and is equal to 1√
6
,

whereas mass function m(a) is a model dependent quantity, which is given as

m(a) = H0

√
4Ω� + Ωm

(n + 1)| fR0 |
(
4Ω� + Ωma−3

4Ω� + Ωm

)(n+2)/2

. (129.6)

Modification in the evolution of � and 
 in turn modifies the evolution of matter
perturbation to as

δ′′ + Hδ′ − 3

2
ΩmH2μ(k, a)δ = 0. (129.7)

129.2.3 Viscous Cold Dark Matter

We write the stress-energy tensor for non-ideal CDM fluid as

Tμν = ρ uμ uν + (p + pb) Δμν − 2η

[
1

2

(
Δμα∇αu

ν + Δνα∇αu
μ
) − 1

3
Δμν

(∇αu
α
)]

(129.8)

where η is the coefficient of shear viscosity. We introduce perturbation and derive
the evolution equations for background and perturbed quantities. Using T μν

;μ = 0
for the background quantities, we get the continuity equation of each species in the
following form

ρ̇i + 3H (ρi + pi ) = 0 . (129.9)

The perturbed part of continuity equation for the cold darkmatter provides the density
and velocity perturbation equations in viscous �CDM model [3, 8].
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δ̇ = −
(
1 − ζ̃ a

Ωcdm H̃

)
(θ − 3φ̇) +

(
ζ̃ a

Ωcdm H̃

)
θ −

(
3 H ζ̃ a

Ωcdm

)
δ (129.10)

and

θ̇ = −H θ + k2ψ − k2 a θ

3H (Ωcdm H̃ − ζ̃ a)

(
ζ̃ + 4η̃

3

)
− 6H θ

(
1 − Ωcdm

4

) (
ζ̃ a

Ωcdm H̃

)
,

(129.11)
where η̃ = 8πGη

H0
and ζ̃ = 8πGζ

H0
are the dimensionless parameters constructed from

the viscosity coefficients.

129.3 Result and Discussion

In this paper we analyse �CDM, HS, and DDE model using Planck CMB observa-
tions and LSS observations.We have studied the effect of viscosity, massive neutrino,
HS and DDE model parameters on the matter power spectrum and found that the
effect of viscous CDM and massive neutrinos have some similarities as both sup-
press P(k) on small scales. On the other hand, for HS model the power increases
slightly on small length scales, however, for DDE, P(k) gets suppress at all length
scales, though its effect is dominant on small length scales. We then performMCMC
analysis for all these models with the Planck and LSS datasets and found that there
is tension between the values of σ8 inferred from both observations within �CDM
cosmology. This tension seems to be worsen in HS model, however, is somewhat
alleviated in DDE model(see Fig. 129.1). As it was shown previously, we also show
that this tension can be resolved if we include viscosity in the dark matter fluid (see
Fig. 129.2).We then performedMCMC analysis within viscous cosmological frame-

Fig. 129.1 It is shown that the σ8 discrepancy worsens in the HS model whereas in DDE model
the discrepancy is somewhat relieved
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Fig. 129.2 There is no mismatch between σ8 values obtained from CMB and LSS observations
in viscous �CDM model(left side). Bounds on neutrino mass are more stringent in the viscous
cosmological framework (right side)

workwith neutrinomass as free parameter andwe found that we can indeed constrain
neutrino mass in the more stringent manner (see Fig. 129.2). This is expected result
as both viscosity and neutrino affect the power spectrum in the similar fashion.

The tensions between the results of LSS and Planck CMB observation are well
studied in the literature. These tensions were believed to be the signature of some
unknown, interesting, and exotic physics. In conclusion we see that σ8 measurement
from CMB and LSS experiments can be used as a probe of different cosmological
models. Future observations of CMB and LSS may shrink the parameter space for
σ8 − Ωm and then help in selecting the correct f (R) and DDE theory. We acknowl-
edge the computation facility, 100TFLOP HPC Cluster, Vikram-100, at Physical
Research Laboratory, Ahmedabad, India.
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Chapter 130
Comparative Study of Bulk and Surface
Pressure of Charged AdS Black Hole

K. V. Rajani and Deepak Vaid

Abstract One of the most interesting areas of research is the study of thermo-
dynamic properties of black holes. In the extended phase, cosmological constant
has been identified with the thermodynamic pressure of the black hole and phase
transitions similar to Van der waals fluid is observed. On other side, fluid gravity cor-
respondence which gives the connection between fluid on a d dimensional boundary
and gravity theory in d + 1-dimensional bulk relates Einstein’s equations in the bulk
with Navier-Stokes equations on the boundary. Projecting Einsteins equation onto
a black hole horizon gives Damours Navier-Stokes equation and fluid pressure is
found to be κ

8π . In our present work, we are comparing the thermodynamic quantities
in the bulk and boundary of charged AdS black holes.

130.1 Introduction

The existence of black hole was first predicted by Einsteins theory of general rela-
tivity. Classically black holes never emit anything. There exists a singularity at the
horizon. The horizon behaves like a boundary, which obstruct all the information to
flow out from the black hole. They have zero temperature. By considering the quan-
tum effect, Bekenstein claim [1] the existence of non zero entropy of the black hole
in 1973, and hawking [2, 3] showed that black hole has temperature proportional to
its surface gravity and entropy proportional to area of its event horizon.
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T = κ

2π
(130.1)

S = A

4
, (130.2)

where κ is the surface gravity and A is the area of the event horizon.

130.1.1 Thermodynamics of Black Holes

Classical mechanics of black holes analogous to thermodynamics. Bardeen et al.
[3] formulated the black hole thermodynamic laws. For a rotating charged black
hole with mass M , angular momentum J and charge Q, the first law of black hole
thermodynamics states that

dM = TdS + Ωd J + ΦdQ. (130.3)

Corresponding Smarr-Gibbs-Duhem relation

M = 2(T S + Ω J ) + φQ. (130.4)

There is no pressure and volume term in this relation. Teitelboim and Brown
[4, 5] proposed that Λ itself be a dynamical variable. Then the first law of black
hole thermodynamics become

dM = TdS + VdP + Ωd J + ΦdQ. (130.5)

When we included the cosmological constant term in the Einsteins equation, we
will get the notion of pressure. It is associated with the negative cosmological con-
stant Λ

Pressure

P = − Λ

8π
(130.6)

WhenΛ < 0 wewill get a positive pressure in the space time, because, for a black
hole with AdS radius �

Λ = − (d − 1)(d − 2)

2�2
, (130.7)

where d is the dimension of the spacetime.
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130.1.2 Damour-Navier-Stoke Equation on the Black Hole
Boundary

Fluid gravity correspondence will give the connection between fluid on a d dimen-
sional boundary and gravity theory in d + 1-dimensional bulk. Mathematically, it
relates Einstein’s equations in d + 1 dimension with Navier-Stokes equation in d
dimension [6–9]. An example of such a boundary is the horizon of a black hole. Pro-
jectingEinsteins equation onto a black hole horizonwill giveDamoursNavier-Stokes
equation

(
∂0 + vB∂B

)
(−ωA

8π

)
= 2

1

16π
∂BσB

A − ∂A

( κ

8π

)
− 1

16π
∂Aθ − TmAl

m . (130.8)

Comparing this equation with the Navier-Stokes equation of fluid dynamics, one can
obtain the expression for pressure on the boundary fluid of the black hole. We can
see that which is proportional to surface gravity κ.

Pbou = κ

8π
. (130.9)

130.2 Thermodynamics of Charged AdS Black Hole
in the Bulk and the Boundary

Anti-de Sitter space is the maximally symmetric solution of Einsteins equation with
constant negative curvature. The AdS black hole metric is

dS2 = − f (r)dt2 + 1

f (r)
dr2 + r2dΩ2 (130.10)

f (r) = 1 − 2M
r + Q2

r2 + r2

�2
, Q is the black hole charge and dΩ2 is the line element

of the two sphere. Black hole event horizon at f (r+) = 0. Mass of the black hole is

M = r+
2

(
1 + Q2

r2+
+ r2+

�2

)
. (130.11)

Temperature T = κ
2π = f ′(r+)

4π

T = M

2πr2+
− Q2

2πr3+
+ r+

2π�2
. (130.12)
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Fig. 130.1 Charged AdS black hole P-v diagram in the bulk

Substituting the value of M

T = 1

4πr+
+ 3r+

4π�2
− Q2

4πr3+
. (130.13)

For charged SAdS black hole the cosmological constant is− 3
�2
. The thermodynamic

pressure is

Pbulk = − Λ

8π
= 3

8π�2
= 6M

8πr3+
− 3Q2

8πr4+
− 3

8πr2+
. (130.14)

In terms of temperature

Pbulk = T

2r+
− 1

8πr2+
+ Q2

8πr4+
= T

v
− 1

2πv2
+ 2Q2

πv4
, (130.15)

where v = 2r+ is the specific volume of the black hole. From Fig. 130.1, we can
calculate the critical values.

vc = 2
√
6Q Tc =

√
6

18πQ
Pc = 1

96πQ2
(130.16)

and the ratio
Pcvc
Tc

= 3

8
(130.17)

one can see that the ratio is exactly matches with vander Waals system.
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According to NS equation

Pbou = κ

8π
(130.18)

Pbou = M

8πr2+
− Q2

8πr3+
+ r+

8π�2
= 1

16πr+
− Q2

16πr3+
+ 3r+

16π�2
. (130.19)

From this we can see that

Pbou = T

4
(130.20)

130.3 Conclusion

In this work we studied the thermodynamics of charged AdS black holes. We calcu-
lated the pressure for both the extended bulk phase space, where the cosmological
constant plays the role of pressure, and also for the surface phase space. We found
that even though the temperature is constant, pressure is different in both bulk and
boundary of the black holes.
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Chapter 131
Dark Energy Perturbation and Power
Spectrum in Slotheon Model

Upala Mukhopadhyay, Debasish Majumdar, and Debabrata Adak

Abstract We explore the perturbationsn in Dark Energy by taking the Slotheon field
model. The Slotheon field model follows from the extra-dimensional DGP (Dvali,
Gabadadze, and Porrati) model and based on the Galileon transformation in curved
space time. In this model a scalar field π in DGP theory is subjected to a shift
symmetry in such a way that the final theory is invariant under this shift symmetry in
curved space time. We consider that the accelerated expansion and Dark Energy are
driven by the scalar field π with a potential V (π). Then we explore the Dark Energy
perturbationswithin the framework of this Slotheonmodel. Using these perturbations
we compute the matter power spectrum.

131.1 Introduction

In this work we consider a scalar field model inspired by a model in theories of extra
dimensions as an alternative way to explain the late time acceleration of the universe.
At the limit when Mpl → ∞ and rc → ∞ where Mpl denotes reduced Planck mass
and rc is the cross over scale for transition from 4d to 5d, the Dvali Gabadadze
Poratti (DGP) [1] model (an extra-dimensional model) in Minkowski spacetime
can be described by a scalar field [2] which obey the Galileon shift symmetry π →
π + a + bμxμ. A suitable scalar field π which respects this symmetry when extended
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to curved spacetime is termed as Slotheon field (π) [3]. The field π moves slower in
this theory than the quintessence theory and for this reason π is called Slotheon.

In the present work we obtain density parameters (Ω = ρ
ρc
) and equation of state

(ω) of Dark Energy considering Slotheon field Dark Energymodel.We also calculate
general relativistic perturbations for this model and observe evolutions of density
fluctuations and gravitational potential. Finally thematter power spectra for Slotheon
field are computed.

131.2 Background Evolutions

The action of the Slotheon field is given as [4]

S =
∫

d4x
√−g

[
1

2

(
M2

plR −
(

gμν − Gμν

M2

)
π;μπ;ν

)
− V (π)

]
+ Sm, (131.1)

where R, gμν and Gμν are respectively Ricci scalar, metric and Einstein tensor. In
the above M is an energy scale and Sm is the action corresponding to the matter
field. Here π;μ denotes the covariant derivative of π and V (π) denotes the scalar field

potential. It can be noted that without the term
Gμν

M2
π;μπ;ν , the action of (131.1) is

same as the action of standard quintessence field [5]. From the action (131.1) energy
momentum tensor for Slotheon field is obtained as

T (π)
μν = π;μπ;ν − 1

2
gμν(∇π)2 − gμνV (π)

+ 1

M2

(
1

2
π;μπ;νR − 2π;απ(;μRα

ν ) + 1

2
π;απ;αGμν

−π;απ;βRμανβ − π;αμπ
α
;ν

+π;μνπ
α
;α + 1

2
gμν

(
π;αβπ;αβ − (πα

;α)2 + 2π;απ;βRαβ
))

.

(131.2)

In the above, Rμναβ denotes Riemann curvature tensor. For flat Friedmann Robertson
Walker (FRW) universe the Einstein equations and equation of motion for π are
obtained as follows

3M2
pl H

2 = ρm + π̇2

2
+ 9 H 2π̇2

2M2
+ V (π) (131.3)

M2
pl(2Ḣ + 3H 2) = − π̇2

2
+ V (π) + (2Ḣ + 3H 2)

π̇2

2M2
+ 2 H π̇π̈

M2
, (131.4)

0 = π̈ + 3H π̇ + 3 H 2

M2

(
π̈ + 3H π̇ + 2Ḣ π̇

H

)
+ Vπ. (131.5)
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In the above, derivative of V (π) w.r.t. π is denoted by Vπ . For present analysis we

consider exponential form of V (π), given by V (π) = V0exp

(
− λπ

Mpl

)
.

131.3 General Relativistic Perturbations

In the present work the scalar perturbed metric under longitudinal gauge or Newto-
nian gauge is taken which is obtained as

ds2 = −(1 + 2�)dt2 + a2(t)(1 + 2�)δi j dx
idx j , (131.6)

where � and � denote the gravitational potential and perturbation in the spatial
curvature, respectively, and a(t) is the scale factor of the universe. The perturbed
Einstein’s equations can be written in the Fourier space in the following forms

3 H 2� + 3 H�̇ + k2�

a2
= −4πG

∑
i

δρi , (131.7)

k2(�̇ + H�) = 4πGa
∑
i

(ρ̄i + p̄i )θi , (131.8)

�̈ + 4 H�̇ + 2Ḣ� + 3 H 2� = 4πG
∑
i

δ pi , (131.9)

where θ = i
−→
k · −→v and k = 2π

λp
is defined as the wave number with λp being the

length scale of the perturbations. The perturbed energy density (δρ), peculiar velocity
(vi ), perturbed pressure density (δ p) for Slotheon field are calculated from T (π)

μν

(131.2).
Now solving the equations of Sects. 131.2 and 131.3 with proper initial conditions

we obtain the evolutions of the cosmological density parameter (Ω), the Dark Energy
equation of state (ω), Dark Energy density fluctuations δπ(= δρπ

ρ̄π
) and matter density

fluctuations δm(= δρm
ρ̄m

).
In order to solve the above equations it is convenient to introduce the following

dimensionless variables:

x = π̇√
6HMpl

, y =
√
V (π)√
3HMpl

, λ = −Mpl
Vπ

V (π)
, ε = H 2

2M2
, q = δπ/

dπ

dN
.

With this framework we explore the effect of the Slotheon field Dark Energy
perturbations on the matter power spectrum of the universe. We calculate the matter
power spectrum with the Slotheon field and compare it with the same obtained from
�CDM model [5]. To this end we define a percentage suppression X as

Pm�CDM − Pmslotheon

Pm�CDM
× 100 = ΔPm

Pm�CDM
× 100 = X, (131.10)
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where matter power spectrum Pm is defined as

Pm = 〈|δm(k, a)|2〉. (131.11)

131.4 Results and Discussions

We compute quantities given above using the formalism described in Sect. 131.3
and the results are plotted in Fig. 131.1a–d. From Fig. 131.1a it can be observed
that at early matter dominated epoch Ωm = 1 and Ωπ = 0 but Ωm starts to decrease
and Ωπ starts to increase with time and in the present epoch (a = 1 or N = 0) the
values evolve to Ωm ∼ 0.3 and Ωπ ∼ 0.7. It may be noted from Fig. 131.1a that
Dark Energy domination is a recent phenomenon. Figure131.1b shows the thawing
Dark energy behaviour of Slotheon field Dark Energy and quintessence Dark Energy.
In Fig. 131.1c we make a comparison between �CDM model and Slotheon model.
It can be noted from Fig. 131.1c that gravitational potentials of Slotheon field Dark
energy and�CDMmodel are identical in early universe but they are not same in later

Fig. 131.1 a (Top left) variations of density parameters with number of e-foldings N (=lna). b
(Top right) Variations of equation of state parameters with redshift z. c (Bottom left) Evolution of
gravitational potential with scale factor a. d (Bottom right) Power spectrum ratio
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time. It may also be noted that in matter dominated epoch � is almost constant and
start to decrease when Dark Energy component becomes significant. In Fig. 131.1d
the matter power spectrum as given in (131.10) are shown. One can conclude from
Fig. 131.1d that matter power spectrums considering Slotheon Dark Energy model
are close to the same considering �CDM model. It can be observed that for larger
size of perturbations (smaller values of k) difference between these two models are
larger than the smaller scale perturbations.
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Chapter 132
Geodetic Motion Around Rotating Black
Hole in Nonlocal Gravity

Utkarsh Kumar, Sukanta Panda, and Avani Patel

Abstract Recently the nonlocal gravity theory has come out to be a good candi-
date for an effective field theory of quantum gravity and also it can provide rich
phenomenology to understand late time accelerating expansion of the universe. For
any valid theory of gravity, it has to surmount solar system tests as well as strong
field tests. Having motivations to prepare the framework for the strong field test of
the modified gravity using Extreme Mass Ratio Inspirals (EMRIs), here we try to
obtain the metric for Kerr-like black hole for a nonlocal gravity model known as RR
model and calculate the shift in orbital frequencies of a test particle moving around
the black hole. We also derive the metric for a rotating object in the weak gravity
regime for the same model.

132.1 Introduction

Nonlocal gravity theories have recently gained attention because of its ability to
explain the late time cosmology unified with inflationary era. Especially so-called
RR model proposed by [1] has been shown to explain CMB+BAO+SNIa+RSD data
as well as �CDM [2]. Let us first write the action for the RR model :

S = 1

2κ2

∫
d4x

√−g

[
R + μ2

3
R

1

�2
R

]
+ Lm. (132.1)
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For this model we require a additional mass term, μ, that gives a constraint μ =
0.283H0,whereH0 isHubble parameter today, to give the viable cosmology.Equation
of motion corresponding to action (132.1) is

κ2Tαβ = Gαβ − μ2

3

{
2

(
Gαβ − ∇α∇β + gαβ�

)
S

+ gαβ∇γU∇γS − ∇(αU∇β)S − 1

2
gαβU

2
}
, (132.2)

with U = − 1
�R and S = − 1

�U , where Gαβ is the Einstein tensor and Tαβ is the
energy-momentum tensor of the matter. The gravitational waves propagation in RR
model has been studied in [3].

The orbits traversed by the small compact object(SCO) of massm orbiting around
a SuperMassiveBlackHole (SMBH) ofmassM is generally known asExtremeMass
Ratio Inspirals (EMRIs). Since themass ratioM /mof twoobjects is∼ 104 − 108M�,
themotion of the SCO around the SMBHcan be approximated as trajectory of a point
particle along the geodesics of the SMBH spacetime. The structure of the spacetime
can be reflected in orbital frequencies of the point particle whose imprints finally can
be seen in gravitational waves emitted by SCO. Here, we aim to calculate the shift in
orbital frequencies of geodesic motion of the test particle around rotating black hole
due to nonlocal correction in RR model following the treatment prescribed in [4].

132.2 Rotating Object in the Weak Gravity Regime in RR
Model

We consider the linearized gravity limit of the field equation written in (132.2). In
linearized gravity limit we take gαβ as gαβ = ηαβ + hαβ, |h| � 1, where h(αβ) is
a small perturbation around Minkowski background ηαβ . Under this approximation,
one can find the expressions for Riemann Tensor, Ricci Tensor, and Ricci scalar as
follows

Rγαδβ = 1

2

(
∂δ∂αhγβ + ∂β∂γhαδ − ∂β∂αhγδ − ∂δ∂γhβα

)
, (132.3)

Rαβ = 1

2

(
∂γ∂αhγβ + ∂β∂γh

γ
α − ∂β∂αh − �hαβ

)
, (132.4)

R = ∂α∂βh
αβ − �h. (132.5)

Then the field (132.2) becomes
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2κ2Tαβ = −
[
�hαβ − ∂γ∂(αh

γ
β) +

(
1 − 2M 2

3
�−1

)
(∂α∂βh + ηαβ∂γ∂δh

γδ)

−
(

−1 + 2M 2

3
�−1

)
ηαβ�h + 2M 2

3
�−2∇α∇β∂γ∂δh

γδ

]
.

(132.6)

132.2.1 Spacetime Solution Around Rotating Object
in Linearized Gravity Limit

Starting with a generic spherically symmetric and static metric

ds2 = −(1 + 2�)dt2 + 2
−→
h .dxdt + (1 − 2�)dx2 (132.7)

and the stress-energy tensor for the rotating object having energy density ρ =
M δ3(−→r ) with mass M and angular velocity vi given by T00 = ρ, T0i = −ρvi, we
can solve the field equation in (132.2) and convert the solution into Boyer-Lindquist
coordinates (t, r, θ,φ) to obtain the rotating metric as

ds2 = −(1 + 2�)dt2 + 4
J sin2 θ

M
(� + �)dφdt

+ (1 − 2�)(dr2 + r2dθ2 + r2 sin2 θdφ2), (132.8)

where J is angular momentum, defined as v = r×J
Mr2 and � and � are given by [5]

�(r) = GM

r

(
e−μr − 4

3

)
, �(r) = GM

r

(−e−μr − 2

3

)
. (132.9)

132.3 Geodetic Motion Around Rotating Black hole in
Nonlocal Gravity

Themetric for the spacetime around rotating black hole in RRmodel was obtained by
applying Demiański-Janis-Newman algorithm [6, 7] on the spherically symmetric
static solution [1] of the RR model in [8] as (in the form of gαβ = gKerrαβ + bαβ)
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ds2 =
[
−1 + 2GMr

�

(
1 + 1

6
μ2�

)]
dt2

−2a sin2 θ

[
2GMr

�

(
1 + 1

6
μ2�

)]
dt dφ

+�

�
dr2 + � dθ2 + sin2θ

[
� +

(
1 + 2GMr

�

(
1 + 1

6
μ2�

))
a2 sin2 θ

]
dφ2, (132.10)

where � = r2 + a2 cos2 θ and � = � − 2GMr
(
1 + 1

6μ
2�

)
+ a2 sin2 θ.

Since the Kerr metric is independent of t and φ it has two apparent symmetry and
possesses two constants of motion, i.e., energy E as measured by observer at spatial
infinity and axial component of angular momentum Lz. The equation of motion of
a point mass m moving along the geodesics of the Kerr metric is given by geodesic
equation u̇μ + �

μ
αβu

αuβ = 0, where uμ is the four-velocity of the point mass and
overdot denotes the derivative w.r.t. proper time τ . Since the nonlocal correction
term added to Einstein-Hilbert (EH) action is very small compared to EH term we
can use canonical perturbation theory to solve the geodesic equations of nearly Kerr-
like black hole of nonlocal gravity model. A relativistic version of Hamilton-Jacobi
method for the motion of a test mass in Kerr spacetime as proposed by Carter [9]
shows that themotion is separable and it is attributed by three constants ofmotion: the
Carter constant Q in addition with E and Lz. A further scheme of relativistic action-
angle formalism to calculate the fundamental frequencies of the orbital motion in the
Kerr geometry was provided by Schmidt [10]. According to canonical perturbation
theory, if ω̂r, ω̂θ and ω̂φ are orbital frequencies for Kerr black hole then the orbital
frequencies for the Kerr-like BH in nonlocal gravity are given by ωi = ω̂i + δωi,
where mδωi = ∂〈H1〉/∂Ĵi [4] and Ĵi is the action variable for the Kerr spacetime.
The Hamiltonian of the system (test mass and SMBH) is given by H = HKerr + H1,
whereH1 = −(m2/2)bαβ(dxα/dτ )(dxβ/dτ ). 〈H1〉 shows the averaged Hamiltonian
H1 over a period of the orbit in background spacetime. We numerically calculate the
orbital frequencies for Kerr spacetime (shown in left plot of Fig. 132.1) and shift in
frequencies from the Kerr frequencies due to nonlocal correction of μ2R 1

�2R (shown
in right plot of Fig. 132.1). Equivalent to set of (E,Lz,Q), the orbital motion can be
parametrized by set of parameters (p, e, θmin), where p, e and θmin are respectively
semilatus rectum, eccentricity and turning point of θ-motion of the orbit. The detailed
discussion on calculation of shift in orbital frequencies and solution of geodesic
equations of the spacetime which is slightly different from the Kerr spacetime will
be done in our future work.
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Fig. 132.1 �i(= ωi/ωt) versus p. Left: Observable orbital frequencies of the orbits in Kerr space-
time. Right: shift in observable orbital frequencies due to nonlocal correction

132.4 Conclusion

We calculate the axially symmetric stationary metric around the rotating object in
RR model of nonlocal gravity by solving field equations in linearized gravity limit
for axial symmetry. Using canonical perturbation theory we calculate the orbital
frequencies of a test particle moving along the geodesic of the metric around rotating
black hole in RR model of nonlocal gravity.
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Chapter 133
On Modification of Phase-Space Measure
in Theory with Invariant Planck Scale as
an Ultraviolet Cut-Off

Dheeraj Kumar Mishra

Abstract Planck scale acts as a threshold where a new description of spacetime is
expected to appear. Such a scale should be invariant which is achieved by modifying
the algebra. For the exotic spacetimes appearing at Planck scale, the phase-space is
also expected to modify. Considering such a modification in a relativistic theory with
an invariant Planck scale as an ultraviolet cut-off, we study the thermodynamics of
ideal gases. In case of ideal photon gas this leads to themodification of Planck energy
density distribution andWien’s displacement law.We also study various equilibrium
thermodynamic properties of blackbody radiation.

133.1 Deformed Algebra and Modified Dispersion Relation

In all the candidate Quantum Gravity theories Planck scale appears as a natural scale
which has to be invariant for all the observers to observe the same scale where new
description appears.We achieve this bymodifying the standard algebra depending on
the basis that we choose such as Classical, Bicross-product, and Magueijo-Smolin
(MS). In MS basis [1, 2] the rotation generators remain intact but we modify the
boost generators by adding a dilatation term in such a way to keep Lorentz sub-
algebra intact but Poincare algebra modifies to κ−Poincare algebra to get along with
c another invariant scale, κ acting as ultraviolet cut-off and a Modified Dispersion
Relation (MDR). Correspondence principle gives the known usual relativistic theory
in a limit κ → ∞ as expected.

The standard Lorentz generators are Lαβ = Pα
∂

∂Pβ − Pβ
∂

∂Pα with the deformed

boost generator as K i := Li
0 + Pi

κ
D, where D is dilatation term given as D = Pα

∂
∂Pα

and the rotation generator as J i := εi jk Li j . This leads to the modified Poincare
algebra,
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[J i , K j ] = iεi jk Kk; [K i , K j ] = −iεi jk Jk; [J i , J j ] = iεi jk Jk; (133.1)

[K i , P j ] = i

(
δi j P0 − Pi P j

κ

)
; [K i , P0] = i

(
1 − P0

κ

)
Pi . (133.2)

This in turn leads to the quadratic Casimir orMDR of the above-deformed algebra
as E2 − P2 = m2

(
1 − E

κ

)2
. For our purpose the energy of particle is always less

than κ .

133.2 Modified Phase-Space for Exotic Spacetime

For exotic spacetimeswhile taking the large volume limitwe expect the phase space to
modify. In largevolume limit the expected change is

∑
ε → 1

(2π)3

∫ ∫
d3xd3 p f (x,p).

Assuming spacetime as isotropic and f as Taylor expandable in powers of
(

1
rκ

)
and(

ε
κ

)
withκ as highest energy cut-off and 1

κ
as the lowest length cut-offwith the accessi-

ble volume given as Vac = V − 4π
3κ3 , for the most general possible modification inde-

pendent of the underlying QG theory the integral of the form 1
(2π)3

∫ ∫
d3xd3 pF(ε)

changes to 1
(2π)3

∫ ∫
d3xd3 p f (r, p)F(ε) as

1
(2π)3

∞∑
n=0,n′=0

n′ �=3

an,n′

n!n′!κn+3

4π

(3 − n′)

⎡
⎣

(
3V κ3

4π

) 3−n′
3

− 1

⎤
⎦

κ∫
p=0

d3 p (ε)n F(ε)

+ 1
(2π)3

∞∑
n=0

an,3

n!3!κn+3

(
4π

3

)
ln

(
3V κ3

4π

) κ∫
p=0

d3 p (ε)n F(ε). (133.3)

133.3 Modified Thermodynamics of Ideal Gases and Its
Possible Implications

133.3.1 Classical Ideal Gas

The partition function for classical ideal gas in canonical ensemble obeyingMaxwell-
Boltzmann statistics is ZN (Vac, T ) = ∑

E exp[−βE] = 1
N ! [Z1 (Vac, T )]N , where

Z1(Vac, T ) = ∑
ε exp[−β(ε − m0)] is the single particle partition function. In the

large volume limit we get



133 On Modification of Phase-Space Measure in Theory with Invariant … 933

Z1 (Vac, T ) =
∞∑

n=0,n′=0
n′ �=3

an,n′

n!n′!κn

(
3

(3 − n′)(κ3 Vac)

) ⎡
⎣(

3V κ3

4π

) 3−n′
3

− 1

⎤
⎦ (

m0 − ∂

∂β

)n

Z0
1 (Vac, T )

+
∞∑
n=0

an,3

n!κn

(
4π

18κ3 Vac

)
ln

(
3V κ3

4π

) (
m0 − ∂

∂β

)n

Z0
1 (Vac, T ) , (133.4)

where Z0
1 (Vac, T ) is the single particle partition function with the unmodified mea-

sure Z0
1 (Vac, T ) = Vac

(2π)3

∫ κ

p=0 d
3 p exp(−β(ε − m0)). The expression for Z1 (Vac, T )

has now non-trivial dependence on V . Various thermodynamic quantities can be cal-
culated using the results obtained in [3] and the standard relations for other thermo-
dynamic quantities (Fig. 133.1).

133.3.2 Ideal Photon Gas

Considering the grand canonical ensemble of ideal photons obeying Bose-Einstein
statistics. The energy density distribution modifies to

u(ω)dω = 1

(π)2

∞∑
n=0,n′=0

n′ �=3

an,n′
n!n′!κn

4π(
3 − n′)

(
1

Vacκ3

) ⎡
⎢⎣

(
3V κ3

4π

) 3−n′
3

− 1

⎤
⎥⎦ ωn+3dω

e
ω
T − 1

+ 1

(π)2

∞∑
n=0

an,3

n!3!κn
(

4π

3κ3 Vac

)
ln

(
3κ3 V

4π

)
ωn+3dω

e
ω
T − 1

=
∞∑
n=0

An
ωn+3

e
ω
T − 1

dω. (133.5)

Here An is constant and independent of both wavelength λ and T and is given as

An = 1

π2

∞∑
n′=0,n′ �=3

an,n′

n!n′!κn

(
4π

3 − n′

)
1

κ3 Vac

⎡
⎣(

3V κ3

4π

) 3−n′
3

− 1

⎤
⎦

+ 1

π2

an,3

n!3!κn

(
4π

3κ3 Vac

)
ln

(
3V κ3

4π

)
. (133.6)

Fig. 133.1 The figure on the left represents the variation of the energy density with temperature,
middle figure represents themodifiedPlanck energydistribution and thefigure on the right represents
the modified Wien’s law. Similar behaviour is seen in other thermodynamic quantities as well [4].
Blue: normal SR result; red dotted and green: the modified result
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Writing u(ω) from (133.5) in terms of wavelength λ and obtainingmaximum u(λ)

at λ = λmax using extremum condition du(λ)

dλ

∣∣∣∣
λmax

= 0, the usual 5 = xmax
1−e−xmax modifies

to
∑∞

n=0 T
nxnmaxAn

[
n + 5 − xmax

1−e−xmax

] = 0, where xmax = 2π
λmaxT

. In this case xmax is

a monotonic increasing function of T . Keeping the leading order terms in T
κ
and

1
V 1/3κ

and neglecting all the higher order terms we get T
κ

= − 1
xmaxa1,0

(
5− xmax

1−e−xmax

6− xmax
1−e−xmax

)
=

f (xmax). We note that the significant change in value of xmax occurs if order of
change in temperature is non-negligible with respect to κ . Since f −1

(
T
κ

)
> 4.965

so (λmax)DSR

(λmax)SR
= 4.965

f −1( T
κ )

≤ 1. The frequency at which the energy density distribution at

a given temperature peaks gets a positive correction. Now if we demand at least 1%
correction, i.e. (λmax)DSR

(λmax)SR
= 4.965

f −1( T
κ )

= 99
100 then we get f −1

(
T
κ

) = 5.015.

The energy density u ≡ U
Vac

= ∫ κ

0 u(ω)dω is given as

u = 1

(π)2

∞∑
n=0,n′=0

n′ �=3

an,n′

n!n′!κn

4π

(3 − n′)

(
T n+4

Vacκ3

) ⎡
⎣(

3V κ3

4π

) 3−n′
3

− 1

⎤
⎦

�(n + 4)

[
Zn+4(0) − Zn+4

( κ

T

) ]

+ 1

(π)2

∞∑
n=0

an,3

n!3!κn

(
4πT n+4

3Vacκ3

)
ln

(
3κ3 V

4π

)

�(n + 4)

[
Zn+4(0) − Zn+4

( κ

T

) ]
=

∞∑
n=0,n′=0

un,n′ . (133.7)

The radiation pressure modifies to

P =
∞∑

n=0,n′=0
n′ �=3

[
1

(π)2
an,n′

n!n′!κn

4π

(3 − n′)

(
T

Vacκ3

)⎡
⎣(

3V κ3

4π

) 3−n′
3

− 1

⎤
⎦

{
− ln(1 − e− κ

T )
κn+3

n + 3

}
+ un,n′

(n + 3)

]

+
∞∑
n=0

[
1

(π)2
an,3

n!3!κn

(
4πT

3Vacκ3

)
ln

(
3κ3 V

4π

)

{
− ln(1 − e− κ

T )
κn+3

n + 3

}
+ un,3

(n + 3)

]
. (133.8)

The equilibrium number of photons is given as
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N̄ = 1

(π)2

∞∑
n=0,n′=0

n′ �=3

an,n′

n!n′!kn+3

4πT n+3

(3 − n′)

⎡
⎣

(
3V κ3

4π

) 3−n′
3

− 1

⎤
⎦

�(n + 3)

[
Zn+3(0) − Zn+3

( κ

T

) ]

+ 1

(π)2

∞∑
n=0

an,3

n!3!κn+3

(
4πT n+3

3

)
ln

(
3κ3V

4π

)

�(n + 3)

[
Zn+3(0) − Zn+3

( κ

T

) ]
. (133.9)

Other thermodynamic quantities can be similarly calculated using above results. For
massive quantum gases, i.e. bosons and fermions the q-potential modifies to

q = g

(2π)3

∞∑
n=0,n′=0

n′ �=3

an,n′

n!n′!κn+3

4π

(3 − n′)

⎡
⎣(

3V κ3

4π

) 3−n′
3

− 1

⎤
⎦ (

4π

a

)

κ∫
ε=0

[
ε + m2

κ

(
1 − ε

κ

)] [
ε2 − m2

(
1 − ε

κ

)2] 1
2

(ε)n ln
[
1 + aze−βε(p)

]
dε

+ g

(2π)3

∞∑
n=0

an,3

n!3!κn+3

(
4π

3

)
ln

(
3V κ3

4π

) (
4π

a

)

κ∫
ε=0

[
ε + m2

κ

(
1 − ε

κ

)] [
ε2 − m2

(
1 − ε

κ

)2] 1
2

(ε)n ln
[
1 + aze−βε(p)

]
dε (133.10)
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Chapter 134
Thermodynamic Geometry of Regular
Black Hole Surrounded by Quintessence

C. L. Ahmed Rizwan, A. Naveena Kumara, and Deepak Vaid

Abstract We investigate thermodynamics of regular Bardeen AdS black hole sur-
rounded by quintessence. Pressure-Volume (P-V) and temperature-entropy (T-S)
plots are obtained from the first law of black hole thermodynamics, shows a critical
behaviour. This is reflected in the divergence of specific heat against entropy plots.
Using the thermodynamic geometry, we have tried to affirm this critical property.
From the Ruppeiner and Weinhold geometries, we have calculated the thermody-
namic curvature scalar RR and RW in the quintessence dark energy regime. It is
found that in our case these thermodynamic scalars can only identify the critical
behaviour and fail to show divergence at the phase transition points observed in
specific heat study.

134.1 Introduction

Black hole thermodynamics has remained as a hot topic in high energy physics for
past five decades. The motivations behind this are that the black hole physics forms
a bridge between quantum gravity and general relativity. From the work of Hawk-
ing and Bekenstein, black hole temperature was found proportional to the surface
gravity and entropy related to the area of event horizon. Using these facts, four laws
of black hole thermodynamics were formulated parallel to laws in classical thermo-
dynamics. In 1980s, Hawking and Page studied black hole thermodynamics in the
asymptotically anti-de Sitter (AdS) geometry. The AdS black holes exhibited rich
phase structure with thermal radiation, small and large black hole phases. Again
through the paper of Maldecena, AdS black hole caught attention by an introduction
of a correspondence between classical field in the bulk and a conformal quantumfield
theory (CFT) in theAdS boundary. ThisAdS/CFT correspondence triggered research
in AdS black holes. Further progress in black hole thermodynamics happened when
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phase space was extended by identification of cosmological constant with thermo-
dynamic pressure. Thermodynamic study in the extended phase space showed close
resemblance with van der Waals gas. These studies give the information about the
microscopic constituencies of the black hole which is not completely understood yet.
In another context a geometric approach to thermodynamics and phase transitions
were introduced by Weinhold and Ruppeiner. Using the thermodynamic geometry a
metric is constructed in the equilibrium thermodynamic state space. From that metric
one canwrite the curvature scalar that encodes the information about themicroscopic
interactions. The critical behaviour of the black hole can be seen in the divergence
behaviour of this curvature scalar. A regular black hole surrounded by quintessence is
studied in the context of black hole thermodynamics and thermodynamic geometry.
Quintessence is a potential candidate for explaining the dark energy responsible for
accelerating universe. The cosmic source for inflation has equation of state pq = ωρq
(−1 < ω < −1/3) andω = −2/3 corresponds to quintessence dark energy regime.

The metric for a regular AdS black hole surrounded by quintessence is given by

ds2 = − f (r)dt2 + dr2

f (r) + r2dθ2 + r2 sin2 θdφ2 (134.1)

with f (r) = 1 − 2M(r)
r + a

r2ω+1 − Λr2

3 andM(r) = mr3

(r2+β2)3/2
,whereβ is themonopole

charge of a self-gravitating magnetic field described by a non-linear electromagnetic
source, m is the mass of the black hole, Λ is the cosmological constant and a is the
normalisation constant related to quintessence density. The mass corresponds to the
above metric is

M = 1

6
r−3(1+ω)
h (β2 + r2h )

3/2(−3a + r1+3ω
h (3 + 8Pπr2h )). (134.2)

In the extended phase space cosmological constant is considered as thermodynamic
pressure. Entropy of black hole is given by area of event horizon. Both reads as
follows:

P = − Λ

8π
, S = πr2h . (134.3)

First law of thermodynamics for this black hole can be written as

dM = TdS + ΦdQ + VdP. (134.4)

The Hawking temperature of the black hole can be derived from the first law as

T =
(

∂M

∂S

)
�,P,a

=
(
β2 + S

π

) 1
2

4
S− 3ω

2 − 5
2

[
3aπ

3ω
2 + 1

2
(
πβ2(ω + 1)

+Sω) + S
3ω
2 + 1

2
(−2πβ2 + 8PS2 + S

)]
. (134.5)
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Fig. 134.1 To the left we have P-V diagram for regular AdS black hole surrounded by quintessence
(a = 0.07, β = 0.1, ω = −2/3, Tc = 0.36). In the right side T-S plot for different values of β is
shown

The equation of state is obtained as

P = 1
8π

[
8πT√
4β2+v2

+ 32β2v−3ω−5
(
v3ω+1 − 3a8ω(ω + 1)

) − 3a8ω+1ωv−3(ω+1) − 4
v2

]
,

where v = 2rh is specific volume. Using the equation of state, the P − v and T − S
curves are plotted in Figs. 134.1 and 134.1. The critical points are found using

∂P

∂v
= 0 ,

∂2P

∂v2
= 0. (134.6)

Below the critical point TC , P − v isotherm splits into three branches corresponding
to small, intermediate, and large black holes. This behaviour is quite similar to
liquid/gas transition in van der Waals fluids. For obtaining more details about phase
transitions, the heat capacity is calculated at fixed value of parameters β, P and a
given by

CP = T

(
∂S

∂T

)
P

(134.7)

=
2 S

(
πβ2 + S

) (
S

(√
π(8PS + 1) − 2a

√
S
)

+ β2
(
πa

√
S − 2π3/2

))
√

π
(
β4

(
8π2 − 3π3/2a

√
S
)

+ S2(8PS − 1) + 4πβ2 S
) .

(134.8)

Sign of heat capacity tells about thermodynamic stability, positive for stable and neg-
ative for unstable systems. From Fig. 134.1, we observe two stable region separated
by an unstable one leads to Reentrant phase transitions Fig. 134.2.
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Fig. 134.2 Specific heat versus entropy diagram plotted below the critical point shown in Fig.
134.1. In the next two figures, Curvature divergence plots for Weinhold and Ruppeiner metric is
shown. In all plots quintessence parameter and monopole charge is fixed, a = 0.5 and β = 1

134.1.1 Thermodynamic Geometry

The Weinhold and Ruppeiner geometries are used to confirm these critical nature of
black holes. Weinhold metric is defined ad hoc in the thermodynamic equilibrium
space as the Hessian of the internal energy M and Ruppeiner metric as Hessian of
the entropy function S

gWi j = ∂i∂ j M(S, Na)dxidx j , gR
i j = −∂i∂ j S (M, Nα) , (i, j = 1, 2), (134.9)

where Na represents other thermodynamic extensive variables. From metric tensor
gWi j and gR

i j , one can calculate curvature scalar which is found to be a complicated
expression, RW (S, P, b,ω, a) and RR(S, P, b,ω, a). Plotting the curvature scalars
RW and RR versus entropy S, we have studied its divergence behaviour, which occurs
at multiple points. Around the critical point (Pc = 0.207 for a = 0.07 and β = 0.1),
scalars show multiple divergences which is different from that in specific heat plots.

134.2 Conclusion

In this paper, we studied thermodynamics of Regular Bardeen AdS black holes with
quintessence. The P-v isotherms, T-S diagrams, and specific heat plots are obtained
in quintessence dark energy regime ω = −2/3. The critical behaviour exhibited is
further confirmed in thermodynamic geometries. But from randomly located diverg-
ing points in thermodynamic scalars, we could infer only the critical behaviour of
the system, but not the exact phase transition points.
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Chapter 135
Cosmological Constant and
α-Quantization

Sovan Ghosh

Abstract Cosmological constant is related to the fine structure constant. Variation of
the fine structure constant is an experimentally verified fact at present. It prompts us
to think about the variation of the cosmological constant as well. Again fine structure
constant is a key factor to different particle properties and alpha quantization helps
to connect particles in a single chain. So a variation of the fine structure constant
can contribute to the alpha-quantized behavior of the elementary particles. Here in
this article, the cosmological constant and alpha quantization are brought together
to provide a better realization of the nature of the tiny particles.

135.1 Introduction

The cosmological constant, the brainchild of Einstein [1] was almost abandoned by
himself [2]. Again the cosmological constant was assumed to be zero for almost the
rest of the time of the previous century [3]. With the evolution of the dark energy
theory, the cosmological constant is regarded as one of the possible dark energy
candidates [4, 5]. Beck has provided the expression of the same with the help of
Khinchin axioms as

� = G2

�4

(me

α

)6
(135.1)

and his expression is in good agreement with the recent data [6]. Here G is the
gravitational constant,me is themass of the electron,� is the reduced Planck constant,
and α is the fine structure constant. Vacuum energy density which is related to
cosmological constant is expressed as
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ρ� = c4

8πG
� = G

8π

c4

�4

(me

α

)6
(135.2)

The expressions (135.1) and (135.2) hint clearly that the vacuum energy density
and cosmological constant are inversely proportional to the sixth power of the fine
structure constant. Hence any variation in α effects � and ρ�.

135.2 Variation of Fundamental Constants

The variation of the fundamental constants was hinted long back byMilne and Dirac
independently, where both of them indicated a time variation of G [6, 7]. Teller
was the first to propose a temporal variation of the fine structure constant α [8].
Variation of α was the second time hinted by Gamow [9]. The variation was probed
by renormalization in QED by Dyson [10]. The current theory of fine structure
constant is standing on the foundation provided by Bekenstein [11] and modified as
the BBSM model [12].

Here we must mention that the variation of the fine structure constant basically
can take place by the variation of the electrical charge or speed of light or both.
The varying speed of light of course is only in cosmic time [13]. Bekenstein has
considered the varying electrical charge [11] as

e = e0ε(x
μ) (135.3)

In a previous article by the current author, the calculations are shown considering
both of them [14]. With the help of (135.3) calculations are done following both
Bekenstein and the varying speed of light (VSL) and the bridge between them is also
framed here.

The variation of the fine structure according to the Bekenstein prescription and
the VSL theory are shown in Table 135.1.

Similarly, the temporal variation of magnetic moment are also calculated and
tabulated in Table 135.2.

As we have ρ� ∝ � ∝ α−6, one can say

ρ̇�

ρ�

= �̇

�
= −6

α̇

α
(135.4)

Using (135.2) we find that

Table 135.1 Variation of fine
structure in time

Using Bekenstein
Prescription

Using VSL Connection between
them

α̇
α

= 2 ε̇
ε

α̇
α

= 2 ε̇
ε

− ċ
c

(
α̇
α

)
C − ċ

c
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Table 135.2 Variation of the
magnetic moment in time

Using Bekenstein
Prescription

Using VSL Connection
between them

μ̇
μ

= ε̇
ε

+ α̇
2π(1+ α

2π )
μ̇
μ

=
ε̇
ε

+ α̇
2π(1+ α

2π )
− ċ

c

(
μ̇
μ

)
C

− ċ
c

�̇

�
= −12

ε̇

ε
(135.5)

and with varying speed of light theory we get that

�̇

�
= −12

ε̇

ε
+ 6

ċ

c
(135.6)

Hence for a decreasing speed of light, the cosmological constant and the vacuum
energy density decrease.

From (135.4), we have seen that ρ̇�

ρ�
= �̇

�
.

But again following the varying speed of light theory, we have a difference in that
result as

ρ̇�

ρ�

= �̇

�
+ 4

ċ

c
(135.7)

135.3 α-Quantization

The α-quantized energy relations of the leptons and quarks are provided by
MacGregor [15–17] and the current author [18]. Boson channel is expressed as

Eb = Ee

α
(135.8)

Using (135.8), we get

� = G2

�4
m6

b (135.9)

where mb is the mass of the corresponding boson. Similarly, the fermion channel is
expressed by MacGregor as

E f = 3Ee

2α
(135.10)
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Alike (135.9) the expressions of � can be derived from (135.10) as

� = G2

�4

(
2

3
m f

)
(135.11)

For muon channel, we have

Eμ =
(

3

2α
+ 1

)
Ee (135.12)

that leads to the expression of the cosmological constant as

� = G2

�4

(
2

3
�mμe

)
(135.13)

where �mμe = mμ − me. Similarly for proton channel,

Ep =
(
27

2α
+ 1

)
Ee (135.14)

we get the expression of the cosmological constant as

� = G2

�4

(
2

27
�mpe

)
(135.15)

where �mpe = mp − me. Comparing the expressions of (135.13) and (135.15), we
find that

�mpe = 9�mμe (135.16)

which is in good approximation with experimental data and this proves the
α-quantization of the mass of the particles, proposed by MacGregor is true.

135.4 Conclusion

Cosmological constant is discussed here on the basis of its relation with fine structure
and the temporal variation of the fine structure constant. As the cosmological constant
is one of the dark energy candidates, this variation can lead us in the study of dark
energy also. Further using the relation of the cosmological constant and fine structure,
the α-quantization of the mass of the particles is proved to be true.
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Chapter 136
Q-PET: PET with 3rd Eye Quantum
Entanglement Based Positron Emission
Tomography

Sunil Kumar, Sushil Singh Chauhan, and Vipin Bhatnagar

Abstract In the present ongoing study, we proposed a prototype model by the intro-
duction of a new discriminatory window parameter, which can be a new-generation
PET detection technique. Positron Emission Tomography (PET) detection technique
involves a coincidence detection technique to correlate the two annihilation photons.
We introduced polarizationmeasurement of the annihilation photons as an additional
parameter in our proposed prototype to correlate annihilation photons of particular
annihilation event. The motivation behind this introduction is quantum entangle-
ment relation between the two photons. Simulation studies for this research work are
undergoing and some preliminary results were presented.

136.1 Introduction

Medical imaging is the field in which radiation is used for imaging the body of the
diseased patient. For this purpose, many such systems have been developed to serve
the mankind. X-ray radiography, Computed Tomography (CT), Ultrasonography,
Magnetic Resonance Imaging, Nuclear Medicine Imaging and Positron Emission
Tomography (PET) are some techniques generally used in medical imaging. Out of
these, PET is widely used for the staging, restaging, drug and therapy response of
patients diagnosed with cancer. PET enables us to get morphological imaging of bio-
distribution of positron-emitting radionuclide or radiopharmaceutical injected in the
body of the patient/animal. Current PET detection technique involves coincidence
detection technique to correlate the two annihilation photons emitted in the almost
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exactly opposite direction detected by a ring-type scintillation-based detection sys-
tem [1].

To reconstruct the raw data in an informative PET image, one needs to investigate
exactly the true events with paired photons from the random, scattered and multiple
events [2].

False coincidences introduce noise and contrast lost in the reconstructed image
and also enhance the chances of misinterpretation. PET systems involve the two
windows for the selection of true events which are energy window and timing win-
dow. At present, time and energy windowing, which are applied over the primary
coincidence data, discard all multiple events, as well as a considerable fraction of
unscattered coincidence events due to the relatively poor energy resolution of current
detectors [2].

Besides these parameters for the selection of true coincidence, there is another
parameter which, possibly can accurately measure the true coincidence.

136.2 Motivation

The motivation towards this work comes from the fact that using Compton scatter-
ing, we can find the polarization of the photons and that can be used to identify
the correlated true annihilation photons. Two photons emitted are linearly polarized
such that the polarization vectors are orthogonal to each other, i.e. having a quantum
entangled state in which both the photons have their planes of polarization perpen-
dicular to each other [3]. This quantum entangled state can work as a discriminatory
window for the identification of true annihilation events after clearing the first two
windows. So if one can measure the polarization of each photon and can identify
the orthogonal relation between them, this technique can work as a powerful tool to
identify accurately the two annihilation photons.

136.3 Method

Compton cross section depends on the photon polarization and this dependencemake
us able to calculate polarization of the photons involved in the annihilation process
[4]. It is also implied by Quantum Electrodynamics that the two photons emitted in
an electron–positron annihilation process are polarized orthogonal(perpendicular)
to each other [4]. In this study we have planned for using the angular correlation
between Compton scattered photons. For this purpose, Klein–Nishina Model for
Compton Scattering will be used as a theoretical basis. A GEANT4 Simulation will
provide the requisite variables for the calculations of the angular correlation.
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Fig. 136.1 Klein–Nishina Differential Cross Section for different energies (left) and a GEANT4
constructed geometry for the proposed prototype (right)

The differential cross section of Compton scattering [5] is expressed as

dσ

dΩ
= r20

2

(
E ′

E

)2 (
E

E ′ + E ′

E
− 2 sin2 θ cos2 η

)
, (136.1)

where
r0 = classical electron radius, E = energy of incident γ ray, E’ = energy of

scattered γ ray, θ = angle of scattering, η = angle between plane of scattering &
plane of polarization.

136.4 Prototype

136.4.1 Geometry

Q-PET consists of 16 units of detector arranged in a ring of inner radius 30.78cm and
outer radius 47.04cm. Each unit consists of one gaseous detector (Scatterer/Tracker)
and one scintillation block.

136.4.1.1 Tracker/Scatterer

In Tracker Section, Gas Chamber has been introduced for tracking purposes. Mate-
rial used for the gas chamber is XeCO2C4F10 in proportion Xe(50%), CO2(15%),
C4F10(35%). The material (XeCO2C4F10) so chosen for the gas detector contains
Xenon, which is the highest density Noble gas can be used for the proportional cham-
bers. To increase the probability of 511 keV photons interaction with gas molecule,
density of the gas should be large. Besides this one has to consider some factor, i.e.
interaction cross section for the desired process, density should be enough to have
the interaction probability to get the Compton interaction.
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Gas detector has dimension 10cm × 10cm × 8.96cm. Gaseous detector will
provide the position of very first interaction of annihilation photon in the gaseous
medium. Signal generated by the gaseous detector also gives information on the track
of recoil electron. Time Projection Chamber (TPC) configuration can be used to get
the third coordinate (depth of interaction) point. Besides that, some other methods
are there to get the depth of interaction point.

Tracking of recoil electron can provide the additional benefit of getting the real
direction of gamma-ray entrance within some uncertainty. This feature is very impor-
tant for large diameter scanners.

136.4.1.2 Scintillator

In Scintillator Section, CdWO4 crystals are used to absorb the scattered gamma ray
completely. Scintillation Block of each unit have 10 × 10 arrangement of crystals of
dimension 1.58cm × 1.58cm × 5cm each. This section will provide position and
energy of the scattered gamma ray.

136.5 Summary and Future Work

Thepolarizationmeasurement technique canwork as a discriminatorywindow for the
identification of annihilation photons. Presently, working to improve the interaction
probability with the analysis of the simulation data and simulation for the differential
cross-sectional data needed for the polarization calculation. We will update and
publish the results soon.
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Chapter 137
Signature of Light Sterile Neutrinos
at IceCube

Bhavesh Chauhan and Subhendra Mohanty

Abstract The MiniBooNE collaboration has reported evidence for a light sterile
neutrino with large mixing angles which is consistent with the results by LSND
collaboration approximately 20 years ago. However, any such state would be in
conflict with Planck measurement of Nef f during Big Bang nucleosynthesis. If there
is sufficient self-interaction in the sterile sector, the large effective thermal mass
can suppress its production in the early universe. Our objective is to investigate if
such interactions could allow for resonant absorption in the astrophysical neutrino
spectrum and whether there are observable consequences for IceCube. We show
that it is possible to give independent bounds on the parameter space from IceCube
observations with the absorption lines corresponding to the neutrino masses.

137.1 Introduction

The MiniBooNE collaboration has recently reported an excess in the neutrino and
anti-neutrino appearance channels which is consistent with the sterile neutrino
hypothesis [1]. The best-fit point,

�m2
41 = 0.041 eV 2 and sin2(2θμe) = 0.958 (137.1)

is consistent with the earlier measurements by LSND collaboration [2]. In fact,
the combined significance of the two datasets is 6.1σ. These results, however, are in
tension with data from disappearance experiments likeMINOS+ and IceCube. Other
experiments like KARMEN and OPERA have not been able to confirm this excess,
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but they do not rule it out completely either [3]. The existence of such light states
with large mixing angles is also in conflict with cosmology. The Planck experiment
puts severe constraints on number of thermalized relativistic degrees of freedom
(Nef f ) around the epoch of big bang nucleosynthesis (BBN) (i.e., Tγ = 1 MeV)
using Cosmic Microwave Background (CMB) anisotropy [4]. A simple resolution
to this puzzle is to assume self-interactions in the sterile sector [5–11]. For gauge
coupling in the range 0.1–1 , one requires a gauge boson of mass 10–50 MeV to
reconcile sterile neutrinos with cosmology. A consequence of this scenario is that
there is a sterile neutrino background in the present universe. On the other hand, it
was shown in [12] that MeV scale secret interaction of neutrinos will give rise to
absorption lines in the very high-energy neutrino spectrum. Such lines can be seen
by neutrino telescopes like IceCube. The IceCube HESE sample has featured a gap
in the spectrum for neutrino energies in the range 400–800 TeV [13–15]. In this
paper, we explain the gap as a signature of absorption by cosmic sterile neutrino
background.

In this paper, we summarize the results in [16]. In Sect. 137.2, we describe the
model and discuss the basics of neutrino absorption. In Sect. 137.3, we look at the
allowed parameter space and the neutrino spectrum for benchmark points of the
model. In Sect. 4, we conclude.

137.2 Model, Constraints, and Results

The Standard Model is extended by introducing a left-handed sterile neutrino (νs)
which is charged under an additional gauge symmetryU (1)X with coupling strength
gX . The relevant term in the new Lagrangian is the gauge interaction of the sterile
neutrino which in the mass basis as

− Ls =
∑

i, js

gi j ν̄iγ
μPLν j Xμ, (137.2)

whereU is the 4 × 4 neutrinomixingmatrix and gi j = gXU ∗
siUs j . The active neutrino

mixing angles are taken to be the central values from the oscillation measurements
[17]. In this paper, we usem4 as themass of the fourth (mostly sterile)mass eigenstate
and MX as the mass of new gauge boson. The details of neutrino absorption is
discussed in [16] and references therein.

We examine the m4 − MX parameter space that can explain the observed Ice-
Cube spectrum. If the absorption line is between 800 and 3000 TeV, one can-
not explain the three PeV events at IceCube unless exceptional circumstances are
evoked. To be general, we constrain the m3 absorption not to lie in this range.
Since we wish to explain the dip in the spectrum using the fourth neutrino, we
require, Eres ≤ 800 TeV and Eres/(1 + 〈zs〉) ≥ 400 TeV. As discussed in [11],
we also show the region in the parameter space that requires more than one and
two extra lighter sterile neutrinos in the full theory. It can be seen from Fig. 137.1
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Fig. 137.1 (Left): The shaded blue region with solid (dashed) boundaries can explain the 400–800
TeVdip in the IceCube spectrum.The green shaded region is the allowedmass fromMiniBooNEand
the best-fit point is shown. The gray-shaded region denotes the range ofX bosonmass excluded from
PeV events at IceCube. The red lines (solid, dashed) show the number of additional light particles
(one, two) to be added to the theory. The black point shows the benchmark case considered in the
paper. Right: The flux without attenuation is shown as dashed gray curve. The blue, green, and red
curves is the flux with attenuation for the BM1, BM2, and BM3, respectively

that only a small portion of the parameter space is compatible with all the con-
straints. We chose the benchmark point in m4 − MX plane to be (0.4 eV, 25 MeV)
for our analysis. The gauge coupling is constrained from the restrictions on the
recoupling temperature. We chose a benchmark point gX = 0.1 which is consistent.
Form4 = 0.4 eV, the 68 % C.L. fromMiniBooNE requires sin2 θμe ∈ (0.03, 0.075),
whereas the 3σ range is sin2 θμe ∈ (0.0055, 0.1115). We use two representative val-
ues of the mixing angles for showing the neutrino spectrum with absorption. For
the first benchmark case (BM1), we consider θ14 = θ24 = θ34 = 0.1, for BM2, we
consider θ14 = θ24 = θ34 = 0.3, and for BM3, we consider θ14 = θ24 = θ34 = 0.5.
The spectral index is chosen to be 2.6 and the normalization is fixed from the second
bin. Sources are assumed to be distributed around z = 0.6.

137.3 Conclusion

Tomake a light sterile neutrino observed byMiniBooNE consistent with cosmology,
one must introduce self-interactions between the sterile neutrinos. Since the medi-
ators required are at MeV scale, there will be observable effects in the spectrum of
high-energy neutrinos detected by IceCube. We show that the apparent gaps in the
spectrum at 400–800 TeV as well as beyond 2.6 PeV can be attributed to resonant
absorption by the two heaviest mass eigenstates in the background. The features
obtained not only explain the present data but may also be testable in future IceCube
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data. In the scenario discussed, IceCube is blind to neutrino sources beyond a certain
zmax. Future multi-messenger astronomy should be able to confirm this.
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Chapter 138
The Measurement of the Difference
Between ν and ν̄ Mass-Squared Splittings
in Atmospheric and Long-Baseline
Neutrino Experiments

Daljeet Kaur, Sanjeev Kumar, and Md Naimuddin

Abstract We present an estimated senstivity for the differences in the mass-
squared splittings of ν and ν oscillations for the atmospheric neutrino experiment
(ICAL@INO) and for long-baseline experiments (T2K & NOvA). We analysed
Charged-Current (CC) νμ- and ν̄μ-independent interactions with the detector, assum-
ing three flavor oscillations along with the inclusion of the Earth matter effects. The
observed νμ and ν̄μ events spectrum folded with realistic detector resolutions and
efficiencies are separately binned to direction and energy bins, and a χ2 is min-
imized with respect to each bin to find out the oscillation parameters for νμ and
ν̄μ independently. Assuming non-identical atmospheric oscillation parameters for ν

and ν̄, we estimate the detectors sensitivity to confirm a non-zero difference in the
mass-squared splittings (|Δm2

32| − |Δm2
32|).

138.1 Introduction

In the phenomena of neutrino oscillations, the mass-squared splittings and mixing
angles are expected to be identical for neutrinos and antineutrinos by CPT symmetry.
Comparing the oscillation parameters of neutrinos and anti-neutrinos independently
could, therefore, be a particular test of CPT conservation or any difference between
them may indicate a sign of new physics. Here, we consider that the oscillation
probability governed by a mass splitting or mixing angle for neutrinos is different
compared to antineutrinos. We assume the standard three neutrino paradigm and
perform realistic simulations of the current and future atmospheric experiment. We
simulate the atmospheric IronCalorimeter (ICAL) detector [1] and the long-baseline
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oscillation experiments such as NOvA [2] and T2K [3] in order to determine their
potential in probing the difference between neutrino and anti-neutrino mass-squared
splittings.

138.2 Simulation Details

We simulate neutrino events using the ICAL detector for 10 years, using NOvA for
3 years and T2K for 5 years for ν and ν̄ independently. Non-identical atmospheric
oscillation parameters for neutrinos and anti-neutrinos are considered. All the four
atmospheric oscillation parameters, i.e. |Δm2

32|, |Δm2
32|, θ23 and θ23 are varied in a

wide range. Using the results of the four parameters analysis, we study the prospects
of the scenario when the differences (|Δm2

32| − |Δm2
32|) are non-zero. Fixed true

values and variation range used for oscillation parameters are listed in the below
Table 138.1.

For simulating atmospheric neutrinos at the ICAL, we use the neutrino events
generated through NUANCE event generation. Unoscillated neutrino/anti-neutrino
events are generated for 1000 years of exposure of ICAL and it scaled to 10 years of
ICAL running for estimation of sensitivity. Reconstruction and charge identification
efficiencies (Obtained by INO) are implemented. Muon energy, Muon angle reso-
lutions and hadron energy resolutions are implemented. Twenty muon energy bins
ranging from 0.8 to 12.8 GeV, 20 muon direction bins (cos θ bins ranging from−1 to
+1)and 5 hadron bins ranging from 0.0 to 15.0 GeV. Binning is done in a similar way
for neutrinos and anti-neutrinos with 20 × 20 × 5 = 2000 bins with optimized bin
size. A χ2 function with method of pulls for including systematic uncertainties has
been calculated for neutrino and anti-neutrino separately. Other simulation details
are similar to the reference [4]. For simulating T2K and NOvA long-baseline exper-
iments, we use the Globes Neutrino Simulator with the simulation details given in
Table138.2. Other simulation details are similar to the references [5, 6].

Table 138.1 ν(ν̄) oscillation parameters used in the analysis

Neutrino/anti-neutrino oscillation parameters

Osc. parameters True values Range

sin2(2θ12) 0.86 Fixed

sin2(θ23) varied 0.3–0.7

sin2(θ13) 0.0234 Fixed

Δm2(sol.) (eV2) 7.6 ×10−5 Fixed

Δm2(atm.) (eV2) varied (2.0–3.0)×10−3(3σ)

δCP 0.0 Fixed
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Table 138.2 Characteristics of NOvA and T2K detectors used for simulation

Characteristics NOvA T2K

Baseline 812km 295km

Location Fermilab-Ash river J-PARC-Kamioka

Detector TASD Water Cherenkov

Target mass 14 kton 22.5 kton

Runtime 3 in ν and 3 in ν̄ 5 in ν and 5 in ν̄

Beam power 0.7MW 0.75MW

Osc. channel CC disappearance CC disappearance

Signal norm. error 5% 5%

Background norm. error 10% 10%

138.3 Results and Conclusions

The independent measurements of neutrinos and anti-neutrinos for atmospheric neu-
trinos at the ICAL and for long-baseline experiments (T2K and NOvA) have been
shown. As a preliminary result, we show the sensitivities of T2K and NOvA for
lower octant, maximal mixing and for higher octant for different true values of mass-
squared splittings assuming CPT is true. It is clear from the Figs. 138.1 and 138.2
that assuming CPT is a good symmetry, neutrino-only analysis gives more stringent
parameters compared to the anti-neutrino only analysis, while the combined ν+ν̄

analysis shows the most stringent parameter space. This study also shows that these
experiments can solve octant degeneracy by taking νs and ν̄s alone.

Using non-identical oscillation parameters of νμ and ν̄μ, wemeasured the sensitiv-
ity of atmospheric experiment (ICAL@INO) for difference in oscillation parameters
of νμ and ν̄μ. Figure138.1(Right) shows the ICAL detector sensitivity to confirm
a non-zero difference in the mass-squared splittings (|Δm2

32| − |Δm2
32|). With the

variation of true as well as observed values, the ICAL can rule out the null hypothe-
sis of |Δm2

32| = |Δm2
32| at more than 3σ level if the difference of true values of

|Δm2
32| − |Δm2

32| ≥ +0.7 × 10−3eV 2 or |Δm2
32| − |Δm2

32| ≤ −0.7 × 10−3eV 2.
The study of long-baseline sensitivities for the difference of these mass-squared
splitting is still in progress.
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(a) (b) (c)

(d) (e) (f)

Fig. 138.1 90%C.L. fromNOvA(Top) andT2K (bottom) experiments forLower octant (sin2 θ23 =
0.40) (Left), maximal mixing (sin2 θ23 = 0.50) (Middle) and for Higher octant (sin2 θ23 = 0.60)
(Right) with |Δm2

32| = 2.45 × 10−3eV 2, assuming CPT is a true symmetry. Red, black and green
contours are obtained as a results of anti-neutrino, neutrino and combined (ν + ν̄) analysis, respec-
tively

Fig. 138.2 90% C.L. expected region obtained for the ICAL at maximal mixing (sin2θ23 = 0.50)
asuming CPT is a true symmetry (Left). The ICAL sensitivity for (|Δm2

32| − |Δm2
32|)True(eV 2)

at 1σ , 2σ and 3σ confidence levels assuming CPT is not true (Right)
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Chapter 139
eV Scale Sterile Neutrinos in A4
Symmetric Model

Mitesh Kumar Behera and Rukmani Mohanta

Abstract The observed anomalies by several short-baseline neutrino oscillation
experiments suggest the possible existence of an eV-scale sterile neutrino. Consider-
ing amodified discrete A4 flavour symmetricmodel in the framework of two eV-scale
sterile neutrinos, we can explain the current neutrino oscillation parameters along
with the neutrinoless double beta decay (NDBD) bound on effective neutrino mass.
This model also accommodates a non-zero reactor mixing angle compatible with the
current observation.

139.1 Introduction

Though the Standard Model (SM) is an extremely successful theory, still it is not
able to explain many observed phenomena in particle physics, astrophysics and
cosmology. For instance, SM is unable to resolve the puzzles of neutrino physics.
These days neutrinos are the most talked about topic in the scientific community
as they are believed to contribute both in the microscopic and macroscopic world.
One of the profound discoveries in neutrino physics is its flavour oscillation, which
suggests that neutrinos are massive. Furthermore, the three neutrino framework is
defined by six independent parameters, in which, three are mixing angles and two
are mass squared differences, which is well established by the experimental data.
But, the CP-violating phase is not confirmed yet due to experimental limitations
and becomes the main focus to be resolved in near future. In addition to the above,
neutrinos mass hierarchy is also not established which is believed to be of great
importance in particle physics and cosmology. Furthermore, there are some other
neutrino anomalies seen in several experiments which give rise to the existence
of another type of massive neutrino called the sterile neutrino. It is a hypothetical
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particle that does not interact via any fundamental interactions of the SM. Moreover,
the existence of sterile neutrino can help to understand why neutrinos have a tiny
mass, origin of dark matter candidate and role in baryogenesis. Sterile neutrinos are
considered to have right-handed chirality, where the mass of right-handed neutrino
can be between 1015 GeV and sub-eV. In this work, we are interested to study the
neutrino phenomenology in the presence of two sterile neutrinos in the A4 discrete
flavour symmetric model.

139.2 A4 Symmetry Group

A4 is the symmetry group [1] of a tetrahedron, and is a discrete non-abelian group
of even permutations of four objects. It has four irreducible representations: 3 one-
dimensional and 1 three-dimensional which are denoted by 1, 1′, 1′′ and 3, respec-
tively, being consistent with the sum of square of the dimensions Σi n2i = 12. Their
product rules of the irreducible representations are given as

1 ⊗ 1 = 1, 1′ ⊗ 1′ = 1′′, 1′ ⊗ 1′′ = 1, 1′′ ⊗ 1′′ = 1′

3 ⊗ 3 = 1 ⊗ 1′ ⊗ 1′′ ⊗ 3a ⊗ 3s

139.3 The Model Framework

Our proposed model contains in addition to the SM particles, two sterile neutrinos
N1 and N2 along with the flavon fields φT , χ , ζ and φ and the details of their
quantum numbers are listed in Table 139.1. The Yukawa interaction for charged
leptons, allowed by the symmetries of the model are as follows:

L� = −H
[ ye
Λ

(
LLφT

)
1 ⊗ eR + yμ

Λ

(
LLφT

)
1′ ⊗ μR + yτ

Λ

(
LLφT

)
1′′ ⊗ τR

]

= −vhvT
Λ

[
ye(eLeR) + yμ(μLμR) + yτ (τLτR)

]
. (139.1)

For neutral leptons, the Lagrangian with higher dimensional mass terms is given by

Table 139.1 Field content and their corresponding charges

Field L ec μc τ c N1 N2 H φT χ ζ φ

SU (2)L 2 1 1 1 1 1 2 1 1 1 1

A4 3 1 1′′ 1′ 1 1 1 3 3 1′ 1
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LY
ν = − y1v2v2

Λ2
[L1L1 + L2L3 + L3L2] − yχv2

3Λ2
[(2L1L1 − L2L3 − L3L2)vχ

+(2L3L3 − L1L2 − L2L1)vχ + (2L2L2 − L1L3 − L3L1)vχ ]. (139.2)

The Majorana mass terms for new fermions and their interaction with SM leptons is
given by

LNR = −
∑

α

yα

Λ
NαNα(φ)2 −

∑
α

ys
Λ

LHNαχ. (139.3)

If one considers the case of 3 + 2 case [2] by including two sterile neutrino along
with 3 active neutrinos in this model, the mass matrix will have the form that gives
a TBM mixing pattern [3] with vanishing θ13. Hence, we add a perturbation term
in theLagrangian yp

Λ2 LLHHζ + h.c.Now themodifiedmassmatrix can bewritten as

Mν = v2

Λ

⎛
⎜⎜⎜⎜⎝

a + 2d
3 − d

3 − d
3 + b e f

− d
3

2d
3 + b a − d

3 e f
− d

3 + b a − d
3

2d
3 e f

e e e ms1 0
f f f 0 ms2

⎞
⎟⎟⎟⎟⎠

,

U =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

−p+
l p+

1
6 f

K5p−
N5p−

−p−
l p−

1
6 f

K5p+
N5p+ 0

q+
l p+

1
6 f

K5p−
N5p−

q−
l p−

1
6 f

K5p+
N5p+ 0

1
l p+

1
6 f

K5p−
N5p−

1
l p−

1
6 f

K5p+
N5p+ 0

0 e
f N5p− 0 e

f N5p+ − f
eN5

0 1
N5p− 0 1

N5p+ − 1
N5

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(139.4)

where a = y1v2v2

Λ2 , d = yχ vχ v2

Λ2 , e = ys1vv4vχ

Λ2 , f = ys2vv4vχ

Λ2 and U is the eigenvector
matrix that diagonalizes the neutrino mass matrix.

Kp5± = a + b − ms ±
√
12e2 + 12 f 2 + (a + b − ms)2

N 2
p5± = 1 +

(
a + b − ms ± √

12e2 + 12 f 2 + (a + b − ms)2
)2

12e2

p± = a ± √
a2 − ab + b2

a − b
q± = b ± √

a2 − ab + b2

a − b
l2p± = 1 + (p±)2 + (q±)2

In the limit a < ms , the higher order terms in the small ratio e/ms can be neglected.
The mass eigenvalues of the neutrino mass matrix in the limit of vanishing θ13 is
given by
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mν1 = d +
√
a2 − ab + b2, mν3 = d −

√
a2 − ab + b2, mν5 = ms

mν2 = 1

2
[a + b + ms −

√
12(e2 + f 2) + (a + b − ms)2]

mν4 = 1

2
[a + b + ms +

√
12(e2 + f 2) + (a + b − ms)2]

The allowed parameter space consistent with the current neutrino oscillation data is
shown in the left panel of Fig. 139.1 and the correlation plot between sin2 θ12 and
sin2 θ23 is shown in the right panel. The contribution to the effective mass parameter
in neutrinoless double beta decay is shown in Fig. 139.2.

Fig. 139.1 Allowed parameter space is consistent with the neutrino oscillation data (left panel)
and the correlation plot between sin2 θ12 − sin2 θ23 (right panel)

Fig. 139.2 The variation of
effective mass parameter in
NDBD with the lightest
neutrino mass for 3+2
neutrino case
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139.4 Conclusion

We discuss the neutrino masses and mixing in a A4 flavour symmetric model with
nonvanishing θ13 compatible with current observation. This model also contributes
to NDBD within the experimental domain. The detailed study is done in [4].
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Chapter 140
Active and Sterile Neutrino
Phenomenology with A4-Based Minimal
Extended Seesaw

Pritam Das, Ananya Mukherjee, and Mrinal Kumar Das

Abstract Minimal extended seesaw (MES) framework is studied in thiswork,which
plays an important role in active and sterile neutrino phenomenology in (3+1) scheme.
The A4 flavour symmetry is augmented by an additional Z4 symmetry to constraint
the Yukawa Lagrangian of the model. We use a non-trivial Dirac mass matrix, with
brokenμ − τ symmetry, as the origin of leptonicmixing. Interestingly, such structure
ofmixingwith a leading order perturbation leads to the non-zero reactormixing angle
θ13. Non-degenerate mass structure for right-handed neutrino MR is considered. A
gauge singlet chiral field S is added into the picture which puts sterile neutrino in the
model. Finally, this model study give us bounds on various experimental (neutrino)
parameters like the atmospheric mixing angle, active-sterile mixing angles.

140.1 Introduction

The Standard Model (SM) of particle physics is the most successful and inspiring
model to explain particle nature and their interactions. However, there are many
unsolved phenomena that need explanation. Tiny neutrino masses were unexplored
in the SM framework due to the tiny Yukawa coupling value, hence we need to go
beyond the SM to explain neutrinos and their behaviours, popularly known as BSM.
In standard neutrino scenario, three active neutrinos (νe, νμ, ντ ) are involved with
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two mass square differences,1 three mixing angles (θi j ; i, j = 1, 2, 3) and one Dirac
CP phase (δ13). If neutrinos are Majorana particles2 then there are two more CP-
violating phases (α and β) that come into the 3-flavour scenario. The absolute mass
of individual neutrinos, the Majorana phases are still unknown. However, Planck
data constrained the sum of the three neutrinos, �mν < 0.17 eV at 95% confidence
level.

Apart from these successful achievements, in the past few years, results from
LSND [1], followed byMiniBooNE [2] confirms the presence of one extra flavour of
neutrino which is termed as “Sterile Neutrino”. Recently observed GalliumAnomaly
observation [3] is also well explained by the sterile neutrino hypothesis. Results from
cosmological observation also allow the existence of this fourth flavour of neutrino.

In SM language, sterile neutrinos are right-handed fermionswith zero hypercharge
and no colour, i.e. they are total singlets under the SM gauge group and thus perfectly
neutral. These properties allow sterile neutrinos to have a mass that does not depend
on the Higgs mechanism. Since RH neutrinos are SM gauge singlets, so it is possible
that sterile neutrinos could fit in the canonical type-I seesaw as the RH neutrino if
their masses lie in the eV regime. In order to explain eV sterile neutrino, the Yukawa
Coupling relating lepton doublets and right-handed neutrinos should be of the order
10−12, which implies a Dirac neutrino mass of sub-eV scale to observe the desired
active-sterile mixing. These small Dirac Yukawa couplings are considered unnatu-
ral unless there is some underlying mechanism to follow. Thus, it would be more
preferable to choose a framework that gives low-scale sterile neutrinomasseswithout
the need for Yukawa coupling and simultaneously explain active-sterile mixing. We
have considered (3 + 1) framework where the active neutrinos are in sub-eV range
with the sterile neutrino is in eV range. In this work, we have extended the canoni-
cal type-I seesaw with 3 right-handed (RH) and a singlet scalar fermion, popularly
known as minimal extended seesaw (MES) [4]. The beauty of theMES framework is
that this extension gives rise to tiny active neutrino mass along with the sterile mass
without the need for small Yukawa couplings and a wide range of sterile neutrino
mass is accepted in this framework from eV to keV. In this work, we have studied the
active-sterilemixing phenomenologywithin theMES framework based on A4 flavour
symmetry along with the discrete Z4 and Z3 symmetry.We have considered different
flavons to construct the non-trivial Dirac mass matrix (MD), which is responsible for
generating light neutrino mass. In this context, we have also added a leading order
correction to the Dirac mass matrix to accumulate non-zero reactor mixing angle
(θ13), in lieu of considering higher order correcting term in the Lagrangian.

1Order of 10−5 eV2 and10−3 eV2 for solar (	m2
21) and atmospheric (	m2

23/	m2
13) neutrino respec-

tively.
2Majorana nature says that particle and anti-particle are same.
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140.2 The Model

Symmetries has been playing an influential role in model building and describ-
ing phenomenology in neutrino physics. Interestingly, discrete symmetries like A4

with Zn is more popular in literature in explaining neutrino mass [5]. In this work,
left-handed (LH) lepton doublet l to transform as A4 triplet whereas right-handed
(RH) charged leptons (ec, μc, τ c) transform as 1, 1′′ and 1′, respectively. Triplets
ζ, ϕ, ϕ′, ϕ′′ and two singlets ξ and ξ ′ are added in order to produce broken flavour
symmetry. Besides the SM Higgs H , we have introduced two more Higgs (H ′, H ′′)
which remain invariant under A4. Non-desirable interactions while constructing the
mass matrices were restricted using extra Z4 charges to the fields. The field content
with A4 × Z4 charge assignment are shown in Table 140.1.

The leading order invariant Yukawa Lagrangian for the lepton sector is given by

L = LMι
+ LMD + LMR + LMS + h.c.. (140.1)

where

LMι
= ye

�
(lHζ )1eR + yμ

�
(lHζ )1′μR + yτ

�
(lHζ )1′′τR,

LMD = y1
�

(l H̃ϕ)1νR1 + y2
�

(l H̃ ′ϕ)1′′νR2 + y3
�

(l H̃ ′′ϕ)1νR3,

LMR = 1

2
λ1ξνc

R1νR1 + 1

2
λ2ξ

′νc
R2νR2 + 1

2
λ3ξνc

R3νR3,

LMS = 1

2
ρχ ScνR1.

(140.2)

In theLagrangian,� represents the cut-off scale of the theory, yα,i ,λi (forα = e, μ, τ

and i = 1, 2, 3) and ρ representing the Yukawa couplings for respective interactions
and all Higgs doublets are transformed as H̃ = iτ2H∗ (with τ2 being the second
Pauli’s spin matrix) to keep the Lagrangian gauge invariant. Following VEV align-
ments of the extra flavons are required to generate the desired light neutrino mass
matrix.

〈ζ 〉 = (v, 0, 0), 〈ϕ〉 = (v, v, v), 〈ξ 〉 = 〈ξ ′〉 = v, 〈χ〉 = u.

Following the A4 product rules and using the above-mentioned VEV alignment, one
can obtain the charged lepton mass matrix as follows:

Table 140.1 Particle content and their charge assignments under SU(2),A4 and Z4 groups

Field l eR μR τR H H ′ H ′′ ζ ϕ ξ ξ ′ νR1 νR2 νR3 S χ

SU(2) 2 1 1 1 2 2 2 1 1 1 1 1 1 1 1 1

A4 3 1 1′′ 1′ 1 1 1 3 3 1 1′ 1 1′ 1 1′′ 1′

Z4 1 −1 −1 −1 1 i −1 −1 1 1 −1 1 −i −1 −i i
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Ml = 〈H〉v
�

diag(ye, yμ, yτ ). (140.3)

The Dirac3 and Majorana neutrino mass matrices are given by

M ′
D =

⎛
⎝
a b c
a b c
a b c

⎞
⎠ , MR =

⎛
⎝
d 0 0
0 e 0
0 0 f

⎞
⎠ ; (140.4)

where a = 〈H〉v
�

y1, b = 〈H〉v
�

y2 and c = 〈H〉v
�

y3. The elements of the MR are defined
as d = λ1v, e = λ2v and f = λ3v.

The structure for MS is read as

MS = (
g 0 0

)
, (140.5)

The light neutrinomassmatrix generatedwith thisM ′
D is a symmetricmatrix (Demo-

cratic). It can produce only one mixing angle and one mass square difference. This
symmetry must be broken in order to generate two mass square differences and three
mixing angles. Thus we have added a perturbative matrix (MP ) to redefine the Dirac
mass matrix as

MP =
⎛
⎝
0 0 p
0 p 0
p 0 0

⎞
⎠ . (140.6)

Hence MD from (140.4) will take new structure as

MD = M ′
D + MP =

⎛
⎝

a b c + p
a b + p c

a + p b c

⎞
⎠ . (140.7)

140.3 Numerical Analysis

Following MES framework, the active mass matrix is given by

mν � MDM
−1
R MT

S (MSM
−1
R MT

S )−1MS(M
−1
R )T MT

D − MDM
−1
R MT

D, (140.8)

and the sterile neutrino mass as

ms � −MSM
−1
R MT

S , (140.9)

with active-sterile mixing element as R = MDM
−1
R MT

S (MSM
−1
R MT

S )−1.

3M ′
D represents the uncorrected Dirac mass matrix which is unable to generate θ13 �= 0. The cor-

rected MD is given by (140.7).
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Using the formula, we get the active mass matrix as,

mν = −
⎛
⎜⎝

b2

e + (c+p)2

f
b(b+p)

e + c(c+p)
f

b2

e + c(c+p)
f

b(b+p)
e + c(c+p)

f
(b+p)2

e + c2

f
b(b+p)

e + c2

f
b2

e + c(c+p)
f

b(b+p)
e + c2

f
b2

e + c2

f

⎞
⎟⎠ . (140.10)

The sterile mass and active-sterile mixing pattern emerge as

ms � g2

104
RT �

(
a
g

a
g

a+p
g

)T
(140.11)

We have solved the light neutrino mass matrix comparing with the unitary PMNS
[6] matrix, which consists of global fit light neutrino parameters. In a similar fashion
we have evaluated the active-sterile mixing strength.

140.4 Results and Discussion

Canonical type-I seesaw is extended in this work to study sterile neutrino and its
mixing pattern with the active neutrinos. Only Normal Hierarchy (NH) mode results
are discussed in this book chapter. The required Dirac, Majorana mass matrices are
generated using discrete A4, Z4 group symmetries. All model parameters are solved
using the global 3σ bound light neutrino parameters. In Fig. 140.1, we can see the
Dirac phase is constrained near to 0,π a 2π while we varied it with amodel parameter
(p). The addition of MP has a great influence on producing the reactor mixing angle.
Thus we have shown a variation of sin e of the reactor mixing angle with p. The
value of p gets constrained near 40 GeV. A plot between sin e of the reactor and
atmospheric mixing angle is shown (lower left). As we can see the upper octant of
sin2 θ23 accommodating more number of data points than the lower octant. In the
lower right corner plot, we have varied |Ve4|2 4 versus |Vτ4|2 with their current 3σ
bounds and our model could successfully put upper bound on both the active-sterile
mixing angles.

In conclusion, the low-scale MES mechanism is analysed in normal hierarchy
mode considering only one MS structure within this work. We successfully achieved
bounds on the model parameter p (which is extensively considered in this book
chapter) and bounds on active-sterile mixing angles. The octant of sin2 θ23 is still
unknown and as per our model, the upper octant is more preferable to the lower one.
This work is a partial contribution from the original work [7].

4As predicted by our model |Ve4|2 = |Vμ4|2.
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Fig. 140.1 In these figures,
(upper left) variation of p
with the Dirac phase(δ),
(upper right) constrained p
with sin e of reactor mixing
angle, (lower left) variation
of sin e of reactor mixing
angle with reactor mixing
angle and (lower right)
allowed 3σ bound on the two
active-sterile mixing
elements are shown



140 Active and Sterile Neutrino Phenomenology with A4 … 975

References

1. C. Athanassopoulos et al., LSND collaboration. Phys. Rev. Lett. 81, 1774 (1998). [nucl-
ex/9709006]

2. A.A. Aguilar-Arevalo et al., MiniBooNE collaboration. arXiv:1207.4809[hep-ex]
3. J.N. Abdurashitov et al., Phys. Rev. C 73, 045805 (2006). [nucl-ex/0512041]
4. J. Barry, W. Rodejohann, H. Zhang, JHEP 1107, 091 (2011). arXiv:1105.3911[hep-ph]
5. G. Altarelli, D. Meloni, J. Phys. G 36, 085005 (2009). arXiv:0905.0620[hep-ph]
6. B. Kayser, AIP Conf. Proc. 1604(1), 201 (2015). https://doi.org/10.1063/1.4883431.

arXiv:1402.3028[hep-ph]
7. P. Das, A. Mukherjee, M.K. Das, Nucl. Phys. B 941, 755 (2019). https://doi.org/10.1016/j.

nuclphysb.2019.02.024. arXiv:1805.09231[hep-ph]

http://arxiv.org/abs/1207.4809
http://arxiv.org/abs/1105.3911
http://arxiv.org/abs/0905.0620
https://doi.org/10.1063/1.4883431
http://arxiv.org/abs/1402.3028
https://doi.org/10.1016/j.nuclphysb.2019.02.024
https://doi.org/10.1016/j.nuclphysb.2019.02.024
http://arxiv.org/abs/1805.09231


Chapter 141
Can New Interactions with Dark Matter
Lead to Flux Change of Astrophysical
Neutrinos at Icecube?

Sujata Pandey

Abstract Neutrinos can scatter off the darkmatter as they travel through the cosmos
and reach the Earth. These interactions can alter the neutrino spectrum at IceCube.
Here, we explore the possibility of changes in the neutrino spectrum as neutrino
interacts with the dark matter by considering neutrino–dark matter interaction. In
this context, interactions via light Z ′ mediators are particularly interesting as they
can lead to dip and cut-off like features in the neutrino spectrum at IceCube. We
illustrate that various models of AGN, which predict more flux than the observed at
IceCube, can be resolved through this mechanism.

141.1 Introduction

Recently, IceCube collaboration succeeded in pointing back to a specific blazar TXS
0506+056 [1] as the source of one high-energy astrophysical neutrino event observed
at IceCube, located at the South Pole. With this begins a new chapter of multi-
messenger astronomy. But many of the models proposed to describe the dynamics
of blazars, predict large neutrino flux after a PeV [2], which is disfavored by the
observed spectrum at IceCube: very few events have been observed above a PeV
with no event that could correspond to the Glashow resonance. This is suggestive
of a sharp cut-off in the spectrum around a PeV. Between 400 TeV and 1 PeV, very
few events have been observed, implying an apparent depletion in the spectrum. In
this context, it is interesting to explore neutrino–DM interactions as an explanation.
Ultra-light Bose–Einstein Condensate (BEC) darkmatter (DM), due to small masses,
provide large number density and are interesting to explore [9] in the context of flux
suppression.
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141.2 Neutrino–Dark Matter Interaction

The interaction of scalar DM with neutrino via new gauge boson Z ′ is given by the
Lagrangian

L ⊃ fi l̄
iγμPLl

i Z ′
μ + ig(�∗∂μ� − �∂μ�∗)Z ′

μ. (141.1)

Here, fi are the coupling of the i = e,μ, τ kind of neutrinos with the new boson Z ′,
while g is the coupling between the dark matter � and the mediator. Coupling fi for
i = e,μ are constrained severely from the g − 2measurements, whereas τ -flavoured
neutrinos are constrained from the decay width of Z ,W bosons and τ . For ντ , the
bound reads fi <∼ 0.02. Thus, the interaction with ντ can have larger cross section
and in turn lead to flux suppression [3].

In the presence of neutrino–DM interaction, the flux of astrophysical neutrinos
passing through isotropic DM background is attenuated by a factor ∼ exp(−nσL).
Here, n, L and σ represent number density of cosmic DM, distance traversed by
the neutrinos in the DM background the cross section of neutrino–DM interaction,
respectively. The neutrino–DM interaction can produce appreciable flux suppres-
sion only when nσL ∼ 1. In ref. [3], many effective and renormalisable interactions
were studied and it was found that light gauge boson could lead to significant flux
suppression. In the case of thermal dark matter, it was shown that the bounds from
relic density, collisional damping as well as Neff dictates that the mass of the DM
has to be greater than 10 MeV for non-negligible coupling to Z ′, leading to low
DM number density. Further constraints from relic density do not allow thermal DM
to have enough cross section, leading to no flux suppression on interaction with ν.
On the other hand, ultralight BEC DM, mDM

<∼ 1eV [4], can be interesting in this
context which we explore further.

141.3 Transport of Neutrinos

We consider ν–DM interaction from Eq. (141.1) and calculate the change in the
neutrino spectrum if the astrophysical neutrino interacts with 200 Mpc of uniform
background of ultralight scalar DM. The neutrino flux can be obtained by solving
the integro-differential equation given as

∂F(E, x)

∂x
= −nσ(E)F(E, x) + n

∫ ∞

E
dE ′ dσ(E, E ′)

dE
F(E ′, x), (141.2)

where F(E, x) represents the flux of neutrinos of energy E after traversing a distance
x from the source. The first term in the RHS of Eq. (141.2) represents the attenu-
ation of the neutrinos, whereas the second term denotes the flux regenerated from
the degradation of neutrinos of higher energies. Such a transport equation can be
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Fig. 141.1 aThe solid and dashed black, red lines represent the final and the original flux,multiplied
by E2, in units of GeV cm−2 s−1 str−1 and are scaled by a factor 3 × 109. The blue-dashed line
refers to the neutrino–DM scattering cross section in units of eV−2 and is scaled by 3 × 1021. Here,
mDM = 0.3 eV and g f = 7 × 10−3. For all plots, mZ ′ = 10 MeV and mν = 0.1 eV. b Attenuation
of the diffuse neutrino flux for the AGN core model S05 [7]. The dashed and solid black lines
represent the original flux and the flux degraded by ν–DM interactions. The blue bars denote the
flux from 7.5years of neutrino flux at IceCube [8]

numerically solved in several ways: Runge–Kutta method, ‘Z -factor’ [6]. We have
verified that the final flux obtained by these two methods match at good accuracy.

From Fig. 141.1a, it can be seen that at lower energies, when σ is not appreciable,
both attenuation and regeneration are negligible. At very high energies, when σ
flattens, the neutrinos lost due to attenuation get regenerated from the higher energy
bins leading to no net change. In between, these two extremes attenuation occurs.
This kind of feature can explain the dip ∼500 TeV at IceCube [5]. This can also lead
to a cut-off kind of feature at IceCube given the dip is broader for a low mass of DM
with similar coupling.

Many models of non-blazar AGNs predict a much higher flux than what is seen
at IceCube. The net flux suppression due to neutrino DM interaction can reconcile
such AGN and cosmogenic neutrino models. We illustrate this in Fig. 141.1b, where
we have used AGN core model S05, which is used as an archetype of such AGN
models.

141.4 Conclusion

Both neutrinos and dark matter are mysterious elementary particles. Their inter-
actions are not precisely known. Cosmology suggests that DM is abundantly dis-
tributed around the cosmos and astrophysical objects produce detectable neutrino
flux observed at IceCube. Therefore, neutrino-DM interactions can lead to a signifi-
cant change of neutrino spectrum as ν travel through the cosmos and reach the Earth.
In our work, we have found that νt au interacting with DM via light vector boson can
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lead to such effects. Due to neutrino oscillations, all the flavours of ν get depleted
due to the interaction. The attenuation and regeneration of neutrinos due to ν–DM
interaction can lead to paucity of events around∼600 TeV as well as cut-off like fea-
ture after a PeV of neutrino energy. We show that by our mechanism the flux of AGN
gets attenuated and hence a lower flux is seen at IceCube. Many such astrophysical
sources which are dominant at different neutrino energies, can together explain the
entire neutrino spectrum observed.
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Chapter 142
Sensitivity of INO ICAL to Neutrino
Mass Hierarchy and θ23 Octant in
Presence of Invisible Neutrino Decay
in Matter

S. M. Lakshmi, Sandhya Choubey, and Srubabati Goswami

Abstract A study of the effect of invisible decay of the third neutrino mass eigen
state ν3 on the determination of neutrino mass hierarchy and the octant of the mixing
angle θ23 has been done. The decay is characterized by α3 = m3/τ3, where m3 is
the mass of ν3 and τ3 its rest–frame lifetime. The effect of matter oscillations and
decay have been taken into account. The studies are done with simulated charged
current νμ and ν̄μ events in the proposed 50 kt INO ICAL detector. It is found that the
mass hierarchy sensitivity is not much affected if the values of α3 are smaller than
2.35 × 10−4 eV2 (which is the 90% C.L. limit on α3 from the analysis of MINOS
data). A significant reduction in hierarchy sensitivity is observed for values of α3 as
large as 2.35 × 10−4 eV2. The dependence of sensitivity to mass ordering on θ23 is
also studied. Octant sensitivity is found to increase (worsen) with increase in α3 if
θ23 is in the first (second) octant, for non-zero values of α3 < 2.35 × 10−4 eV2, as
compared to the no decay case. For α3 = 2.35 × 10−4 eV2, the octant sensitivity is
found to increase for both octants of θ23 .
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142.1 Introduction

Neutrinos can decay either visibly or invisibly, since they have a tiny but finite mass.
Non-radiative decay of a neutrino into a neutral fermion and a (pseudo)scalar is
possible. If the final state neutral fermion is an active neutrino, the decay is visible;
if it is a sterile state, the decay is invisible. INO ICAL [1] is a proposed magnetised
iron calorimeter detector mainly sensitive to atmospheric νμ and νμ. In addition to
neutrino oscillations, this detector is sensitive to subdominant effects like invisible
neutrino decay of the mass eigen state ν3. The sensitivity of ICAL to ν3 decay life
time, when it is the heaviest mass eigen state was studied in [2]. The main goal of
ICAL, i.e., to determine neutrino mass hierarchy can be affected by the presence
of invisible decay of ν3. A study of the effects of invisible decay of ν3 and matter
oscillations on the measurement of hierarchy and octant of θ23 is presented here.

142.2 Oscillation Probabilities for Different Mass
Hierarchies and Octants in Presence of Invisible
Decay of ν3

The 3-flavour evolution equation in presence of Earth matter and invisible decay are
given in [2]. The effects of invisible decay and oscillations on the matter oscillation
probabilities of the dominant channels Pμμ and Pμμ for different hierarchies and
octants of θ23 are shown in Fig. 142.1. The oscillograms in the figure are plotted as
a funciton of the energy and direction of incident neutrinos. The central values of
oscillation probabilities used to generate these are given in [2].

Fig. 142.1 As a function of (Eν , cos θν ), (top) �Pμμ = PNH
μμ − PI H

μμ (with θ23 = 45◦) (bottom)

�Poctμμ = P39
◦

μμ − P52
◦

μμ (with NH), for α3 = 0 (no decay), 2.35 × 10−4 eV2 (MINOS limit [3])
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With increasingα3, the difference between theNHand IHprobabilities, especially
in the matter resonance region Eν = 4.0–11.0 GeV and cos θν = 0.4–0.8 decreases.
The ability to identifywhether θ23 belongs to the first (θ23 < 45◦) or the second (θ23 >

45◦) octant is also affected by invisible decay. The difference of probabilities with
θ23 = 39◦ and 52◦ get enhanced in the presence of α3. The event spectra are driven
by Pμμ and Pμμ. The presence of α3 results in a decrease in hierarchy sensitivity.
The octant sensitivity increases with increasing α3 for θtrue23 in the lower octant but
decreases with θtrue23 in the higher octant.

142.3 Results

The details of event generation, central values of parameters used for applying oscil-
lations, binning scheme, marginalisation range, systematic uncertainties andχ2 anal-
ysis can be found in Ref. [2].

142.3.1 Hierarchy Sensitivity

The hierarchy sensitivity as a function of exposure time in years for 50 kt ICAL in the
presence of α3 is shown in Fig. 142.2. It is found that for both fixed and marginalised
parameter cases, the hierarchy sensitivity decreases with increase in α3. This is
because the hierarchy is determined using the difference between the amplitudes of
the event spectra with NH and IH; both NH and IH amplitudes decrease and the
difference between them also decrease in presence of invisible decay. Table 142.1
summerises the mass hierarchy sensitivity χ2s with different true α3 and sin2 θ23 =
0.5. With marginalised parameters, if the true hierarchy is NH, there is no significant
reduction of sensitivity for α3 < 2.35 × 10−4 eV2. For true IH with marginalised
parameters, the sensitivity decreases with increase in α3 for all values of α3.

142.3.2 Sensitivity to Octant of θ23

The ability to distinguish between the lower (θ23 < 45◦) and higher (θ23 > 45◦)
octants varies in the presenceof invisible neutrinodecay.Octant sensitivity forθtrue23 =
39◦ and 52◦ and four different values ofα3 including no decay is shown in Fig. 142.3.
For θtrue23 in the lower octant, the rejection of wrong octant increases with increase
in the value of α3. For θtrue23 in the higher octant, the rejection capability decreases
with increase in α3. Table 142.2 summerises the rejection χ2 for the wrong octant
for 500 kton year exposure of ICAL with fixed parameters and α3 increasing from
0 − 1 × 10−5 eV2 and θtrue23 = 39◦, 52◦ with fixed parameters.
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Fig. 142.2 Sensitivity to neutrino mass hierarchy as a function of exposure time of a 50 kton ICAL,
and sin2 θtrue23 = 0.5 with true (left) NH (right) IH. The top panels are for the fixed parameter cases
and the bottom ones with marginalization. The values of αtrue

3 used are 0, 6 × 10−6, 1 × 10−5 and
2.35 × 10−4 eV2

Table 142.1 Comparison of fixed parameter and marginalised �χ2
MH−IC AL obtained with 500

kton year exposure of ICAL with true NH and IH, sin2 θtrue23 = 0.5 and different αtrue
3 values

sin2 θ23 α3 eV2 �χ2
MH−IC AL �χ2

MH−IC AL �χ2
MH−IC AL �χ2

MH−IC AL

(true NH - fp) (true IH - fp) (true NH -
marg)

(true IH -
marg)

0 9.86 9.99 7.92 9.17

0.5 6 × 10−6 9.02 9.13 7.37 7.36

1 × 10−5 8.64 8.74 7.11 7.07

2.35 × 10−4 5.38 5.29 5.19 5.10
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Fig. 142.3 Rejection of wrong octant with fixed parameters and marginalisation in the presence
and absence of decay for θtrue23 (sin2 θtrue23 ) 39◦ (0.396) (left) & 52◦ (0.621) (right)

Table 142.2 Comparison of �χ2
IC AL−OCT obtained with 500 kton year exposure of ICAL with

true NH, θtrue23 = 39◦, 52◦ and different αtrue
3 values for fixed parameters

αtrue
3 (eV2) θtrue23 �χ2

IC AL−OCT θtrue23 �χ2
IC AL−OCT

0 4.83 5.04

6 × 10−6 39◦ 9.00 52◦ 4.00

1 × 10−5 19.35 4.69

142.4 Summary and Conclusions

The effect of invisible decay of ν3 and matter oscillations in for the 3-flavour
paradigm, on the determination of mass hierarchy and octant of θ23 is discussed.
While invisible decay does not affect the determination of mass hierarchy signifi-
cantly if the value of α3 is much less than 2.35 × 10−4 eV2, decay has a significant
effect on the determination of θ23 octant. For values of the order of 2.35 × 10−4

eV2, decay takes over entirely and results in a significant deterioration of the mass
hierarchy sensitivity. But the limits from [2, 4] α3 are atleast two orders magnitude
smaller than 2.35 × 10−4 eV2, the MINOS 90% C.L. [3]. So there will not be too
much loss of hierarchy sensitivity. While a large enough α3 value would diminish
the hierarchy sensitivity, it would have increased (decreased) the octant sensitivity
for true θ23 in the lower (higher) octant as compared to the no decay case in the fixed
parameter case.
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Chapter 143
Icecube Spectrum: Neutrino Splitting
and Neutrino Absorption

Soumya Sadhukhan, Ashish Narang, and Subhendra Mohanty

Abstract A single power law flux of high energy neutrinos does not adequately
explain the entire event spectrum observed at the IceCube, specially the lack of
Glashow resonance (GR) events expected around6.3PeV.To remedy thiswe consider
two new scenarios (1) ν to 3 ν splitting of neutrino and (2) CRν absorption by CνB,
both of which happen over cosmological distances. In the first scenario we show
that for the neutrino splitting, the flavor ratios of the daughter neutrinos are different
from the standard oscillation or invisible decay cases and can be used as a test of this
scenario. In the second scenario we show that capture of CRν by CνB produces a dip
in the flux of neutrino which then translates into the absence of GR in the IceCube
spectrum.

143.1 Introduction

After six years of its operation, a clear 6σ excess of events is observed at IceCube
for energies above 60 TeV and these events cannot be explained by the atmospheric
neutrinos [1]. The initial choices to explain the ultra high energetic (UHE) neutrino
events were different astrophysical sources [2–5]. But some puzzles remain, The
astrophysical neutrino flux modeled by a single power law does not give a good fit
to the IceCube event distribution at all energy bins upto ∼2 PeV. With a fit at lower
energy (∼100 TeV) bins, this flux predicts an excess of neutrino events at higher
energy bins, but IceCube has not observed that effect till now. Even if the decrease
of flux amplitude can fit neutrino event observation at some bin, there remains huge
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mismatch with predicted events at other energies. We explore a two phenomenon in
the context of IceCube observation. First we consider a BSM model where the neu-
trino splitting ν → 3ν occurs through a one-loop diagram with a light mediator [6].
Then we discuss a scenario where an ultra high energetic (UHE) neutrino originating
from an astrophysical source interacts with the cosmic neutrino background (CνB)
and get absorbed through a t-channel (and also u-channel) process mediated by a
scalar causing a suppression of the neutrino flux [7].

143.2 The ν2HDM

The ν2HDM theory [8, 9] is based on the symmetry group SU (3)c × SU (2)L ×
U ((1)Y × Z2. The model has two Higgs doublets, Φ1 and Φ2. The Higgs sector is
considered to be CP invariant here. The potential with Z2 symmetry is given as [9]

V = − μ2
1 Φ

†
1Φ1 − μ2

2 Φ
†
2Φ2 + m2

12 (Φ
†
1Φ2 + h.c.) + λ1(Φ

†
1Φ1)

2 + λ2(Φ
†
2Φ2)

2

+ λ3(Φ
†
1Φ1)(Φ

†
2Φ2) + λ4|Φ†

1Φ2|2 + 1

2
λ5[(Φ†

1Φ2)
2 + (Φ

†
2Φ1)

2]. (143.1)

In the above potential, λ6,7 = 0. After the EW symmetry breaking, the two doublets
can be written as follows in the unitary gauge

Φ1 = 1√
2

( √
2(v2/v)H+

h0 + i(v2/v)A + v1

)
, (143.2)

Φ2 = 1√
2

( −√
2(v1/v)H+

H0 − i(v1/v)A + v2

)
(143.3)

where charged fields H±, two neutral CP even scalar fields h and H , and a neutral CP
oddfield A are the physicalHiggsfields andv1 = 〈Φ1〉,v2 = 〈Φ2〉, andv2 = v2

1 + v2
2 .

For the fermionic sector we consider two different variants of the ν2HDMmodel:

• Variant 1: We add a right handed neutrino νR , which is odd under Z2 symmetry.
This RH neutrino along with Φ2, which is also odd under Z2 forms the Yukawa
interaction as

LY = yeL
†
eΦ̃2νR + yμL

†
μΦ̃2νR + yτ L

†
τ Φ̃2νR + h.c. (143.4)

=
∑
e,μ,τ

yev2√
2
UeiνiνR +

∑
e,μ,τ

ye√
2
Uei H(i A)νiνR + otherterms (143.5)

= mνi νiνR + mνi

v2
H(i A)νiνR + otherterms (143.6)
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where mνi = ∑
e,μ,τ

yev2√
2
U�i are neutrino masses and U�i is the PMNS matrix.

• Variant 2: In this variant, we have three EW singlet right-handed (RH) neutrinos,
NRi , for each flavor of SM lepton. With all the SM fermions being Z2 even and
the RH neutrinos and the Higgs doublet Φ2 being odd under Z2, the Yukawa
interaction in this model in the flavor basis takes the form,

LY = Yd
αβ Q̄L ,αΦ1dR,β + Yu

αβ Q̄L ,αΦ̃1uR,β + Y l
αβ L̄ L ,αΦ1lR,β + Y ν

αβ L̄ L ,αΦ̃2NR,β + h.c.
(143.7)

If we restrict our model to only one right handed Majorana neutrino NR , then the
relevant Yukawa and mass terms of the right handed neutrino in the mass basis of
the SM neutrinos are written as,

L = yi L̄i Φ̃2NR + mR

2
NRNR . (143.8)

With a Yukawa coupling yi∼O(0.1), we get theMajorana neutrino mass of 0.1 eV
for v2 ≈ 10 keV with right handed neutrino mass mR∼10 MeV. This type of low
scale seesaw mechanism was first proposed in the Ref. [10].

143.3 Solutions to IceCube Anomalies

The all flavor initial astrophysical neutrino spectrum with single component is
parametrized as

(
dΦ

dEν

)
= Φ0

astro

(
Eν

100 TeV

)−γ

(143.9)

(
dΦ

dEν

)
BSM

= Φ0
astro

(
Eν

100 TeV

)−γ

A(Eν), (143.10)

if the neutrinos with energy Eν have any BSM interaction while traveling a distance
L from the source then the flux of the neutrino is corrected by a factor A(Eν) which
depends on the BSM interaction the neutrinos go through.

143.3.1 Splitting of Neutrinos

Here we use the variant 1 of ν2HDM inwhich the active neutrinos do not decay to the
invisible final state particles. Instead, one heavier neutrino mass eigenstate splits to
three lighter neutrino mass eigenstates with a process like ν3 → 3ν1, creating three
daughter neutrinos for each initial neutrinos (Fig. 143.1).
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Fig. 143.1 Visible decay of active neutrinos to other active neutrinos in the ν2HDM set up through
a box diagram: ν1 → 3ν3

In this case the flux is modified by the multiplication of a the decay factor. The
amount of the initial flux that remains unchanged after the decay is of the form

(
dΦ

dEν

)
nd

= Φ0
astro

(
Eν

100 TeV

)−γ

e− β
Eν . (143.11)

(
dΦ

dEν

)
d

= Φ0
astro

(
Eν

100 TeV

)−γ (
1 − e− β

Eν

)
. (143.12)

We assume all three daughter neutrinos will have same energy i.e. Ed ≈ Eν/3 with
which they interact at the IceCube. So, the part of the flux that is decayed to three
neutrinos each, can be written as It is shown in Fig. 143.2 that the a single power law
flux cannot fit the full IceCube event spectrum. This issue can be resolved introducing

Fig. 143.2 IceCube event distribution with comparison of the cases of no neutrino decay for a.
Φ0

astro = 2 × 10−18(GeV cm2s sr)−1, γ = 2.8 (left) b.Φ0
astro = 5 × 10−18(GeV cm2s sr)−1, γ =

3 (right) with cases with a visible neutrino decay a. β = 5 × 104 GeV (left) and b. β = 1.25 × 105

GeV (right) respectively. Atmospheric neutrino background is shown as brown shaded region
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a split of active neutrinos and therefore suppressing the energy spectrum with the

factor e− β
Eν with greater suppression at lower energy bins, which therefore can help

expected neutrino events to match the observed ones. Figure143.2 present effects of
the introduction of a splitting of neutrinos for different benchmark points comparing
with the case where there is no neutrino splitting.

143.3.2 Neutrino Absorption

Variant 2 of the ν2HDM allows us to have a t-channel process through which UHE
neutrino gets absorbed by the cosmic neutrino background and releases two right
handed neutrinos. These two right handed neutrinos, unlike their left handed partners,
do not have charged current and neutral current interaction with IceCube matter.
Therefore those will not be detected in the IceCube, which results in vanishing one
astrophysical neutrino in this process. The t-channel diagram cross matrix element
is computed as:

M2 = 4y2i y
2
j

(t − m2
h)

2

(
−1

2
(t − m2

R) + mνi mR

)2

(143.13)

where t represents the energy transfer to thefinal state right handedneutrinos.Heremh

andmR are the ultralight scalar mass and the right handed neutrinomass respectively,
with y being the neutrino-scalar Yukawa coupling.

The variation of t-channel process cross section with incident neutrino energy is
shown in Fig. 143.3. The absorption of CRν produces a dip in the CRν flux starting
at the threshold energy of the t-channel process. The mean free path is,

λi (Ei , z) =
⎛
⎝∑

j

∫
d3p

(2π)3
f j (p, z)σi j (p, Ei , z)

⎞
⎠

−1

≈
⎛
⎝nν(z)

∑
j

σi j (p, Ei , z)

⎞
⎠

−1

(143.14)

Fig. 143.3 Feynman diagram and the cross section for t-channel absorption of UHE neutrino by
CνB
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where fi is the distribution function for the neutrinos and Ti = 1.95 K . Away from
the sources, due to themixing, flavor ratio of neutrino in the cosmic ray flux is (1:1:1).
The modified flux due to the absorption is given as

(
dΦ

dEν

)
cap

= exp

[
−

∫ zs

0

1

λi

dL

dz
dz

]
dΦ

dEν
(143.15)

where zs denotes the redshift of source. The modified flux and the IceCube spec-
trum due to the t-channel resonant absorption in this model, for the Benchmark
Point(BP1)Φ0

astro = 1.1 × 10−18 (GeV cm2s sr)−1, γ = 2.5 are shown in Fig. 143.4
and Fig. 143.5 respectively. The χ2 value for the IceCube best fit is 21.9 and the same
for our benchmark points is 7.23 for NH and 7.17 for the IH.

Fig. 143.4 Comparison of E2
ν× flux for the incoming cosmic neutrinos after they got absorbed by

the CνB (green) with that when there is no cosmic neutrino absorption (red) for a. normal mass hier-
archy with (m1,m2,m3) = 2 × 10−3, 8.8 × 10−3, 5 × 10−2 eV (left) b. inverted mass hierarchy
with (m1,m2,m3) = 4.9 × 10−2, 5 × 10−2, 2 × 10−3 eV (right). The data points obtained from
the IceCube measurement are given in black. Yukawa couplings here are taken to be 0.1 for the
representation purpose

Fig. 143.5 IceCube event spectrumwith (violet) and without (red) neutrino capture for Benchmark
Point are shown here. Effect on the event spectrum due to neutrino absorption is shown for normal
hierarchy (left) and inverted hierarchy (right). The atmospheric background is given in brown. Here
we have taken mR∼15 MeV and y∼1
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143.4 Discussion and Conclusion

The anomalies in the IceCube data have been addressed in terms of excess at PeV
energies or a cutoff at 6 PeV Glashow resonance energies. We discuss neutrino
splitting which transfers neutrino energies to roughly 1/3 after decay and due to the
Lorentz factor there is a larger depletion of lower energy neutrinos. The benchmark
points that explain the IceCube spectrum put the decay parameter in the range, β =
L/(τ/m) = (5 × 104 − 1.25 × 105) GeV with the correlated spectral index being
in the range γ = (2.8 − 3). We also discussed a scenario where cosmic ray neutrinos
are absorbed by cosmic neutrino background through a t-channel resonant process,
therefore causing multiple dips in the cosmic ray neutrino flux. The occurrence of
dips in the neutrino flux is tuned to the energy of the expected GR events, explaining
their absence at the IceCube.
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Chapter 144
Majorana Unitarity Triangle in
Two-Texture Zero Neutrino Mass Model
and Associated Phenomenology

Surender Verma, Shankita Bhardwaj, and Monal Kashav

Abstract Non-zero value of θ13 has, now, shifted the focus of the neutrino oscillation
experiments to measure leptonic CP violation. If neutrinos are Majorana particles,
the mixingmatrix contains twoMajorana-typeCP-violating phases along with Dirac
phase. In the present work, we have established a possible relation between Majo-
rana CP phases and geometric parameters of Majorana unitarity triangle (MUT) in
two-texture zero neutrino mass model. Similar relations can, also, be derived for
other theoretical and phenomenological neutrino mass models. For two-texture zero
models, we find that Majorana CP phases depend on one of the interior angles of
MUT. The non-trivial orientation of MUT in complex plane and its non-vanishing
area suggests that CP violation is inherent in two-texture models.

144.1 Introduction

In three active flavor neutrino framework, flavor eigenstates and mass eigenstates
are connected through 3 × 3 unitary mixing matrix V parametrized in terms of three
angles (θ12, θ23, and θ13) and one phase (three phases, for Majorana neutrino). The
information aboutCP violation is embodied in themixingmatrixV . In charged lepton
basis, this 3 × 3 mixing matrix is V ≡ UP, U being Pontecorvo-Maki-Nakagawa–
Sakata (PMNS)matrix in standard PDG representation andP = diag(1, eiρ, ei(σ+δ)),
where δ is Dirac phase and ρ, σ areMajorana phases. The unitarity condition VV † =
V †V = 1, imposes six orthogonality conditions and will lead to two sets of unitarity
triangle in the complex plane, viz.

S. Verma · S. Bhardwaj · M. Kashav (B)
Department of Physics and Astronomical Science, Central University of Himachal Pradesh,
Dharamshala 176215, India
e-mail: monalkashav@gmail.com

S. Verma
e-mail: s_7verma@yahoo.co.in

S. Bhardwaj
e-mail: shankita.bhardwaj982@gmail.com

© Springer Nature Singapore Pte Ltd. 2021
P. K. Behera et al. (eds.), XXIII DAE High Energy Physics Symposium,
Springer Proceedings in Physics 261,
https://doi.org/10.1007/978-981-33-4408-2_144

995

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4408-2_144&domain=pdf
mailto:monalkashav@gmail.com
mailto:s_7verma@yahoo.co.in
mailto:shankita.bhardwaj982@gmail.com
https://doi.org/10.1007/978-981-33-4408-2_144


996 S. Verma et al.

�eμ ≡ Ve1V
∗
μ1 + Ve2V

∗
μ2 + Ve3V

∗
μ3 = 0,

�μτ ≡ Vμ1V
∗
τ1 + Vμ2V

∗
τ2 + Vμ3V

∗
τ3 = 0,

�τe ≡ Vτ1V
∗
e1 + Vτ2V

∗
e2 + Vτ3V

∗
e3 = 0, (144.1)

�12 ≡ Ve1V
∗
e2 + Vμ1V

∗
μ2 + Vτ1V

∗
τ2 = 0,

�23 ≡ Ve2V
∗
e3 + Vμ2V

∗
μ3 + Vτ2V

∗
τ3 = 0,

�31 ≡ Ve3V
∗
e1 + Vμ3V

∗
μ1 + Vτ3V

∗
τ1 = 0, (144.2)

where �ij(i, j = e,μ, τ ; i �= j) represents Dirac unitarity triangle (DUT) obtained
from multiplication of any two rows of V and �pq(p, q = 1, 2, 3; p �= q) are Majo-
rana unitarity triangles (MUT) obtained from multiplication of any two columns of
V . Under the leptonic field transformation, the elements of unitary mixing matrix V
transforms as Vli → eiφl Vli. In complex plane, DUT will rotate under these transfor-
mation and their orientation do not have any physical significance. Non-zero area of
the triangles in complex plane imply CP-violation. However, if neutrinos are Majo-
rana then zero-area triangle does not necessarily mean that CP is conserved because
of presence ofMajorana phases.MUT orientations, on the other hand, are physical as
they contain bilinear rephasing invariant terms. Thus, MUTs provide complete elu-
cidation of the CP-violation phenomena. In the present work, we have established a
possible connection of geometric parameters of MUT with CP-violating phases in
two-texture zero neutrino mass model [1].

144.2 Two-Texture Zero Neutrino Mass Model
and Geometric Parameters of MUT

In the charged lepton basis, the Majorana neutrino mass matrix M is given by
M = VMνV T , where Mν = Diag{m1,m2,m3}. Two-texture zeros have seven phe-
nomenologically allowed patterns A1,A2,B1,B2,B3,B4 and C. Any two vanishing
elements of M provide two constraining equations, i.e., Mst = 0,Mxy = 0, where
s, t, x, and y = e,μ, τ , viz

∑3
i=1 VsiVtimi = 0,

∑3
i=1 VxiVyimi = 0. We have used

these constraining equations to derivemass ratios(m1
m2

, m1
m3
) andMajorana phases(ρ,σ)

as

m1

m2
=

∣
∣
∣
∣
Ux2Uy2Us3Ut3 −Us2Ut2Ux3Uy3

Us1Ut1Ux3Uy3 −Us3Ut3Ux1Uy1

∣
∣
∣
∣ , (144.3)

m1

m3
=

∣
∣
∣
∣
Ux3Uy3Us2Ut2 −Us3Ut3Ux2Uy2

Us1Ut1Ux2Uy2 −Us2Ut2Ux1Uy1

∣
∣
∣
∣ , (144.4)
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Table 144.1 Mass ratios for A1,B1, and C-type textures up to first order in s13
Type of texture Mass ratios

A1(Mee = 0;Meμ = 0)
m1
m2

≈ tan2 θ12

(
1 − cot θ23

s12c12
s13 cos δ

)

m1
m3

≈ tan θ12 tan θ23s13

B1(Meτ = 0;Mμμ = 0)

m1
m2

≈ 1 + c23
c12s12s323

s13 cos δ

m1
m3

≈ tan2 θ23

(

1 + tan θ23 cot θ12
s223

s13 cos δ

)

C(Mμμ = 0;Mττ = 0)

m1
m2

≈ 1
tan2 θ12

(
1 − tan θ23

s12c12
s13 cos δ

)

m1
m3

≈ 1
tan θ12 tan 2θ23s13

(

1 + 4(−s212+c212 cos
2 2θ23)

sin 4θ23 sin θ12
s13 cos δ

)

and

ρ = −1

2
Arg

(
Ux2Uy2Us3Ut3 −Us2Ut2Ux3Uy3

Us1Ut1Ux3Uy3 −Us3Ut3Ux1Uy1

)

, (144.5)

σ = −1

2
Arg

(
Ux3Uy3Us2Ut2 −Us3Ut3Ux2Uy2

Us1Ut1Ux2Uy2 −Us2Ut2Ux1Uy1

)

− δ, (144.6)

respectively. By using Eqs. (144.3) and (144.4), we have obtained these mass ratios
up to first order in s13 and for the sake of simplicity, we have shown these mass ratios
for only A1,B1 and C types in Table144.1. In similar way, the relations can, also, be
obtained for A2,B2,B3,B4. We have calculated the allowed parameter space using
Eqs. (144.3) and (144.4). In numerical analysis, the known parameters(mixing angles
and mass-squared differences) are randomly generated (107 points) with Gaussian
distribution,whereas unknownparameters are uniformly generated in their full range.
Two-texture zero patterns A1,A2,B1,B2,B3,B4 and C satisfies the neutrino oscil-
lation data [2] and cosmological bound on sum of neutrino masses [3]. The best-fit
point (bfp) and 1σ range of these parameters for A1,B1, and C types are tabulated in
Table144.2.

MUTs �12 and �31 are sensitive to one of the Majorana phase, ρ and σ respec-
tively, in contrast to �23 which is sensitive to both. In general, the sides and angles
of MUT can be expressed as,

(S1, S2, S3) = (|Vef Vef ′ |, |Vμf Vμf ′ |, |Vτ f Vτ f ′ |) , (144.7)

αff ′ = Arg

(

−Vμf V ∗
μf ′

Vτ f V ∗
τ f ′

)

,βff ′ = Arg

(

−Vτ f V ∗
τ f ′

Vef V ∗
ef ′

)

, γff ′ = Arg

(

− Vef V ∗
ef ′

Vμf V ∗
μf ′

)

,

(144.8)

where, S1, S2, S3 represent three sides and α,β, γ are three angles with subscript
f , f ′ = (1, 2, 3) and f �= f ′. The obtained relations of Majorana phases with interior
angles ofMUT for different mass matrices patterns A1,B1, andC of two-texture zero
model are tabulated in Table144.3. Using scanned neutrino oscillation parameter
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Table 144.2 The neutrino mixing parameters for A1,B1 and C in two-texture zero neutrino mass
model

Type of texture bfp ±1σ in degrees(o) normal
hierarchy

Inverted hierarchy

A1 θ12 = 33.52+0.74
−0.74, θ13 = 8.45+0.14

−0.14, −
θ23 = 41.63+1.38

−1.38, ρ = −77.42+34.71
−34.71,

σ = −102.60+48.37
−48.37, δ = 67.58+31.99

−31.99.

B1 θ12 = 33.75+0.57
−0.57, θ13 = 8.45+0.14

−0.14, θ12 = 33.52+0.77
−0.77, θ13 = 8.47+0.13

−0.13,

θ23 = 41.10+1.07
−1.07, ρ = −3.67+1.73

−1.73, θ23 = 45.76+0.52
−0.52, ρ = 0.47+0.32

−0.32,

σ = −0.36+0.25
−0.25, δ = 267.10+15.21

−15.21. σ = −177.36+28.84
−28.84, δ =

268.87+14.47
−14.47.

C − θ12 = 33.54+0.75
−0.75, θ13 = 8.44+0.14

−0.14,

θ23 = 41.08+1.26
−1.26, ρ = 46.65+12.33

−12.33,

σ = −165.06+19.07
−19.07, δ =

292.80+15.17
−15.17.

Table 144.3 Relation between Majorana phases and angles of MUT for A1,B1, and C classes of
two-texture zero neutrino mass model

Type of texture Majorana phases in terms of angles of Majorana unitarity triangle

A1 ρ = − 1
2

(

γ12 − π + Arg

(
Ue3Uμ2Uμ1U2

e2−U3
e2Uμ3Uμ1

Uμ2U3
e1Uμ3−Uμ2Ue3Uμ1U2

e1

))

,

σ = − 1
2

(

γ12 − π + Arg

(
U3
e2Ue3Uμ3Uμ1−U2

e3U
2
e2Uμ2Uμ1

U3
e1Ue2U2

μ2−U2
e2U

2
e1Uμ1Uμ2

))

− δ.

B1 ρ = − 1
2

(

β23 − π + Arg

(
U2

μ2Ue3U2
τ3Ue2−U2

μ3U
2
e2Uτ2Uτ3

U2
μ3Ue1Uτ1Uτ2Ue3−U2

μ1U
2
e3Uτ2Uτ3

))

,

σ = − 1
2

(

β23 − π + Arg

(
U2

μ3U
2
e2Uτ2Uτ3−U2

μ2Ue2Ue3U2
τ3

U2
μ2Ue1Uτ1Uτ2Ue3−U2

μ1Ue2U2
τ2Ue3

))

− δ.

C ρ = 1
2

(

α31 − π + Arg

(
U2

τ2U
3
μ3U

3
τ3−U2

μ2U
5
τ3Uμ3

U3
μ1U

2
τ3U

3
τ1−U2

μ3U
5
τ1Uμ1

))

,

σ = 1
2

(

α31 − π + Arg

(
U3

τ3Uμ1U2
τ2−U2

μ3U
2
τ2Uμ1Uτ3

U2
μ1U

2
τ2Uμ3Uτ1−U2

μ2U
3
τ1Uμ3

))

− δ.

space in Table144.2, we have constructed the Majorana triangles shown with solid
line in Fig. 144.1. The dashed triangles in Fig. 144.1 are obtained for the case in
which Majorana phases are zero.

144.3 Results and Discussion

Weknow, from neutrino oscillation experiments�m2
12 > 0 i.e. m1

m2
< 1 holds, implies

that cos δ will be positive lying in I or IV quadrant for A1 type pattern. For pattern B1,
�m2

12 > 0 implies cos δ will be negative lying in II or III quadrant which can also
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Fig. 144.1 Majorana triangles for type A1(NH) in Fig. 144.1a, for type B1(NH and IH) Fig. 144.1b
and 144.1c and for type C1(IH) in Fig. 144.1d

be verified from Table144.1. We have obtained bfp value δ = 267.10o(268.87o),
for B1 with NH(IH). For the class B, we obtain a quasi-degenerate spectrum of
neutrino masses. In case of pattern C, �m2

12 > 0 satisfies if factor tan 2θ23 cos δ is
positive, lying in I or IV quadrant. The theoretical predictions on the basis of mass
ratios obtained in Table144.1 are in agreement with the bfp values of δ obtained in
Table144.2. The key point here is that the bfp values for δ lies near to 3π

2 for class
B and C. The connecting relations for Majorana CP violating phase and interior
angle of MUT are obtained individually for class A1,B1, and C of two-texture zero
model as shown in Table144.3. The generic feature of two-texture zero model is
the dependence of Majorana CP violating phase on one of the independent interior
angles of MUT. In particular, for our representative case of two-texture zero model,
MUT’s construction and obtained relations signals that CP violation is essentially
non-zero as no side is parallel to the axis and MUT’s have non-vanishing area.
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144.4 Conclusions

In this work, we have studied the phenomena of CP violation in two-texture zero
neutrino mass model which can, also, be studied in other various theoretical mass
models. In particular, we have established a possible relation of geometric param-
eters of MUT with Majorana CP violating phases(ρ,σ). Since, upcoming neutrino
oscillation experiments are hopeful for measuring Dirac CP phase δ, making this
study more significant. During the analysis of different mass models in lepton num-
ber violating (LNV) processes such as ν − ν̄ oscillations, these relation becomes
vital and much informative. For two-texture zero model, we have obtained different
neutrino oscillation parameters (bfp± ±1σ). It is found that for class B, δ ≈ 3π

2 is in
good agreement with hits obtained from T2K and Daya Bay experiments [4]. Also,
two-texture models are necessarilyCP violating due to non-zero area and non-trivial
orientations of MUT’s.
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Chapter 145
Implications of Non-unitarity on θ23,
Neutrino Mass Hierarchy and
CP-Violation Discovery Reach in
Neutrino Oscillation Experiments

Surender Verma and Shankita Bhardwaj

Abstract We have studied the effect of θ23 octant, neutrino mass hierarchy and CP
violation discovery reach on the sensitivity of non-unitarity in short baseline (SBL)
experiments using minimal unitarity violation (MUV) scheme. We find that the θ23
octant has distinguishing implications towards the sensitivities of non-unitary param-
eter |ρμτ | with normal and inverted mass hierarchies. Using CP-fraction formalism,
we find the possibilities to distinguish theCP-violating effects due to unitary (δ) and
non-unitary (ωμτ ) CP phases.

145.1 Introduction

The oscillation parameters in the neutrino sector have been deciphered in the oscil-
lation experiments under the perspective that the neutrino mixing matrix is unitary.
However, the unitarity of mixing matrix has not been established yet and there exist
new physics scenarios which prompt the non-unitarity effects. In the foreseeable
future, the observation of non-unitarity is not an uphill task. For example, in case of
one additional sterile neutrino, the completemixingmatrixU 4 is of dimension 4 × 4:

U 4 =
(

N3×3 Ues

Us1 Us2 Us3 Us4

)
, (145.1)

where the ‘active’ 3 × 3 part (N3×3) is, in general, non-unitary. This type of situation
occurs in scenarios in which the LSND [1] and MiniBooNE [2] results are being
considered responsible for the presence of one or two additional sterile neutrinos.
In the present work, we have focused on νμ → ντ channel at short baseline (SBL)
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to study the non-unitary neutrino mixing [3]. We have used the minimal unitarity
violation (MUV) scheme for parametrizing the non-unitary neutrino mixing and to
investigate the sensitivities of θ23 octant to non-unitary parameters |ρμτ | andωμτ with
normal hierarchical (NH) and inverted hierarchical (IH) neutrino masses. We have
investigated the CP violation discovery reach of unitary (δ) and non-unitary (ωμτ )

CP phases for a wide range of L/E ratio.

145.2 Non-unitary Mixing Matrix with MUV Scheme

Non-unitary mixingmatrix underMUV scheme can be expressed asN = HU where
U is a unitary matrix and H is a Hermitian matrix [4, 5]. Also, H ≡ (1 + ρ) with
ρ = |ρff ′ |e−iωff ′ for f �= f

′
and ρff ′ , ωff ′ are non-unitary parameters. In this case, the

flavour and mass eigenstates are connected via a non-unitary mixing matrix, i.e.
νf = Nfiνi, where (f , i) represents flavour and mass indices, respectively. At SBL,
the non-unitaryCP-violating effects become dominant over the unitary one, the total
oscillation amplitude can be expressed as< νf ′ |νf (L) >= ASM

ff ′ (L) + 2ρ∗
ff ′ + O(ρA),

where all the ρ components having flavour indices other than ff ′ are considered up
to terms O(ρA) [5].

Pff ′ = |
3∑

i=1

(Uf ′ie
−iEi tU ∗

fi ) + 2ρ∗
ff ′ |2, (145.2)

where Ei − Ej � �m2
ji/2E and �m2

ji = m2
i − m2

j . We find the oscillation probability
for νμ → ντ channel, in vacuum, is given by

Pμτ = 4|ρμτ |2 + 4c212c
4
23s

2
12s

2
13 sin

2 (�21/2) + 4c212s
2
12s

2
13s

4
23 sin

2 (�21/2)

+4c223s
4
12s

4
13s

2
23 sin

2 (�21/2) − 8c212c
2
23s

2
12s

2
13s

2
23 sin

2 (�21/2)

−8c212c23|ρμτ |s23 sin (�21/2) cos
(
ωμτ − �21/2

) + 4c412c
2
23s

2
23 sin

2 (�21/2)

−8c212c
2
23s

2
12s

2
13s

2
23 sin

2 (�21/2) cos 2δ + 4c413c
2
23s

2
23 sin

2 (�31/2)

+8c23|ρμτ |s212s213s23 sin (�21/2) cos
(
ωμτ − �21/2

)
−8c12c

2
23|ρμτ |s12s13 cos δ sin (�21/2) cos

(
ωμτ − �21/2

)
+8c12|ρμτ |s12s13s223 cos (�21/2) sin (�21/2) cos

(
δ + ωμτ

)
+8c12|ρμτ |s12s13s223 sin2 (�21/2) sin

(
δ + ωμτ

)
+8c312c

3
23s12s13s23 cos δ sin2 (�21/2) − 8c312c23s12s13s

3
23 cos δ sin2 (�21/2)

−8c12c
3
23s

3
12s

3
13s23 cos δ sin2 (�21/2) + 8c12c23s

3
12s

3
13s

3
23 cos δ sin2 (�21/2)

+8c213c23|ρμτ |s23 sin (�31/2) cos
(
ωμτ − �31/2

) − 8c212c
2
13c

2
23s

2
23A

+8c213c
2
23s

2
12s

2
13s

2
23A − 8c12c

2
13c

3
23s12s13s23 cos δA + 8c12c

2
13c23s12s13s

3
23 cos δA

−8c12c
2
13c

3
23s12s13s23 sin δB − 8c12c

2
13c23s12s13s

3
23 sin δB

−8c12c
2
23|ρμτ |s12s13 sin δ sin (�21/2) sin

(
ωμτ − �21/2

)
, (145.3)
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Fig. 145.1 3σ contour plots (for δ = π/2) for the NH (left) and IH (right) neutrino mass spectrum.
The solid and dashed (dotted) lines represent 3σ best fit and upper (lower) values of neutrino mixing
parameters. The considered best fit value of θ23 is 42.3o and 3σ upper (lower) bound is 53.3o(38.2o)

where cij = cos θij, sij = sin θij, �ji = 1.27
�m2

jiL

E , L is the source-detector distance in
km, E is energy of neutrino beam in GeV, A = sin (�21/2) sin (�31/2) cos (�32/2)
and B = sin (�21/2) sin (�31/2) sin (�32/2).

We have used GLoBES software [6] with neutrino mixing parameters [7] to study
SBL experiments having baseline L = 130 km similar to the distance betweenCERN
and FREJUS. Figure 145.1 shows that the sensitivity to |ρμτ | is at its peak value for
ωμτ = 0 and at lowest value for ωμτ = ±π for NH neutrino masses. For IH neutrino
masses, the sensitivity gets reversed, i.e. |ρμτ | is at its peak value for ωμτ = ±π
and lowest value at ωμτ = 0. These contours also show reflection symmetry about
ωμτ = 0 in both NH and IH neutrino masses due to cosine dependence of ωμτ . The
maximum sensitivity to |ρμτ | is 10−2.5 at 3σ, which is better than the limit provided
by CHORUS and NOMAD(|ρμτ | = 10−1.7 at 3σ) [8].

145.3 Unitary and Non-unitary CP-Violation Effects

To distinguish the CP-violating effects coming from unitary and non-unitary CP
phases in oscillation probability Pμτ (Eq. 145.3) can be divided into four parts

Pμτ = P0 + P(δ) + P(ωμτ ) + P(δ,ωμτ ). (145.4)

First term P0 is independent of both unitary and non-unitary CP phases δ.
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P0 = 4|ρμτ |2 + s213
(
c423 + s423

)
sin2 2θ12 sin

2 (�21/2) (145.5)

−(1/2)s213 sin
2 2θ23 sin

2 2θ12 sin
2 (�21/2)

+ (
s412s

4
13 + c412

)
sin2 2θ23 sin

2 (�21/2)

−2c213
(
c212 − s212s

2
13

)
A sin2 2θ23

+c413 sin
2 2θ23 sin

2 (�31/2) .

Second (third) term P(δ) (P(ωμτ )) depends on δ(ωμτ ). The last term P(δ,ωμτ )

has dependence on both unitary and non-unitary CP phases.

P(δ) = −(1/2)s213 sin
2 2θ12 sin

2 2θ23 cos 2δ sin
2 (�21/2) (145.6)

+s13
(
c212 − s212s

2
13

)
sin 4θ23 sin 2θ12 cos δ sin2 (�21/2)

−c13 sin 2θ23 sin 2θ12 sin 2θ13 (A cos 2θ23 cos δ + B sin δ) ,

P(ωμτ ) = −4|ρμτ |
(
c212 − s212s

2
13

)
sin 2θ23 sin (�21/2) cos

(
ωμτ − �21/2

)
(145.7)

+4c213|ρμτ | sin 2θ23 sin (�31/2) cos
(
ωμτ − �31/2

)
,

P(δ,ωμτ ) = −4s13c
2
23|ρμτ | sin 2θ12 sin (�21/2) cos

(
�21/2 + δ − ωμτ

)
(145.8)

+4s13s
2
23|ρμτ | sin 2θ12 sin (�21/2) cos

(
�21/2 − δ − ωμτ

)
.

It is evident from Fig. 145.2a that for L/E < 200 km/GeV the contribution from
P(δ) is negligibly small, whereas the contribution from P(ωμτ ) and P(δ,ωμτ ) is pre-
dominantly large for this range. Therefore, the non-unitary CP-violating effects will
be more prominent in the oscillation experiments possessing L/E < 200 km/GeV.
From Fig. 145.2b, we can interpret that theCP fraction [9]F(δ) for SBL experiments

Fig. 145.2 P(δ) or P(ωμτ ) or P(δ,ωμτ ) versus L/E(km/GeV) ratio (left) and CP fractions F(δ)
or F(ωμτ ) versus ρμτ (true) (right) for L = 130 km. The value of |ρμτ | = 0.02 is considered in
Fig. 145.2a
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remains constant, i.e. F(δ) = 0.49, at 3σ and shows no variation for the entire range
of ρμτ . For the case, when δ = 0, and the CP fraction F(ωμτ ) is the dominant one,
we find that F(ωμτ ) show similar behaviour (remain constant) as that of F(δ) up to
ρμτ ≤ 10−2 after which it starts increasing with increase in ρμτ .

145.4 Conclusions

We investigated the sensitivities to non-unitary parameter |ρμτ | for θ23 octant with
both the hierarchies.We found that θ23 octant has distinguishing implications towards
the |ρμτ | sensitivitieswithNHand IHof neutrinomasses. Themaximumsensitivity to
ρμτ , at 3σ, is 10−2.5 which is better than the limit providedbyCHORUSandNOMAD.
To differentiate the CP-violating effects from the unitary and non-unitary sources
would be very difficult; however, we have worked upon the effects of non-unitary
parameter (ρμτ ) on CP-violation discovery reach. We found that the non-unitary
effects will be more prominent in the oscillation experiments having L/E ≤ 200
km/GeV. Moreover, in SBL experiments, CP fraction F(ωμτ ) plays the significant
role above ρμτ ≥ 10−2, whereas theCP fraction F(δ) corresponding to unitary phase
δ remains insignificant.
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Chapter 146
General Structure of a Gauge Boson
Propagator and Pressure of Deconfined
QCD Matter in a Weakly Magnetized
Medium

Bithika Karmakar, Aritra Bandyopadhyay, Najmul Haque,
and Munshi G. Mustafa

Abstract We have systematically constructed the general structure of the gauge
boson self-energy and the effective propagator in presence of a nontrivial background
like a hot magnetized material medium. Based on this as well as the general struc-
ture of fermion propagator in the weakly magnetized medium, we have calculated
pressure of deconfined QCD matter within HTL approximation.

146.1 Introduction

Quark-Gluon Plasma is a thermalized color deconfined state of nuclear matter in
the regime of Quantum Chromo Dynamics (QCD) under extreme conditions such
as very high temperature and/or density. For the past couple of decades, different
high energy Heavy-Ion-Collisions (HIC) experiments are underway, e.g., RHIC @
BNL, LHC @ CERN and upcoming FAIR @ GSI, to study this novel state of QCD
matter. In recent years the non-central HIC is also being studied, where a very strong
magnetic field can be created in the direction perpendicular to the reaction plane due

B. Karmakar (B) · M. G. Mustafa
Theory Division, Saha Institute of Nuclear Physics, HBNI, 1/AF, Bidhannagar,
Kolkata 700064, India
e-mail: bithika.karmakar@saha.ac.in; karmakarbithika.93@gmail.com

M. G. Mustafa
e-mail: munshigolam.mustafa@saha.ac.in

A. Bandyopadhyay
Departamento de Física, Universidade Federal de Santa Maria,
Santa Maria, RS 97105-900, Brazil
e-mail: aritrabanerjee.444@gmail.com

N. Haque
School of Physical Sciences, National Institute of Science Education and Research, HBNI,
Jatni 752050, Khurda, India
e-mail: nhaque@niser.ac.in

© Springer Nature Singapore Pte Ltd. 2021
P. K. Behera et al. (eds.), XXIII DAE High Energy Physics Symposium,
Springer Proceedings in Physics 261,
https://doi.org/10.1007/978-981-33-4408-2_146

1007

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4408-2_146&domain=pdf
mailto:bithika.karmakar@saha.ac.in
mailto:karmakarbithika.93@gmail.com
mailto:munshigolam.mustafa@saha.ac.in
mailto:aritrabanerjee.444@gmail.com
mailto:nhaque@niser.ac.in
https://doi.org/10.1007/978-981-33-4408-2_146


1008 B. Karmakar et al.

to the spectator particles that are not participating in the collisions [1–3]. Also, some
studies have showed that the strong magnetic field generated during the non-central
HIC is time dependent and rapidly decreases with time [4, 5]. At the time of the
non-central HIC, the value of the created magnetic field B is very high compared
to the temperature T (T 2 < q f B, where q f is the absolute charge of the quark with
flavor f ) associated with the system, whereas after few f m/c, the magnetic field is
shown to decrease to a very low value (q f B < T 2). In this regime one usually works
in the weak magnetic field approximation.

The presence of an external anisotropic field in the medium calls for the appro-
priate modification of the present theoretical tools to investigate various properties
of QGP and a numerous activity is in progress. The EoS is a generic quantity and
of phenomenological importance for studying the hot and dense QCD matter, QGP,
created in HIC.

146.2 General Structure of Gauge Boson Propagator

Finite temperature breaks the boost symmetry of a system, whereas magnetic field or
anisotropy breaks the rotational symmetry. We consider the momentum of gluon as
Pμ = (p0, p1, 0, p3). Wework in the rest frame of the heat bath, i.e, uμ = (1, 0, 0, 0)
and represent the background magnetic field as nμ ≡ 1

2B εμνρλ uνFρλ = 1
B u

ν F̃μν =
(0, 0, 0, 1). The general structure of the gauge boson self-energy in presence of
magnetic field can be written as [6]

�μν = bBμν + cRμν + dQμν + aNμν, (146.1)

where the form factors b, c, d, and a can be calculated as

b = Bμν�μν , c = Rμν�μν , d = Qμν�μν , a = 1

2
Nμν�μν . (146.2)

Using Dyson–Schwinger equation, one can write the general structure of gluon prop-
agator as

Dμν = ξPμPν

P4
+ (P2 − d)Bμν

(P2 − b)(P2 − d) − a2
+ Rμν

P2 − c
+ (P2 − b)Qμν

(P2 − b)(P2 − d) − a2

+ aNμν

(P2 − b)(P2 − d) − a2
. (146.3)

It is found from the poles of Eq. (146.3) that the gluon in hot magnetized medium
has three dispersive modes which are given as
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P2 − c = 0, (146.4)

(P2 − b)(P2 − d) − a2 = (P2 − ω+
n )(P2 − ω−

n ) = 0, (146.5)

where ωn+ = b+d+
√

(b−d)2+4a2

2 and ωn− = b+d−
√

(b−d)2+4a2

2 .
We consider small magnetic field approximation and calculate all the quantities

up to O[(eB)2]. Within this approximation (146.5) becomes

(
P2 − b

) (
P2 − d

) = 0. (146.6)

The form factors b, c, and d are calculated [6] from (146.2) using HTL approxi-
mation.

146.3 Free Energy and Pressure in Weak Field
Approximation

The total one-loop free energy of deconfined QCD matter in a weakly magnetized
hot medium reads as [7]

F = Fq + Fg + F0 + �E0, (146.7)

where Fq , Fg are quark and gluon free energy in weak magnetized medium which
are calculated [7] using the form factors corresponding to quark [8] and gluon self-
energy [6]. F0 = 1

2 B
2 is the tree-level contribution due to the constant magnetic field

and the �E0 is the HTL counter term given as

�E0 = dA

128π2ε
m4

D, (146.8)

with dA = N 2
c − 1, Nc is the number of color in fundamental representation and mD

is the Debye screening mass in HTL approximation. The divergences present in the
total free energy are removed by redefining the magnetic field in F0 and by adding
counter terms [7].

The pressure of the deconfined QCD matter in weakly magnetized medium is
given by

P(T,μ, B,�) = −F(T,μ, B,�), (146.9)

where � is the renormalization scale.
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146.4 Results

The variation of scaled pressure with temperature is shown in Fig. 146.1 for μ = 0
andμ = 300MeV. It can be seen from the figure that themagnetic field dependence of
the scaled pressure decreases with temperature because temperature is the dominant
scale in the weak field approximation (|eB| < T 2). At high temperatures, all the
plots for different magnetic fields asympotically reach the one-loop HTL pressure.
The scaled pressure is plotted with magnetic field strength in Fig. 146.2. We note

Fig. 146.1 Variation of the scaled one-loop pressure with temperature for N f = 3 with μ = 0 (left
panel) for μ = 300 MeV (right panel) in presence of weak magnetic field. Renormalization scales
are chosen as �g = 2πT for gluon and �q = 2π

√
T 2 + μ2/π2 for quark

Fig. 146.2 Variation of the scaled one-loop pressure with magnetic field for N f = 3 with μ = 0
(left panel) and μ = 300 MeV (right panel) for T = (0.3, 0.4, 0.6 and 1) GeV



146 General Structure of a Gauge Boson Propagator and Pressure of Deconfined … 1011

from Fig. 146.2 that the slopes of the plots decrease with an increase of temperature
reflecting the reduced magnetic field dependence.
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Chapter 147
Transport Phenomena in the Hot
Magnetized Quark–Gluon Plasma

Manu Kurian and Vinod Chandra

Abstract The transport coefficients such as bulk viscosity and electrical conduc-
tivity of the hot quark–gluon plasma (QGP) have been estimated in the presence
of a strong magnetic field. A quasiparticle description of the hot QCD equation
of state (EoS) has been adopted to encode the collective excitations of the mag-
netized nuclear matter. Transport coefficients have been estimated by setting up a
1 + 1−dimensional effective covariant kinetic theory to describe the Landau level
dynamics of the quarks, with thermal relaxation time as the dynamical input. The
effective kinetic theory enables one to include the mean field corrections in terms of
nontrivial modified quasiparticle energy dispersion to the transport parameters.

147.1 Introduction

The quantitative estimation of the experimental observables in highly energetic
heavy-ion collision experiments from the dissipative hydrodynamic simulations
involves the dependence upon the transport coefficients of the hot QCD medium [1,
2]. Recent studies on the QGP suggest the presence of intense magnetic field in the
non-central asymmetric heavy-ion collisions [3–5]. The effect of magnetic field on
the thermodynamic and transport properties of the QGP is investigated in Refs. [6–
12]. The effective description of the transport coefficients requires the quasiparticle
modelling of the system followed by the setting up of the 1 + 1−Boltzmann equation
for the hot magnetized QGP medium [13]. We employed relaxation time approxi-
mation (RTA) to incorporate the proper collision integral for the processes in the
presence of a magnetic field. It is important to note that quark–antiquark pair pro-
duction and annihilation (1 → 2 processes) are dominant in the presence of strong
magnetic field [10]. The prime focus of the current contribution is to investigate the
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temperature behaviour of the bulk viscosity and electrical conductivity, incorporat-
ing the effects of hot QCD medium and higher Landau levels in the presence of the
magnetic field. The thermal QCD medium interaction effects are embedded in the
analysis by adopting the effective fugacity quasiparticle model (EQPM) [14]. By
setting up a covariant effective kinetic theory, one can obtain the mean field correc-
tion to the transport coefficients from the local conservations of number current and
stress-energy tensor [15].

147.2 Formalism

Covariant effective kinetic theory

The description of the system away from equilibrium can be obtained from the
effective Boltzmann equation, which quantifies the rate of change of momentum
distribution function in terms of collision kernel. Here, we are primarily focusing on
the quark and antiquark Landau level dynamics of the magnetized medium. Within
RTA, we have [13, 15]

1

ωlq

p̄μ
q ∂μ f 0q (x, p̄zq ) + Fz

∂ f 0q
∂pzq

= − δ fq
τe f f

, (147.1)

where Fz = −∂μ(δωuμuz) is the force term from the basic conservation laws and
τe f f is the thermal relaxation time for the dominant 1 → 2 process in the presence of
the magnetic field. The EQPM quark/antiquark distribution function in the presence
of magnetic field B = Bẑ

f 0q = zq exp [−β(uμ pμ)]
1 + zq exp [−β(uμ pμ)] , (147.2)

where zq is the effective fugacity for the quarks/antiquarkswhich encodes the thermal
medium effects, and pμ

q = (Elq , 0, 0, pz), with Elq = √
p̄2z + m2 + 2l | q f eB | for

the Landau level (LL) l. Quasiparticle momenta and bare particle four momenta can
be related as p̄μ

q = pμ
q + δωuμ, where δω = T 2∂T ln(zq) and modifies the zeroth

component of the four momenta as p̄0q ≡ ωl q = Elq + δω. The local distribution
function of quarks can expand as fq = f 0q (pz) + f 0q (1 ± f 0q )φq . Here, φq defines
the deviation of the quark/antiquark distribution function from its equilibrium and
can be obtained by solving the Boltzmann equation as described in Ref. [13]. The
analysis is done by employing the Chapman–Enskog method.
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Bulk viscosity and longitudinal conductivity

The non-equilibrium component of the pressure tensor can be decomposed from
the energy–momentum tensor as Pμν = −P	‖μν + 
μν, where 
μν is the vis-
cous pressure tensor which takes the form 
μν = 2η〈〈∂μuν〉〉 + ζ	‖μν∂.u. Here,
uμ is the hydrodynamic four velocity and	

μν

‖ = gμν

‖ − uμuν = −bμbν , with gμν

‖ =
(1, 0, 0,−1). Comparing the macroscopic definition with the microscopic definition
which is obtained by solving the Boltzmann equation as in Ref. [13], we have

ζ =
∑

l

∑

k=q,q̄

μl
| q f keB |

2π

νk

3T

∫
d p̄zk
(2π)

1

ω2
lk

{ p̄2zk − ω2
lk c

2
s }2τe f f f 0k (1 − f 0k )

+
∑

l

∑

k=q,q̄

δωμl
| q f keB |

2π

νk

3T

∫
d p̄zk
(2π)

1

ω2
lk

{ p̄2zk − ω2
lk c

2
s }2

1

Elk

τe f f f
0
k (1 − f 0k ).

(147.3)

The second term represents the mean field corrections to the bulk viscosity due to the
quasiparton excitations. To analyse the induced longitudinal current density of the
hot magnetized nuclear matter in the presence of the electric field E = E(X)ẑ, the
quantity δ fq need to be obtained from the transport theory as described in Eq. (147.1).
The current density with the mean field contribution takes the form [16]

Jz = −
∞∑

l=0

q2
f

2π

| q f B |
2π

μl Nc

∫ ∞

−∞
dpzv

2
z τe f f ( f

(0)
q

′ + f (0)
q̄

′
)E

+ δω

∞∑

l=0

q2
f

2π

| q f B |
2π

μl Nc

∫ ∞

−∞
dpzv

2
z

1

El
τe f f ( f

(0)
q

′ + f (0)
q̄

′
)E . (147.4)

The longitudinal conductivity σzz could be read off fromOhm’s, law Jz = σzz E . The
linear and additional components due to the inhomogeneity of the electric field of
the current density can also be obtained with this formalism [16]. Thermal relaxation
time for the 1 → 2 process in the strong magnetic field with higher Landau levels is
estimated in Refs. [7, 13] (Figs. 147.1 and 147.2).

147.3 Summary

We have estimated the temperature dependence of the bulk viscosity and conduc-
tivity within the effective kinetic theory. The key observation is that the transport
coefficients of the magnetized QGP are significantly affected by the higher Landau
level contributions and mean field corrections.
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Fig. 147.1 Effects of higher Landau levels in the temperature behaviour of the ζ/s at | q f B |=
10m2

π within the RTA. The results are compared with that of B = 0 case [15]
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Chapter 148
Strangeness Production in p-Pb
Collisions at 8.16 TeV

Meenakshi Sharma

Abstract The analysis status of strange hadrons (K 0
s and �) in p-Pb collisions in

multiplicity bins is presented as a function of pT for −0.5 < yCMS <0. The excellent
tracking and particle identification capabilities of ALICE can be used to reconstruct
the strange hadrons using the tracks produced by their weak decays. The yield of
strange hadrons is one of the various observables sensitive to the evolution of the
system after nuclear collisions. It is now confirmed that strange quarks would be
produced with higher probability in a QGP scenario with respect to that expected in
a pure hadron gas scenario. Therefore, studies of strangeness production can help to
determine the properties of the created system.

148.1 Introduction

Strangeness production plays a key role in the study of hot and dense systems cre-
ated in nuclear collision. Rafelski and Muller [1] reported for the first time that the
enhancement of the relative strangeness production could be one of the signatures
of a phase transition from hadronic matter to the new phase consisting of almost
free quarks and gluons (QGP). Strangeness enhancement was observed in several
experiments [2–4] as a function of number of participating nucleons <Npart>. The
enhancement is relative to the production of strangeness in small systems (p-p or p-
Be) where the enhanced production was not expected. Recent studies by the ALICE
collaboration show that the strange particle yield with respect to pion yield increases
smoothly with increase in 〈dNch/dη〉 [5, 6].
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148.2 Detection of Strange Hadrons in P-Pb Collisions with
ALICE

With an overall branching ratio of 69.2% (63.9%), K0
s (�) hadrons decay weakly

into π+π− (pπ−) pairs. The tracks formed by the daughter particles of the decays
are reconstructed in Inner Tracking System (ITS) and in the large Time Projection
Chamber (TPC). The particle identity is determined through the measured ionisation
energy loss and momentum measured in the TPC. The secondary vertex reconstruc-
tion from particle decays is performed as shown in Fig. 148.1.

To reduce the combinatorial background in the selection of the weakly decaying
particles, a set of geometrical cuts based on the decay topologies were applied. These
cuts were imposed on the minimum Distance of Closest Approach (DCA) between
the V0 daughter tracks and the primary vertex. Another cut was applied on the DCA
between charged daughter tracks.

148.3 Analysis

A detailed description of the ALICE detector can be found in [7]. The data used for
the analysis was recorded in 2016. The particle identification is done using following
ALICE sub-detectors: the Inner Tracking System (ITS), the Time Projection Cham-
ber (TPC), by using different PID techniques [8]. The multiplicity bins are defined
based on the signal amplitude measured in the V0A scintillator.

Fig. 148.1 Secondary
vertex reconstruction
principle, with K0

s and �−
decays shown as examples.
For clarity, the decay points
are placed between the first
two ITS layers (radii are not
to scale). The solid lines
represent the reconstructed
charged particle tracks,
extrapolated to secondary
vertex. Extrapolations to the
primary and secondary
vertices are shown in dashed
lines
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The signal would be extracted from the invariant mass distribution of the decay
daughters. In every pT bin, a Gaussian function will be used to fit to the mass peak
and a central area will be defined as −4σ and 4σ for that peak.

148.4 Outlook

The invariant mass distributions have been presented in Fig. 148.2 in four different
pT bins for the 0–100% multiplicity class. Figure148.3 shows the comparison of the
yields from previous analysis of various hadrons relative to pions in p-p collisions
at

√
s = 13 TeV, Pb-Pb collisions at

√
sNN = 5.02 TeV, p-p collisions at

√
s = 7 TeV,

p-Pb collisions at
√
sNN = 5.02 TeV and Xe-Xe collisions at

√
sNN = 5.44 TeV.

From this comparison, one can see that the points from different systems but with
similar value of 〈dNch/dη〉 overlap. This suggests that relative strangeness produc-
tion does not depend on the initial stage parameters such as identity of the colliding
ions or collision energy, but depends on the final state charged particle density. The
〈dNch/dη〉 covers three orders of magnitude starting with no strangeness enhance-
ment for multistrange particles at low value of 〈dNch/dη〉 (possible canonical sup-
pression scenario) with constant relative production of strangeness for high values
of 〈dNch/dη〉 (possible grand canonical saturation scenario). The present analysis is

Fig. 148.2 Invariantmass distributions ofK0
s in four pT bins 1.2–1.3GeV/c, 1.5–1.6GeV/c, 1.7–1.8

GeV/c and 2.2–2.3 GeV/c, fitted with Gaussian peaks (dashed red curves) and linear backgrounds.
The distributions are for the 0–100% multiplicity class
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Fig. 148.3 Comparison of
yields of protons, K0

s ,
(� + �), φ, (�− + �+) and
(�− + �

+
) relative to pion

yields in p-p collisions at
√
s

= 13 TeV, Pb-Pb collisions at√
sNN = 5.02 TeV, p-p

collisions at
√
s = 7 TeV,

p-Pb collisions at
√
sNN =

5.02 TeV, Xe-Xe collisions
at

√
sNN = 5.44 TeV and

p-Pb collisions at
√
sNN =

8.16 TeV

a preliminary work and measurements of K0
s and � in p-Pb collisions at

√
sNN =

8.16 TeV will be added to Fig. 148.3. This will allow us to see whether p-Pb system
at 8.16 TeV shows the same trend as the other mentioned systems or not.
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Chapter 149
Open Heavy Flavor Production in Hot
QCD Matter at CERN LHC

Captain R. Singh, Nikhil Hatwar, and M. Mishra

Abstract Quarkonia suppression has been looked up as a prominent signature of
Quark–Gluon Plasma (QGP). Charmonium and bottomonium suppression has been
extensively studied under the QGP scenario with various hot and cold nuclear mat-
ter effects using Unified Model of Quarkonia Suppression (UMQS) in our earlier
work. Here we have modified our model to explain suppression data of D0 mesons
at 2.76 TeV. For space-time evolution of temperature, we used (1 + 1)-dimensional
Bjorken’s hydrodynamics. We are using quasi-particle model as the equation of state
for QGP. We calculate the survival probability for color screening, gluonic dissocia-
tion, and collision damping under QGP scenario. We also consider recombination of
mesons through gluonic de-excitation approach. Among cold nuclear matter effects,
we include nuclear shadowing. We finally calculate the survival probability of D0

meson as a function of transverse momentum and centrality and compare it with the
nuclear modification factor data available at LHC.

149.1 Introduction

Quarkonium suppression in heavy-ion collisions at the Relativistic Heavy-ion Col-
lider (RHIC) and Large Hadron Collider (LHC) experiments is a prominent signature
of the Quark–Gluon Plasma (QGP) formation [1]. There had been many attempts
to theoretically reproduce the suppression of quarkonia that has been observed in
heavy-ion collisions [2]. At energies greater than twice the rest masses of heavy
quarks, pair production happens due to hard scattering at the point of collision.
Some of these heavy quarks (antiquarks) forms quarkonia immediately and the rest
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drifts apart along with the medium. Most of these drifting heavy quark (antiquark)
combine with lighter quark (antiquarks) to form heavy-light mesons like D0, B0, etc.
The UMQS model has been developed over a period of time by our group to explain
quarkonia suppression. Here we employ the same model to reproduce open flavor
suppression data with minor modifications. We usually consider the simplified pic-
ture where the complete QGP hadronizes at a single instance. This is not necessarily
true. We could have different species of hadrons forming at different times due to the
crossover nature of phase transition. So, we make an assumption here that D0 like
heavy-light mesons can form during the evolution of QGP. Our present formulation
is based on a model consisting of suppression due to color screening, gluonic disso-
ciation along with the collisional damping. Regeneration due to correlated qq̄ pairs
has also been taken into account in the current work. We estimate here the net D0

meson suppression in terms of survival probability, which is a theoretically equiva-
lent quantity for experimentally measured Nuclear Modification Factor (RAA). We
mainly concentrate here on the centrality and transverse momentum dependence of
RAA for D0 meson’s suppression in Pb−Pb collisions at mid-rapidity. We compare
the survival probability thus obtained for D0 suppression with the corresponding
experimentally measured, RAA, at the LHC center of mass energy of 2.76 TeV.

In the section below, we have given a very brief overview of the UMQS model
followed by results. The in-depth details about the model can be found in our latest
paper [3].

149.2 Brief Overview of Unified Model of Quarkonia
Suppression

The UMQS employed here has been modified over the years and has been used
to analyze suppression data of quarkonia and its excited states from RHIC to LHC,
for A−A and p−A collision at various energies [3–6]. Considering heavy-quark-like
charm being pair produced at the hard scattering of heavy-ion collision, wemodel the
quarkonia evolution in this system using the following rate equation first proposed
by Thews [7]:

ND0

dτ
= �F,nl NcNū

V (τ )
− �D,nl ND0 , (149.1)

where ND0 is the number of D0 at a given time. First term on right-hand side of above
equation is the formation term for new meson. �F,nl is the formation rate calculated
in Sub-section 149.2.5; Nc and Nū are the number of charm quark and up antiquark,
respectively, available at the initial time. V (τ ) is the volume of fireball. The second
term on right-hand side is the dissociation term for D0 and�D,nl is the corresponding
dissociation rate.
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This differential equation could be solved under the approximation that ND0 <

Nc,Nū . The solution is expressed as follows:

ND0(τQGP , b, pT ) = ε(τQGP , b, pT )

[
ND0(τ0, b)

+ NcNū

∫ τQGP

τ0

�F,nl(τ , b, pT )

V (τ , b)ε(τ , b, pT )
dτ

]
, (149.2)

where τQGP is the lifetime of QGP medium, ND0(τQGP , b, pT ) is the final number
of D0 produced. The initial number of D0 is calculated as follows:

ND0(τ0, b) = σNN
D0 TAA(b), (149.3)

where σ is the production cross section of D0 at 2.76 TeV [8]. TAA(b) is the nuclear
overlap functionwhose value is obtained from [9–11]. ε(τQGP , b, pT ) and ε(τ , b, pT )

in (149.2) are the decay factors calculated as follows:

ε(τQGP , b, pT ) = exp

(
−

∫ τQGP

τ ′
nl

�D,nl(τ , b, pT )dτ

)
(149.4)

and

ε(τ , b, pT ) = exp

(
−

∫ τ

τ ′
nl

�D,nl(τ
′, b, pT )dτ ′

)
. (149.5)

Following is the temperature cooling equation from the Quasi-particle Model
(QPM) EOS that we used in our calculation [12]:

T (τ , b) = Tc

(
Nβ

Nβ0

) 1
3
[(

τ

τQGP

) 1
R −1(

1 + a

b′T 3
c

)
− a

b′T 3
c

] 1
3

. (149.6)

The D0 dissociation and recombination mechanisms used in our formalism are
described briefly below.

149.2.1 Color Screening

The screening of color charge just as in case of electromagnetic plasma has been long
thought of as a reason for dissociation of heavymeson [1]. The color screeningmodel
used in the present work assumes that the pressure abruptly falls at freeze-out.Within
QGP, color charges are free where screening can happen. So we have a screening
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region where effective temperature is greater than dissociation temperature of the
meson of interest (here, D0). We have the pressure profile for cooling as

p(τ , r) = −c1 + c2
c2s

τ (c2s +1)
+ 4η

3τ

(c2s + 1

c2s − 1

)
+ c3

τ c2s
, (149.7)

where cs is the speed of sound and c1, c2, c3 are the constants determined using
following boundary conditions:

p(τi , r) = p(τi , 0)h(r); p(τs, r) = pQGP , (149.8)

where τi is the initial thermalization time, τs is the screening time, pQGP is the QGP
pressure inside the screening region, and h(r) is the radial distribution function in
transverse direction given by

h(r) =
(
1 − r2

R2
T

)β

θ(RT − r). (149.9)

The c − ū pair present inside the screening regionmay escape this region provided
they have enough kinetic energy and are near to the boundary of this region, which
itself evolves with time. This restricts the allowed values of azimuthal angle φmax (r)
for survival of D0. We find the survival probability, SD0

c (pT , b) of D0 by integrating
over φmax (r), whose expression is given by equation (15) of [4].

149.2.2 Gluonic Dissociation

On absorption of a soft gluon, a singlet state of D0 could excite to an octet state.
This is the principle behind suppression of a meson due to gluonic dissociation. The
cross section for dissociation is given by [13]

σdiss,nl(Eg) = π2αnl Eg

NcNū

√
mb

Eg + Enl

(l + 1)|Jq,l+1
nl |2 + l|Jq,l−1

nl |2
2l + 1

, (149.10)

where Jq,l ′
nl = ∫ ∞

0 drrg∗
nl(r)hqi ′(r) is the probability density. Here, g∗

nl and hqi ′(r)
are the singlet and octet wave functions of D0, respectively, obtained by numerically
solving Schrodinger’s equation.

We take the thermal average of above cross section over a modified Bose–Einstein
distribution to get the decay width �gd,nl corresponding to gluonic dissociation.
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149.2.3 Collisional Damping

Collisional damping is the dissociation of bound state of quarks due to collision with
medium particles.We hence find the associated decay width given by the expectation
value of imaginary part of effective quark–antiquark potential in QGP [14]:

�damp,nl(τ , pT , b) =
∫

gnl(r)
† Im(V )gnl(r)dr, (149.11)

where gnl(r) is the D0 singlet wave function.

149.2.4 Shadowing

Shadowing is a cold nuclear matter effect caused by multiple scattering of patrons.
We have used EPS09 parametrization to calculate shadowing for nuclei [15].We find
suppression due to shadowing as

Ssh(pT , b) = dσAA/dy

TAAdσpp/dy
. (149.12)

Shadowing effect influence the initial production of D0, and hencewe replace (149.3)
by shadowing corrected initial number of D0 given by

Ni
D0(τ0, b) = ND0(τ0, b)Ssh(pT , b). (149.13)

149.2.5 Recombination Mechanisms

We have considered the possibility of recombination of c − ū due to de-excitation of
octet to singlet state by emission of a gluon. We find the recombination cross section
in QGP using detailed balance from gluonic dissociation cross section as

σ f,nl = 48

36
σd,nl

(s − M2
nl)

2

s(s − 4mbmū)
, (149.14)

where s is the Mandelstam variable; Mnl , mc, and mū are the masses of D0, charm
quark, and up antiquark, respectively.We then define the recombination factor,�F,nl ,
as the thermal average of product of the above cross section and relative velocity
between c − ū [3].
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149.2.6 Survival Probability

We combine the two decay width obtained in Sub-section 149.2.5 and 149.2.3 as
follows:

�D,nl = �damp,nl + �gd,nl . (149.15)

This �D,nl is used to calculate the decay factors (ε) in equations (149.4) and (149.5).
On numerically solving equation (149.2), we get the final number of D0 mesons.
Using this we calculate the survival probability due to shadowing, gluonic dissocia-
tion, and collisional damping as

SD0

sgc = N f
D0,nl(pT , b)

ND0,nl(τ0, b)
. (149.16)

We now combine this with the survival probability due to color screening of Sub-
section 149.2.1, as we have introduced it independently. Therefore, we write the final
D0 survival probability as

SP(pT , b) = SD0

sgc(pT , b)SD0

c (pT , b). (149.17)

149.3 Results and Discussion

We have calculated survival probability of D0 for two values of dissociation tem-
perature, TD as 1.5 Tc and 2 Tc, where Tc is 170 MeV. The experimental value of
prompt D0 nuclear modification factor (RAA) as a function of transverse momentum
and centrality at

√
sNN = 2.76T eV is obtained from [8]. The model requires cross

section for quark–antiquark pair formation as an input, which we have calculated
using the cross-section formula for the process (gg → qq̄) [16]. The formation time
of D0 meson is also an unknown parameter. Therefore, we have plotted the results
for some specific values of formation times.

In Figs. 149.1 and 149.2, we have plotted RAA versus NPART for TD = 255 MeV
and 340 MeV respectively. The curve corresponding to τ f orm = 1 fm is showing
reasonable agreement with the suppression data. We see that curves with higher
values of τ f orm staymostly unchanged with increase in dissociation temperature, TD .
The curves differ with dissociation temperature significantly only for τ f orm = 1.5
fm and τ f orm = 1 fm. It suggests that if dissociation temperature is lower, then the
meson is relatively weakly bound which results in more D0 suppression.

For RAA versus pT plots in Figs. 149.3 and 149.4, our model predictions are
showing close agreement with the data points but it fails to reproduce the pattern at
pT < 10GeV/c.
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Fig. 149.1 The survival
probability (SP ) of D0

meson is plotted and
compared with RAA as a
function of centrality at
mid-rapidity at TD = 1.5Tc
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Fig. 149.2 The survival
probability (SP ) of D0

meson is plotted and
compared with RAA as a
function of centrality at
mid-rapidity at TD = 2Tc
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Fig. 149.3 The survival
probability (SP ) of D0

meson RAA as a function of
traverse momentum at
mid-rapidity at TD = 1.5Tc
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Fig. 149.4 The survival
probability (SP ) of D0

meson RAA as a function of
traverse momentum at
mid-rapidity at TD = 2Tc
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149.3.1 Conclusion

We found that our predicted values for centrality-dependent suppression are fol-
lowing the trend of data points. For RAA versus pT , our model shows reasonable
agreement with the data, but only for transverse momentum greater than 10 GeV.
These are our preliminary results for open flavor D0 using UMQSmodel. We further
need to refine the parameters used and test the UMQS model with more open flavor
mesons like B0, D+, D±

s , B
0
s , and B+

c .

References

1. T. Matsui, H. Satz, Phys. Lett. B 178, 416 (1986)
2. N. Brambilla, M.A. Escobedo, J. Soto, A. Vairo, Phys. Rev. D 96, 034021 (2017)
3. C.R. Singh, S. Ganesh, M. Mishra, Eur. Phys. J. C 79, 147 (2019)
4. P.K. Srivastava, M. Mishra, C.P. Singh, Phys. Rev. C 87, 034903 (2013)
5. S. Ganesh, M. Mishra, Phys. Rev. C 88, 044908 (2013)
6. C.R. Singh, P. Srivastava, S. Ganesh, M. Mishra, Phys. Rev. C 92, 034916 (2015)
7. R.L. Thews, M. Schroedter, J. Rafelski, Phys. Rev. C 63, 054905 (2001)
8. C. CMS, Collaboration (2015)
9. ALICE Collaboration, J. e. a. Adam, Phys. Rev. C 91, 064905 (2015)
10. ATLAS Collaboration, G. e. a. Aad, Phys. Rev. Lett. 114, 072302 (2015)
11. T. C. c. Khachatryan, V. et al., Journal of High Energy Physics 2017, 39 (2017)
12. P.K. Srivastava, S.K. Tiwari, C.P. Singh, Phys. Rev. D 82, 014023 (2010)
13. F. Nendzig, G. Wolschin, Phys. Rev. C 87, 024911 (2013)
14. M. Laine, O. Philipsen, M. Tassler, P. Romatschke, J. High Energy Phys. 2007, 054 (2007)
15. R. Vogt, Phys. Rev. C 81, 044903 (2010)
16. Particle Data Group, M. e. a. Tanabashi, Phys. Rev. D 98, 030001 (2018)



Chapter 150
Quark and Gluon Condensates
in Strongly Magnetized Nuclear Matter

Rajesh Kumar and Arvind Kumar

Abstract Medium modification of the quark and gluon condensates in the strongly
magnetized symmetric nuclear medium has been calculated using chiral SU (3)
model. The explicit symmetry breaking term and the broken scale invariance part
of Lagrangian density of the model are exploited to express the quark and gluon
condensates in terms of σ , ζ , δ, and χ fields. The density and temperature depen-
dence of these scalar fields, for different magnetic field strength, are evaluated first
and subsequently used as input in the expressions of quark and gluon condensates.
Our present study on medium modification of quark and gluon condensates can be
used further as input in different QCD sum rules. Consequently, this may help to
understand the experimental observables arising from various heavy-ion collision
experiments whose one of the aim is to explore the in-medium properties of hadrons.

150.1 Introduction

The medium modification of hadrons under the effect of a strong magnetic field is a
challenging area of research. InHeavy-IonCollisions (HICs) such asRHIC andLHC,
strongmagnetic field (estimated to the order of eB ∼ 2 − 15m2

π (1m2
π = 2.818 × 1018

gauss) is believed to exist. To value how strong is the magnetic field, compare it
with the strongest magnetic field generated on earth by electromagnetic shock wave
(∼107 gauss) [1], and magnetic field of a compact stars (1014 gauss) [2]. It may
be the strongest magnetic field that has ever existed in Universe. In the presence of
finite magnetic field, density, and temperature, the chiral condensates such as gluon
and quark condensates get modified which further affects the critical temperature
Tc and this effect is known as (inverse) magnetic catalysis [3]. In the presence of
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external magnetic field, Landau quantization (ν) occurs which results in unequal
values of scalar densities of proton and neutron [2]. The non-perturbative QCD sum
rule techniques are used to evaluate the effective mass of different mesons (J/ψ ,
ηc, ρ, ω, and φ) through the in-medium behavior of quark and gluon condensates
[2, 4]. In the present work, we evaluate the effect of external magnetic field at finite
temperature and density on quark and gluon condensates.

150.2 Methodology

As discussed above, in Chiral SU(3) model, these condensates are expressed in terms
of the σ , ζ , δ, andχ fieldwhich are solved in the presence of externalmagnetic field at
finite density and temperature from the coupled equations of motion [2]. Here, the δ

field is introduced to incorporate the effect of isospin asymmetryη = (ρv
n − ρv

p)/2ρN

in nuclearmedium.The effect ofmagneticfield and temperature is introduced through
the scalar ρs

i and vector densities ρv
i of nucleons [2] which are given as

ρv
p = |qp|B

2π2

[ ν
(s=1)
max∑
ν=0

∫ ∞

0
dk p

‖
(
f p
k,ν,s − f̄ p

k,ν,s

) +
ν

(s=−1)
max∑
ν=1

∫ ∞

0
dk p

‖
(
f p
k,ν,s − f̄ p

k,ν,s

) ]
,

(150.1)

ρs
p =|qp|Bm∗

p

2π2

[ ν
(s=1)
max∑
ν=0

∫ ∞

0

dk p
‖√

(k p
‖ )2 + (m̄ p)2

(
f p
k,ν,s + f̄ p

k,ν,s

)

+
ν

(s=−1)
max∑
ν=1

∫ ∞

0

dk p
‖√

(k p
‖ )2 + (m̄ p)2

(
f p
k,ν,s + f̄ p

k,ν,s

) ]
, (150.2)

ρv
n = 1

2π2

∑
s=±1

∫ ∞

0
kn⊥dk

n
⊥

∫ ∞

0
dkn‖

(
f nk,s − f̄ nk,s

)
, (150.3)

and

ρs
n = 1

2π2

∑
s=±1

∫ ∞

0
kn⊥dk

n
⊥

⎛
⎝1 − sμNκn B√

m∗2
n + (

kn⊥
)2

⎞
⎠ ∫ ∞

0
dkn‖

m∗
n

Ẽn
s

(
f nk,s + f̄ nk,s

)
.

(150.4)

In above, f p
k,ν,s , f̄

p
k,ν,s , f

n
k,s , and f̄ nk,s represent the finite temperature distribution

functions for particles and antiparticles for proton and neutron. Also, μN , ki , andm∗
i

represent the nuclear magneton, anomalous magnetic moment, and effective mass of
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nucleons, respectively. In this model, the up 〈ūu〉, down 〈
d̄d

〉
, and strange 〈s̄s〉 quark

condensates can be expressed as [4]

〈ūu〉 = 1

mu

(
χ

χ0

)2 [
1

2
m2

π fπ (σ + δ)

]
,
〈
d̄d

〉 = 1

md

(
χ

χ0

)2 [
1

2
m2

π fπ (σ − δ)

]
,

(150.5)

and

〈s̄s〉 = 1

ms

(
χ

χ0

)2 (√
2m2

K fK − 1√
2
m2

π fπ

)
ζ, (150.6)

respectively. In above, mu , md , ms , mπ , and fπ are the mass of up quark, down
quark, strange quark, π meson, and decay constant of π meson, respectively. More-
over, the scalar

〈
αs
π
Ga

μνG
aμν

〉
and tensorial gluon condensates

〈
αs
π
Ga

μσG
a
ν
σ
〉
are

expressed as [2]

G0 = 8

9

[
(1 − d)χ4 +

(
χ

χ0

)2 (
m2

π fπσ + (√
2m2

K fK − 1√
2
m2

π fπ
)
ζ

) ]
,

(150.7)

and

G2 = αs

π

[
(1 − d + 4k4)(χ0

4 − χ4) − χ4ln
( χ4

χ0
4

)
+ 4

3
dχ4ln

(((
σ 2 − δ2

)
ζ

σ 2
0 ζ0

)(
χ

χ0

)3)]
,

(150.8)

respectively. Here mK and fK are the mass and decay constant of K meson and αs

is the running strong coupling constant.

150.3 Results and Discussion

In this section, results are shown for strong external magnetic field, eB = 3m2
π

and 6m2
π at nucleon density ρN = ρ0 and 4ρ0, and isospin asymmetry parameter

η = 0, 0.3 and 0.5 as a function of temperature. Various parameters used in the
present work are taken from [2]. In Fig. 150.1, we have shown the variation of gluon
condensates G0 and G2 as a function of temperature. As can be seen from (150.7)
and (150.8), the scalar and tensorial condensate depends on the scalar fields and both
of them strongly depend on the χ field due to its fourth power dependence. In low-
temperature regime, it is observed that the magnitude of scalar gluon condensate G0

decreases with the increase in magnetic field whereas the magnitude of twist-2 gluon
operator G2 increases. Also, the values of both G0 and G2 increase up to certain



1034 R. Kumar and A. Kumar

Fig. 150.1 Scalar gluon
condensate G0 and tensorial
gluon condensates G2

value of temperature and then start decreasing with further increase in temperature.
Moreover, the scalar gluon condensateG0 varies appreciably in high density whereas
tensorial gluon condensate G2 shows fewer variations due to the cancellation effect
of its second term. In Fig. 150.2, the non-strange (〈ūu〉 ,

〈
d̄d

〉
) and strange (〈s̄s〉) quark

condensates have been plotted as a function of temperature. The magnitude of quark
condensates decreases with the increase in magnetic field at low temperature. Also,
on contrary to gluon condensates, the magnitude of quark condensates first increases
up to a particular value of temperature and then decreases with the further increase
in temperature. Moreover, it is observed that the quark condensates vary appreciably
in the nuclear medium as compared to gluon condensates. In both plots, at finite
asymmetry of the nuclear medium, the crossover behavior is observed which reflects
the inequality between scalar densities of proton and neutron (see (150.1)–(150.4)).

150.4 Conclusions

At4ρ0, the quark andgluon condensates vary appreciably as a function of temperature
in the presence of magnetic field except for tensorial gluon operatorG2, which shows
very less variation. These condensates can be used in QCD sum rules to calculate
the in-medium mass-shift and decay width of mesons [2, 4], which may be further
used to understand the experimental observables in non-central HICs planned at
Compressed Baryonic Matter (CBM) at FAIR.
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Fig. 150.2 Up 〈ūu〉, down〈
d̄d

〉
and strange 〈s̄s〉 quark

condensates
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Chapter 151
Measurement of Heavy-Flavour
Correlations and Jets with ALICE
at the LHC

Samrangy Sadhu

Abstract In this article, we report the latest results on heavy-flavour correlations
and jets measured with the ALICE detector in pp, p–Pb and Pb–Pb collisions from
the LHCRun 2. The results of azimuthal correlations between Dmesons and charged
particles in pp collisions at

√
s = 7 TeV and 13 TeV and in p–Pb collisions at

√
sNN

= 5.02 TeV are presented. The centrality-dependent study on azimuthal correlations
between electrons from open heavy-flavour hadron decays and charged particles in
Pb–Pb collisions at

√
sNN = 5.02 TeV are performed. In addition, measurements of

D-meson tagged jet production in pp collisions at
√
s = 7 TeV and in p–Pb collisions

at
√
sNN = 5.02 TeV are presented.

151.1 Introduction

ALICE is the dedicated experiment at the Large Hadron Collider (LHC) to study
nuclear matter under extreme conditions of high temperature and high energy density
which are obtained in relativistic heavy-ion collisions and where a new state of de-
confined matter known as the Quark-Gluon Plasma (QGP) is expected to be formed.
Due to their largemasses, heavy quarks (charm and beauty), are produced in the early
stages of the collision via hard partonic scattering processes and they are expected to
experience the full evolution of the systempropagating through themediumproduced
in such collisions [1]. Therefore, they are considered to be the ideal probes to study
the properties of themedium formed in heavy-ion collisions. The angular correlations
between open heavy-flavour particles and charged particles are sensitive to the charm
quark production and fragmentation mechanisms [2]. Thus, this study allows us to
characterize the heavy-quark fragmentation process and the possible modification
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inside the medium [3, 4]. The measurement of heavy-flavour jets gives more direct
access to the initial parton kinematics and provides further constraints for heavy-
quark energy loss models, in particular adding information on the in-medium energy
loss mechanisms. It also provides input to the possible flavour dependence of jet
quenching in the medium.

Besides constituting the necessary baseline for nucleus–nucleus measurements,
the studies in pp collisions are important for testing expectations frompQCD-inspired
Monte Carlo generators. Comparisons between results from pp and p–Pb collisions
can give insight into the cold nuclear matter effects on the heavy-quark production
and hadronization into jets.

151.2 Results

151.2.1 Azimuthal Correlations Between D Mesons and
Charged Particles

Measurements of azimuthal correlations between D mesons and charged particles
have been performed at mid-rapidity in pp collisions at

√
s = 7 TeV [5] and 13 TeV

and in p–Pb collisions at
√
sNN = 5.02 TeV. In order to study the properties of the

measured correlations, the�ϕ (the difference in azimuthal angle between the trigger
and associated particle) projections of azimuthal-correlation distributions are fitted
with a function composed of two Gaussian terms to describe the near- and away-
side peak properties and a constant term to describe the pedestal of the distributions,
determined mainly by correlations with particles from the underlying event. The
associated-particle yields and the widths (σfit,NS) of the near-side peak are shown
in Fig. 151.1, as a function of the D-meson pT for different associated particle pT
intervals. The results in p–Pb collisions show compatibility with that in pp collisions
at two energies within uncertainties. Also, a qualitative agreement with Monte Carlo
PYTHIA6 tunes (Perugia0, Perugia2010 and Perugia2011) [6], PYTHIA8 [7] and
POWHEG+PYTHIA6 [8, 9] simulations is found in most of the studied kinematic
ranges, as presented in [5, 10]. The correlation distributions in p–Pb collisions at√
sNN = 5.02 TeV are also studied as a function of the event multiplicity, for three

centrality classes defined by the energy deposited in the ZNA neutron calorimeter
[11]: 0–20, 20–60 and 60–100%. No modification of the near-side peak properties
is found within the current uncertainties.
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Fig. 151.1 Near-side associated yields and widths extracted from azimuthal correlations between
D mesons and charged particles in pp collisions at

√
s = 7 TeV and 13 TeV and p–Pb collisions at√

sNN = 5.02 TeV as a function of D-meson pT in different associated pT region

151.2.2 Azimuthal Correlations Between Heavy-Flavour
Decay Electrons and Charged Particles

The two-particle azimuthal correlations between heavy-flavour hadron decay elec-
trons (eHF) and charged particles have beenmeasured in p–Pb and Pb–Pb collisions at√
sNN = 5.02 TeV. The near-side associated yields are extracted for the eHF interval of

4<peT < 12 GeV/c in different associated particle pT region. The results in p–Pb col-
lisions and central (0–20%) and semi-central (20–50%) Pb–Pb collisions, presented
in Fig. 151.2 (left panel), are consistentwith each other, with a hint of an enhancement
in the central Pb–Pb collisions at low associated particles pT. In addition, studies
in high-multiplicity p–Pb collisions show evidence of a positive elliptic flow (v2) of
heavy-flavour hadron decay electrons in an interval 1.5<peT<4 GeV/c [12].

151.2.3 D-Meson Tagged Jets

The D-meson tagged jets are reconstructed with the anti-kT algorithm [14] imple-
mented in the FastJet package [13]. The production cross-sections of prompt D0 and
D∗+ tagged charged jets have been measured by ALICE in pp collisions at

√
s = 7
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Fig. 151.2 Near-side associated yields extracted from eHF-h correlations in p–Pb and 0–20%, 20–
50% central Pb–Pb collisions at

√
sNN = 5.02 TeV as a function of associated particles pT and

for 4 < peT < 12 GeV/c (left). The pT-differential production cross-section of D0-meson tagged
charged jets in p–Pb collisions at

√
sNN = 5.02 TeV compared to POWHEG+PYTHIA6 predictions

(right)

TeV [10] and p–Pb collisions at
√
sNN = 5.02 TeV, respectively. The covered charged

jet transverse momentum pT,ch,jet ranges from 5 to 30 GeV/c with the jet resolution
parameter R = 0.4 and a requirement of the D-meson transversemomentum pT,D > 3
GeV/c. Figure151.2 (right) presents a new measurement of the D0-tagged jet pT-
differential cross-section in p–Pb collisions using R = 0.3 with a pT,ch,jet extended
up to 50 GeV/c showing an agreement with NLO pQCD POWHEG+PYTHIA6 sim-
ulation.

151.3 Summary and Outlook

In this contribution, the results of azimuthal correlations between D mesons and
charged particles in pp and p–Pb collisions have been reported. The near-side observ-
ables are found to be compatible with Monte Carlo predictions. The results in p–Pb
collisions suggest that themodification of jets from charm is not significantly affected
by the cold nuclear matter effects as well as by possible final-state effects. The anal-
ysis of azimuthal correlations between heavy-flavour hadron decay electrons and
charged particles shows a hint of near-side yield enhancement in central Pb–Pb col-
lisions. The pT-differential production cross-sections of D-meson tagged jets have
been measured in pp and p–Pb collisions and the jet momentum fraction carried by
the D-meson is extracted in pp collisions. The measurements are in agreement with
POWHEG+PYTHIA6 predictions. More precise and differential measurements are
expected with data taken by ALICE in pp collisions in 2017 and 2018 and in Pb–Pb
collisions in 2018.
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Chapter 152
Enhanced Production of Multi-strange
Hadrons in Proton-Proton Collisions

Sarita Sahoo, R. C. Baral, P. K. Sahu, and M. K. Parida

Abstract Strangeness enhancement is proposed as a signature of QGP formation in
high-energy nuclear collisions. The observed relative yield enhancements of hadrons
increase with the strangeness content but not with the mass and baryon number of the
hadron. To understand this behavior, we have studied on the simulation models. We
have found the models EPOS and AMPT are not able to explain simultaneously the
effect of strangeness canonical suppression in low-multiplicity events and QGP-like
effect in high-multiplicity pp collisions at LHC energies.

152.1 Introduction

The production of strange hadrons in high-energy hadronic interactions provides one
of the tools to investigate properties of Quark-Gluon Plasma (QGP). Strangeness
is produced in hard partonic scattering processes by flavor creation, flavor exci-
tation, and gluon splitting. These productions dominate in higher pT region. The
non-perturbative processes like string fragmentation dominate the productions at
low pT region. The relative yields of strange particles to π in heavy-ion collisions
from top RHIC to LHC energy are found to be compatible with those of a hadron
gas in thermal and chemical equilibrium, and this behavior can be described using
grand-canonical statistical models [1]. In peripheral collisions, the relative yields of
strange particles to π decrease and tend toward those observed in pp collisions. This
behavior can be described by statistical mechanics approach. The statistical mod-
els by implementing strangeness canonical suppression can predict a suppression of
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strangeness production in small systems. ALICE has shown in pp collisions at
√
s =

7 TeV that the pT integrated yields of strange and multi-strange particles relative to π
increase significantlywithmultiplicity [2]. The observed relative yield enhancements
increase with the strangeness contained in hadrons. To understand this behavior, we
have studied on the simulations like AMPT (A Multi-Phase Transport Model) [3]
and EPOS (3 + 1 Hydrodynamics Model) [4].

152.2 Model Description

The AMPT model (version 1.26t5/2.26t5) mainly provides the initial conditions,
partonic interactions, conversion from the partonic to hadronic matter, and hadronic
interactions. The initial conditions, which include the spatial and momentum dis-
tributions of minijet partons and string excitations, are obtained from the HIJING
model [5–8]. The partonic interactions or the scatterings among partons are modeled
by Zhang’s parton cascade (ZPC) [9]. Here, we have studied both the versions of
AMPTmodel, i.e., default version of AMPT and string melting version of AMPT. In
the default AMPTmodel, partons are recombined with their parent strings when they
stop interacting, and the resulting strings are converted to hadrons using the Lund
string fragmentationmodel [10, 11]. In theAMPTmodel with stringmelting, a quark
coalescence model is used instead to combine partons into hadrons. The dynamics of
the subsequent hadronic matter is described by a hadronic cascade, which is based on
ART model [12, 13] and extended to include additional reaction channels those are
important in high energies, like formation and decay of resonances and antibaryon
resonances, baryon and antibaryon production from mesons and their inverse reac-
tions of annihilation. Final results from the AMPTmodel are obtained after hadronic
interactions are terminated at a cutoff time (t cut = 20 fm/c) when observables under
study are considered to be stable, i.e., when further hadronic interactions after t cut
will not significantly affect these observables. As per recommended by the model,
default set of parameters are used for this study.

The model EPOS (version 3.107) describes the full evolution of heavy-ion colli-
sions. The initial stage is treated via amultiple scattering approachbasedonpomerons
and strings. The reaction volume is divided into a core and corona part. The core
is taken as the initial condition for the QGP evolution, for which one employs vis-
cous hydrodynamics. The corona part is simply composed of hadrons from string
decays. After hydronization of the fluid (core part), these hadrons, as well the corona
hadrons, are fed into UrQMD [14], which describes hadronic interactions in micro-
scopic approach. The chemical and kinetic freeze-out occur within this phase. Details
of EPOS model can be found in [4] and references therein.
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152.3 Results and Discussion

Figure152.1 shows the charged particle event-multiplicity density (〈dNch/dη〉|η|<0.5)
dependence of primary yield ratios of strange hadrons (�,�,�) to π (〈h/π〉) divided
by the same values measured in the inclusive inelastic pp collisions (〈h/π〉ppINEL>0).
Here a primary particle is defined as a particle created in the collision, but not coming
from a weak decay. The measurements were performed for events having at least
one charged particle produced in the pseudorapidity interval |η| < 1.0 (represented
as INEL > 0). The experimental data points are shown by markers in the figure. The
measurements were performed at mid-rapidity (|y| < 0.5). A detailed information
about data can be found in [2] and the references therein.

We compare the AMPT and the EPOS results for the scaled strange hadrons to
π ratios with the measurements from the ALICE experiment. The AMPT default
version shows no apparent variation in the ratios with event charged particle multi-
plicity. The stringmelting version of AMPT explains qualitatively both�/ß and�/ß
ratios except at the lowest event multiplicity. It fails in explaining the enhancement
in �/ß ratios toward higher event multiplicity. The EPOS describes �/ß ratios well
whereas it fails to explain �/ß and �/ß ratios. This means EPOS fails to describe
the production rate for multi-strange hadrons.

Fig. 152.1 Yield ratios of
hadrons to π normalized to
the values measured in the
inclusive (INEL > 0) pp
collisions at

√
s = 7 TeV. The

markers show ALICE data
[2] and the bands show
model results
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152.4 Summary

Models are insufficient to explain the relative yield enhancement of strange hadrons
to π, which are shown by ALICE. The AMPT and the EPOS models are not able
to explain simultaneously the effect of strangeness canonical suppression in low-
multiplicity events and QGP-like effect in high-multiplicity pp collisions at this
LHC energy.
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Chapter 153
ηNN and η′NN Coupling Constants
in QCD Sum Rules

Janardan P. Singh and Shesha D. Patel

Abstract We have analyzed ηNN and η′NN coupling constants by considering
correlation functions of the interpolating fields of two nucleons between vacuum
and one-meson states. By taking matrix elements of these correlation functions with
respect to nucleon spinors, unwanted pole contributions have been avoided and dis-
persion integrals kept well defined in chiral limit. A characteristically important
contribution to these coupling constants comes from pseudoscalar gluonic operator.
The results obtained have been compared with other evaluations of these coupling
constants from literature.

153.1 Introduction

Study of η-η′ mesons reveals interesting connection between chiral symmetry break-
ing and gluon dynamics. Higher masses of η-η′ are due to their association with non-
perturbative gluon dynamics and QCD axial anomaly [1]. η(′) phenomenology is
characterized by large OZI violations [2]. Goldberger–Treiman relation relates η(′)N
coupling constant to the flavor singlet-axial charge of the nucleon g(0)

A extracted from
polarized deep inelastic scattering [3, 4]. A reliable determination of gηNN and gη′NN

is necessary to understandU (1)A dynamics of QCD [4]. It has essential roles in con-
struction of realistic NN potential [5, 6], in estimation of electric dipole moment of
the neutron [7] and in analysis of photoproduction of these mesons [8–10].

QCD sum rules have been used in past to calculate η-nucleon coupling constant
gηNN in SU(3) symmetry limit [11] as well as with SU(3)-flavor-violating effects
taken into account [12]. It has also been used to calculate singlet-axial vector coupling
constant of the nucleon without resorting to any instanton contribution [13]. In the
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present work, we calculate the coupling constants of both physical η and η′ mesons
with the nucleon using quark-flavor basis. We include characteristic contribution
coming from the pseudoscalar gluonic operator.

153.2 The Sum Rule

Correlator of the nucleon current between vacuum and one η(′)-state [11, 14–17]:

�(q, p) = i
∫

d4xeiqx 〈0 | T {JN (x), JN (0)} | η(′)(p)〉. (153.1)

η(′)NN coupling constant gη(′)NN is defined through the coefficient of the pole as

u(qr)(q̂ − Mn)�(q, p)(q̂ − p̂ − Mn)u(ks) |q2=M2
n ,(q−p)2=M2

n
= iλ2gη(′)NNu(qr)γ5u(ks),

(153.2)
where λ is the coupling constant of the proton current with one-proton state.

〈0 | JN (0) | q〉 = λu(q). (153.3)

Following [16] we define the projected correlation function

�+(q, p) = u(qr)γ0�(q, p)γ0u(ks). (153.4)

�+ can be regarded as a function of q0 in the reference frame in which −→q = 0. The
even and odd parts of the �+ satisfy dispersion relations as

�E
+(q2

0 ) = − 1

π

∫
dq ′

0
q ′
0

q2
0 − q ′2

0

Im�+(q ′
0), (153.5)

�O
+(q2

0 ) = − 1

π

∫
dq ′

0
1

q2
0 − q ′2

0

Im�+(q ′
0).

On taking Borel transform with respect to q2
0 :

B̂[�E
+(q2

0 )] = 1

π

∫
dq ′

0q
′
0e

−q20
M2 Im�+(q ′

0), (153.6)

B̂[�O
+(q2

0 )] = 1

π

∫
dq ′

0e
−q20
M2 Im�+(q ′

0),

where M is the Borel mass parameter. The R.H.S of (153.6) is expanded in terms
of the observed spectral function. The absorptive part of the projected correlation
function can be written as
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Im�+(q, p) = −u(qr)iγ5u(ks)πλ2g(q0,
−→p 2)

[
δ(q0−Mn)

q0−Ek−ωp
+ δ(q0−Ek−ωp)

q0−Mn

]

+ [
θ(q0 − sη(′) ) + θ(−q0 − sη(′) )

]
Im�OPE+ (q, p), (153.7)

where sη(′) is the effective continuum threshold. To include characteristic contribution
coming from the pseudoscalar gluonic operator,we consider the light-cone expansion
of the quark propagator [18]:

〈0 | T {q(x)q(0)} | 0〉 → �(−ε)αs

72 × 4π(−x2)−ε
GG̃/xγ5 + ......, (153.8)

for dimension d = 4 − 2ε, GG̃ is evaluated at the origin in the spirit of short dis-
tance expansion and ellipsis stand for other structures. Here GG̃ = 1

2 ε
μνρσGa

μνG
a
ρσ,

ε0123 = +1.
Define matrix element [19]:

〈0 | T {q(x)q(0)} | η(′)〉 = �(−ε)

72
(−x2)εaη(′) /xγ5 + .......... (153.9)

For expression of aη(′) , see [19]. The removal of divergence requires renormalization
and we do this in MS scheme. In �(q, p), the operator GG̃ originates from only
d-quark line and there is no contribution where gluons originate from two different
quark lines. From (153.6) and (153.7), we get

1

π

∫
dq ′

0e
(− q′2

0
M2 ) B̂Im�+(q ′, p) = u(q)iγ5u(q − p)

λ2

Ek + ωp − Mn

{
e− M2

n
M2 g(Mn,p2)

− e− (Ek+ωp )2

M2 g(Ek + ωp,p2) + cont.
}
,

1

π

∫
dq ′

0q
′
0e

(− q′2
0

M2 ) B̂Im�+(q ′, p) = u(q)iγ5u(q − p)
λ2

Ek + ωp − Mn

{
e− M2

n
M2 g(Mn,p2)Mn−

e− (Ek+ωp )2

M2 (Ek + ωp)g(Ek + ωp,p2) + cont.
}
, (153.10)

where last terms stand for the continuum contributions.

153.3 Calculations and Results

InOPE evaluation of the correlator�(q, p), operators up to dimension five have been
included. Three types of nonlocal bilinear quark operators contribute to the vacuum-
to-meson matrix elements: q(0)iγ5q(x), q(0)γμγ5q(x), and q(0)γ5σμνq(x). Borel
transform of coefficients of u(q)iγ5u(q − p) from OPE side of the correlator has
been equated to the same from the phenomenological side in a Borel window to get
sum rules. Details of the calculation can be found in [20].



1050 J. P. Singh and S. D. Patel

Fig. 153.1 Plots of our results for gηNN and gη′NN as a function of M2 (thick solid line). Also
plotted our results on gηNN and gη′NN without contribution from gluonic operator αsGG̃ (long-
dashed line), only due to αsGG̃ (thin solid line) and due to part with fs in aη(′) (short-dashed line).

a is for η when p2 is − 3m2
η

4 . b is for η′ when p2 is − 3m2
η′
4

Table 153.1 Comparison of our results on gηNN and gη′NN with results for the same from recent
literature

References gηNN gη′NN Comment

Present work (0.64 − 1.26) (0.44 − 1.27) QCD sum rule

[25] (4.95 − 5.45) (5.6 − 10.9) GT relation + Dispersion
relation

[26] (3.4 ± 0.5) (1.4 ± 1.1) Theory (GT relation)

[9] 2.241 − Photoproduction

[4] (3.78 ± 0.34) (1 − 2) Theory

[8] (0.39, 0.92) − Photoproduction + (Isobar
model, Dispersion relation)

[10] 0.89 0.87 Fitting photoproduction data

[12] 4.2 ± 1.05 − QCDSR at unphysical point

[27] 4.399 ± 0.365 2.166 ± 0.312 Chiral quark-soliton model

[28] 6.852 8.66 Potential model

Working with �+odd , we have chosen the range of the Borel mass as 0.8GeV2 <

M2 < 1.8GeV2 for η′ and 1.5GeV2 < M2 < 2.5GeV2 for η. We have also used
�m , the correlator used in the mass sum rule for the proton [21]. From the ratio
of the �+odd sum rule to the nucleon mass sum rule, the coupling constant can be
obtained as

g(Mn ,
−→p 2)

Mn(Ep + ωp − Mn)
= B̂[�OPE−cont.

+odd ]
B̂[�m ] − M4

(Ep + ωp)2 − M2
n

d

dM2 (
B̂[�OPE−cont.

+odd ]
B̂[�m ] ).

(153.11)

We have used the standard values of the parameters appearing in � [11–13, 16,
21, 22] for making the estimate of the coupling constants gη(′)NN (all quantities



153 ηNN and η′NN Coupling Constants in QCD Sum Rules 1051

are in GeV unit): 〈qq〉 = −1.65 ± 0.15, 〈αs
π
G2〉 = 0.005 ± 0.004, δ2 = 0.2 ± 0.04,

fq = (1.07 ± 0.02) fπ , fs = (1.34 ± 0.06) fπ , sη(′) = 2.57 ± 0.03, s0 = 2.5, m2
0 =

0.8 ± 0.1, f3π = 0.0045, φ = 40◦ ± 1◦, hq
mq

= −4 fq
f 2π

〈qq〉, 〈qgσ · Gq〉 = m2
0〈qq〉. We

have shown the plot for the coupling constant g obtained from (153.11) as a function
of M2 for −→p 2 = −3m2

η(′) /4 in Fig. 153.1. Combining with a result for a similar plot

for −→p 2 = −m2
η(′) /2, we can extrapolate them to get the result at the physical point

−→p 2 = −m2
η(′) + m4

η(′)
4M2

n
, which is not directly approachable due to its 0/0 form.

We get

gηNN = 0.96+0.16
−0.17(M

2)+0.14
−0.15(rest) (153.12)

gη′NN = 0.76+0.27
−0.24(M

2)+0.24
−0.24(rest).

Errors are due to different phenomenological parameters and finite range of Borel
mass. Substituting our results in the flavor-singlet Goldberger–Treiman relation for
QCD [3], we get g(0)

A � 0.22 for the medium values of the coupling constants and
g(0)
A � 0.27 for the highest values of the same. This may be compared with the results

obtained by COMPASS (Q2 = 3GeV2) [23]: g(0)
A = [0.26–0.36] and NNPDF poll.

1(Q2 = 10GeV2) [24]: g(0)
A = 0.25 ± 0.10 (Table 153.1).
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Chapter 154
Effect of New Resonance States
on Fluctuations and Correlations
of Conserved Charges in a Hadron
Resonance Gas Model

Subhasis Samanta, Susil Kumar Panda, Bedangadas Mohanty,
and Rita Paikaray

Abstract We investigate the role of suspected resonance states that are yet to be con-
firmed experimentally on the fluctuation and correlation between conserved charges
using ideal hadron resonance gas (I-HRG) model. We observe that the lattice QCD
data of χ2

S , χ
11
BS in the hadronic phase can be described well by I-HRG model with

inclusion of additional resonances. We have also studied the beam energy (
√
sNN )

dependence of the fluctuation observables of net charge. Proper experimental accep-
tance cuts as applicable to data from the relativistic heavy-ion collider have been
used in the model to compare with the data from experimental measurements. We
find that experimental data do not showmuch deviation from the baseline calculation
of I-HRG model. The effect of additional resonances on fluctuation observables at
different

√
sNN has also been studied.

154.1 Introduction

Substantial efforts worldwide have been devoted to the investigation of strongly
interacting matter under extreme conditions. At present, Relativistic Heavy-Ion Col-
lider (RHIC) at Brookhaven National Laboratory (BNL), USA and Large Hadron
Collider (LHC) at CERN, Switzerland, have been investigating the properties of
Quantum Chromodynamic (QCD) matter at very high temperature and almost zero
net baryon density. The temperature reached in such collisions at ultra-relativistic
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energy is very large (around 400–500 MeV). This super-hot matter is formed by
quark and gluon degrees of freedom. This matter is called the quark-gluon plasma
(QGP). The beam energy scan program of RHIC is investigating the QGP matter
over a wide range of temperature and net baryon density [1]. After the creation of
QGP, the system expands and cools and a transition from QGP phase to the hadronic
phase occurs. The I-HRG model has been successful in describing the hadron yields
created in heavy-ion collision experiments. The I-HRG model also gives a quali-
tative description of the lattice QCD data in the hadronic phase but discrepancies
appear at a quantitative level. For example, I-HRG fails to describe LQCD result
of baryon-strange correlation [2]. There could be many reasons for the discrepancy.
To reduce this discrepancy, we have included additional hadrons in HRG model.
These hadrons are predicted in various quark models but yet to be confirmed exper-
imentally. In this work, we have studied temperature dependence of susceptibilities
of conserved charges using I-HRG model. We have also studied the center of mass
energy

√
sNN dependence of ratios of cumulants of conserved charge.

154.2 HRG Model

In the I-HRGmodel, the systemof thermal fireball consists of hadrons and resonances
given in the particle data book. Particles are point-like and non-interacting. The
logarithm of the partition function of a hadron resonance gas in the grand canonical
ensemble can be written as [3]

ln Z =
∑

i

ln Zi , (154.1)

where the sum is over all the hadrons. For particle species i ,

ln Zi = ±Vgi
2π2

∫ ∞

0
p2 dp ln[1 ± exp(−(Ei − μi )/T )], (154.2)

where V is the volume of the thermal system, gi is the degeneracy, Ei =
√
p2 + m2

i

is the single particle energy,mi is the mass of the particle, andμi = BiμB + SiμS +
QiμQ is the chemical potential. In the last expression, Bi , Si , Qi are, respectively,
the baryon number, strangeness, and electric charge of the particle, μ,s are the cor-
responding chemical potentials. “+” corresponds to fermions and “−” corresponds
to bosons. In this model, a resonance behaves identically to that of a stable hadron.
The pressure P of the system can be calculated using the standard definitions.

P =
∑

i

T

V
ln Zi =

∑

i

(±)
gi T

2π2

∫ ∞

0
p2 dp ln[1 ± exp(−(Ei − μi )/T )]. (154.3)
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The susceptibilities of conserved charges can be calculated as [4]

χ
xyz
BSQ = ∂ x+y+z(P/T 4)

∂(μB/T )x∂(μS/T )y∂(μQ/T )z
, (154.4)

where x , y, and z are the order of derivatives of the quantities B, S, and Q.

154.3 Results

We have done the calculations in I-HRG model with two different input hadronic
spectra. For the first set, we have taken all the confirmed hadrons and resonances
that consist of only up, down, and strange quarks listed in the PDG 2016 Review [7].
This list includes all the confirmed mesons listed in the Meson Summary Table [7]
and all baryons in the Baryon Summary Table [7] with three- or four-star status. This
is referred as PDG 2016 in this. The other set includes all the resonances from the
previous set, i.e., PDG 2016 as well as the other unmarked mesons from the Meson
Summary Table and baryons from the Baryon Summary Table with one- or two-star
status which are not confirmed yet. We refer this set as PDG 2016+ [8]. Figure154.1
shows temperature dependence of χ2

S and χ11
BS at zero chemical potential [9]. The

dotted and solid lines correspond to the calculations in HRG model with hadron
spectra PDG 2016 and 2016+, respectively. We have compared our result with the
continuum estimate of the lattice QCD result [2, 4, 5]. We observe improvement in
results of HRG model for the hadronic spectrum PDG 2016+ where strange baryons
are involved.
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Fig. 154.1 Variation of χ2
S and χ11

BS with temperature at zero chemical potential calculated in
HRG model with hadron spectra from PDG 2016 and PDG 2016+. Results are compared to LQCD
calculations [2, 4, 5]
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Fig. 154.2 Energy dependence of σ 2/M , Sσ , and κσ 2 of net charge. HRG model calculations
are done with the hadron spectra PDG 2016 and PDG 2016+. Experimental data of fluctuations
measured in Au+Au collisions in 0–5% centrality by STAR collaboration is taken from [6]

In Fig. 154.2, we have shown energy dependence of σ 2/M (= χ2/χ1),
Sσ (= χ3/χ2), and κσ 2 (= χ4/χ2) of net charge. We have compared our results
with experimental data of net charge fluctuations for Au+Au collision in 0–5% cen-
trality measured by the STAR collaboration [6]. The experimental data is measured
within the pseudorapidity range |η| < 0.5 andwithin the transversemomentum range
0.2 < pT < 2 GeV (removing net protons of pT < 0.4 GeV). The same acceptances
have been used in the HRG model calculation [9]. It can be seen that experimental
data do not show much deviation from the I-HRG model calculations. Further, two
sets of hadronic spectra give almost similar result.
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Chapter 155
Inclusive ϒ Production in p–Pb
Collisions at

√
sNN = 8.16 TeV

with ALICE at the LHC

Wadut Shaikh

Abstract The ϒ production in p–Pb collisions at
√
sNN = 8.16 TeV is studied with

the muon spectrometer of the ALICE detector at the CERN LHC. We report the
inclusive ϒ(1S) nuclear modification factors (RpPb) as a function of rapidity, trans-
verse momentum (pT) and centrality of the collision and compare the results with
those obtained at

√
sNN = 5.02 TeV. Theoretical model predictions as a function of

ycms and pT are also discussed. The results of ϒ(2S) suppression integrated over
ycms, pT and centrality are also reported and compared to the corresponding ϒ(1S)
measurement.

155.1 Introduction

Quarkonia are well-known probes to study the properties of the deconfined medium,
called Quark–Gluon Plasma (QGP), created in ultrarelativistic heavy-ion collisions.
The modification of quarkonium production in heavy-ion collisions with respect to
the binary-scaled yield in pp collisions at the LHC is explained by suppression of
quarkonia via color screening mechanism [1] and (re)generation of quarkonia. In
the color screening mechanism, color charges present in the deconfined medium
screen the binding potential between the q and q̄ quarks, leading to a temperature-
dependent melting of the quarkonium states according to their binding energies. For
bottomonia, (re)generation effects are expected to be negligible due to the small
number of produced b quarks. The cold nuclear matter effects (shadowing, parton
energy loss, interaction with the hadronic medium) which are not related to the
deconfined medium may also lead to a modification of quarkonium production. In
order to disentangle the CNMeffects from the hot nuclearmatter effects, quarkonium
production is studied in p–Pb collisions in which the QGP is not expected to be
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formed. The measurement has been performed reconstructing ϒ(1S) and ϒ(2S)
mesons via their dimuon decay channel, in the forward (proton-going direction) and
backward (lead-going direction) rapidity ranges down to zero transverse momentum
with integrated luminosities of 8.4 ± 0.2 nb−1 and 12.8 ± 0.3 nb−1, respectively.

155.2 Experimental Setup and Data Analysis

The detailed description of the ALICEMuon Spectrometer (MS) can be found in [2].
It consists of a set of absorbers, a dipolemagnet, five tracking stations, and two trigger
stations. The data sample, event selection criteria, analysis procedure are taken from
the reference [3].

155.3 Results

The cold nuclear matter effects in p–Pb collisions can be quantified through the
nuclear modification factor defined as

RpPb = Nϒ

〈TpPb〉 × (A × ε) × NMB × BRϒ→μ+μ− × σ
pp
ϒ

(155.1)

where

• Nϒ is the number of ϒ in a given ycms, pT or centrality bin.
• 〈TpPb〉 is the centrality-dependent average nuclear overlap function.
• A × ε is the product of the detector acceptance and the reconstruction efficiency.
• NMB is the number of collected minimum-bias events.
• BRϒ→μ+μ− is the branching ratio ofϒ in the dimuon decay channel (BRϒ(1S)→μ+μ−

= 2.48 ± 0.05%, BRϒ(2S)→μ+μ− = 1.93 ± 0.17%) [4].
• σ

pp
ϒ is the inclusiveϒ production cross section for pp collisions at the same energy,

ycms and pT interval as for p–Pb collisions. These values have been obtained by
means of an interpolation procedure based on the LHCb pp ϒ measurements [5].

The inclusive ϒ(1S) nuclear modification factor at
√
sNN = 8.16 TeV for the two

studied beam configurations is shown in Fig. 155.1 (left panel). In this figure, as well
as all the other figures, the vertical error bars represent the statistical uncertainties
and the open boxes represent the uncorrelated systematic uncertainties. The full
boxes around RpPb = 1 show the size of the correlated systematic uncertainties. The
measured RpPb values indicate ϒ(1S) suppression both at forward and backward
rapidity. The RpPb values are also compared with previous ALICE measurements at√
sNN = 5.02 TeV [2] and results are compatible within the uncertainties.
The rapidity dependence of the RpPb is shown in Fig. 155.1 (right panel). The

suppression already observed in the integrated case is confirmed, the size of the
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Fig. 155.1 Integrated RpPb of ϒ(1S) in p–Pb collisions at
√
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√
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sNN = 8.16 TeV compared to theoretical calculations
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uncertainties does not allow us to draw more detailed conclusions on the rapidity
dependence.

The pT dependence of the ϒ(1S) RpPb is shown in Fig. 155.2 (left panel).
A suppression of low-pT ϒ(1S) is observed both at forward and backward rapidities.

The rapidity and pT dependencies of the RpPb are compared to a next-to-leading
order (NLO) CEM calculation using the EPS09 parameterization of the nuclear
modification of the gluon PDF [6, 7] and to a parton energy loss calculation [8]
with and without EPS09 gluon shadowing at NLO. The shadowing and energy loss
calculations describe the pT and rapidity dependent results at forward rapidity within
uncertainties while they overestimate the data at backward rapidity.

The ϒ(1S) nuclear modification factor has also been studied as a function of the
collision centrality. QpPb is used instead of RpPb due to a possible bias in the centrality
determination [9, 10] and it is defined the same way as RpPb in 155.1. The centrality
dependence of ϒ(1S) QpPb is shown in Fig. 155.2 (right panel). The QpPb is found
to be independent of the centrality within uncertainties [3].
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Fig. 155.3 Integrated RpPb
of ϒ(1S) and ϒ(2S) in p–Pb
collisions at

√
sNN = 8.16

TeV
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The lowerϒ(2S) yield does not allow differential studies, hence only results inte-
grated over y, pT and centrality are presented in Fig. 155.3. The two resonances show
a similar suppression, slightly larger for ϒ(2S) [3]. The difference in the RpPb of the
ϒ(2S) andϒ(1S) amounts to 1σ at forward-y and0.9σ at backward-y. TheCMS [11],
ATLAS [12] and LHCb [13] collaborations also observed a larger suppression for
the ϒ(2S) than for the ϒ(1S).

155.4 Conclusions

We have presented new results on the ϒ(1S) and ϒ(2S) nuclear modification factor
in p–Pb collisions at

√
sNN = 8.16 TeV, measured by ALICE. The RpPb of ϒ(1S) is

similar at forward and backward rapidities with a hint for a stronger suppression at
low pT. In both rapidity intervals there is no evidence for a centrality dependence of
theϒ(1S) QpPb.Models based on nuclear shadowing and coherent parton energy loss
fairly describe the data at forward rapidity, while they tend to overestimate the RpPb

at backward rapidity. The ϒ(2S) and ϒ(1S) suppressions are compatible within 1σ.
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Chapter 156
Event-by-Event Charge Separation in
Au+Au Collisions at

√
sNN = 200 GeV

Using AMPT

Anjali Attri, Jagbir Singh, and Madan M. Aggarwal

Abstract The strong magnetic field created in non-central heavy-ion collisions
induces an electric field parallel/antiparallel to it. This induced electric field leads
to the separation of positively and negatively charged particles along the axis of the
magnetic field, the phenomenon is known as Chiral Magnetic effect (CME) [1–3].
We are reporting the measurement of event-by-event charge separation in Au+Au
collisions at

√
sNN = 200 GeV using AMPT model. Event-by-event charge separa-

tion is obtained using SlidingDumbbellMethod (SDM). The three-particle correlator
for the AMPT generated events is compared with those obtained by reshuffling the
charges of particles in an event.

156.1 Introduction

High-energy heavy-ion collisions provide us the opportunity to study the parti-
cle interactions at the extreme conditions of temperature and energy density. In
non-central heavy-ion collisions, fast moving ions create a strong magnetic field
(B ∼ 1015 T) and a deconfined state of quarks and gluons. The interplay of the
magnetic field and the deconfined state created in these collisions results in the
phenomenon of CME. The observation of positive and negative charge separation
along the axis of the magnetic field or perpendicular to the reaction plane would
be an experimental evidence of this effect. To detect the charge separation a multi-
particle correlator 〈cos(φα + φβ − 2�RP)〉 has been proposed, where φα, φβ denote
the azimuthal angles of the particles α, β and �RP is the reaction plane angle [4].
The multi-particle correlator has been evaluated by the STAR experiment at RHIC
and the ALICE experiment at LHC [5].
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156.2 Analysis Technique

We are using the Sliding Dumbbell Method (SDM) to investigate the event-by-event
charge separation, for which we calculate the observable Db±, that can be defined as

Db± = N f orw
+

(N f orw
+ + N f orw

− )
+ Nback−

(Nback+ + Nback− )
. (156.1)

N f orw
+ and N f orw

− are the numbers of positively and negatively charged particles
on the forward side of the dumbbell, respectively. Nback+ and Nback− are the numbers
of positively and negatively charged particles on the backward side of the dumbbell,
respectively. By sliding the �φ = 60◦ dumbbell in the steps of δφ = 1◦, we scan
the whole azimuthal plane and calculate the quantity Db± for each �φ region to
aquire the maximum value of Db±. In each event we extract the maximum value of
Db± (Dbmax± ) along with the condition that asymmetry (asy) <0.25, where asy can
be defined as follows:

asy = Posex − Negex
Posex + Negex

(156.2)

Here, Posex =N
f orw
+ −N f orw

− represents the excess of positive charges on the for-
ward side of the dumbbell and Negex = Nback− −Nback+ denotes the excess of negative
charges on the backward side of the dumbbell. Dbmax± distributions corresponding to
different centrality intervals have been acquired and are further sliced into different
groups depending upon the highest (0–10%) and lowest (90–100%) Dbmax± values.
TheQ-cumulantsmethod is used to get three-particle correlators. These three-particle
correlators are obtained for both same-sign and opposite-sign charged pairs as a func-
tion of centrality and Dbmax± binning. For the background estimation, the charges of
the particles are reshuffled keeping θ and φ same and the results obtained by charge
reshuffle are compared with those obtained from the simulated events.

156.3 Analysis Details

The AMPT (String melting On)∼2million events for Au+Au collisions at the center
of mass energy

√
sNN = 200 GeV are generated [6]. The tracks in the pseudorapidity

region |η| < 1.0 and transverse momentum range 0.15 < pT < 2.0 GeV/c in each
event are used for the analysis.
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156.4 Results and Discussions

The Dbmax± distributions for the 40–50 and 50–60% central events are shown in
Fig. 156.1a, b. The solid curve is for the AMPT simulated data and the dotted curve is
for the charge reshuffle. The distributions are seen to be agreeingwithin the statistical
errors. It has also been viewed that the Dbmax± distributions shift toward higher values
of Dbmax± as we go from the central to peripheral collisions which indicates more
charge separation in the peripheral collisions.

In Fig. 156.2, the three-particle correlator (γ =< cos(φα + φβ − 2�RP) >) for
same-sign and opposite-sign charged pairs as a function of centrality for both AMPT
simulated data and charge reshuffle have been shown. The closed symbols are for
the AMPT simulated data and open symbols are for the charge reshuffle. It is seen
that the correlation for the same and opposite-sign charged pairs is negative. This has
also been noticed that the correlations for the oppositely charged pairs are relatively
smaller than those for the same-sign charged pairs and the correlation increases as
we go from the central to the peripheral collisions. However, the correlations for
charge reshuffle appear to be the same for both same and opposite charged pairs.

�γ (γopp − γsame) correlator for each centrality interval, which is further divided
into ten different groups depending upon the Dbmax± values is shown in Fig. 156.3.
The solid blue symbols are for the AMPT simulated data and open red symbols are
for the charge reshuffle. It has been seen that the particles are strongly correlated
for the top Dbmax± bins. Also, the AMPT simulated data and the charge reshuffle are
exhibiting a similar trend as there is no signal of CME expected in the AMPTmodel.
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Fig. 156.1 Distributions of Dbmax± for 40–50% (a) and 50–60% (b) central events for AMPT
simulated data (solid curve) and charge reshuffle (dotted curve)
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Chapter 157
Production of Electrons from
Heavy-Flavour Hadron Decays in
Different Collision Systems with ALICE
at LHC

Sudhir Pandurang Rode

Abstract Heavy-flavour quarks, due to their large masses, are produced in the early
stages of the relativistic heavy-ion collisions via initial hard scatterings. Therefore,
as they experience the full system evolution, heavy quarks are effective probes of the
hot and dense medium created in such collisions. In pp collisions, the measurement
of heavy-flavour hadron production cross-sections can be used to test our understand-
ing of the Quantum ChromoDynamics (QCD) in the perturbative regime. Also, pp
collisions provide a crucial reference for the corresponding measurements in larger
systems. In Pb–Pb (Xe–Xe) collisions, the measurement of the nuclear modifica-
tion factor of heavy-flavour hadrons provides information on the modification of the
invariant yield with respect to pp collisions due to the produced cold and hot QCD
matter. The possible mass dependence of the parton energy loss can be studied by
comparing the RAA of pions, charm and beauty hadrons. In this contribution, recent
results from ALICE at the LHC are reported with a focus on the different measure-
ments of the heavy-flavour electrons in pp collisions at 2.76, 5.02, 7 and 13 TeV and
in Pb–Pb (Xe–Xe) collisions at 5.02 (5.44) TeV. The results include the differential
production cross-sections and nuclear modification factors of heavy-flavour elec-
trons at mid-rapidity. The comparison of experimental data with model predictions
is discussed.

157.1 Introduction

A Large Ion Collider Experiment (ALICE) is one of the four major experiments car-
ried out at the LHC at CERN. It is a dedicated heavy-ion experiment aiming at the
study of the strongly interacting matter consisting of thermally equilibrated decon-
fined quarks and gluons, also called Quark–Gluon Plasma. Heavy-flavour quarks are
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among the most important probes to understand the nature of QGP. Due to their large
masses (mQ � �QCD), they are produced at the early stage of heavy-ion collisions
via hard scattering making them crucial probes since they witness the full evolution
of the Quantum ChromoDynamics (QCD) medium. Their production mechanism
can be described theoretically by perturbative QCD in the full transverse momentum
range [1]. The heavy-flavour hadrons can be measured via electrons originating from
their semi-leptonic decay channel.

157.2 Heavy-Flavour Electron Measurement with ALICE

Measurements of electrons from heavy-flavour hadron decays require excellent par-
ticle identification capabilities and reconstruction efficiencies, which are provided
by the ALICE detector. Charged particles are identified using the Inner Tracking
System (ITS), Time Projection Chamber (TPC) and Time of Flight (TOF) detectors
using specific energy loss and time of flight information of the particles. A more
detailed description of the ALICE detector can be found here [2]. The contribution
of heavy-flavour electrons to the inclusive electron distribution is estimated after
eliminating the primary source of background, i.e. electrons from Dalitz decays and
photon conversions using electron–positron pair selections [3].

In the case of electrons from beauty hadron decays, the distribution of the distance
of closest approach (DCA) of the electrons to the primary vertex is used. A larger
DCA distribution of the signal compared to the background allows their separation.
DCA templates of electrons from different sources are obtained from Monte Carlo
(MC) simulations. The DCA distribution of the electrons from the various sources
are fitted to the DCA distribution of inclusive electrons in the data using a maximum
likelihood fit method.

157.3 Results and Discussions

In this section, recent results on the production cross-section of electrons coming
from heavy-flavour hadron decays and their nuclear modification factors (RAA) in
Pb–Pb and Xe–Xe collisions at various center-of-mass energies are shown.

157.3.1 Invariant Cross-Sections in Proton–Proton Collisions

The pT-differential production cross-sections of heavy-flavour electrons are mea-
sured using the so-called data-driven method, i.e. photonic-electron tagging method
at

√
s = 2.76, 5.02, 7 and 13 TeV. At 7 TeV, the data-driven method allows a

reduction by a factor 3 of the systematic uncertainties in comparison to previous
publications [4]. As shown in Fig. 157.1 (upper), all the measured cross-sections
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Fig. 157.1 pT-differential cross-sections of heavy-flavour electrons in pp collisions at different
colliding energies

are in agreement with the FONLL prediction [5]. The theoretical uncertainties are
reduced when forming the ratio between the cross-sections at different energies,
hence the ratios of the measured cross-sections are shown in the lower panel of
Fig. 157.1 and are found to be in agreement with FONLL predictions.

157.3.2 RAA of Electrons from Heavy-Flavour Decays in
Pb–Pb and Xe–Xe Collisions

The RAA of heavy-flavour electrons in Pb–Pb and Xe–Xe collisions at
√
sNN = 5.02

and 5.44 TeV, respectively, are measured to study the energy loss of heavy quarks
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Fig. 157.2 Comparison of RAA of heavy-flavour electrons in Pb–Pb collisions at
√
s = 5.02 TeV

with RAA of heavy-flavour muons (left) and with theoretical models (right)

inside the QGP medium. Similar to the analysis in pp collisions, the contribution
from the heavy-flavour electrons is estimated using the photonic-electron tagging
method.

The RAA of heavy-flavour electrons is shown in Fig. 157.2 and is found to be
compatible with the RAA of heavy-flavour decay muons measured in central (0–
10%) Pb–Pb collisions at

√
sNN = 5.02 TeV at forward rapidity (2.5< y< 4). In the

very low pT region, the measured RAA is compatible with the TAMU [6] prediction.
At higher pT, the measurement agrees with others models (Djordjevic [7], CUJET
3.0 [8])

In Xe–Xe, the pp reference for RAA estimation is obtained by interpolating the pp
referencesmeasured at

√
s = 5.02 and 7 TeV [9]. The RAA of heavy-flavour electrons

is compared with the RAA of heavy-flavour muons. Similar suppression is observed
for the muons in both centrality classes as shown in Fig. 157.3.

157.3.3 RAA of Electrons from Beauty Quark Decays in
Pb–Pb Collisions

The RAA of electrons from beauty hadron decays in 0–10% central Pb–Pb collisions
at

√
sNN = 5.02 TeV is shown in Fig. 157.4. The yield of electrons from beauty

hadron decays is estimated using the DCA template fit method.
As shown in Fig. 157.4 (right), a smaller suppression of electrons from beauty

quark decays with respect to electrons from heavy-flavour decays hints at a mass
dependence of the quark energy loss in the QGP medium. This measurement is
consistent withmodels that considermass-dependent radiative and collisional energy
losses [10, 11]. For RAA calculation, the pp reference is obtained by an energy
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Fig. 157.3 Comparison of RAA of electrons from heavy-flavour hadron decays in Xe–Xe collisions
with RAA of muons from heavy-flavour hadron decays
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Fig. 157.4 Comparison of RAA of electrons coming from beauty hadron decays in Pb–Pb collisions
at

√
s = 5.02 TeV

interpolation from 7 to 5 TeV using FONLL. Data analysis of new pp reference at
√
s

= 5 TeV is ongoing, which would reduce the systematic and statistical uncertainties
in the RAA measurement and will give more precise results.

157.4 Summary

In summary, we have presented an overview of the measurements of electrons from
the decay of heavy-flavour hadrons in pp, Pb–Pb (Xe–Xe) collisions at different
energies. The pT-differential production cross-sections of heavy-flavour electrons in
pp collisions at 2.76, 5.02, 7 and 13 TeV are measured and are in agreement with
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FONLL predictions. The nuclear modification factor of the heavy-flavour electrons
is measured in Pb–Pb and Xe–Xe collisions at 5.02 and 5.44 TeV, respectively, and
is found to be consistent with the RAA of heavy-flavour muons at forward rapidity
(2.5 < y < 4). The RAA of beauty decay electrons, while compatible with one of the
heavy-flavour electrons, hints at separation at low pT that would points towards the
mass-dependent energy loss of the quarks inside the medium. It is also consistent
with theoretical predictions, which include collisional and radiative energy losses.

With the ongoing detector upgrades [12], the precision of the measurement will
considerably increase. The improved impact-parameter resolution, together with the
improved luminosity of the LHC accelerator complex, will improve the significance
of the upcoming measurements.
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Chapter 158
A 3D Kinetic Distribution that Yields
Observed Plasma Density in the Inner
Van Allen Belt

Snehanshu Maiti and Harishankar Ramachandran

Abstract A steady-state distribution is obtained that approximately yields the
observed plasma density profile of the inner Van Allen radiation belt. The model
assumes a collisionless, magnetized plasmawith zero electric field present. The inner
Van Allen belt consists of a plasma comprising high-energy protons and relativistic
electrons. The particle trajectories are obtained from the collisionless Lorentz Force
equation for different initial distributions. The resulting steady-state distributions
obtained after particles lost to the loss cone are eliminated and are used to generate
the density profile. The distribution’s dependence on energy E andmagnetic moment
μ is adjusted to make the density profile agree with observations. For a distribution
that is a function of energy times a function of magnetic moment, the calculation
leads to the desired type of density profile. The kinetic distribution and the type of
density profile obtained are presented.

158.1 Introduction

The inner Van Allen radiation belt exists approximately from an altitude of 1000–
6000km, (0.2–2) RE above the Earth’s surface and contains electrons in the range of
hundreds of KeV and energetic protons exceeding 100 MeV, trapped by the strong
geomagnetic field (relative to the outer belts) in the region [1]. The plasma is collision-
less in nature and experiences Lorentz force within the magnetosphere. The particles
are confined in a magnetic mirror and undergo gyro-motion, bounce motion and drift
motion around the earth.

The plasma density observed is given by a commonly used form of an exponential
(oxygen) plus a power law (hydrogen) [2].

n(r) = nOe
−(r−RI )/h + nHr

−1 (158.1)
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Fig. 158.1 Observed density
profile of the radiation belt
with altitude at the equator

where r is the geocentric radius, nO = 105cm−3 is the density of oxygen, nH =
103cm−3 is the density of hydrogen, h = 400km is the scale height and RI =
1.0314RE , where RE is radius of the earth.

The current aim is to find a steady-state kinetic distribution of the particles which
yields a density distribution closely resembling the observed density function at
the equator as in Fig. 158.1. We predict an initial f(E, μ) distribution analytically
and use the same to do numerical test particle simulations by considering different
combinations of perpendicular and parallel energy to arrive at and closely mimic the
density profile of the radiation belt and compare the two methods.

A numerical model of the radiation belt established can help study the effect of
disturbances in the belt due to whistlers, ULF waves, solar activities, seismo-electric
activities, etc. and resulting particle precipitations from the belt to make predictions
for IITM nano-satellite mission [3].

158.2 Analytical Model

The density distribution can be found out by integrating the phase space distribution
function of the particles over the velocity space. This is written in a polar coordinate
as follows and integrated over the entire φ direction from 0 to 2π.

n =
∫ ∫ ∫

f (v)v2 sin θdvdθdφ, n = 2π
∫ ∫

f (v)v2 sin θdvdθ (158.2)

The above equation can be next converted to a function of E and μ by replacing
(158.2) with (158.3) to obtain (158.4–158.6).

E = 1

2
mv2, dE = mvdv, v⊥ = v sin θ, dv⊥ = v cos θdθ, μ = mv2⊥

2B
, dμ = mv⊥dv⊥

B
(158.3)
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n = 2π

m

∫ ∫
f (E,μ)dEv sin θdθ (158.4)

n = 2π

m

∫ ∫
f (E,μ)dE

v⊥
v cos θ

dv⊥, n = 2π

m

∫ ∫
f (E,μ)dE

v⊥
v‖

dv⊥

(158.5)

n(s) = 2πB(s)

m2

∫ ∞

0

∫ E
B

0

f (E,μ)dEdμ√
E − μB(s)

(158.6)

The plasma in the Van Allen belts is collisionless and hence chosen to have a near
Maxwellian distribution of thermal energy as follows. A simple distribution function
f(E,μ) is chosen such that

f (E) = Ee
−E
KT , f (μ) = μe−μ (158.7)

The density profile from the above-predicted distribution is presented in Fig. 158.6b
as a comparison with observed density and numerical simulations.

158.3 Numerical Model

The inner radiation belt being located between L shell 1.5–2.5, the geomagnetic field
line at L shell 1.5 is considered for this simulation. A dipole model of the earth’s
magnetic field is considered here which is a first-order approximation of the rather
complex true earth’s magnetic field and holds good for lower L shells [1]. In a dipole
model, the geocentric radius r, the geomagnetic latitude θ considered northwards
from the equator and the arc length s along L shell are related as

r = L cos2 θ, ds2 = dr2 + (rdθ)2, dθ = ds

L
√
sin2 2θ + cos4 θ

(158.8)

A polar plot of L shell 1.5 is presented in Fig. 158.2a using (refeq8). The ‘s’ coor-
dinate system is considered along the L shell with the origin at the equator. In the s
coordinates, smax (towards the poles) represents the value corresponding to a radial
distance r = h + RE or an altitude of h = 1000 kms above the surface of the earth
(radius = RE) and where the magnetosphere ends. The value of smax is 5044 kms in
the s coordinates. The dipole model magnetic field strength in polar coordinates is
given below and used in Lorentz force equation to simulate particle trajectories.

B(r) = B0(
RE

r
)3

√
(1 + 3 sin2 θ) (158.9)
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Fig. 158.2 a Shows a polar plot of the lower magnetosphere L shell 1.5 and b shows particles
distributed uniformly along the L shell

Fig. 158.3 Initial energy and magnetic moment distribution of 10,000 protons

Particles are distributed uniformly in a position along the 1D s coordinate initially
as obtained in Fig. 158.2b using the random number generator algorithm.

This 1D position distribution of the particles is transformed into 2D polar (r, θ)
coordinates using (158.8) and is further converted into 3D Cartesian coordinates x,
y, z as x = r cos θ, y = 0 and z = r sin θ.

Next an initial f(E, μ) is chosen. f (E) is chosen as the analytical model. μ is
f (E)/(αBmax ) where E⊥ = μB is varied as α = E

μB for different cases to obtain
different density functions. This initial f(E, μ) is presented in Fig. 158.3 for α = 20
and is converted into 3D velocity space below.

The initial parallel and perpendicular velocity distribution can be resolved into
vx , vy and vz as

v⊥ = 2μB

m
, vx = v⊥ cosφ, vy = v⊥ sin φ, vz =

√
v2 − vx 2 − vy2 (158.10)

Test particle simulations are run with 10,000 protons for 2 s with the above initial
distributions and the trajectory of the particles obey Lorentz force. The Runge–Kutta
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Fig. 158.4 Density distribution for different values of α shows best fit for α = 20

Fig. 158.5 Energy and magnetic moment distribution of 10,000 protons at steady state

4 method is used to solve the ODE. Tgyro = 2πm
qB = 2000µs. So, the timestep of

10µs is chosen which satisfies Nyquist criteria and captures the particle trajectory
accurately. The particles have an average bounce period of 0.2 s [1] and hence attain
the steady state in Fig. 158.6a in a very short time as seen in n(t). Many particles are
lost due to a smaller initial pitch angle and the rest of the particles attain steady state.

The density profile, n(s), is presented in Fig. 158.4 for different values of α = 1
and 20 and also if density is obtained only from f(E) without varying f(E, μ). This
shows a best fit to observed density for α = 20.

The E-μ distribution at the steady state is presented in Fig. 158.5 for α = 20. The
lost particles (in loss cone) clearly separate out from the trapped particles in an orbit
in Fig. 158.5c when μ is observed at their bounce points.

158.4 Conclusion

Figure158.6b compares the observed, analytically predicted and numerically
obtained densities.
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Fig. 158.6 aShows the density profiles obtained for different values ofα and b shows the attainment
of steady state of particles through n(t)

An α = 20 represents the best observed density. The analytical method gives
approximate particle guiding centre trajectory whereas the numerical simulation
takes care of true gyromotion. Hence, the loss cone could be properly studied using
the current numerical simulations.
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Chapter 159
Implications of Flux-Tube Formulation
of Dual QCD for Thermalization, Quark
Pair Creation and QGP

Deependra Singh Rawat, H. C. Chandola, Dinesh Yadav, and H. C. Pandey

Abstract Keeping in view of our earlier study, the multiflux-tube structure of topo-
logically excited magnetically condensed dual QCD vacuum has been extended in
the thermal domain to analyze the possible mechanism behind the QCD phase tran-
sition. The stability and annihilation of color flux-tubes in the intermediate energy
regime has been investigated for QGP formation by discussing the flux-tube interac-
tion process under varying temperature conditions at different hadronic boundaries
by computing critical parameters of phase transition and condensed monopole den-
sity. Their implications in quark pair creation relevant to elaborate the phase structure
of QCD and gain insight into the mechanism of the parton-hadron phase transition
has also been discussed.

The vacuum dynamics of QCD especially the color confinement and its implications
to explore the underlying phase structure of QCD still remains the subject of crucial
investigation in theoretical high energy physics. To resolve the problem of color
confining nature of QCD vacuum, people like Nambu, ’t Hooft and Mandelstem [1]
have argued that color electric flux confinement in gauge theory can be analogous to
magnetic flux confinement in a superconductor which is realized as a result of Cooper
pair condensation. In this scenario of the dual version of QCD, the monopoles are
supposed to be condensed as a result of the dual Meissner effect that squeezed the
color flux in the formof thin flux-tubes that paves the clear signal of color confinement
in QCD. However, the appearance of the magnetically charged object in the QCD
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is a great huddle in its further development. There are several attempts made in this
direction among which magnetic symmetry-based dual QCD [2–4] has been used
here as an effective conjecture to explain the confining structure of colored quarks.
In this dual formulation, the tube-like structures arise (which are capped by colored
quarks at their ends) as a result of monopole (confining agents) condensation with
the appearance of the mass mode of vector and scalar glueballs. This novel picture of
confinement is expected to provide a further understanding of the dynamical structure
of QCD vacuum and an ordered way to explore the complex phase structure of QCD,
dynamics of phase transition with the possibility of QGP [5, 6]-like intermediate
state under the extreme conditions of temperature and density. The purpose of this
article is to explore the flux-tube structure by using the quartic potential which is an
effective potential reliable in relatively weak coupling and is an appropriate choice to
deal with the dynamics of phase transition. The numerical estimation of the critical
parameters of phase transition, i.e. the critical radius, critical density and condensed
monopole density along with their analytic behavior, is discussed for the optimal
value (αs = 0.12) of the coupling constant. Its implications on thermalization, quark
pair creation and QGP are also discussed.
In the (4+n)-dimensional unified space, the imposition of magnetic symmetry [7] as
an additional internal isometry provides a gauge invariant investigation of topological
character that develops the confining structure in the theory by bringing duality at
the level of potential and field strength. The resulting dual Lagrangian in quenched
approximation may then be expressed as [2–4],

L(d)
m = −1

4
B2

μν + |[∂μ + i
4π

g
B(d)

μ ]φ|2 − 3λα−2
s (φ∗φ − φ2

0)
2. (159.1)

The effective potential introduced here generates the dynamical breaking ofmagnetic
symmetry which leads to the magnetic condensation by ensuing the dual Meissner
effect and establishes the color confinement in QCD. The field equation associated
with the above Lagrangian may then be derived in the following form:

DμDμφ + 6λα−2
s (φ∗φ − φ2

0)φ = 0, and ∂νBμν − i
4π

g
(φ∗ ↔

∂ μ φ) − 8πα−1
s B(d)

μ φφ∗ = 0

(159.2)
which closely resembles with the Nielsen and Olesen [8] vortex-like solutions, and
indicates a clear signal of the flux-tube configuration inside the QCD vacuum. We
focus on the single flux-tube solution using the cylindrical symmetry and the longitu-
dinal orientation of flux-tube, for which the dual gauge field and the monopole field
are B(d)

μ = g−1 cosα(∂μβ)m̂ and φ(x) = exp(inϕ)χ(ρ), (n = 0,±1, ...), respec-
tively. With the uniqueness of the function φ(x) and using the Nelson–Olesen
ansatz [8] for the dual gauge field and monopole field in static limit we have,
B(d)(ρ) = −φ̂B(ρ)and B(d)

t = B(d)
ρ = B(d)

z = 0. This leads to the color electric field
in the cylindrically symmetric configuration and is given by [2]

Em(ρ) = −1

ρ

d

dρ
(ρB(ρ)). (159.3)
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The associatedfield equations governing theflux-tube structuremay thenbe expressed
in the following form:

1

ρ

d

dρ

(
ρ
dχ

dρ

)
−

[(
n

ρ
+ (4πα−1

s )
1
2 B(ρ)

)2

− 6λα−2
s (χ2 − φ2

0)

]
χ(ρ) = 0,

(159.4)
d

dρ

[
ρ−1 d

dρ
(ρB(ρ))

]
+ 8πg−1

(
n

ρ
− 4πg−1B(ρ)

)
χ2(ρ) = 0. (159.5)

In the asymptotic limit φ → φ0 as ρ → ∞, the appropriate solutions for the dual
gauge potential that ensures the formation of chromoelectric flux-tubes are as

B(ρ) = −ng(4πρ)−1[1 + F(ρ)] and F(ρ)
ρ→∞−→Cρ

1
2 exp(−mBρ) where C is a con-

stant andmB(= 4πg−1
√
2φ0) is the vector glueball mass that determines the magni-

tude of the dual Meissner effect. The color flux-tube formation and the confinement
of color isocharges can be visualized more effectively on the energetic grounds
by investigating the energy per unit length of the flux-tube (string tension) [2–4]
and introducing a new variable R as ρ = R sin θ with energy minimization con-
dition (εC = εD) that leads to the critical radius and critical density [3] of phase

transition as Rc = (
8
3πn

2αs
) 1

4 m−1
B and dc = 1

2πR2
c

= (
32
3 π3n2αs

)− 1
2 m2

B, respec-
tively. For the optimal value of coupling constant (αs) in the near infrared sec-
tor of QCD as αs = 0.12 with the vector glueball mass mB = 2.102GeV lead to,
Rc = 0.094 fm and dc = 18.003 fm−2. In this case, below 0.094 fm, the sys-
tem shifted toward a medium of unbound color charges and an entirely different
mechanism is expected to take over. The flux-tube density in this sector increases
rapidly and with a sufficiently dense flux-tube system, the flux-tube annihilation
as a result of their interaction may take place which then leads to the genera-
tion of dynamical pairs of quarks and gluons. The gluon self-interactions are then
expected to contribute a major role in the thermal domain of QCD matter and cre-
ate a color conducting plasma, the so-called quark-gluon plasma in the interme-
diate energy regime. As a result of such flux-tube melting in the high momen-
tum transfer sector of the QCD vacuum, the system is expected to evolve with
an intermediate QGP phase. The variation of the associated flux-tube energy for
αs = 0.12 is depicted in Fig. 159.1 and exhibit a close agreement with that obtained
analytically. Under thermalization conditions using partition function approach for-
malism along with the mean-field treatment [4] where the associated thermody-
namical potential transform the vector mass mode of the magnetically condensed
QCD vacuum as m(T )

B = mB

√[1 − (T/Tc)2], where Tc = 2φ0
√
3/(4παs + 1). It

further modify the associated critical parameters of phase transition as Rc(T ) =
Rc/

√[1 − (T/Tc)2] and dc(T ) = dc[1 − (T/Tc)2]. The QCD monopole of phase
transition density participating in the vacuum condensation may be derived using the
field equation for potential B(d)

μ as nm(φ) = (αs/8π)m2
B[1 − (T/Tc)2]. The variation

of condensed monopole density for the optimal coupling αs = 0.12 with tempera-
ture is given by Fig. 159.1 that clearly demonstrate a gradual decrease in monopole
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Fig. 159.1 (Color online) Variation of flux-tube energy (εC + εD) with R (left) and variation of
condensed monopole density (nm(φ)) with T for αs = 0.12

density, and at a transition point it vanishes out. Such behavior of nm(φ) is also
supported by recent lattice results [6].

Thus, the thermal evolution of stable flux-tube structure has shown a smooth
phase transition of hadronic matter to a full deconfined state of partons due to the
melting/annihilation of flux-tubes with the dynamical quark pair creation in the inter-
mediate energy region that may correspond to quark-gluon plasma of point-like col-
ored quarks and gluons as its constituents. The study of critical radius and critical
density have also shown the QCD system will acquire a strongly coupled confining
phase at its low energy domain and appear in the deconfined state at a high energy
regime. The thermal variation of monopole density leads to the gradual evaporation
of condensed monopole that will be transformed into thermal monopoles during the
QCD phase transition. These thermal monopoles are supposed to be responsible for
the possible formation of QGP before acquiring its complete deconfined state. The
dynamical quark pair creation in the intermediate state has its intimate connection
with the confining structure of QCD vacuum as the creation of qq̄-pair screens the
confinement potential at a large distance scale that will be dealt in our forthcoming
communications [9].

Acknowledgements One of the authors (DSR) is thankful to University Grants Commission, New
Delhi, India for the financial assistance under its BSR (RFSMS) scheme. The authors (DSR and
HCC) are also thankful to the organizers of XXIII DAE-BRNS (High Energy Physics) Symposium
2018, I.I.T. Madras for their hospitality during the course of the symposium.

References

1. Y. Nambu, Phys. Rev. D 10, 4262 (1974); S. Mandelstam, Phys. Rep. 23C, 145 (1976); G. ’t
Hooft, Proc. Eur. Phys. Soc. 1225 (1975)

2. H.C. Pandey, H.C. Chandola, Phys. Lett. B 476, 193 (2000)
3. H.C. Chandola, D. Yadav, Nucl. Phys. A 829, 151 (2009)



159 Implications of Flux-Tube Formulation of Dual QCD … 1085

4. D.S. Rawat, H.C. Chandola, H.C. Pandey, D. Yadav, Springer Proc. Phys. 203, 625 (2018); H.C.
Chandola, D.S. Rawat, H.C. Pandey, D. Yadav, H. Dehnen. Adv. High Energy Phys. 4240512
(2020)

5. E.V. Shuryak, Nucl. Phys. A 750, 64 (2005)
6. J. Liao, E.V. Shuryak, Phys. Rev. C 75, 054907 (2007)
7. Y.M. Cho, Phys. Rev. D21, 1080 (1980); ibid 2415 (1981); Y.M. Cho, F.H. Cho, J.H. Yoon,

Phys. Rev. D87, 085025 (2013)
8. H. Neilsen, B. Olesen, Nucl. Phys. B 61, 45 (1973)
9. D.S. Rawat, H.C. Chandola (to be published)



Chapter 160
CP Phase Analysis Using Quark-Lepton
Complementarity Model in 3+ 1
Scenario

Gazal Sharma, B. C. Chauhan, and Surender Verma

Abstract The existence of sterile neutrino is revolutionizing Physics from the small-
est to the largest scale. After the recent reports from the MiniBooNE experiment at
Fermi lab that observed far more νe appearance data than expected, suggesting the
possible existence of the fourth generation of another generation of neutrinos. These
results would provide challenges for the Standard Model of Particle Physics if it is
confirmed in future experiments and will have imperative implications on cosmol-
ogy and astroparticle physics. Also, this will require new neutrino mass models to
accommodate these degrees of freedom. With respect to that, the current work is
just the extension of our recent work toward the CP phase analysis of Quark-Lepton
Complementarity (QLC)model in 3 + 1 scenario. The parametrization of non-trivial
correlation between CKM4 and PMNS4 using Monte Carlo Simulation is used to
estimate the texture of Vm4 . We have predicted the numerical ranges for sterile neu-
trino parameters and also investigated the values for Dirac CP violation phases and
the CP re-phasing invariants using the model in 3 + 1 scenario. The consequences of
the model are the predictions for CP-Violating phase invariant J , Dirac phase φ, and
the sterile neutrino parameters. The results obtained numerically and analytically
this paper stood in good agreement with the experimental data. The results of this
work would be very important in view of future sterile neutrino experiments.
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160.1 Introduction

The results of neutrino oscillation experiments in the past several years have pro-
vided us a very strong sign about the massive nature of neutrinos as well as the
mixing properties of various lepton flavors and their oscillations. Many ongoing
experiments; LSND, MiniBooNE, MINOS, Daya Bay, IceCube, etc., are working
on the investigation of the existence of sterile neutrinos at different mass scales.
Quarks and Leptons being the fundamental particles of matter and Standard Model,
might result in some symmetry at high-energy scale resulting in the complementarity
(Quark-Lepton Complementarity) between the two of them.

The Quark-Lepton Complementarity (QLC) and its possible consequences have
been widely studied and investigated in the literature. The simple correspondence
between the UPMNS and UCKM matrices has been proposed and used by several
authors and analyzed in terms of a correlation matrix Vc in particular. According
to our analysis a very clear non-trivial structure of Vc and the strong indication of
gauge coupling unification at a high scale triggered us to put constraints on Dirac
CP violation phase and CP violation re-phasing invariant J .

The major motivation behind this work is testing our model in the fourth-
generation scenario. After the successful results obtained in our previous papers,
we have tried to extend our model and did our analysis in 3 + 1 scenario. Also, one
another factor that pushed us toward the extension of our model in 3 + 1 scenario
is that the results obtained in our previous works [1–6] (and references therein) are
quite consistent with the recent results fromNoνA and IceCube which gives us a new
ray of hopes in favour of our model and its stability. According to our investigations,
there is a possibility of the existence and role of sterile neutrinos in the Quark lepton
complementarity, which helped us to give some constrained results for two sterile
neutrino mixing angles, i.e., θ24 and θ34. Along with that also predicted the values
for Dirac CP violation phase and the CP re-phasing invariants using the model in
3 + 1 scenario.

In Sect. (160.2),we discuss in brief the theory of theQLCmodel alongwith thatwe
describe in brief the theoretical framework of the QLC model in 3 + 1 scenario. For
the generation of 4 × 4 Vm4 matrix standard parametrizations were taken forUCKM4

and UPMNS4 which is included in Sect. (160.3) According to the model procedure,
after using themost credible texture of the correlationmatrixwederive the constraints
on the θ PMNS

24 and θ PMNS
34 mixing angle along with the� (Dirac CP Violation phase)

and J (Jarlskog Invariant) in the Sect. (160.4). Finally, in Sect. (160.5) we conclude
and summarize our results.

160.2 Phenomenology of QLC Model in 3+ 1 Scenario

Whenwe observe a pattern of mixing angles of quarks and leptons and combine them
with the pursuit for unification, i.e., symmetry at some high energy leads the concept
of quark lepton complementarity, i.e., QLC. Possible consequences of QLC have
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been widely investigated in the literature and in particular, a simple correspondence
between the PMNS and CKM matrices has been proposed and analyzed in terms of
a correlation matrix Vm . The generalized relation between them is

Vc = UCKM ·UPMNS to Vm4 = UCKM4 · ψ4 ·UPMNS4

where Vc is the correlation matrix defined as a product of UPMNS and UCKM .
When sterile neutrinos are introduced in the 3 + Ns schemes, where the Ns is the

number of newmass eigenstates along withψ4 in QLC the model equation the above
equation takes the form

Vc = UCKM4 · ψ4 ·UPMNS4

where the quantity ψ4 is a diagonal matrix ψ4 = diag(e(ψi )) and the four phases ψi

are free parameters as they are not restricted by present experimental evidence.

160.3 Structure of CKM4 and PMNS4

In order to calculate the structure of Vm4 we have used theUCKM4 andUPMNS4 taking
reference fromseveralworks [7–10]. TheCKMmatrix inSM is a 3 × 3unitarymatrix
while in the SM4 (this is just a simple extension of the SM, and none of its essential
features are disturbed. It obeys all the SM symmetries and does not introduce or
include any new ones), the UCKM4 matrix is 4 × 4, matrix can be written as

UCKM4 =

⎡
⎢⎢⎣

˜Vud Ṽus Ṽub ˜Vub′

Ṽcd Ṽcs Ṽcb ˜Vcb′

Ṽtd Ṽts Ṽtb ˜Vtb′
˜Vt ′d Ṽt ′s ˜Vt ′b ˜Vt ′b′

⎤
⎥⎥⎦ ,

where all the elements of the matrix have their usual meanings except for b′ and t ′,
which we have already defined above.
The Dighe–Kim (DK) parametrization defines [7–10]
˜Vud = 1 − λ2

2 , Ṽus = λ, Ṽub = Aλ3Ceιδub ,

˜Vub′ = pλ3e−ιδub′ , Ṽcd = −λ, Ṽcs = 1 − λ2

2 ,

Ṽcb = Aλ, ˜Vcb′ = qλ2e−ιδcb′ ,

Ṽtd = Aλ3(1 − Ceιδub) + rλ4(qe−ιδcb′ − pe−ιδub′ ),

Ṽts = −Aλ2 − qrλ3e−ιδcb′ + A
2 λ4(1 + r2Ceιδub), Ṽtb = 1 − r2λ2

2 ,

˜Vtb′ = rλ, ˜Vt ′d = λ3(qeιδcb′ ) + Arλ4(1 + Ceιδub),

Ṽt ′s = qλ2e−ιδub′ + Arλ3 + λ4(−pe−ιδub′ + q
2 eιδcb′ + qr2

2 eιδcb′ ),

˜Vt ′b = −rλ and ˜Vt ′b′ = 1 − r2λ2

2 ,
In thiswork, for the calculation ofUPMNS4 we consider the simplest 3 + 1 scheme.

In the presence of the sterile neutrino νs , the flavor (να, α = e, μ, τ, s) and the mass
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Table 160.1 The limits obtained on sterile mixing angles

Parameters (GeV) θ
PMNS4
24 θ

PMNS4
34

For mt ′ = 400 6.57◦ − 23.36◦ 1.53◦ − 31.59◦

For mt ′ = 600 6.87◦ − 23.15◦ 3.78◦ − 32.40◦

Parameters (GeV) | Uμ4 |2 | Uτ4 |2
For mt ′ = 400 0.0003 − 0.0300 0.00 − 0.2031

For mt ′ = 600 0.0001 − 0.0236 0.00 − 0.1432

eigenstates (νi , i = 1, 2, 3, 4) are connected through a 4 × 4 unitary mixing matrix
U, which depends on six complex parameters [11]. A particularly convenient choice
of the parametrization of the mixing matrix is

U = R̃34R24 R̃14R23 R̃13R12,

160.4 Results

In this work, a non-trivial correlation between CKM4 and PMNS4 mixing matrices
is obtained by taking into account the phase mismatch between quark and lepton sec-
tors as ψ4, a diagonal matrix ψ4 = diag(e(ψ i)). TheUCKM4 matrix can be described
using Dighe-Kim (DK) parametrization, where all the elements ofUCKM are unitary
up to O(λ4).

• The value of CP violation phases φ have been kept open varying freely between
(0 − 2π ) and the reference values for θ24, θ34, | Uμ4 |2 and | Uτ4 |2 are assume to
vary freely between (0 − π/2).

For the unknown phases φ and the four ψi , as they are not constrained by any
experimental data, we vary their values between the interval [0, 2π ] in a flat dis-
tribution.

• After performing the Monte Carlo simulations we estimated the texture of the
correlation matrix (Vm4 ) for two different values of mt ′ = 400 GeV & 600 GeV
(where mt ′ is the mass of t ′) and implemented the same matrix in our inverse
equation and obtained the constrained results for the sterile neutrino parameters.
We obtained predictions for CPViolating re-phasing invariants and θ24 and θ34 and
then compared our results with the current experimental bounds given by NoνA,
MINOS, SuperK and IceCube-DeepCore [12–16] experiments.

Aswe have divided our results in two parts, i.e., formt ′ = 400GeV andmt ′ = 600
GeV. The table below shows the comparison of upper limits obtained above viamodel
with the four different experimental results (Tables 160.1 and 160.2).
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Table 160.2 The upper limits of sterile mixing parameters obtained from model (QLC) and from
NOνA, MINOS, Super-Kamiokande and IceCube- DeepCore

Experiment θ
PMNS4
24 θ

PMNS4
34 | Uμ4 |2 | Uτ4 |2

NoνA 20.8 31.2 0.126 0.268

MINOS 7.3 26.6 0.016 0.20

SuperK 11.7 25.1 0.041 0.18

IceCube-
DeepCore

19.4 22.8 0.11 0.15

QLC model θ
PMNS4
24 θ

PMNS4
34 | Uμ4 |2 | Uτ4 |2

QLC (400 GeV) 23.36 31.59 0.030 0.203

QLC (600 GeV) 23.15 32.40 0.024 0.143

Fig. 160.1 Histograms of Jarlskog re-phasing invariant (J) and Dirac CP phase (φ)

160.5 Conclusion

Monte Carlo technique was used to conclude that the absolute values of the CP-
violating invariants J and CP violation phase (Dirac Phase) is obtained as under
(Fig. 160.1)

| J |= 0.001 − 0.055

| J | (Best fit) = 0.021

φ = 224.64◦ − 279.85◦

φ (Best fit) = 267.62◦
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In the above Fig. (160.1), we have shown two different histograms for a varying
range of Jarlskog invariant J and Dirac CP phase φ. From the plot on the left panel,
one can clearly depict that the maximum number of J values lies near the values
∼ −0.022 and 0.024, which is precisely our best fit values and is comparable to the
recent particle data group value range [17]. While the plot on the right panel implies
that the maximum number of values are gathered around φ = 267.62◦ which is our
best value and lies very close to the bounds given by global data analysis [17].
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Chapter 161
Measurement of Higher Moments of
Net-particle Distributions in STAR

Debasish Mallick

Abstract Studying fluctuations of conserved quantities, such as baryon number (B),
strangeness (S) and electric charge (Q), provides insights into the bulk properties of
matter created in high-energy nuclear collisions. The higher moments of multiplicity
distributions of net proton, net kaon and net charge are expected to show large
fluctuations near the QCD critical point. We present results on energy and centrality
dependence of higher moments of net proton, net kaon and net charge multiplicity
distribution over all BES-I energies from the STAR experiment. The net proton
moments product (Sσ and κσ 2) shows deviations from Poisson baseline (unity) in
the lower beam energy region (below

√
sNN = 27 GeV). In the most central (0–5%)

collisions, the κσ 2 of net proton distribution as a function of collision energy exhibit
a non-monotonic behaviour and show deviation in the lower energy region from
corresponding predictions from Poisson baseline, a transport model (UrQMD) and
a thermal model, all of which do not include any physics of criticality.

161.1 Introduction

High-energy heavy-ion collision experiments primarily aim to study the proper-
ties of nuclear matter subjected to extreme conditions such as temperature and/or
pressure and understand the nature of the phase transitions. The phase structure of
this matter can be illustrated by the Quantum Chromodynamics (QCD) phase dia-
gram characterized by temperature (T) and baryonic chemical potential (μB). Lattice
QCD calculations show that quark-hadron phase transition at zero μB is a crossover
[1, 2], while QCD-based models predict a first-order phase transition [3, 4] and the
existence of the QCD critical point (QCP) at a large value of μB . By varying the
centre of mass energy (

√
sNN ) of the colliding nuclei, various parts of the QCD phase

diagram can be accessed in the experiments [5, 6]. Fluctuations of conserved charges
such as net charge (Q), net strangeness (S) and net baryon (B) can serve as probes
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of the QCD phase transition and the critical point [7]. Moments of the conserved
charge distributions are related to the correlation lengths of the system, (〈(δN )2〉 ∼
ξ 2, 〈(δN )3〉 ∼ ξ 4.5 and 〈(δN )4〉 ∼ ξ 7), which are expected to diverge near the critical
point [8]. Moments are also related to susceptibilities of conserved charges calcu-
lated in lattice QCD and thermal models [9, 10]. In heavy-ion collisions, finite time
and finite system size effects restrict the growth of the correlation length resulting in
the finite enhancement of higher moments [11].

In this article, we report the results from phase I of the Beam Energy Scan (BES)
program at RHIC, on the ratios of cumulants of net charge (0.2 < pT < 2 GeV/c),
net kaon (0.2< pT < 1.6 GeV/c) and net proton (0.4 < pT < 2 GeV/c) distributions
as a function of collision energy (

√
sNN = 7.7–200 GeV), measured at midrapidity

in Au+Au collisions in the STAR experiment [12–15]. Event-by-event net-particle
distribution is foundby taking the algebraic sumof the quantumnumbers of positively
charged particles and corresponding antiparticles. Cumulants up to the fourth order
of the distribution are calculated using the relations: C1 = 〈N 〉, C2 = 〈(δN )2〉, C3

= 〈(δN )3〉 and C4 = 〈(δN )4〉 – 3C2
2 , where δN = N – 〈N 〉 and 〈N 〉 is the mean of

the distribution. To avoid the autocorrelation effect, the particles used in cumulant
analysis are excluded from the centrality definition. To suppress the background
effect such as initial volume fluctuations, the cumulants are calculated in multiplicity
bins of unit width and then corrected using a method known as Centrality Bin-
Width Correction (CBWC) [16]. Cumulants are corrected for the finite detector
efficiency using a Binomial model [17]. Statistical errors are obtained using the
Delta theorem [18] and Bootstrap [19] methods.

161.2 Results and Discussion

Figure 161.1 shows the raw (uncorrected for CBW and efficiency) multiplicity dis-
tributions for

√
sNN = 14.5 GeV [14]. The mean values of the net-particle show

an increasing trend from peripheral to central collisions, indicating the production
of a higher number of positively charged particles than negatively charged parti-
cles in central collisions. Similarly, the standard deviation (σ ) of the distribution
also increases from peripheral to central collisions. At a given collision energy and
centrality, net charge distribution has a larger value of σ compared to net kaon and
net proton distributions which results in larger statistical uncertainties on net charge
cumulants.

Figure 161.2 shows the energy dependence of cumulant ratios (C2/C1 = σ 2/M ,
C3/C2 = Sσ , C4/C2 = κσ 2) of net charge, net kaon and net proton distributions at
midrapidity in Au+Au collisions measured by the STAR experiment. The Sσ for
net proton and net charge are normalized with the corresponding Skellam expecta-
tions [20]. The cumulants used to construct moment product are corrected for CBW
effect and detector efficiency. The σ 2/M for all the charges shows a monotonically
increasing trend as a function of collision energy,

√
sNN . However, the κσ 2 of net

charge and net kaon show a weak collision energy dependence. Similarly, the Sσ of



161 Measurement of Higher Moments of Net-particle Distributions in STAR 1095

-50 0 50

50 0 50

10

210

310

410

510

610
0-5%

30-40%
70-80%

| < 0.5 < 2 (GeV/c),| 
T
p0.2 < 

 = 14.5GeVNNSAu+Au 

-50 0 50

50 0 50

 < 1.6 (GeV/c),|y| < 0.5
T
p0.2 < 

-50 0 50

50 0 50

 < 2 (GeV/c),|y| < 0.5
T
p0.4 < 

STAR Preliminary

 )KNNet-Kaon (  )ChNNet-Charge (  )PNNet-proton ( 

N
um

be
r o

f E
ve

nt
s

Fig. 161.1 Event-by-event uncorrected multiplicity distributions of net charge (left), net kaon
(middle) and net proton (right) for Au+Au collisions at

√
sNN = 14.5 GeV for 0–5% top-central

(black circles), 30–40% mid-central (red squares) and 70–80% peripheral collisions (blue stars)

0

50

100

150

5−

0

5

10

7 10 20 30 40 100 20020−

10−

0

10

Net-Charge
Au+Au collisions at RHIC

| < 0.5η) < 2.0, |c (GeV/
T

p0.2 < 

STAR Preliminary

0-5%
70-80%

0-5% Poisson
70-80% Poisson
0-5% UrQMD

 (GeV)NNs

/M2 σ
/S

ke
lla

m
σ

S
2 σ

κ

Fig. 161.2 Energy dependence of cumulant ratios of net charge, net kaon and net protonmultiplicity
distributions for 0–5%, 5–10% (green squares), and 70–80% centralities. The Poisson expectations
are denoted as dotted lines and UrQMD calculations are shown as bands. The statistical and sys-
tematical error are shown in bars and brackets, respectively [12–14]

net kaon and Sσ /Skellam of net charge weakly vary with energy. Within the large
uncertainties, both Sσ /Skellam and κσ 2 of net kaon and net charge agree with the
non-critical baselines such as Poisson expectations and UrQMDmodel calculations.
In 0–5% centrality, the κσ 2 of net proton shows a non-monotonic behaviour as a
function of collision energy. Net proton κσ 2 measured in 0–5% central collisions
is close to the Poisson expectation, unity, for

√
sNN ≥ 39 GeV, it shows a dip at

27 and 19.6 GeV and then at 7.7 GeV it shows a large (16 times the value of that
measured at 27 GeV) rise above the baselines. The trend of net proton κσ 2 in 0–5%
central collisions is similar to the predictions from QCD-based model calculations
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Fig. 161.3 Net proton κσ 2

in 0–5% central Au+Au
collisions measured by
STAR experiment shown in
red solid markers. The HRG
model predictions with
freeze-out conditions from
σ 2/M (blue markers) and
from Sσ (green markers) are
also shown. Uncertainties on
experimental data points are
statistical and systematic
errors added in quadrature
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if the system traverses in the vicinity of the critical point [21]. Also, Sσ /Skellam
of net proton for central collisions shows a non-monotonic behaviour with collision
energy and deviates from non-critical baselines in the low-energy region. The results
for peripheral collisions at 70–80% centrality agree with the baselines. Figure 161.3
shows the net proton κσ 2 in 0–5% centrality compared to the Hadron Resonance Gas
(HRG) model calculations. With proper kinematic cuts as used in the experiments,
the HRG model [22] calculations are performed using two sets of variables (T and
μB) obtained from freeze-out of σ 2/M and Sσ . Experimental data points on net pro-
ton κσ 2 show deviations from the HRG model predictions in the low-energy region
starting from 27 GeV. The HRG model, which successfully explains the various
particle yields, fails to explain the trend for κσ 2 of net proton which could indi-
cate possible non-thermal contributions. In phase II of the BES program, the STAR
experiment with detector upgrades is currently taking data with high statistics which
would enable us to make a more precise measurement of higher order cumulants.

161.3 Summary

The κσ 2 for central net proton distribution in Au+Au collisions at midrapidity shows
a non-monotonic variation with collision energy. The κσ 2 values deviate from the
Poisson baseline andUrQMDmodel calculations. TheHRGmodel, with the assump-
tion of thermal equilibrium, cannot explain the fourth-order moments of net proton.
Within the large statistical and systematic uncertainties, both Sσ /Skellam and κσ 2 of
net kaon and net charge agree with Poisson baseline and UrQMDmodel [23] results.
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Chapter 162
Inverse Magnetic Catalysis (IMC)
in Vacuum to Nuclear Matter Phase
Transition

Arghya Mukherjee and Snigdha Ghosh

Abstract We have studied the vacuum to nuclear matter phase transition in the
presence of constant external background magnetic field with the mean field approx-
imation in the Walecka model. The anomalous nucleon magnetic moment has been
taken into account using the modified ‘weak’ field expansion of the fermion prop-
agator. The critical temperature corresponding to the vacuum to nuclear medium
phase transition is observed to decrease with the external magnetic field which can
be identified as the inverse magnetic catalysis in the Walecka model whereas the
opposite behaviour is obtained in case of the vanishing magnetic moment indicating
magnetic catalysis.

162.1 Introduction

Extremely high magnetic field is expected to be produced in non-central heavy-ion
collision. Magnetars with ultra-strong magnetic field can possess magnitude as high
as ∼1018 Gauss. QCD being a confining theory at low energies, effective theories
are employed to describe the low energy behaviour of the strong interaction. In
such a theory, the quark condensate is described as the non-zero expectation value
of the sigma field which is basically a composite operator of two quark fields. If
the condensate is already present without any background field, the effect of its
enhancement in the presence of the external magnetic field is described as magnetic
catalysis (MC). Although most of the model calculations are in support of MC, some
lattice results had shown inversemagnetic catalysis (IMC)where critical temperature
follows the opposite trend. In the context of nuclear physics, the MC effect was
discussed by Haber et al. [1]. There, the effect of the background magnetic field on
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the transition between vacuum to the nuclear matter at zero temperature was studied
for the Walecka model. However, the anomalous magnetic moment (AMM) of the
nucleons has not been taken into account. In this work, we incorporate the AMM
considering the weak field regime of the external magnetic field and use theWalecka
model within the mean field approximation to study the effective mass variation of
the nucleons at finite temperature and density.

162.2 Results

In theWalecka model [2, 3], the nucleons interact with the scalar meson σ and vector
meson ω. The effective mass variation of the nucleons can be obtained from the one
loop self-energy (�s and�v) of nucleons. The corresponding Feynman diagrams are
shown in Fig. 162.1. The propagators shown in bold lines are the medium as well as
weak magnetic field modified propagators. The self-consistent equation governing
the effective mass of the nucleon (m∗

N ) is given by

m∗
N = mN + Re�s(m

∗
N ) .

We have obtained the numerical solution of the self-consistent equation at differ-
ent conditions. At zero temperature and zero density, the incorporation of anomalous
magnetic moment is shown to favour the effective mass enhancement with the exter-
nal magnetic field. It is observed that in the case of vanishing temperature within a
dense nuclear medium, the effective mass decreases with the background magnetic
field and this trend is shown to survive in case of non-zero temperature as well.
There exists a particular temperature and chemical potential for which the effective
nucleon mass suffers a sudden decrease corresponding to the vacuum to nuclear
medium phase transition. It has been shown that this critical temperature decreases
with the increase of B which can be identified as inverse magnetic catalysis in the
Walecka model whereas the opposite behaviour is obtained in case of the vanishing
magnetic moment (Figs. 162.2, 162.3 and 162.4) [4].

Fig. 162.1 Feynman diagram for scalar and vector meson interactions with nucleons
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Chapter 163
Thermoelectric Effect and Seebeck
Coefficient of Hot and Dense Hadronic
Matter in the Hadron Resonance Gas
Model

Jitesh R. Bhatt, Arpan Das, and Hiranmaya Mishra

Abstract We study the thermoelectric effect of a baryon-rich plasma, with a temper-
ature gradient, produced in heavy-ion collision experiments.We estimate the Seebeck
coefficient for the hot and dense hadronic matter within the framework of relativistic
kinetic theory using relaxation time approximation. For quantitative analysis, we use
the hadron resonance gas model with hadrons and resonance states up to a cutoff in
the mass as 2.25 GeV. The current produced due to temperature gradient can be a
source of a magnetic field in heavy-ion collision experiments.

163.1 Introduction

Transport coefficients, e.g., shear viscosity (η), bulk viscosity (ζ), electrical conduc-
tivity (σel), etc., of strongly interacting matter produced in relativistic heavy-ion col-
lision experiments (RHICE) have been investigated extensively [1–3]. In the present
investigation, we study the thermoelectric behavior of the strongly interacting matter
created in heavy-ion collisions. The strongly interacting matter created in heavy-ion
collisions can exhibit thermoelectric effects due to a temperature gradient between
the central and the peripheral regions of the medium. The phenomenon in which a
temperature gradient in a conducting medium is converted to electrical current is
known as the Seebeck effect. The Seebeck coefficient is defined as the electric field
produced in a conducting medium due to a temperature gradient when the electri-
cal current is set to zero [4]. In condensed matter systems, the thermoelectric effect
requires only a temperature gradient as the ions in the lattice are stationary. How-
ever, in a pair plasma, e.g., in an electron-positron plasma, just having a temperature
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gradient is not enough to lead to any net thermoelectric current due to the exact can-
celation of the thermoelectric current of particles and their antiparticles. Hence, the
Seebeck effect will not be manifested in a strongly interacting QCD medium with
zero net baryon density. However, strongly interacting plasma with a finite baryon
chemical potential will exhibit net thermoelectric current driven by the temperature
gradient as the number of positive and negative charge carriers are not the same
at finite baryon chemical potential. So one may expect a thermoelectric effect in a
baryon-rich strongly interacting medium, to be produced at FAIR and in NICA [5].
For quantitative analysis, we calculate the Seebeck coefficient of the hot and dense
hadronic medium produced in heavy-ion collision experiments, using the hadron
resonance gas model [6].

163.2 Seebeck Coefficient for a Multicomponent System

Within the kinetic theory framework in the relaxation time approximation, the See-
beck coefficient (S(i)) and electrical conductivity (σ(i)

el ) of the i th charged particle
species with electric charge e(i), and the total Seebeck coefficient of the multicom-
ponent system (S) can be shown to be [7]

S(i) =
(
L(i)
21 − μL(i)

11

)

e(i)L(i)
11T

, σ(i)
el = e2L(i)

11 , S =
∑

i S
(i)e2(i)L(i)

11∑
i e

2
(i)L(i)

11

, (163.1)

respectively. The integrals L11 and L21 for each species of charged particles as given
in (163.1) in the Boltzmann approximation can be expressed as

Li
11 = τi gi

6π2T

∫ ∞

0

k4

k2 + m2
i

exp

⎛
⎜⎜⎝−

(√
k2 + m2

i − μBi

)

T

⎞
⎟⎟⎠ dk, (163.2)

and

Li
21 = τi gi

6π2T

∫ ∞

0

k4√
k2 + m2

i

exp

⎛
⎜⎜⎝−

(√
k2 + m2

i − μBi

)

T

⎞
⎟⎟⎠ dk, (163.3)

respectively, where mi , gi , τi and Bi is the mass, degeneracy, thermal averaged
relaxation time and baryon number of the i th particle species, respectively. μ and T
denote baryon chemical potential and temperature, respectively.
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163.3 Results and Discussions

For quantitative estimates, we use the hadron resonance gas model of the hadronic
medium. For the hadron resonance gas model, we include all the hadrons and reso-
nances up to a mass cutoff Λ = 2.25 GeV [8]. To calculate the relaxation time, we
use hard sphere scattering approximation between the hadrons and their resonances
[9]. For hard sphere scattering, the important parameters which enter the calculation
are the radii of the hadrons. We have taken a uniform radius of rh = 0.3 fm for all the
mesons and baryons. We have estimated the Seebeck coefficient using Eq. (163.1)
for various values of baryon chemical potential μ = 60, 80, 100 and 150 MeV. For
each value of μ, we have considered temperature in a range 80–160 MeV. To get a
feeling for L11, we have estimated the electrical conductivity σel ≡ e2L11 of pion.
The left plot in Fig. 163.1 shows the variation of normalized electrical conductivity
(σel/T ) for π+ with temperature (T ). The behavior is similar to the previous result
as obtained in [3].

In the right plot of Fig. 163.1, we show the variation of the total Seebeck coeffi-
cient (S) for the hadronic medium with normalized temperature (T/mπ) and baryon
chemical potential (μ). From the right plot in Fig. 163.1, it is clear that the Seebeck
coefficient of the hadronic medium increases with both temperature (T ) and baryon
chemical potential (μ). From (163.1), (163.2) and (163.3), it is clear that the individ-
ual Seebeck coefficients (S(i)) are independent of the relaxation time (τi ). However,
the total Seebeck coefficient (S) of the system is dependent on τi , as it enters into
the expression of S through the integral L(i)

11 , which can be observed in (163.2). In
the numerator of the total Seebeck coefficient (S) in (163.1), mesons do not con-
tribute due to the fact that the Seebeck coefficient of the particle and the associated
antiparticle is the same but opposite in sign. Hence, only the baryons contribute in the
numerator of the total Seebeck coefficient (S) in (163.1). The mesons contribute only
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in the denominator of the total Seebeck coefficient (S) in (163.1). For the range of
T and μ considered here, the dominant contribution to the total Seebeck coefficient
(S) arises from protons. Proton Seebeck coefficient (S(p)) decreases with increasing
μ and T [7]. On the one hand, the quantity L(p)

11 for proton increases with μ and T
[7]. This increasing behavior of L(p)

11 with increase in both μ and T is fast enough
to make the product S(p)L(p)

11 increasing with μ and T . Hence, the numerator for the
total Seebeck coefficient (S) in (163.1) increases with both μ and T . On the other
hand, in the denominator of the total Seebeck coefficient (S) in (163.1), the dominant
contribution arises for the pions. L(pion)

11 decreases with increasing μ and T due to
the decrease in relaxation time for pions with μ and T . Taken together, this explains
the behavior of the total Seebeck coefficient with μ and T , as can be seen in Fig.
163.1 [7].

It is clear that a baryon-rich hadronic medium, to be produced in FAIR and
NICA, can have a non-zero Seebeck coefficient. The net thermoelectric current
( j = σel S∇T ) can generate a transient magnetic field of the order of ∼10−3m2

π

in the hadronic medium [7].
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Chapter 164
Novel Wide Band Gap Semiconductor
Devices for Ionizing Radiation Detection

Elizabeth George, Ravindra Singh, Pradeep Sarin, and Apurba Laha

Abstract We describe the fabrication and characterization of novel ionizing radia-
tion detectors using wide band gap semiconductors like GaN and synthetic diamond.
We have made interdigitated GaN metal-semiconductor-metal (MSM) detector with
finger spacing of 8 µm with Schottky junctions on GaN epitaxial layers. Synthetic
diamond grown by microwave plasma-assisted chemical vapor deposition (CVD) is
a high-speed detector with applications in high radiation environment. In this paper,
we present measurements of current-voltage (I-V) characteristics, charge transport
with transient current technique (TCT) and charge collection efficiency measured on
GaN and single crystal CVD diamond prototype detectors.

164.1 Introduction

Wide band gap semiconductors have gained wide interest in the field of charged par-
ticle detection due to their low intrinsic noise and high radiation tolerance. Silicon
detectors traditionally used with a low band gap satisfy the necessary conditions for
a tracking detector of high energy resolution. But the wide band gap semiconductor
materials like diamond and GaN are important for applications where silicon per-
forms poorly. The large band gap significantly suppresses thermal noise generated
by intrinsic carriers, giving these devices a simple structure that can be fabricated
in one or two lithographic steps compared to the multistep lithography required for
doping of traditional silicon-based solid-state detectors. Furthermore, these materi-
als have much higher radiation tolerance than silicon-based devices, which makes
their application to charged particle radiation detection in particle physics especially
attractive.
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We have chosen to investigate signal timing response and charge collection effi-
ciency (CCE) in GaN (band gap: 3.39 eV) [1] and single crystal diamond (band gap:
5.5eV). With atomic displacement energies of 10–20eV (GaN) and 43 eV (diamond)
these materials are expected to be very radiation hard, making their study important
for future high luminosity high radiation environments.

164.2 Detector Prototype and Test Setup

High purity single crystal CVD diamond from IIa Technologies, Singapore is used
as the test sample. The sample is 400 µm thick with a cross-section area of 5.6 mm
× 5.3 mm. The sample is metallized with 50 nm Cr + 200 nm Au contacts on both
sides after standard cleaning process [2].

GaN MSM devices are fabricated on a semi-insulating 3 µm thick GaN film
grown epitaxially on a sapphire substrate by metal organic chemical vapor depo-
sition (MOCVD). The inter-digital electrode (IDT) pattern is formed in the wafer
by photolithographic technique. The dimensions of the fabricated IDT fingers are
Finger width: 4 µm; Finger spacing: 8 µm; Finger length: 120 µm; Contact pad
area: 150 × 150 µm2. A Schottky junction is formed at the metal-GaN interface by
depositing Ni/Pt/Au (10/30/80 nm) metal stack on the pattern. The electrode pattern
in the device is such that GaN depletes sideways rather than depleting along the
bulk. Figure 164.1a shows the detector prototypes of diamond and GaN used for the
test. We made a direct measurement of the current pulse induced in the electrodes
by the injection of stopping a particles from a Am-241 source in the diamond and
GaN detectors with the transient current technique (TCT). Figure 164.1b shows the
schematic of the setup used for TCT analysis of CVD diamond andGaNMSMdetec-
tor. We also measured a energy spectrum of the GaN MSM device using a shaping
amplifier for obtaining the charge collection efficiency of the detector.

Fig. 164.1 a (Left top) sCVD diamond from IIa Technologies, (left bottom) Top view of fabricated
GaN MSM devices. b (Right) Schematic of TCT setup used for the test
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164.3 Results and Discussion

164.3.1 TCT Current Profile of IIa Diamond

Figure 164.2 shows the TCT current pulses for holes and electrons at room tempera-
ture for IIa CVD diamond. After the fast rise of the current signal from collection of
carriers just under the electrode, the signal level is nearly flat during the drift of the
charge carriers in bias field through the detector bulk. The slight slopes, positive for
electrons and negative for holes imply a negative space charge effect present in the
crystal. The falling edge shows the arrival of charge cloud at the opposite electrode
with a longer tail for smaller bias voltages due to the increase in the diffusion width
as drift time increases. From the TCT data, the charge carrier properties like mobility
and drift velocity are calculated [3] and plotted in Fig. 164.3.

TCT signal response from GaNMSM device with different bias voltages at room
temperature is plotted in Fig. 164.4. Signal response is Gaussian and the signal
strength is comparable with that of diamond. With the increase in bias voltage the
signal strength increases and saturates at a bias voltage of about −40 V.

Fig. 164.2 Averaged current pulses for holes and electrons at room temperature for diamond
detector

Fig. 164.3 Charge carrier mobility and drift velocity measured in diamond detector as a function
of bias electric fields
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Fig. 164.4 TCT signal response from GaN

Fig. 164.5 a (Left) Am-241 α energy spectrum as function of bias voltage. b (right) Charge
collection efficiency as a function of applied bias voltage

164.3.2 Signal Distribution and Charge Collection in GaN
MSM Device

Using stopping and range of ions in matter (SRIM) simulation software, the energy
loss in GaN of thickness 3 µm by α particles is evaluated to be 0.86 MeV [4].
Bragg peak in energy loss obtained from SRIM occurs at around 14 µm, hence α

penetrates through the thin GaN layer. Figure 164.5a shows the α energy spectrum of
recorded signals by a charge shaping amplifier as a function of applied bias voltages
ranging from −3 to −40 V. Our measurement of charge collection efficiency of the
GaN device as shown in Fig. 164.5b indicates an increase in CCE with applied bias
voltage and reaching a maximum value close to 78% at −40 V bias.
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164.4 Conclusion

We have measured the TCT signal profile in CVD diamond and GaN MSM device
and studied the charge carrier properties in the samples. TCT signal response is
excellent in thin GaN MSM device at low reverse bias voltages and is comparable
with diamond signal strength. Charge collection efficiency of GaN MSM device
saturates close to 78% at −40 V bias.
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Chapter 165
Simulation Study on Feasibility of RPC
Operation in Low Gain Mode

Abhik Jash, Varchaswi K. S. Kashyap, and Bedangadas Mohanty

Abstract Aresistive plate chamber can performefficiently up to amaximumparticle
flux of ∼1 kHz/cm2. One of the ways to increase its rate capability is to operate it in
low gain or low charge production mode. We have simulated the produced charge in
a standard RPC due to passage of muons and explored the conditions to operate it in
low charge production mode. The effect of applied field and SF6 content of the gas
mixture on the produced charge has been studied. The conditions to produce charges
as low as 100 fC have been established and the efficiency of the detector at this
condition for different electronic thresholds has been calculated. Some preliminary
experiments were performed to achieve the same goal.

165.1 Introduction

Resistive Plate Chambers (RPCs) [1] are widely used in high energy and nuclear
physics experiments due to their very good efficiency, time resolution, and moderate
position resolution. The easy and robust fabrication method has allowed it to be built
in large sizes suitable for experiments requiring large coverage areas. The RPCs are
generally deployed in low particle flux areas because of their low rate handling capa-
bility (∼100 Hzcm−2). Usage of low resistive electrodes and operating the detector
in avalanche mode have made it possible to handle rates up to a few kHzcm−2 with
more than 90%efficiency [2, 3]. RPCswith rate handling capabilities of 15 kHzcm−2

or more are needed for future accelerator-based high energy physics experiments,
like CBM, ATLAS (HL-LHC), etc. Its rate capability can be increased [4] by reduc-
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ing the electrode resistivity further or by lowering its thickness; but they have adverse
effects like increase in leakage current (faster aging) and reduced mechanical sta-
bility. The rate handling capability can be increased [4] by operating the detector in
low gain mode which implies production of less charge within the detector. An order
of magnitude reduction in the charge (∼100 fC) would be necessary to achieve the
required rate capability. In the present work we have simulated the processes lead-
ing to signal generation in a standard RPC geometry due to passage of muons and
explored the conditions to operate it in low charge production mode. The efficiency
of the detector has been calculated for different charge thresholds. Some preliminary
experiments were performed on a glass RPC of same geometry to operate it within
the desired limit.

165.2 Method

A RPC having 2 mm gas gap, 3 mm thick electrodes with readout strips of width 2.8
cm was modeled in Garfield++ [5]. Passage of muons through the RPC gas chamber
produces primary electrons and ions which in presence of an electric field get multi-
plied depending on their kinetic energy. HEED++ [6] was used to find the properties
of primary ionization created by muons of energy 2 GeV passing through the RPC
gas chamber. The Townsend, attachment, and electron diffusion coefficients were
calculated using Magboltz++ [7]; Owing to its parallel plate geometry, a constant
electric field is expected to be present within the RPC gas chamber [8]. The field
values within the gas chamber were calculated for different applied voltages using
COMSOL Multiphysics [9] and supplied manually to Garfield++. Using all these
inputs, Garfield++ calculated the induced current signal on a RPC readout strip. The
flow chart of the simulation framework is shown in Fig. 165.1 (left). ROOT [10] was
used to analyze the obtained signals. The current signal was integrated within 50
ns window to find the induced charge. A distribution of charges for 1000 muons is
shown in Fig. 165.1 (right). The general method of selecting valid signals and not the
detector noise is to pick only those signals which can produce a charge greater than a
specific threshold. The efficiency of RPC in detecting muons has been calculated as
the percentage of events that can produce a charge greater than a specific threshold,
Qth , compared to the total number of events.

165.3 Result

The variation of mean charge induced on a RPC readout strip due to passage of
muons with the applied field within RPC gas chamber is shown in Fig. 165.2 (left),
when the RPC is operated with gas mixtures containing different percentage of SF6
along with ∼95% Freon 134a and 4.5% i-C4H10. The charges produced within the
RPC chamber gain higher kinetic energy when the applied field is high and give rise
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Fig. 165.1 Schematic of the used simulation framework, and a typical charge distribution spectrum
obtained from simulation

Fig. 165.2 (Left) Variation of mean charge with the applied field for different percentages of SF6 in
the gas mixture. (Right) Variation of RPC efficiency (solid lines) with the applied field for different
charge thresholds, calculated for the gas mixture containing 0.3% SF6. The black dashed line shows
the variation of mean charge

to more secondary ionizations, thus producing higher amount of charge. SF6 being a
highly electro-negative gas absorbs the electrons and reduces the charge production.
Figure 165.2 (right) shows the variation of RPC efficiency with the applied field
for different charge thresholds, calculated for the gas mixture containing 0.3% SF6.
Variation ofmean charge is also shown in the same figure using a black dashed line. It
can be seen that to operate the detector withmean charge less than 100 fC the detector
needs to be operated below the field of 39.6 kV/cm. The efficiency reduces with the
choice of higher threshold. In an experiment, the threshold is decided depending on
the level of noise and this is expected to decide the maximum achievable efficiency
as well as the operating condition of the detector.
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Fig. 165.3 Experimental result on variation of RPC efficiency (solid lines) with the applied voltage
when RPC is operated with gas mixture containing 95.2% Freon 134a, 4.5% i-C4H10, 0.3% SF6.
The black dashed line shows the variation of mean charge

165.4 Experimental Study

A glass RPC of dimension 30 cm × 30 cm with 2 mm gas gap and 3 mm thick
electrodes was operated with the gas mixture containing 95.2% Freon 134a, 4.5%
i-C4H10 and 0.3% SF6. Signals from one readout strip of dimension 2.8 cm × 30
cm, arranged in telescopic coincidence with two scintillator paddles, were amplified
using a NIM fast amplifier and recorded in an oscilloscope (1 GHz, 10 GS/s). For
each signal, the values of voltage at each instant was divided by 50 � (characteristic
impedance of the readout strip) to obtain the corresponding current values. The cur-
rent signals were then analyzed to obtain the induced charge and detector efficiency
following the same method as described in Sect. 165.2. Figure 165.3 shows the vari-
ation of mean induced charge and detector efficiency for different charge thresholds
as a function of total applied voltage across the RPC.

165.5 Summary and Future Plan

Although simulations show a possibility of operating a RPC with charge production
as low as 100 fC, experimentally, we find it difficult to go below 220 fC because of
inherent detector and electronic noise. We have been able to achieve 50% efficiency
with the choice of 50 fC threshold. In future, we plan to explore the sources of
detector noise and minimize them, and also use electronics with lower noise and
better amplification.We also plan to explore the possibility of usingRPCs inmultigap
configuration to increase the efficiency, without increasing the noise level.
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Chapter 166
Performance of a Low-Resistive Bakelite
RPC Using PADI Electronics

Mitali Mondal, Jogender Saini, Zubayer Ahammed,
and Subhasis Chattopadhyay

Abstract An R&D programme has been going on at VECC, Kolkata with a low-
resistive prototype bakelite RPC to be used in the CBM experiment at FAIR, Ger-
many. It has been operated in an avalanche mode gas mixture to withstand the high
flux environment of upcoming CBMexperiment. A self-triggered front-end electron-
ics PADI has been used to acquire the data. In this paper, the characterization of the
detector such as IV characteristics, efficiency, and noise rate have been presented.

166.1 Introduction

CompressedBaryonicMatter (CBM) experiment at the future Facility ofAnti-Proton
and Ion Research (FAIR) is a fixed target experiment. It aims to explore the nuclear
matter at high net-baryon densities and moderate temperatures with the beam energy
range between 4 and 45AGeV at a very high interaction rate of 10MHz bymeasuring
the bulk observables and rare diagnostic probes such as charmed particles and vector
mesons decaying into dilepton pairs [1]. Thus the experiment requires very fast
and radiation hard detectors, a novel data readout and analysis concept including
free streaming front-end electronics, and a high performance computing cluster for
online event selection [2]. Muon Chamber (MuCh) in CBM is an alternate layers
of absorbers and triplet-detector systems to identify the muons from J/ψ and light
vector mesons in a high particle density environment [3]. Gas Electron Multipliers
(GEM) and Resistive Plate Chambers (RPC) are the active detectors for the 1st–2nd
and the 3rd–4th MuCh stations, respectively. Excellent muon detection efficiency
95%, time resolution ∼1 ns, and spatial resolution (∼mm) along with robustness,
low cost, easy fabrication, ability to scale to large area makes RPC a good choice
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Fig. 166.1 Cosmic ray test setup of RPC with PADI electronics

for CBM. But, a very high particle rate in the third and fourth stations of MuCh (15
kHz/ cm2and 5.6 kHz/cm2, respectively) became a big challenge for RPC detectors.
The rate handling capability of RPC is limited due to the voltage drop across the
electrodes in an RPC and equal to δV = ρφqd, where ρ is the resistivity of the
electrodes, d is the thickness of the electrodes, q is the charge in each avalanche and
φ corresponds to particle flux. By reducing the bulk resistivity of electrodes as well
as that of the gain of the detector and moving a part of the signal amplification to a
sensitive front-end electronics and thereby reducing the avalanche charge, RPCs can
be operated in a high flux environment.

166.2 Readout Chain: PADI

APreAmplifier-DIscriminator (PADI)ASIC has been designedwith 0.18µmCMOS
technology as the readout front-end board for timing RPCs in the CBM Experiment
at FAIR. This ASIC has the following features: fully differential design, 50 � input
impedance, preamplifier gain ∼100, preamplifier bandwidth >300 MHz, peaking
time <1 ns, noise related to input <25 µV RMS, comparator gain >100, low power
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consumption 17 mW/channel, common DC feedback loop for signal and threshold
stabilization, threshold range related to input ±500 mV [4]. The threshold of RPC
signal can be adjusted by a potentiometer present on the FEE board. Due to the
absence of pulse stretcher in PADI, digital outputs of low amplitude signals are not
detected by conventional level translators LVDS to LVTTL, etc. GET-4 ASIC [5],
designed by CBM-TOF group has been fabricated for integration with PADI FEE.
Due to unavailability and complexity of theCBM-TOF readout chain, a custom-made
discriminator has been built to process the output signal from PADI.

166.3 Description of the Prototype RPC and Experimental
Setup

The prototype RPC has a single gas-gap (2 mm) and the electrodes are made of low
resistive (4 × 1010 �cm) 2mm thick bakelite plates. The inner surfaces of electrodes
are coated by double layer linseed oil. The pick up panel (30 cm × 30 cm) of strip-
with 2.3 cm has been made of 1.5 mm FR4 sheet sandwiched between two 35 µm
copper layers. The detector has been operated in an avalanche mode gas mixture
ratio of R134a:iC4H10:SF6::94.2 : 4.7 : 1.1 with a flow rate of 3 sccm at 20 ◦C room
temperature and 45% humidity. A cosmic test setup (Fig. 166.1) has beenmade using
two paddle scintillators and a finger scintillator (7.5 cm× 1.5 cm). Scintillator pulses
have been processed through a leading edge discriminator and a coincidence logic
unit. Therefore, a 4-Fold signal has been made with the coincidence of scintillator
pulses and the NIM logic signal of RPC from the custom-made discriminator. The
efficiency of the detector has been calculated as

E f f iciency = 4 − Fold Counts ∗ 100

3 − Fold counts o f Scintillators
(166.1)

166.4 Experimental Results

The I-V characteristics of the detector as shown in Fig. 166.2 has shown that the
breakdown of gas happened at 10 kV. At different high voltages, the efficiency of the
RPC has been measured. It has reached plateau and achieved an efficiency of 95%
at 10.5 kV at a noise rate of 1.1 Hz/cm2. The PADI on-board threshold was kept at
298 mV.
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Fig. 166.2 IV characteristics of the RPC
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Fig. 166.3 Efficiency of the RPC as a function of high voltage

166.5 Conclusions

We have tested a low-resistive RPC module successfully with PADI electronics and
achieved 95% cosmic muon detection efficiency at a dark count rate of 1.1 Hz/cm2

shown in Figs. 166.3 and 166.4. Further tests of time resolutions are ongoing.Another
self-triggered electronics STS/MuCh XYTER is also being tested with RPC.
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Fig. 166.4 Dark count rate of the RPC as a function of high voltage
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Chapter 167
Study of Multi-gap Resistive Plate
Chambers (MRPCs) as a Potential
Candidate for Development of a PET
Device

M. Nizam, B. Satyanarayana, R. R. Shinde, and Gobinda Majumder

Abstract TheMulti-gap Resistive Plate Chambers (MRPCs) provide excellent tim-
ing as well as position resolutions at relatively low cost. We have designed and
fabricated several six-gap glass MRPCs and extensively studied their performance.
In this paper, we describe the detector, the electronics, and the data acquisition sys-
tem of the setup. We present the data analysis procedure and initial results of our
studies to measure the absolute position of a radioactive source (22Na). We use Time
Of Flight (TOF) as well as the hit coordinate information to demonstrate potential
applications of MRPCs in medical imaging.

167.1 Introduction

TheMulti-gap Resistive Plate Chamber (MRPC) is a modified version of RPC detec-
torwherein the gas gap between the electrodes is further divided intomultiple gaps by
introducing electrically floating highly resistive plates. The MRPC was first concep-
tualized and developed in 1996 [1]. These detectors consist of many highly resistive
plates (e.g., glass) and very thin gas gaps between them. The high voltage is applied
only on the outermost electrodes and the inner electrodes are all electrically floating.
The time resolution of these detectors improves with narrower gaps. Studies done by
several groups have shown a time resolution lower than 100 ps for various MRPC
configurations [2]. We have constructed several six-gap glass MRPCs of dimensions
305 mm × 305 mm × 7.5 mm. A schematic of the detector geometry with dimen-
sions of various components is shown in Fig. 167.1c. The area of the internal glass
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Fig. 167.1 a Placement of spacers, b blockers and side spacers and c the design of our detector

plates are of dimension 254 mm × 254 mm × 0.410 mm. Glass sheets of 2 mm
thickness, coated with a conductive layer using graphite and paint of the NEROLAC
brand, were used for the outer electrodes. The surface resistance of the conductive
coat was in the range (0.5–1)M�/�. Two-sided non-conducting adhesive tapes were
pasted on both sides of a mylar sheet to make small circular spacers of diameter 4
mm and thickness ≈250 µm. Twenty-five spacers were used to maintain each gas
gap. Figure 167.1a shows the placement of the spacers. There is a space of around 2.7
cm between the edges of external and internal electrodes. The gas mixture (R134a
(91.2%), C4H10 (4.8%), SF6 (4%)) can flow through this empty space of thickness
3.55 mm, instead of flowing through the 0.250 mm narrow gaps which would offer
much higher resistance to the gas flow. In order to ensure a proper flow through the
gaps, we introduced some blockers at appropriate places (one each near the gas inlets
and two each near the gas outlets). This is illustrated in Fig. 167.1b. The pickup pan-
els consist of plastic honeycomb laminated with eight copper strips of width 2.8 cm
placed orthogonal to each other. A detailed description of our detector’s performance
can be found in [3].

167.2 The Experimental Setup

Wehavemounted two six-gapMRPCshorizontally separated by somedistancewhich
can be varied and a radioactive source (22Na) is placed asymmetrically between the
two detectors. 22Na emits a positron which annihilates with an electron almost at rest
and two gammas of 511 keV are produced with opposite momenta. The photons are
detected by two detectors in coincidence with each other. Lines of Response (LOR)
can be obtained by joining the hits coordinates. The time of flight information gives
the exact position of the source on the line of response. The radioactive source is
placed asymmetrically between the two detectors. A pair of scintillator paddles of
dimensions 44 cm × 44 cm is placed above the top MRPC and below the bottom
MRPC such that the MRPCs are well within the area of scintillator paddles. We read
only three X-central and three Y-central strips of each MRPC to form the trigger.
The X-strips and Y-strips are ORed separately and the ORed signals of X- and Y-
planes are ANDed. The resultant AND output of each MRPC are finally ANDed to
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form the trigger. The AND signal of all four scintillator paddles is used as a veto to
remove the cosmic muon background. We have used only the X-plane timing data in
this study. The pickup strips are read by NINO ASIC [4]. NINO gives a differential
(LVDS) output which is converted to ECL. The ECL signals are fanned out for the
coincidence unit, scalers, and the TDC (Phillips Scientific 7186 H Time-to-Digital
Converter). In the coincidence unit path, ECL signals are further converted to NIM.
NIM signals are further discriminated and fanned out for individual scaler readings
and Majority Logic Unit (MLU). As we mentioned in the previous section that we
are reading only three central strips of each plane of bothMRPCs, the X- andY-strips
of MRPCs are ORed separately. The ORed X and Y are ANDed. Finally the AND
output of both MRPCs is given to the MLU (LeCroy 365AL Dual 4-Fold Majority
Logic Unit) for coincidence. The AND of all four scintillator paddles is given as a
veto to the MLU. The final output from MLU is given to the gate of TDC. The ECL
output of each strip is delayed by adding appropriate lengths of cables such that the
signal is well within the trigger window and then they are used as TDC stop.

167.3 Data Analysis

We operated our system at different high voltages to optimize signal/background
ratio and time resolution. Table 167.1 summarizes the sig/bkg ratio with different
high voltages and Fig. 167.2 shows the corresponding plots. We choose 15.0 kV as
the operating voltage to get better time resolution as well as good sig/bkg ratio.

The X- and Y-coordinates of hits are recorded along with the time of arrival of
the photon at the detector. The difference between timings of two opposite photons
is calculated as �t = tMRPC1 − tMRPC2. To avoid mismatch in cable lengths and
the TDC path of different channels, we have taken two reading for a fixed distance
between the MRPCs. First, the source is kept at the bottom MRPC and we obtain
�t1 = tMRPC1 − tMRPC2. The same reading is repeated but with source just below
the topMRPC andwe obtain�t2 = tMRPC1 − tMRPC2. Finally, we calculate the time
of flight T OF = (| �t1 − �t2 |)/2 so that the offset between TDC paths of Top and
bottom MRPCs are canceled out. Our results of time of flight calculation have been
summarized in Table 167.2. The �t obtained from this study at 15.0 kV operating
voltage is 1.141 ± 0.035 ns which include ∼120 ps of electronic jitter.

Table 167.1 Signal to background ratio for different high voltages

H.V (kV) Signal/h sig/bkg �t (25 ps/count)

16.0 98.84 0.56 41.76 ± 0.10

15.0 108.73 0.82 44.25 ± 0.50

14.0 27.66 0.89 48.34 ± 2.83



1128 M. Nizam et al.

Fig. 167.2 Difference between the TDC data of the central strip (“X3”) of the bottom MRPC and
the TDC data of the central strip (“X3”) of the top MRPC at different high voltages

Table 167.2 Time of flight for different distances between MRPCs

Distance (cm) �t1 �t2 TOF TOF (expected)
(ns)

30 −335.10 ± 2.00 −249.40 ± 2.60 1.07 ± 0.08 ns 1.0

45 −369.50 ± 1.70 −256.80 ± 1.50 1.41 ± 0.06 ns 1.5

60 −386.70 ± 2.80 −224.10 ± 2.50 2.03 ± 0.09 ns 2.0

75 −405.30 ± 2.90 −205.10 ± 2.60 2.50 ± 0.10 ns 2.5

167.4 Summary and Future Plan

The time of flight obtained from this study is in good agreement with the actual
calculated values. We obtained a �t of 1.141 ± 0.035 ns at 15.0 kV operating volt-
age, which include ∼120 ps of electronic jitter. The time resolution improves with
the increase in the operating high voltage of MRPC. We have seen a significant
improvement in the time resolution after applying the time walk correction [3] and
applying correction for the electronic jitter. We plan to get both analog and digital
output from the front end preamplifiers to make time walk corrections using pulse
height information.
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Chapter 168
Measurement of Ion Backflow
with GEM-Based Detectors

S. Swain, P. K. Sahu, S. K. Sahu, Surya Narayan Nayak, and A. Tripathy

Abstract A systematic study is performed to measure ion backflow fraction with
GEM-based detectors. The ion current along with detector gain is measured with
various voltage configurations and with different gas proportions. The observed ion
backflow fraction is found to be very sensitive toward the applied drift field and the
effective gain of the detector. The charge transparency in the GEM also depends on
the gas mixtures. Here our main goal is to optimize the detector for the minimum
ion backflow current at an optimized detector gain. So the gain and ion backflow
values are calculated for a single and a quadruple GEM setups. It is observed that
the ion backflow is very much dependent on the configuration of drift field and the
GEM voltage. The induction field has a minor effect on ion backflow value. With
an increase in gain, the ion backflow fraction decreases proportionally. From the
scanning over gas ratios, we also observed that with increasing quencher proportion
the gain decreases and ion backflow value is quite high.

168.1 Introduction

In recent years, there has been significant advances in the field of Micro Pattern Gas
Detector (MPGD) due to their features of high rate capability, excellent spatial and
time resolution, stability, radiation hardness, etc. [1, 2]. The Gas Electron Multiplier
(GEM) is one of the micro-pattern detector, which is the first choice of a researcher
whenever operation in high luminosity environment, stability over performance, and
high radiation resistance are required. GEMs were first introduced by Fabio Sauli
at CERN in 1997. The simplest GEM setup consists of a standard GEM foil placed
in between a drift (acts as the cathode) and an induction (acts as the anode) plane
enclosed within a chamber for gas flow. Generally, negative voltages are applied
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across these electrodes with anode being grounded. A typical potential of a few
hundred volts is applied across the GEM to create a strong electric field to initiate the
avalanche processes. When an ionizing particle enters the detector, ionization occurs
mainly in the drift volume and the primary electrons are drifted into the GEM holes.
The holes act as amplification channels for the electrons inside the detector.

During the avalanche process, positive ions created inside the hole drift along the
opposite field direction. While some ions get deposited in the top copper layer, some
start moving toward the drift volume. In this process, the ions start accumulating near
the cathode plane. This gradually creates a space charge effect, which distorts the
original drift field and also the detector performance. Therefore, for a stable detector
operation, it is very important to haveminimum ions feedback. Ions backflow fraction
is determined by measuring the ratio of the number of ions collected at the drift
plane to the number of electrons accumulated at the anode readout (induction plane),
keeping all other parameters fixed [3, 4]. In the beginning, a single GEM setup is
used to measure its gain and ion backflow fraction by changing different parameters.
This measurement is then extended for the quadruple GEM.

168.2 Experimental Setup

168.2.1 Single GEM

The single GEM setup consists of a standard double mask GEM foil having an active
area of 10× 10 cm2, placed in between drift and an induction plane with 3.5 mm
and 2 mm gaps, respectively. The schematic diagram of the setup is given in Fig.
168.1. The GEM foils used in the setup are obtained from CERN and assembled here
locally. The drift plane is a 50 µm kapton foil with a copper layer of 5 µm on one
side which faces the top of GEM, and the readout plane is a two-dimensional PCB
with 120 readout pads each of area 9× 9 mm2. A 128 pin sum-up connector with a
female lemo output is used to add the signals from all pads.

168.2.2 Quad GEM

The quad GEM setup used in this work consists of four layers of 10× 10 cm2

GEM foils obtained from CERN. The drift gap (between the drift plane and GEM1),
three transfer gaps (between the GEMs) and induction gap (between GEM4 and the
induction plane) are made 3, 2, 2, 2 and 2 mm, respectively. The schematic diagram
of the setup is given in Fig. 168.2. For the quad GEM setup, the drift plane and
electrodes of the GEM4 are biased with individual power supply HV1, HV3, and
HV4 are also shown in this figure. For the distribution of correct voltages in rest of
the electrodes, a voltage divider circuit is used. The resistance values are mentioned
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Fig. 168.1 Schematics diagram of the single GEM detector. Voltage scheme is designed with high
voltage connections at the drift plane, top and bottom layer of GEM with induction plane is being
grounded. Anode current reading is taken from a Kiethley Pico ammeter

Fig. 168.2 Schematics diagram of the quadruple GEM detector. Voltage scheme is designed with
four main high voltage connection at four electrodes i.e., at the drift, top layer of GEM1, top and
bottom layers ofGEM4.GEM3bottomplane is grounded through a proper resistor and the induction
plane is grounded and acts as anode. Anode current reading is taken from a Kiethley Pico ammeter
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in the schematic diagram. The transfer fields between the GEMs are determined
through the intermediate resistance values.

In the beginning, ultra-pure N2 (99.999%) gas is passed through the detector, and
gradually detector biasing is done to achieve conditioning at the maximum stable
operating voltage. Then Ar/CO2 gas mixture is passed through the chamber with an
optimized flow rate value throughout the experiment. The measurements are done
for both the setup with the different gas mixture ratio of Ar/CO2 70:30, 80:20,
and 90:20 to determine the influence of the gas proportions on the ion backflow
fraction values. Throughout the experiment, the corresponding flow rates, as well
as the ambient parameters such as temperature, pressure, and relative humidity are
remained constant and recorded with a data logger [5].

168.3 Result

In the beginning, Fe55 source of 5.9 keV energy is used on the single GEM detector
and themeasurements are takenwith different applied fields andAr/CO2 gasmixtures
ratio with the various quencher proportions. Later the same source is used on the
quad GEM detector for similar measurements.

168.3.1 Single GEM

The ion backflow fraction values are observed with changing drift field and induction
field. To make a comparison of the performances of different gas mixtures the ion
backflow fraction are displayed as a function of induction field Ed and Ei in Fig.
168.3a and b, respectively. An overall ion backflow scanning is done with detector
gain as shown in Fig. 168.4.
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168.3.2 Quad GEM

Next to keep the gain in the order of 104, we fix the GEM voltages �V 320 V, 300 V,
and 270 V for 70:30, 80:20, and 90:10 Ar/CO2 gas mixture ratios, respectively. The
plots of Ion backflow with Ed and Ei are displayed in Fig. 168.5a, Fig. 168.5b, Fig.
168.6a for 70:30, 80:20, and 90:10 ratios, respectively. The gain values are given
inside the figures. The low values of ion backflow fraction are observed from the
low drift regions; however, the induction field which is responsible for high gain is
not much affecting the ion backflow fraction for the quadruple GEM detector. The
minimum ion backflow fraction values are observed in these figures and these are
3.1%, 3.0%, and 3.5% with drift field 0.1 kV in Ar/CO2 in 70:30, 80:20, and 90:10
gas mixture ratios, respectively.
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Fig. 168.5 Ion backflow fraction as a function: a Ed with Ei = 4 kV/cm. b Ei with Ed = 0.4
kV/cm, for different gas mixtures
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Fig. 168.6 Ion backflow fraction as a function: a Ed with Ei = 4 kV/cm. b Ei with Ed = 0.4
kV/cm, for different gas mixtures

In order to study the properties of the detector and compare them with the exper-
imental results, a full and detailed simulation have been performed with Garfield++
simulation package [6]. ANSYS is used to create the geometry of the detector and
the meshing needed for the field calculations [7]. Ion backflow study is done for
quadruple GEM detector with variation of voltage configuration and gas ratio. Ion
backflow of 3.5% is achieved with drift field 0.1 kV/cm.

168.4 Conclusion

The charge transparency in the GEMmainly depends on field configurations and gas
mixtures. So a detailedmeasurement is done for the study of ion backflowwithGEM-
based detectors. The gain and ion backflow are calculated for a single and quadruple
GEM detector. The dependencies of ion backflow fraction are carefully observed
with Ed , Ei , �V and with the variation of gas ratio. It is found that the ion backflow
is very much dependent on the configuration of drift field and the GEM voltage. The
induction field has a minor effect on ion backflow value.With an increase in gain, the
ion backflow fraction decreases proportionally. From the scanning over gas ratios,
we also observed that with increasing quencher proportion the gain decreases and
ion backflow value is quite high. We found a minimum IBF of 3.0% with Ed 0.1
kV/cm for 80:20 ratio.
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Chapter 169
Study of Boosted Hadronic Top Tagger
in the Context of t t̄ H Analysis

Saikat Karmakar

169.1 Introduction

The dominant decay mode of a top quark is t → bW . Hadronic decay of the top
quark represents the decay of the W boson into two quarks. A top quark is called
boosted in the lab frame if the momentum of the top quark is high enough so that the
decay products move in a direction close to that of the parent top quark. In the non-
boosted case, the three decay products (b and the two quarks coming from W) are
well separated and the top quark can be reconstructed easily from these three jets.
For boosted top quarks, these three decay products merge together and cannot be
separately identified. Reconstruction of the top quark is difficult in such a scenario.
At the current 13 TeV centre-of-mass energy of LHC, there are many top quarks
which have very high transverse momentum and are, therefore, boosted. Using a
special algorithm (boosted hadronic top tagger), an attempt is made to reconstruct
such top quarks. One such algorithm, HEPTopTaggerv2 [1], is presented here.

169.2 HEPTopTaggerV2 Algorithm

One of themost well-known algorithm for boosted hadronic top quark reconstruction
is HEPTopTaggerv2. This algorithmworks well when the pT of the top quark is more
than 200 GeV. Natural direction for finding boosted top is to look into the subjet
analysis of the fat jet.
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1. First define a Cambridge-Aachen (C/A) [2] fat jet with radius parameter R f at =
1.5.

2. Next Identify all subjets with mass drop criteria:

– Undo the clustering of the fat jet j into two subjets j1 and j2 with m j1 < m j2 .
– if m j2 < fdropm j keep both j1 and j2; otherwise keep only j2. The value of

fdrop is taken to be 0.8.
– Continue decomposing until m ji < 30 GeV.

3. Find possible top candidates:

– Iterate through all triplets of three hard subjets and filter with resolution
R f ilt = min[0.3, R jk/2], where R jk is the distance between the j th and kth
subjets.

– Find the 5 hardest constituents.
– Recluster these 5 into exactly three jets and assume they come from the decay
of a top quark.

– Reject triplets outside m123 = [150, 200] GeV.
4. Acceptance of a top candidate:

– Arrange the three jets j1, j2, and j3 in decreasing order of pT .
– j1, j2, j3 must satisfy one of the following criteria:

0.2 < arctan
m13

m12
< 1.3 and Rmin <

m23

m123
< Rmax

R2
min

(
1 +

(
m13

m12

)2
)

< 1 −
(
m23

m123

)2

< R2
max

(
1 +

(
m13

m12

)2
)

R2
min

(
1 +

(
m12

m13

)2
)

< 1 −
(
m23

m123

)2

< R2
max

(
1 +

(
m12

m13

)2
)

where Rmin/max = (1 ∓ fW ) mW
mt

and fW is taken to be 0.15.

5. Accept the triplet for which m123 is closest to mt .
6. Do a consistency check requiring pT,t > 200 GeV.

169.3 Event Selection

For this study, t t̄ sample, produced usingPythia8 [3] at 13TeVcentre-of-mass energy,
has been used. Here one t decays leptonically and the other t decays hadronically.
The fat jet was clustered with FastJet [4] using Cambridge-Aachen (C/A) cluster-
ing algorithm. The selected fat jets must have pT > 200 GeV and |η| < 2.5. After
decomposing the fat jet, the subjets are required to have pT > 20 GeV and |η| < 2.5.
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Fig. 169.1 �R matching of reco b jet (left), reco Wlead jet (middle) and reco Wsublead jet (right)
with the corresponding generator level quarks

Fig. 169.2 pT distribution of the reco b jet (left), reco Wlead jet (middle) and reco Wsublead jet
(right)

169.4 Results

Tofind the efficiency of top quark reconstructionwe try tomatch the subjets of the top
quark candidate fat jet with the decay products of the top quark at the generator level.
The matching criterion is �R = √

(�η)2 + (�φ)2 < 0.25. The fat jet is identified
as a top quark jet if all the three subjets match with any of the three generator level
parton within �R < 0.25.

Figure 169.1 shows the �R between reco b jet and generator level b quark,
reco Wlead jet and generator level Wlead quark, and reco Wsublead jet and generator
level Wsublead quark, respectively, from left to right. For b jet 78% of the reco jet
matches with the generator level quark, for Wlead jet, 96% of reco jet matches with
the generator level quark and for Wsublead jet, 48% of reco jet matches with the
generator level quark. But there are only 30% events where all three reco jets match
with the corresponding generator level quark. So only 30% of the boosted tops are
correctly reconstructed by the HEPTopTaggerv2 algorithm.

The main reason for the low efficiency of top quark reconstruction is the low pT
of the reco Wsublead jet.

Figure 169.2 shows the pT distribution of the all three reconstructed jets. For the b
jet andWlead jet the pT is quite high compared to theWsublead jet. As a result, this jet
is often going outside the fat jet of radius 1.5. So the HEPTopTaggerv2 algorithm can
not identify this jet properly, causing the low efficiency of top quark reconstruction.
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Chapter 170
Simulation Study for Signal Formation
with Single GEM Detector

Sanskruti Smaranika Dani, Sagarika Swain, and Surya Narayan Nayak

Abstract GasElectronMultiplier (GEM) (Sauli inNucl InstrumMethodsA386:31,
1997 [1]) is widely chosen as a particle tracking devices in heavy ion physical
experiments. Many experimental measurements and tests have been performed to
investigate the characteristics and performances of GEM detectors, but for a better
understanding of this kind of detector, the computer simulation is a very important
tool. In this report, wewill discuss the variation ofGEMsignal with different detector
parameters by simulation.

170.1 Introduction

Gas Electron Multiplier (GEM) was invented by Fabio Sauli in 1997 at the gas
detector development group at CERN [2] which belongs to the class of Microp-
orous gas detector. GEM operation is mainly based on avalanche multiplication in
a gas medium and effectively achieving amplification of originally ionized charges.
Because of its increased beam luminosity, higher rate capability, fast timing ion
suppression feature and good position resolution, GEM detectors are widely chosen
as particle tracking devices in heavy ion physical experiments [3–5].

170.2 Single GEM Simulation

A typical GEM hardware configuration consists of a gas filled chamber inside the
GEM foils. GEM foil consists of two thin layers of copper (5 μm) separated by a
dielectric mediumKapton (50μm) [6]. These holes have a typical diameter of 50μm
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Fig. 170.1 Single GEM with avalanche mechanics

at the centre and 70 μm at the surface and pitch 140 μm based on needs, while each
hole has a by-conical shape. Electrons produced in the avalanche leave the multipli-
cation region and are collected in the readout. The gaps above and below the GEM
foil are drift and induction gap, which have been taken as 3 cm and 1 cm,respectively.
The detector is filled with a gas mixture of Ar/CO2 in a 70/30 ratio that has been
simulated and studied (Fig. 170.1).

170.3 Simulation Software

For the first instance, we have used a single GEM setup for the simulation model.
So here we have used ANSYS [7] for building detector geometry and appropriate
field configuration. ANSYS is an engineering software used to calculate the potential
for a fixed set of boundary conditions. The resulting solution of ANSYS is stored
in .lis files. The output .lis files of ANSYS are accessed through “GARFIELD++”
programme [8],which is a computer simulating tool for 2-3Ddrift chamber developed
in CERN in 1984. It includes different classes for calculation of primary ionization
(Heed) [9], charge transport (MagBoltz) and signal. Gas mixture can be assigned
through MagBoltz class [10] (Figs. 170.2 and 170.3).

170.4 Results

Signal will be induced on the induction plate during the time swarn of the electron
created in the avalanche drift from the GEM hole to the anode. As electron and
ion are created together, so both charges will contribute to the signal on an anode.
This electron is known as the primary electron, drifting towards the GEM holes and
producing electrons in the avalanche. That signal which we get at the anode is a raw
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Fig. 170.2 Basic building block of GEM

Fig. 170.3 GEM foil with dimension in micrometer
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Fig. 170.4 Raw signal of current versus time at readout

signal. To analyze the signal, we start by simulating the induced current from a single
electron in the drift region (Fig. 170.4).

In order to model signal processing by front-end electronics, the “raw signal” that
is the induced current can be convoluted by using a “transfer function”. The transfer
function which we used in the simulation is given by

f (t) = t

τ
e1−t/τ where τ = 25

From Fig. 170.5, we can observe how by using a transverse function in the
simulation, we can get a convoluted signal from the raw signal.

Figure 170.6 shows signal amplitude is almost negligible with a change in drift
field strength. From this, we can conclude that the signal height is independent of
drift field strength for a particular gas mixture.

Bychangingboth inductionfield strengthwith gasmixture ratio,weobserved from
Fig. 170.8 that signal amplitude is directly proportional to induction field strength,
as well as with Ar content in the gas mixture.

170.5 Conclusion

By using a transverse function in the simulation model, we got a convoluted signal
from the raw signal. From this simulation, we concluded that signal amplitude is not
dependent on the drift field, it remains constant with the variation of the drift field.
We study the variation of signal height with induction field in different gas ratios.
From this, we observed that current is directly proportional to the Ar content in the
gas mixture and it is also directly proportional to the induction field.
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Fig. 170.5 Convolute signal of current vs time by using the transfer function

Fig. 170.6 Shows the variation of signal hight with drift field in Ar-CO2 gas mixture of 70:30
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Fig. 170.7 Convolute signal for induction field 6 kV/cm in Ar-CO2 gas mixture of 90:10

Fig. 170.8 Variation of current with Induction field in different gas ratios of Ar-CO2 (i) 50:50, (ii)
60:40 (iii) 70:30 (iv) 80:20 (v) 90:10 which is mark in different colours
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Chapter 171
Effect of Surface Resistivity of Electrode
Coating on the Space Dispersion of
Induced Charge in Resistive Plate
Chambers (RPCs)

S. H. Thoker, B. Satyanarayana, and W. Bari

Abstract Resistive plate chamber (RPCs) is a parallel plate gaseous detector built
using the electrodes of high volume resistivity. Operation and performance of the
RPCs mostly depend upon the graphite conductive coating acting as the high voltage
provider. Therefore, it is imperative that we study the effect of the surface resistivity
of conductive coating of graphite on RPC characteristics and performance in detail.
In this report, the effects of surface resistivity of conductive coating on the space
dispersion of the induced charge of the three fabricated prototype RPCs of surface
resistivity 1 M�/�, 100 k�/�, 40 k�/� have been studied experimentally. All the
three RPCs have been studied in avalanche mode of operation.

171.1 Introduction

The detailed structure of the RPC is shown in Fig.171.1 [1]. We studied RPC of glass
(3 mm thick) of dimensions 30 × 30 cm2 with a gas gap of 2 mm between them
maintained by polycarbonate buttons. When the incoming charged particle ionizes
the gaseous medium, current signal is induced on the external pickup strips due
to the propagation of charges produced inside the gas gap. Uniform electric field
is produced by two parallel plate electrodes of very high bulk resistivity [2]. The
electric field inside the gas gap and charge induced on the external metallic strips
depend also on the conductive coating on the glass electrodes.

S. H. Thoker (B) · W. Bari
University of Kashmir, Srinagar, India
e-mail: shamsulthoker@gmail.com

W. Bari
e-mail: baritak@gmail.com

B. Satyanarayana
Tata Institute of Fundamental Research, Mumbai, India
e-mail: bsn@tifr.res.in

© Springer Nature Singapore Pte Ltd. 2021
P. K. Behera et al. (eds.), XXIII DAE High Energy Physics Symposium,
Springer Proceedings in Physics 261,
https://doi.org/10.1007/978-981-33-4408-2_171

1149

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4408-2_171&domain=pdf
mailto:shamsulthoker@gmail.com
mailto:baritak@gmail.com
mailto:bsn@tifr.res.in
https://doi.org/10.1007/978-981-33-4408-2_171


1150 S. H. Thoker et al.

Fig. 171.1 Basic construction schematic of a resistive plate chamber

171.2 Details of the Experimental Setup

Fig.171.2 shows the schematic layout of the electronic circuit and Data acquisition
system (DAQ) setup. The DAQ system houses (a) TDC for timing measurement (b)
QDC (Model-2249A) for measurement of charge deposited (c) Scalars for strip hit
data. The trigger criteria for this setup is

Trigger = (V̄1 + V̄1).(P1.P2.P3) (171.1)

Out of the five scintillators, two act as Veto paddles (V1, V2, both of dimensions 40
cm × 20 cm) placed at the top of the RPC with 5 mm gap in between them roughly
at the center. P1, P2, and P3 are finger paddles (with dimensions 3 cm × 40 cm).
The three RPCs were tested with different high voltages ranging from ±5.0 kV to
±11.8 kV. Cosmic ray Muons were used as the charged particle source to test the
performance of the RPCs. The induced current signals from the RPCswere picked up
by a current-sensitive preamplifier for signal amplification. Out of the total number
of 10 pickup strips (strip width 3cm), the study is done with only three strips (Left,
Main and Right) of the RPC under investigation. Telescope window is mounted on
the central or Main strip only.

171.3 Efficiency

The Efficiency of RPCs with different surface resistivities was studied under the
same environmental conditions. The efficiency was calculated using the following
equation

E f f iciency = 6Fcount

5Fcount
× 100% (171.2)



171 Effect of Surface Resistivity of Electrode Coating on the Space Dispersion … 1151

Fig. 171.2 Schematic of the experimental arrangement and electronic circuit for measuring RPC
parameters
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Fig. 171.3 Efficiency for main, right and left strips at different voltages for the RPCs of different
surface resistivities (RPC1 M�/�, RPC100 k�/�, RPC40 k�/�) for the gaseous proportion,
C2H2F4/C4H10/SF6 : 95.2/4.5/0.3. The error bars are in multiples of 10
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where 5 F is the trigger signal, which is the coincidence of the signals from three
scintillator paddles (P1, P2, P3) and anti-coincidence of two veto (V1, V2) paddles,
while as 6 F is the coincidence of the trigger signal and the RPC strip signal. Figure
171.3 shows the efficiency as a function of applied high voltage for the three RPCs
of different surface resistivities. Efficiency increases with voltage and gets saturated
at higher voltages. At applied voltage of (±10.0 to ±11.6 kV), the efficiency of 40
k�/� RPC is higher than 100 k�/�, which in turn is higher than 1 M�/� RPC
for Left and Right strips. The asymptotic efficiency (emax ) for Main strip was found
to be more than 95% for all the three RPCs. The knee voltage is the value for which
96% of the asymptotic efficiency is reached. The knee voltage is also found to be
shifted to the higher voltage for the RPCs with lower surface resistivity.

171.4 Space Charge Dispersion with Different Surface
Resistivity of RPCs

171.4.1 Experimental Setup and Measurement with
G10-Based PCB Pickup Strip

The experimental setup for the measurement of the space dispersion of induced
charge is same as shown in Fig. 171.2. To study the avalanche size and space dis-
persion of induced charge in millimeters, we replaced our old standard pickup panel
(stripwidth 3cm)with newG10-basedPCBpickup panel (stripwidth 5mmand inter-
strip separation of 1 mm). To avoid reflections in G10-based PCB pickup panel, 68
� termination resistor is used. The G10-based pickup panel has a total number of the
50 channels. Out of the 50 channels, we instrumented only 25 channels (12 Left, 12
Right and Central or Main strip) for the study of charge dispersion measurements.
For the experimental setup, the basic structure of our RPCs is same except that the
graphite conductive coating of their carbon films are different in the range 1 M�/�,
100 k�/�, 40 k�/�. The trigger rate in this setup will drastically come down
because the telescope window is now mounted on a central strip of narrow width.

171.4.2 Experimental Results

Figure 171.4 is the charge spectra of RPC with surface resistivity 40 k�/�. Similar
charge distributions with lessmultiplicity are expected fromRPCswith surface resis-
tivity 100 k�/� and 1 M�/�. Figure 171.5 is the charge distributions of the events
with different incident positions from three RPCs with different surface resistivities.
A double gaussian function has been used to fit the data of all the three RPCs [3].
One gaussian function has a narrower distribution (the sigma of the gaussian function
is called σ1) and the other function has a relatively wide distribution (the sigma is
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Fig. 171.4 The spectra of the charge distribution of 25 channels of RPC 40 k�/� at 11.2 kV
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Fig. 171.5 The charge distributions for three events from three RPCs of different surface resistivity
fitted with a double Gaussian. An offset has been added to look these charge distributions distinctly

called σ2 ). Table 171.1 shows the summary of the values of σ1 and σ2 correspond-
ing to the experimental data fitted with double Gaussian functions as shown in Fig.
171.5. From Table 171.1, it is clear that σ1 does not change much while as σ2 get
broader. The broadening of σ2 can be attributed to the variation of surface resistivity
of conductive coating on the glass electrodes of the RPCs.
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Table 171.1 Summary of the experimental values of σ1 and σ2 . The strip number is multiplied by
the pitch (6 mm) to get the total space dispersion of induced charge for RPCs of different surface
resistivities

RPC σ1 σ2

1 M�/� 3.4 ± 0.07 15.16 ± 0.52

100 k�/� 4.3 ± 0.09 28.13 ± 2.53

40 �/� 4.5 ± 0.08 34.58 ± 5.21

171.5 Conclusion

From our experimental results, we concluded that the change in the surface resistivity
has a remarkable influence on Efficiency and Space dispersion of induced charge.
Space dispersion of induced charge has been studied in detail with G10-based PCB
readout of 6mm pitch. RPC of lower surface resistivity shows more dispersion of
induced charge as compared to the RPC of higher surface resistivity. Fitting to a
function consisting of two Gaussians is a proper data analysis method. Statistical
error of Gaussian function of narrower width can be interpreted as the position
resolution of the RPC detector.

Acknowledgements Special thanks to Mr. Vishal, Mr. Chavan, and Mr. Pethuraj in fabricating
RPCs and in the design of the experimental setup.
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Chapter 172
Study of Particle Multiplicity by 2m×2m
Resistive Plate Chamber Stack at
IICHEP-Madurai

Suryanarayan Mondal, V. M. Datar, Gobinda Majumder, N. K. Mondal,
S. Pethuraj, K. C. Ravindran, and B. Satyanarayana

Abstract An experimental setup consisting of 12 layers of glass Resistive Plate
Chambers of size 2m×2m has been built at IICHEP-Madurai to study the long-term
performance and stability of RPCs produced on large scale in Industry. In this study,
the data obtained by this setup was analysed to find out the events where more than
one particle passed through the stack within a single trigger window. The results
obtained from observation was then compared with simulation using CORSIKA and
GEANT4.

172.1 Introduction

High energetic primary cosmic rays originating at out space continuously interacts
with earth’s atmosphere. This primary cosmic rays consist of mostly protons with
a smaller fraction of higher Z-Nuclei elements. Upon interacting with earth’s upper
atmosphere, this primary cosmic rays result in showers of secondary particles which
mostly consist of pions

(
π±,0

)
and Kaons

(
K±)

. These particles are short-lived and
mostly do not reach the surface of the Earth. These particles further decay into μ±,
e and γ. The γ, e do not reach the detector directly as they interact with the roof of
the Lab and create showers.

Charged particle multiplicity in observational data obtained at IICHEP-Madurai
was studied in this article. The main aim of this article is to test recent CORSIKA
simulation using standard hadronic model and compare the result with observation.
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172.2 Detector Construction

The Resistive Plate Chamber (RPCs) [1] stack operational at IICHEP, Madurai con-
sisting of 12 RPCs stacked horizontally with a inter-layer gap of 16cm. These RPC
gap is made of two glass electrodes of thickness 3mm with a gap of 2mm between
them. This gap is maintained using 2mm thick poly-carbonate buttons. The RPCs are
operated by applying a differential supply of ±5kV to achieve the desired electric
field. The avalanche created by the ionization energy loss of charged particles in the
RPCs induces signals in the two orthogonal pickup panels placed on both sides of
the glass gaps labelled as X-side and Y-side. The pickup panels are made of parallel
copper strips of width 28mm with 2mm gap between two consecutive strips. An
event typically contains hit (one logic bit per strip indicating the signal in that strip
is above the threshold value) for each strip and 16 time signal for each layer. One
TDC channel records time signal coming from every alternating eighth strips on one
side of the layer.

172.3 Monte-Carlo Simulation

In the CORSIKA [2] package, the several different hadronic interaction models are
available. In this study, for simulating the behaviour of hadrons for higher energy
range, the QGSJET (Quark Gluon String model with JETs) has been adopted and
for the low energy range, the GHEISHA model has been used. The energy of the
primary rays in CORSIKA is generated using the power-law spectrum, E−2.7, within
the energy range of 10–106 GeV for different primaries. The zenith and azimuth angle
of primary particles are generated uniformly within the range of 0–85◦ and 0–360◦,
respectively. The magnetic rigidity cutoff has been implemented according to the
location of the detector site. The particles generated by CORSIKA at the observation
surface are provided as an input to the detector simulation. All detector parameters
(inefficiency, noise, strip multiplicity, etc.) were calculated from observational data
which are then used in GEANT4 simulation. A detailed study on this parameters can
be found in literature [3]. The data from simulation and from observation were then
analysed using the same algorithm to detect multiple tracks.

172.4 Event Reconstruction and Data Selection

For the event reconstruction, the strips hits are analysed separately, in the two-
dimensional projections, namely, X–Z and Y–Z plane. In the present study, the clus-
ters are formed with a maximum of four consecutive strips as the position resolution
for higher multiplicities is found to be worse. In the first step of track reconstruc-
tion, the clusters associated with different tracks are grouped using the method of
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Fig. 172.1 a Time separation of two tracks for all events, b Skewed angle between two tracks
originating outside of the detector, c Skewed angle difference between generated and reconstructed
tracks fitted with triple-gaussian function and d Time separation of two tracks for events with only
parallel tracks

Hough Transformation [4]. This method can detect all the tracks avoiding the noise
hits. The projections from both X–Z and Y–Z planes are combined to produce final
three-dimensional track(s). Any ghost tracks formed while combining are discarded
by using the timing information. The events of interest for this analysis are the events
with more than one reconstructed three-dimensional track.

The distribution of time separation between each pair of tracks for both simulation
and data is shown in Fig. 172.1a. In the case of data, it can be observed that there
is a large number of events where multiple particles are reaching the detector with
large relative time delay. The particles originating in the different cosmic showers is
the cause for these events. The distribution of the skewed angle between each pair
of tracks for both simulation and data is shown in Fig. 172.1b.

Based on these observations shown in Fig. 172.1c, the tracks with a skewed angle
less than 45m rad are considered as parallel to each other. In the current study, to
select the tracks generated from the particles originating from the same cosmic ray
shower, only the parallel tracks are considered in the analysis. The time difference
between a pair of tracks for both simulated and observed data after selecting only
parallel tracks is shown in Fig. 172.1d. It can be observed that the events from the
random coincidences disappear after rejecting the events with non-parallel tracks.

172.5 Results

The normalised fraction of events with two, three, and four tracks are calculated
to be 6.35 × 10−3%, 5.8 × 10−5% and 2 × 10−6%, respectively, from the cosmic
ray data. The normalised fraction of the events with two, three, and four tracks are
also calculated from the CORSIKA simulation for different types of cosmic ray pri-
maries (H and He) and for different hadronic interaction models (QGSJET-II-04 and
QGSJET01d). In order to compare the results between the data and simulation, the
ratio of these normalised fractions of events between them is presented in Table 172.1
for all different simulation scenarios mentioned above.
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Table 172.1 Ratio of multiple track fractions between simulation and observation for different
primaries (H and He) and different physics packages (QGSJET-II-04 and QGSJET01d)

QGSJET-II-04 QGSJET01d

Tracks H He H He

2 0.34 ± 0.020 0.74 ± 0.030 0.34 ± 0.018 0.75 ± 0.021

3 0.17 ± 0.027 0.52 ± 0.056 0.16 ± 0.025 0.67 ± 0.069

4 0.08 ± 0.053 0.4 ± 0.26 0.04 ± 0.028 0.3 ± 0.18

172.6 Conclusion

The results of the current study reflect that the current physics models of interactions
at the earth atmosphere are unable to reproduce the air showers accurately. The
earlier measurements of muon multiplicity along with the present result can be used
to improve the parameters of the hadronic model at high energies and/or cosmic ray
spectral index.
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Chapter 173
Photo-Neutron Calibration
of SuperCDMS Detectors

Vijay Iyer

173.1 SuperCDMS Detector Physics and WIMP Search

Super Cryogenic DarkMatter Search (SuperCDMS) [1] is a direct darkmatter search
experiment that has pioneered the use of low-temperature solid-state detectors to
search for rare scattering of Weakly Interacting Massive Particles (WIMPs) [2] with
atomic nuclei. The SuperCDMS Soudan experiment consisted 15 germanium detec-
tors with a total mass of 9kg.

WIMPs and neutrons elastically scatter off a nucleus causing a nuclear recoil
(NR) and generate electron-hole pairs. Gammas and β particles scatter primarily
off electrons causing electron recoils (ER). A bias voltage V applied to the detector
makes the charges drift along the electric field lines. This mechanical work done on
the electron-hole pairs by the field is released to the lattice as Neganov-Trofimov-
Luke (NTL) phonons [3] with an energy ENT L = qV N , where q is the charge of
an electron and N is the number of electron-hole pairs created by the scatter event.
All of the energy associated with a scatter event is eventually released in the form
of phonons. Etotal is the sum of recoil energy, ER , and NTL phonon energy ENT L

that we measure in our detectors. The ionization yield Y is a relative measure of the
number of electron-hole pairs created compared to the ER case. It is possible to write
the total phonon energy as Etotal = ER(1 + qVY/ε), where ε is the average amount
of recoil energy to create an electron-hole pair in the ER case (3.0 eV in Ge). NRs
produce fewer electron-hole pairs than ERs and thus have an ionization yield less
than 1. SuperCDMS detectors measure N and Etotal.
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The SuperCDMS Soudan detectors were operated in two modes, the interleaved
Z-sensitive Ionization and Phonon detectors (iZIP) operated at 4V and theCDMS low
ionization threshold experiment (CDMSlite) detectors whichwere operated at higher
voltages between 25 and 70 V. The Etotal produced from an event can be amplified
by the applied voltage. The higher the bias voltage, the more the contribution from
ENTL per electron-hole pair. This reduces the recoil energy threshold, but the ability
to distinguish between ER andNR is sacrificed because N is too small to bemeasured
independently the total phonon energy signal. Hence a direct measurement of Y is
not possible for CDMSlite detectors. On the other hand, iZIPs possess the ability to
discriminate between ERs and NRs [4].

173.2 Motivation and Photo-Neutron Calibration Concept

Dark matter search results are usually shown in the parameter space of dark matter-
nucleon interaction cross section as a function of dark matter mass. If no dark matter-
like events are found, an exclusion limit or curve is set based on the physical reach
of an experiment. The motivation for a dedicated calibration of the SuperCDMS
detectors comes from the fairly wide uncertainty in the exclusion curve [4] using
CDMSlite data shown in Fig. 173.1a. The uncertainty comes from limited precision
in determining the nuclear recoil energy scale. This stems from the inability of the
CDMSlite detectors to measure the ionization yield as described in the previous
section. An accurate understanding of the nuclear recoil energy scale is necessary
for establishing the WIMP mass scale. CDMSlite makes use of the Lindhard model
to predict the yield. The yield [5] can be written as follows:

Y = k · g(ε)
1 + k · g(ε) (173.1)

where g(ε) = 3ε0.15 + 0.7ε0.6 + ε, k = 0.133Z2/3A−1/2, ε = 11.5ERZ−7/3.

Fig. 173.1 a DMSlite R2 [4] exclusion limits black solid line with its associated uncertainty peach
shaded band. b Various existing calibration points in the ionization yield vs nuclear recoil energy
plane in Germanium [5]
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Here Z is the atomic number and A is the atomic mass number of the recoiling
nucleus, ε a reduced energy term, ER is the recoil energy in keV and k describes the
electronic energy loss. While the value of k is usually fixed at 0.157 for Ge using the
original Lindhard theory, k is treated as a free parameter in this analysis. The model
works reasonably well at recoil energies greater than 10 keV, as seen in Fig. 173.1b.
More data points below 1 keV are needed to ascertain the reliability of this model
at lower recoil energies. The photo-neutron calibration will provide data as low as
∼1 keV.

The calibration technique here involves using a high rate 88Y or 124Sb γ source
placed next to a Be absorber. The γ source and Be wafer were placed above the
detector. 124Sb and 88Y emit γ s of 1.69 MeV and 1.84 MeV, respectively. Following
a 9Be(γ ,n) reaction the 124Sb+Be and 88Y+Be sources produce neutrons between
22.8–24.1 keV and 151–159 keV, respectively. In case of 124Sb, the maximum recoil
of the Ge nucleus is around 1.3 keV and for 88Y around 8.1 keV. By studying the
recoils of Ge nuclei from these quasi-monoenergetic neutrons, the measured total
phonon energy Etotal of our detectors can be calibrated to the recoil energy ER .

173.3 Analysis

The entire analysis can be divided in to three main parts: (i) Data selection, (ii)
Simulation, and (iii) Yield extraction.

Data was taken in two modes:(i) with the γ + Be source (neutron on) and (ii) with
just the γ source(neutron off). The first part of the analysis starts by subjecting the
data to several quality checks to remove electronic glitches, low frequency noise,
poorly reconstructed events, and bad periods of data. The neutron on and neutron
off data for yttrium from iZIP detectors are shown in Fig 173.2a. To obtain the
total phonon energy NR spectrum, neutron off data was subtracted from the neutron
on data. Fig 173.2b shows the residual spectrum that is dominated by neutrons for
yttrium beryllium data.

With the knowledge of the relationship between Etotal and ER as discussed in
Sect. 173.2, one can then deduce the corresponding yield. The photo-neutron sources
allow the determination of the ionization yield over the energy range covered by the
resulting recoil spectrum. The second part of the analysis is simulating the expected
ER spectrum in the detector. The third part of the analysis is to compare the simulated
neutron on Etotal spectrum to the measured neutron on Etotal spectrum. To determine
the best fit, we use a negative log likelihood (NLL) function given by

− ln L = −
ND∑

i=1

ln {ρD(Etotal)i }, (173.2)

where ND is the number of events in a dataset and ρD is the energy-dependent PDF
of the data spectrum. To obtain the simulated Etotal spectrum from the simulated ER

spectrum, a yield function Y (ER)which takes the form shown in (173.1) is used. The
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Fig. 173.2 a Comparison of neutron on and neutron off total phonon energy spectrum Etotal for
Yttrium beryllium iZIP data. b Residual spectrum after subtracting the neutron off from neutron on
Etotal spectrum

detector resolution and cut efficiencies are applied to the simulated Etotal spectrum.
The value of k in (173.1) is allowed to vary such that the negative log likelihood
function is minimum. Statistical uncertainty on the simulated data is calculated by
repeating the procedure with 500 simulated data samples of equal statistics and
finding out the standard deviation of the best fit value of k in each case. System-
atic uncertainty in the energy-dependent neutron-nucleus scattering cross section in
germanium detector also needs to be accounted for. This can be done by obtain-
ing cross section files for all the stable isotopes of Ge from the TENDL-2017 [6]
nuclear database and repeating the NLL method to show the deviation in the best fit
values of k.

173.4 Summary

The Lindhard model is known to have limited accuracy at low energies. Given the
significant progress in lowering the recoil energy threshold for SuperCDMS, deter-
mination of yield at lower recoil energies has become increasingly important for
SuperCDMS [1]. The results from the work described in this analysis will be helpful
in putting more precise limits on SuperCDMS dark matter search results.
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Chapter 174
Design and Development of Gas Mixing
Unit for Gas Electron Multiplier (GEM)
Chamber

Hemant Kumar, Asar Ahmed, Mohit Gola, Rizwan Ahmed, Ashok Kumar,
and Md. Naimuddin

Abstract Gaseous detectors are the important components in each High Energy
Physics (HEP) Experiment [1]. The operation of such detectors depends upon the
mixture of various gases such asAr, CO2,CF4, etc.However, the purity and the appro-
priate mixture of these gases is always the key component and has a direct impact on
various properties of the detectors like gain, spatial, timing, and energy resolutions.
The present work describes the design and construction of flexible and cost-effective
Gas Mixing Unit (GMU) which is very useful for providing the appropriate mixture
to various gaseous detectors like drift tubes (DTs), Gas ElectronMultipliers (GEMs),
Resistive Plate Chambers (RPCs), etc. We also present some preliminary results to
demonstrate its stability with the changes in ambient conditions. The results were
obtained by using this newly developed GMU with GEM 10cm × 10cm as a test
detector.

174.1 Introduction

Traditional gas mixing unit (GMU) requires time to time gas calibration as it totally
depends on the input gas pressure to gas mass flow controller (MFC) and the ambient
conditions which makes them time-consuming to provide stable flow. Nowadays,
fast, efficient, safe, and contamination free GMU is the need of all the research
program which uses the variant gas mixture. A step towards the development of such
a redundant system is taken by us to fulfill the demand. The key component of any
GMU is the MFC. It must be fast and accurate to establish stable flow along with
safety towards the back and overpressure across it. We used Alicat based MFC [2]
which is pre-calibrated for over 80 gases and provides a flow range of 0–500 SCCM
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Fig. 174.1 Schematic diagram of the gas mixing unit

with 50–100 ms of response time. All the safety features are kept in mind to make
GMU sustainable, which is explained in Sect. 174.2.

Figure 174.1 is the schematic view of the GMU assembled in the GEM lab at the
University of Delhi.

174.2 Components

In this section, the features of various components are mentioned in designing and
developing the GMU. Figure 174.2 depicts the components installed on a movable
panel that makes it flexible to install at any place.

174.2.1 Mass Flow Controller (MFC)

MFC is used to adjust the precise flow of various input gases. The fraction of gases
can be adjusted manually, as well as remotely through the software, which makes
it very easy to operate without a traditional calibration procedure. In this setup, we
used Alicat MFCwhich has a very wide range of flowwith 0.5 SCCM resolution and
is independent of the variation in input pressure up to the maximum recommended
pressure of 145 psi.
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Fig. 174.2 Functional gas mixing unit

174.2.2 Gas Mixing Cylinder

The output of gases from various MFC is then fed to the mixing cylinder for the
proper mixing of the input gases. We have used three output flow lines from it for
the operation of three detectors at a time if required.

174.2.3 Flow Meter

Since different detectors need a different flow rate for the operation, to adjust the
input flow rate and see the output flow rate of the gases from the detector, we used
flow meters. It also helps in to see the leakage of the gases from the detector by
measuring the difference in flow rate.

174.2.4 Pressure Gauge

To see the pressure at which gas is flushed in the detectors, a pressure gauge is
installed for the real-time pressure measurement.

174.2.5 Dust Filter

Dust is like cancer for the micro-pattern gaseous detectors (GEMs). To prevent dust
or any contamination produced in the input line, dust filter is used.
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174.2.6 Non Returning Valve

There is always a risk of generation of overpressure inside the detector, to reduce
the risk and working of the system under safe limit, pressure reducing valve (PRV)
is used. If the pressure exceeds a certain limit (in this case 50 mbar), it bypasses the
gas through it to maintain safe pressure and prevents any damage to the detector due
to overpressure.

174.3 Results

To verify the sustained and reliable performance of the GMU, we fixed the output
flow of MFC at 50 SCCM and varied the input pressure across the MFC from the
gas cylinder. No change in output flow was observed for the input pressure range
(60–100) psi shown in Fig. 174.3.

To see the gas leakage from the system, Ar and CO2 were chosen. Gas from
each cylinder was fed to MFC at 70 psi of the input pressure, passing through the
gas filters. To make Ar and CO2 ratio 70:30, MFCs were set at 58.3 SCCM and 25
SCCM, respectively, which makes the flow rate 5 l/h. The output of MFCs is fed to
the mixing cylinder for proper mixing of gases. Through one of the output lines, the
mixture was passed through the flow meter, where we observe the ∼5l/h flow rate,
that reflects the system gas leak tight.

For the precision in the mixing of the gases, we used the gas chromatography
technique using Agilent 7890B GC [3]. Figure 174.4 shows the output of the gas
chromatographer in the area (left) and the percentage of the gas in themixture (right).
We can see clearly the output percentage (69.9:29.3) of the gases which is very close
to the set value (70:30) of the gases in the mixture.

This newly developed GMU was used for the study of the performance of
10cm×10cm triple GEM detector. For the tolerance of the detector towards high

Fig. 174.3 Variation in flow rate with varying input gas pressure across MFC
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Fig. 174.4 Output of the gas chromatographer for Ar:CO2 (70:30) mixture

Fig. 174.5 GEM detector under study for high voltage test (left), I-V characteristic and spurious
signal rate

voltage, the detector was flushed with pure CO2 at 3l/h and measured the I-V char-
acteristics and spurious signal rate as shown in Fig. 174.5. The stability of the gas
flow rate was observed from the flow meter for several hours.

174.4 Conclusion

We have manufactured and assembled different components needed for the gas mix-
ing unit, keeping in mind the precision, flexible optimization, cost-effectiveness, and
safety factors. To see the stability of flow and precision of mixing, the output flow
rate is measured at various input pressure and analyzed the output of GMU with a
gas chromatograph. A few quality checks of 10cm×10cm triple GEM detector were
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done using this GMU and the results obtained were as per expectations. The setup is
ready for providing the gas mixture in various gaseous detectors without calibration
at a stable rate for a number of gases.
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Chapter 175
Construction of a Single GEM Detector
Using Indigenous Anode Plate

A. Tripathy, S. Swain, P. K. Sahu, and S. Sahu

Abstract A prototype of single Gas Electron Multiplier (GEM) detector is fabri-
cated in our laboratory using a single GEM foil of size 10× 10 cm2, a cathode plate
and an anode plate (which is designed in our laboratory). The anode plate used is
a single readout pad. The detector is operated using Argon and CO2 gas mixtures
in proportion of 70:30. High voltage connections are provided individually to the
drift plane, GEM foil and induction plane. The anode plate used in this work is a
single readout pad. Preliminary testing results show that this detector can withstand
a voltage up to 460 V across the GEM foil and the anode plate without any spark.
The tested results are presented in this article.

175.1 Introduction

The Gas Electron Multiplier (GEM) [1] is remarkable among other Micro-Pattern
Gaseous Detectors (MPGD) [2] for its good energy resolution, position resolution,
stable high gain and low ion feedback. GEMs are being adopted in many high energy
physics experiments such as ALICE, CMS, CBM, etc.

In this article, we present the procedure of assembling a single GEM using an
anode plate designed in our laboratory and its testing results using a 55Fe radioactive
source.

175.2 Gas Electron Multiplier

A GEM consists of a polymer foil with copper coating on both sides. The foil is
perforated with a large number of identical holes, typically 50–100 per mm2 as
shown in Fig. 175.1. The holes are pierced on the foil using chemical etching and
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photolithography technique. In our experiment we are using a single mask GEM
foil. The outer and inner hole diameters are respectively 70 µm and 50 µm. The
hole pitch of the foil is 140 µm. A suitable potential difference is applied between
the two copper sides of a GEM foil. When the radiation ionizes the gas, the primary
electrons are collected, multiplied and then driven towards the anode plane.

175.3 Experimental Details

A single GEM detector prototype is assembled. The GEM foils and other necessary
components were procured from CERN. First thermal stretching of the GEM foil
and the drift plane is done. Then the GEM foil, the drift plane and the anode plate are
assembled creating a drift gap and an induction gap of 3 mm and 2 mm respectively.
A layout of the anode plate we have used is shown in Fig. 175.2b. A solid frame of
G10 material is placed around the whole setup. A 100 µm thin Kapton window is
placed on the top side of the G10 frame and finally all the metal screws are gently
tightened. The experimental setup of the detector is shown in Fig. 175.2a.

In this study Ar/CO2 gas in 70/30 volume ratio is used. Individual power supply
is provided to the drift plane and top and bottom of the GEM foil. Here we have not
used any sum-up board to measure the anode current. The anode plate is a single
readout pad. The signal is taken directly from the anode plate and a single input is fed
to a charge sensitive preamplifier. The signal from the preamplifier is used tomeasure
the rate and to visualize the signal produced by the detector using an oscilloscope.

Fig. 175.1 a Microscopic picture of a GEM foil. b Cross section of a GEM hole showing its
double-conical shape. There are two layers of copper on the top and on the bottom and a polymer
layer in the middle (Reproduced from Sauli [3])
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(a) Complete detector under gas flow

(b) layout of the readout board

Fig. 175.2 a Complete detector under gas flow b layout of the readout board

175.4 Results

In this study, the count rate is measured as a function of increasing bias voltage to the
detector. It has been observed that the count rate increases with voltage and a plateau
is observed from �V of 440 V onwards. The count rate as a function of bias voltage
is shown in Fig. 175.3. The signal with Fe55 source obtained from the oscilloscope is
shown in Fig. 175.4. The single anode readout pad used here is important for future
application of GEM detector, which we will be performing soon.
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Fig. 175.3 Count rate as a function of the GEM voltage

Fig. 175.4 Signal with Fe55 source after spectroscopic amplifier Gain= 50, Shaping time= 2 µs)
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Chapter 176
Testing of 10 cm × 10 cm Triple GEM
Detector Using MUCH-XYTER v2.0
Electronics

C. Ghosh, G. Sikder, A. Kumar, Jogender Saini, A. K. Dubey,
and Subhasis Chattopadhyay

Abstract Triple GEM (Gas Electron Multiplier) detector will be used as MUCH
(Muon Chamber) in CBM experiment at GSI, to detect dimuons originating from the
decay of low mass vector mesons (Friman et al. in Lect Notes Phys 841:1–980,[1]).
CBM will operate at 10MHz collision rate with maximum particle density of about
0.4MHz/cm2 at the innermost part of the MUCH detector layer located immediately
after the carbon absorber (Technical Design Report for the CBM Muon Chambers
in GSI, Darmstadt, [2]). Here we report the detailed test results of a 10cm × 10cm
triple GEM detector (Dubey et al., Nucl Instr Meth A 718, 418-420, [3]) using a self
triggered MUCH-XYTER v2.0 asic.

176.1 GEM Detector with Data Acquisition Chain

The experimental setup at VECC is shown in Fig. 176.1a consists of the entire DAQ
chain including the FEB, AFCK, and FLIB (First level interface board). MUCH-
XYTER v2.0 is a new type of asic produced at GSI for MUCH data acquisition and
this has 128 analog front end channels with a dedicated 5 bit ADC for processing
the charge pulses from the GEM detector. It can accept both positive and negative
pulses with a data transmission rate of 320 Mbps.

The tripleGEMdetector [4, 5] has been testedwithX-rays fromFe55 sourceswith
Ar+CO2 (70:30) gas mixture as an active medium. A typical pulse height spectrum
of this triple GEM detector for Fe55 source is shown in Fig. 176.1b, this shows 32
comparators in the x-axis and hit counts in the y-axis; out of 128 channels, each
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Fig. 176.1 a Experimental setup at VECC b Fe55 ADC spectra at detector high voltage = 4450 V

channel has 32 comparators, those were calibrated from 6 to 81 fC with a step of
2.5 fC.We observed themajor peak at 5.9 keV and also the escape peak of Fe55 using
the MUCH-XYTER electronics. With increasing high voltage, the peak position of
the spectra is found to shift to higher ADC values.

176.2 Detector Gain Calculation

From Fig. 176.1b, one can get the mean value of the Fe55 ADC spectra peak, from
that one can calculate the equivalent charge as, Q = 6 fC + mean * 2.5 fC. If this
charge Q is divided by a single electron charge, then the total number of electrons
can be estimated. Now if this number is divided by the number of primary electrons,
i.e., 212, then we get the gain of the detector. Figure 176.2 shows the detector gain
versus HV variation using Fe55 source.

Gain = [6 + (2.5 ∗ mean)] ∗ 10−15

212 ∗ 1.6 ∗ 10−19

176.3 Study of MUCH-XYTER Characteristics

To study the effect of calibration step on data acquisition, one FEB was calibrated at
3 different sets of calibration steps as 1.5, 2, and 2.5 fC, for each calibration step we
measured the detector gain at various voltages. At any fixed HV, these three charge
values are almost the same, this confirms that the FEB reads the correct charge from
the detector irrespective of its calibration step, Fig. 176.2a confirms the same.We also
studied the detector gain variation using different FEBs with identical parameters.
we calibrated 2 FEBs at the same bias settings and the spectra from both FEBs were
recorded, it was observed that both the FEBs showed almost the same ADC spectra
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Fig. 176.2 a Detector Gain versus HV for different calibration step bDetector Gain versus HV for
different FEBs with identical settings

Fig. 176.3 a Coincidence setup b Time difference spectra at 5000 V

for the same bias settings and same detector parameters, Fig. 176.2b confirms the
same.

We have studied the time resolution using MUCH-XYTER v2.0. A coincidence
experiment has been setup, Fig. 176.3a, using 2 scintillator detectors and the 10× 10
GEM detector. The detector is placed in between the 2 scintillators, the scintillator
signals are sent through Leading Edge Discriminator (LED) and quad coincidence
logic unit, then it is put into one channel of a FEB. The detector signal is recorded
by the rest 127 channels of the same FEB.

176.4 Detector Efficiency and Time Resolution Scan

Detector efficiency has been measured at different High Voltage using a beta source.
The efficiency has been calculated as Efficiency = (GEM counts *100)/2 F counts of
Scintillators.

Timedifference spectra ofGEMwith scintillator two fold (2F) signal (Fig. 176.3b)
peaks at 600 ns with a sigma of 10 ns which is in agreement with the previous
nXYTER used at CERN test beam 2016. The spectra show an extended tail up to
750 ns, which results from time walk phenomena of the signal at lower ADC value.
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Fig. 176.4 a Detector efficiency versus HV b Detector time resolution versus HV

Figure 176.4a shows a plot of detector efficiency versus HV. Efficiency gets satu-
rated at 4750 Vwith 95% value. After that, it goes down possibly due to the crosstalk
hits from Detector channel to 2 F readout channel in XYTER. This crosstalk hit to 2
F readout channel can be eliminated if a separate FEB is used for 2 F, but due to time
synchronization issue between 2 FEBs using an AFCK, we used only one FEB.

Figure 176.4b shows the variation of detector time resolution at different high
voltage. We obtained resolution of the order of 17 ns at detector voltage of 4750 V
and at 5000 V the value comes out in the order of 10 ns.

176.5 Conclusion

We have successfully tested a triple layer GEM detector with MUCH-XYTER v2.0
electronics and achieved an efficiency of 95% with a time resolution of 10 ns. All
the characteristics of the new XYTER has been studied in detail, before using it in
a mini CBM experiment [6]. Presently we are in process of testing the latest version
v2.1 of the MUCH-XYTER asic for use in the main CBM.
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Chapter 177
µSR with Mini-ICAL

N. Panchal

Abstract The India-based Neutrino Observatory (INO) is envisaged to house a
50kton magnetized Iron-CALorimeter (ICAL) (Athar et al in INO Collaboration:
Project Report, vol I, [1]) detector which is aimed to solve neutrino mass hierarchy
(Ghosh et al in J High Energy Phys 2013(9), [2]). One of the vital aspects of the
ICAL detector is to measure the magnetic field inside iron plates. The magnetic field
is an essential parameter for reconstructing the momentum of neutrinos. An attempt
to use the muon spin rotation technique to try to get information about the magnetic
field in iron is made and discussed here.

177.1 Introduction

The ICAL detector will be comprising of 150 layers of 5.6cm thick iron plates placed
between two resistive plate chambers (RPCs) [3], as the active detector material. The
presence of magnetic field in ICAL enables it to distinguish between positively and
negatively charged particle trajectories. The measurement of B-field in ICAL is of
paramount importance for the reconstruction of the momentum of neutrino. Muon
Spin Rotation (μSR) is a non-destructive technique which can be used in ICAL to
measure the B-field inside the iron plates. The feasibility studies for the same had
been initiated at TIFR as discussed in [4]. A small magnet prototype (4m × 4m ×
1.2m) detector (mini-ICAL) comprising of 10 RPCs and 11 iron has been built at
IICHEP, Madurai. The magnetic field in mini-ICAL is currently measured with two
different techniques (a) by measuring the induced current in the sense coils around
the plates and (b) by Hall probes measurements. The Hall probe measurements show
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almost 90% of the detector with Bmax = 1.2T at a current of 900A. The signal from
μSR at mini-ICAL will provide first direct measurement of B-field inside iron by
using cosmic muons. This paper presents the preliminary results of the feasibility
studies of μSR at mini-ICAL.

177.2 Mini-ICAL Detector

A small magnet prototype detector (mini-ICAL) has been commissioned at the Inter
Institutional Center of High Energy Physics (IICHEP), Madurai. The dimensions
of mini-ICAL are 4m × 4m × 1.2m. The magnet assembly weighs 85 ton and
comprises 11 layers of 5.6cm thick iron plates. Presently, there are 10 layers of
active detectors (RPCs) placed centrally inside the gaps available between the iron
layers to track muons. The full 4m × 4m area of mini-ICAL detector is planned to
be populated by 10 more RPCs in the second phase of detector installation. The main
components of the mini-ICAL magnet assembly are the soft iron plates; the copper
coils in 2 parts (U- and C-); sense coils wound around chosen plates on layers 0, 5,
and 10; and aluminum strips fixed on the iron plates to guide the RPC trays. Four
different sizes of iron plates (A, B, C, and D) were used and all the four iron plates
were organized in order to make a square of dimension 4m × 4m. While placing
the iron plates in a layer, gaps were left for the passage of copper coils through it.
Two coils were placed symmetrically with 18 turns in each coil with a gap of 12mm
between each turn. The cross section of the copper conductor was 30mm × 30mm
with a bore diameter of 17mm. The maximum current needed for a field of 1.5T was
about 1000A. Indeed this was also consistent with the rating of the DC power supply
for the magnet. A 30 V 1500 A DC current supply (made by Danfysik) was used
for powering the copper coils. The power supply is provided with both manual and
computer control. A low conductivity water cooling system (LCWCS) was used for
cooling the copper coils as well as the magnet power supply. The central∼2m× 2m
area was populated by RPCs in between 10 gaps of the magnet assembly. The gas
mixture of 94.5% R134a (C2H2F4 or Tetra fluoroethane), 0.3% Sulfur Hexafluoride
(SF6), and 4.3% of Isobutane (iC4H10)) with pressure few mbar (above atmospheric
pressure) was circulated in the RPCs. A closed-loop gas system was employed for
the gas circulation in 10 RPCs. The mini ICAL electronics processes 1280 electronic
channels and records the X-Y co-ordinates and time of flight of the charged particle
trajectory in the detector on satisfying the trigger criteria. The FPGA-based HPTDC
developed byCERN is used for storing the timestamps of the hits. The full electronics
for the mini-ICAL is described in [5].
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177.3 An Attempt to Observe µSR Signal at Mini-ICAL

An attempt was made to measure the magnetic field inside the iron plates using the
μSR technique. The hardware trigger was set to be a logical AND of L9 & L8 &
L7 & L6 (by convention L9 corresponds to topmost RPC layer) for this purpose.
The trigger rate was observed to be ∼200Hz. This trigger condition led to observe
the decay of muon in 6 bottom (L5 to L0) Fe layers. The position (X, Y, Z) along
with the TDC time was stored as hit information for every event, where (X, Y) was
obtained from the strip number and Z was given by the layer number. The TDC
trigger matching window (maximum range of the TDC) was set to 21.5 µs. The
trigger signal was fanned out into two signals. While one of the signal was fed to
one of the TDC channels as the reference signal, the other was delayed by 21.5 µs
and used as the trigger for the TDC. When the TDC receives a trigger it latches all
the timestamps which were available in the buffer. The reference signal was used as
the timestamp of the muon trigger (tm). A total of ∼98h of data was acquired. The
average magnetic field during the measurement was 1.3T. The data was analyzed
off-line with a ROOT-based C++ code. The analysis was done in three steps. In the
first step, the noisy events are rejected by applying criteria on the event multiplicity
and number of layers with hit. The filtered event should have

a At least one hit in all layers above the iron layer at which muon was decayed,
b No hit in all the layers below the iron layer at which muon was decayed,
c Hit multiplicity in the layer <=3 with consecutive strip hits.

In the second step, the filtered muon tracks are fitted with both linear and circular fit.
Since, magnetic field was applied in the Y-direction, there should be no curvature
in the Y side hits. Hence, the Y side tracks are fitted only with linear fit. The muon
tracks are further filtered on the basis of the goodness of the fit. A χ2 error for the
straight line fit and the circular fit was accepted to be 25 and 50, respectively. In the
last step, an expected XY position (X0Y0) of the muon track in the layer below the
iron plate was extrapolated from the fitted tracks. The tracks in which the expected
XY position, in the layer below the iron plate, lie between 0 and 64 and has atleast
one TDC hit which is selected for further analysis. The hit within ±2 strips of the
X0Y0 was identified as a decay electron and the TDC time of which was stored as te.

The time difference between �t = te − tm was plotted in a histogram with a bin
size of 20ns and the data was fitted with the equation � t = A exp( t

τ
) + C and the

lifetime for the muon was calculated. Since the applied magnetic field was in the Y-
direction, the tracks with curvature in −X and +X direction are identified as μ+ and
μ−, respectively. The distribution of �t for μ+ and μ− along with the fit was shown
if Fig. 177.1. The muon lifetime obtained for the μ+ & μ− are (2.21 ± 0.01)µs and
(0.27 ± 0.02)µs, respectively.

In order to find the oscillation frequency (ω), a fast Fourier transform (FFT) of
the �t distribution with finer bin (500ps) was calculated and is plotted in Fig. 177.2
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Fig. 177.1 Time distribution of μ− (Left) and μ+ (Right) scintillators

Fig. 177.2 Left The FFT of the timing spectrum for μ+. Right The plot of the ratio between the
number of counts in each bin and the value obtained from the fit function

(Left). No peak could be seen at the expected frequency ν = 135.5MHz
T · 1.5 T =

203MHz. The oscillatory behavior of the early part (up to 100ns) of the μ+ lifetime
spectrawas closely observed by dividing the data in 500ps binwith the corresponding
fitted value and shown in Fig 177.2 (Right). However, no oscillation was observed.

177.4 Summary

The lifetime of muon in iron was measured as (2.21 ± 0.01) µs and (0.27 ± 0.02)
µs for μ+ & μ−, respectively. However, the modulation in the lifetime curve due to
μSR signal could not be measured. This could be either due to less amount of data
collected or due to the fact that the cosmic ray muon polarization is not retained in
5.6cm thick iron plate or due to the ionization energy loss of the decay electron, it
is not able to come out of the iron plate.
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Chapter 178
A Feasibility Study to Track Cosmic Ray
Muons with Solid State Detectors Using
GEANT4

S. Roy, S. K. Prasad, S. Biswas, S. Das, S. K. Ghosh, and S. Raha

Abstract We present the results of feasibility study for tracking cosmic ray muons
with silicon detectors using GEANT4 simulation platform. The cosmic ray energy
spectrumhas revealed newfine structures and consensus about the origin. The compo-
sition of the primary particles has not yet been reached. Although enormous amount
of data has been obtained both through direct measurements by means of satellite or
balloon borne experiments as well as indirect method such as Extended Air Shower
(EAS) experiments, there exist still a number of open questions. A fair knowledge
of the atmospheric muon energy distributions at Earth is very important for under-
standing the physics of cosmic rays. A prototype detector setup is realized using
GEANT4 package. Uniform magnetic field of varying magnitudes is applied across
the detection volume of (0.5m)3 to produce bending of the incident particle. At each
magnetic field value, the lower and upper cut on energy of cosmic muons that can be
measured using this detector setup is estimated. The detailedmethod and preliminary
results are presented.

178.1 Introduction

At sea level, togetherwith neutrinos,muons are themost abundant particles originated
by the interactions of primary cosmic rays at the top of the atmosphere. In the
primary interaction,many secondary particles are produced, in particular, pions. Such
particles can decay into muons. The muons suffer a feeble interaction through the
atmosphere. Therefore, they can transport direct information from the first hadronic
interactions and consequently information about the primary particle. Cosmic ray
flux measurements and air shower detection has been performed earlier and reported
[1–4]. We are exploring the possibility of using silicon detectors for tracking cosmic
ray muons. For this, we have designed a tracker using Silicon pad detectors in layers
[5]. The tracker has been simulated using GEANT4 [6]. In the presence of magnetic
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field, charged particles like muon will bend and from the curvature of the track we
can reconstruct the momentum of the particle. Our goal is to reproduce the nature of
cosmic ray muon energy spectrum in the low momentum regime.

178.2 Tracker Simulation

The cosmic muon tracker has been simulated using GEANT4. The physical dimen-
sion of the tracker is 50cm × 50cm × 50cm. The tracker has 10 layers and the gap
between each layer is 5cm. Each layer consist of 35 × 35 silicon pad detectors. The
silicon pads are 300µm thick and 1cm× 1cm in size.We have simulated a tracker of
silicon pad detectors to track cosmic muons and to determine their energy in the low
momentum regime. Keeping in mind the large size of the tracker, we have chosen a
realistic value of the uniformmagnetic field of∼0.5T, perpendicular to the direction
of motion of the muons (cosmic muons are assumed to be vertically incident on the
detector setup, although practically there will be muons from all directions). In a
particular case, if the cosmic muons are incident vertically (along-Z axis) on our
setup, then the magnetic field will be applied along X-axis. The incident muon hits
the silicon pad of the tracker layers. The hit points (x, y, z) and pad numbers on
different detector layers are recorded and used for track reconstruction.

178.3 Muon Reconstruction

The tracks of the incident muons are reconstructed using the recorded hit points
information of the muons on different detector layers. The radius of the track cur-
vature is estimated by fitting the reconstructed tracks. To reconstruct the momentum
of the muon passing through the tracker, the following relation has been used. The
equation is developed as shown below. We start with the Lorentz force.

F = q.v × B (178.1)

where B is the magnetic field, q is the electric charge of the particle, and v is the
velocity of the incident particle If v ⊥ B, then the particle moves in a circle. For
circular motion,

F = mv2

r
(178.2)

where r is the radius of the circular path Substituting (178.2) in (178.1), we get
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mv2

r
= qvB (178.3)

mv = p = qBr (178.4)

preconstructed = 0.3qBr (178.5)

in units of MeV/c, kilogauss, cm.
Using this relation and putting q = 1e, B = 0.5T, and the value of r from fitting

the muon tracks, we have calculated the momentum of the incident muons.

178.4 Results

Wehave studied the lower and upper bound of the incidentmuon energywhich can be
detected using this setup. The table below shows the lower and upper energy cut off
for cosmic muons that can bemeasured using this muon tracker operating at different
magnetic field values. It has been observed that below 15 MeV, the track is distorted
due to multiple scattering. At high energies, the track is nearly a straight line and the
upper cut-off is determined by finding out the energy for which the bending of the
track is smaller than the granularity of the detector. One of the important parameters
for a tracking detector is the resolution of the momentum reconstruction because this
would limit its use to a particular momentum range of the incoming particle. The
momentum resolution has been calculated using the following formula

�p

p
% = preconstructed ∼ pincident

pincident
× 100% (178.6)

Figure178.1 shows the momentum resolution of the muon tracker. It is found that the
tracker has a very good momentum resolution (<3%) in the energy range 200–1000
MeV/c. It is feasible to use this tracker in this particular energy range for cosmic
muons (Table 178.1).

Fig. 178.1 Muon tracker simulated in GEANT4 (left), Momentum resolution of the tracker (right)
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Table 178.1 Lower and upper cut on muon energy that can be measured with the tracker for
different magnetic field intensities

Magnetic field Lower cut Upper cut

(Tesla) (MeV) (MeV)

0.1 15 250

0.25 15 750

0.5 15 1850

0.75 15 2600

1 15 4000

178.5 Summary and Outlook

A prototype silicon detector setup is realized using GEANT4 simulation package.
Uniformmagnetic field of varyingmagnitudes is applied across the detection volume
of (0.5m)3 to produce bending of the muon. The lower and upper cut on energy of
cosmic muons that can be measured using this tracker is 15 MeV and 1850 MeV,
respectively, for a magnetic field of 0.5T and the tracker has a very good momentum
resolution (<3%) in themomentum range 200–1000MeV/c. Feasibility of the tracker
to measure cosmic muon energy by momentum reconstruction technique is studied,
and in future this may be implemented as well. Finding momentum resolution at
various magnetic fields for muons of different incident energy and for different
number of detector layers is in the future plan.
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Chapter 179
Update on Muon Reconstruction
for INO-ICAL

A. D. Bhatt and Gobinda Majumder

Abstract The INO-ICAL is a proposed neutrino physics experiment, which will
be made of 50 kTon of magnetized iron layers, formed of with 150 layers of
4m×2m×56mm thick iron plates, interleave with of RPCs as a sensitive detector.
To study the detector’s response to various particles, the GEANT4 toolkit is used to
simulate the matter particle interactions. The GEANT4 output is digitized for detec-
tor properties based on the data collected in the prototype detector at Madurai. The
momentum and direction of charged particle tracks are estimated using the Kalman
filter technique. In this work, the concept of fiducial volume for ICAL detector is dis-
cussed. Also, the measurement of the momentum of fully contained charge particles
using the total pathlength of the trajectory is explained and the results are compared
with the Kalman filter technique.

179.1 Introduction

The India-basedNeutrinoObservatory (INO) project is a proposedmulti-institutional
effort aimed at building an underground laboratory with a rock cover of approxi-
mately 1.3km at Pottipuram in Bodi West hills of Theni District of Tamilnadu in
India, with the main focus on research in non-accelerator-based high energy physics
and nuclear physics [1]. The primary focus of the programme is to study atmospheric
neutrinos with a magnetized Iron CALorimeter (ICAL) detector with the main goal
to measure the sign of the 2–3 mass-squared difference, �m2

32

(= m2
3 − m2

2

)
pre-

cisely through matter effects. The physics capabilities of ICAL are mainly derived
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from detection of muons through Charged-Current (CC) events produced from νμ

and ν̄μ interactions.
The muon response of ICAL detector was previously discussed in [2, 3]. In those

studies, both fully contained and partially contained events were considered for
analysis. Also, the muon response in the central region [2] of the central module of
the detector where the magnetic field is almost uniform and in the peripheral regions,
[3] where it is non-uniform were studied separately.

In the present work, the muons are studied with fully and partially contained event
separately irrespective of the region of the detector. If the muon event is fully con-
tained, then the range of the muon is precisely known. The momentummeasurement
from the range of the muon inside the detector gives a better estimation than curva-
ture measurement. This is applicable only for the fully contained event. In the next
subsection, an algorithm (for ICAL detector) used to tag Fully Contained (FC) muon
event and the calibration scheme for momentum estimate of these fully contained
events are discussed.

179.2 ICAL Detector Simulation

The ICAL detector is simulated using the GEANT4 toolkit [4]. Iron layers, 5.6 cm
thick, are interleavedwith the active RPCswith a 2mmgas gap. The spacing between
two consecutive RPCs is 9.6cm. The layout of the ICAL detector geometry is shown
in 179.1a. When a charged particle propagates through the ICAL detector, hits in
the X and Y strips of the RPC layers are recorded. The layer number provides the
z-coordinate. The details of the geometry in simulations have been discussed in [2].

In the previous work, the total RPC dimension in the simulation detector geom-
etry was 184cm×184cm×1.88cm. As per the detector design at that time, elec-

Fig. 179.1 a Schematic view of the 50 kt ICAL detector and b A basic RPC unit along with the
tray
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tronics board was to be kept on top of the RPCs. To accommodate that in the detec-
tor geometry, the electronic board material (G10) was uniformly spread over the
entire RPC. Hence, the thickness of RPC (in the geometry) was larger by an extra
cm. In the new RPC design implemented in the current geometry, the RPC size is
174cm×183.5cm×1.8cm. There are two triangular cuts on two diagonal corners
to accommodate two electronic boards (one for DAQ and another for H.V. power
supply) as shown in Fig. 179.1b. The RPC is kept in a tray made of Fibreglass Rein-
forced Plastic (FRP) material along with the two triangular electronic boards. The
RPC is not kept at the centre of FRP Tray but slightly off centre. The DAQ Board is
right angle triangle with side length 12.5cm and thickness 0.5cm, and H.V. Power
Supply Board is also right angle triangle with side length 10cm and thickness 0.5cm.
The RPC tray size is 191cm×194cm×3.4cm. This is the main difference in geom-
etry in the simulations framework as compared to previous works. The width of the
readout strip of RPC is 3cm. The other aspects of the geometry like the magnetic
field, etc. are as described in the previous work.

179.3 Fully and Partially Contained Events

For a “fully” contained event, the momentum measurement from the range of muon
inside the detector gives a better estimate than the one measured using the curvature.
The simple assumption for an FC event is that the vertex and end points of the
trajectory are inside the fiducial volume. Also, the Fiducial Volume is needed to
distinguish events produced in the rock from the events produced inside the ICAL
detector. The fiducial volume for ICAL detector is taken by excluding 2 RPC layers
from top and bottom and 3 strips on the either side of X- and Y-direction. To check
the validity of these criteria, single μ− events are generated in simulation. In the
generated dataset, there are two types of events, (i) Generated within Fiducial volume
(FGEN) and (ii)Generated outside of Fiducial volume (OGEN).After reconstruction,
extrapolation is needed to analyse the reconstructed position of the vertex of the tracks
to check whether it is within the fiducial volume or not. The events are observed in
the following criteria:

• FF—Generated fiducial and reconstructed fiducial—0.97± 0.01.
• FO—Generated fiducial and reconstructed outside—0.025± 0.001.
• OF—Generated outside and reconstructed fiducial—0.035± 0.001.
• OO—Generated outside and reconstructed outside—0.964± 0.007.

Now, the number of FO and OF combinations is quite small which implies the
reconstruction is quite accurate. But, it is not as simple as it is assumed. In Fig. 179.2,
a few types of possible events, which can be observed in ICAL detector, are depicted:

Event 1 Clearly coming from the outside and the criteria mentioned above will
clearly tag this as coming from outside the Fiducial volume.
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Fig. 179.2 Fiducial volume for ICAL detector

Fig. 179.3 Various possible FC and PC events in ICAL

Event 2 Coming from outside, but as the first hit is well within the detector volume,
it will be tagged as the event inside the Fiducial volume.

Event 3 Similar to Event 1
Event 4 Will be tagged as well as within the Fiducial volume.
Event 5 Starts from the 1st layer of ICAL, but along with hadron shower. In prin-

ciple, this event should be considered within my Fiducial volume but just
applying the criteria will not permit it.

Looking at these events, it is clear that the simple criteria of excluding some fixed
number of strips and layers from the boundaries of the ICAL detector is insufficient
to tag an event as Fully or Partially contained event.

The algorithm presented here can only be applied to muon tracks. Figure 179.3
presents some examples of fully and partially contained muon tracks possible in the
ICAL detector. In the algorithm, the track is extrapolated back to two layers in the
backward direction from the vertex and in the forward direction from the endpoint.
If the extrapolated points from one of the ends of the track are in the dead region of
the detector, then it is tagged as Partially Contained (PC) track. If the extrapolated
points are in the sensitive region RPC, i.e. the gas volume, then it is tagged as a FC
track. In Fig. 179.3, the red track is only fully contained, remaining others are all
partially contained. For FC tracks, the range of the muons is calculated easily as the
vertex and end point are within the sensitive region of the RPC. Using the range of
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muons to estimate the momentum will provide a better estimate than the curvature
in the magnetic field. For the current analysis, the description of simulation and the
conditions on event selection and cuts are discussed in the following section.

179.4 Calibration and Analysis of Fully Contained Tracks

In this study, onemillionmuon events are simulated in ICAL detector. The vertices of
these events are uniformly spread over the entire volume of detector. The events were
generated in momentum range from 0.5 to 20.5GeV and its momentum direction
was smeared uniformly in polar (cosθgen) and azimuthal (φ) angle. In the calibration
and analysis, only the events with one reconstructed track having minimum of five
layers in the track fit are selected. The events are segregated in different |cosθgen|
bins for calibration and analysis.

To obtain the calibration relation of momentum as a function of length of the
track, the first step is getting the scatter plot of the true momentum of muons vs the
density weighted pathlength of fitted tracks in the detector for selected events. In
Fig. 179.4a, for the events with all |cosθgen| bins (|cosθgen|ε [0.4, 1.0]) the scatter
plot is presented. As for events with |cosθgen| < 0.4, the reconstruction efficiency is
low, these events are not considered in these analysis [2].

To observe the calibration curve, the profile histogramme of this scattered plot is
constructed as shown in Fig. 179.4b. This plot shows the correlation between muon
momentum and density weighted range. It is fitted by a second-order polynomial
function. In this study, for each |cosθgen| bin, a different calibration is obtained as
well as for the events will all |cosθgen| bins to observe if there is any bias in the
calibration due to the zenith angle.

From the range information obtained from fitted tracks and the polynomial func-
tions obtained in the previous step, the muon momentum is reconstructed for each
event for two different calibrations (cosθgen dependent and all events). The distribu-
tion of

(
preco/pgen − 1

)
is plotted for different ranges of pgen and fitted by Gaussian

function as shown in Fig. 179.4c, d. The sigma (σ ) of the fitted Gaussian function is
treated as the resolution for the mean muon momentum of the particular momentum
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Fig. 179.4 a Scatter plots of muon momentum with range of muons in the detector. b Fitted
calibration function for relation between range of muons in the detector and momentum where p0,
p1 and p2 are parameters of the second-order polynomial function. Resolution plots for a pgen
of 1–1.5GeV and |cosθgen |ε [0.9, 1.0] c for momentum estimated using curvature fit and d for
momentum estimated from range calibration
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Fig. 179.5 Momentum resolution as a function of momentum for fully contained muon tracks.
Criteria 1 is for momentum estimated using curvature fit. Criteria 2 is for momentum estimated
using range calibration in different |cosθgen | bins. Criteria 3 refers to momentum computed using
range calibration of muon tracks with all |cosθgen | bins

range. In Fig. 179.4c, d, the
(
preco/pgen − 1

)
distributions for pgen range 1–1.5GeV

and |cosθgen|ε [0.9, 1.0], for two different methods of estimating the momentum is
presented. In Fig. 179.4c, the momentum is estimated from the curvature fit, and in
Fig. 179.4d, momentum is computed using range calibration of muon tracks with all
|cosθgen| bins.

In Fig. 179.4e–h, the momentum resolution is plotted as function of momentum
for different |cosθgen| bins. The black points in the plot represent resolution for
momentum reconstructed using curvature fit. The red and blue points in the plot are
for momentum computed using the calibration described here for fully contained
events. The small difference between Criteria 2 and 3 means that the impact of the
more precise calibration using individual cosθgen bins is quite small. Also, at lower
momentum, resolution is poorer because ofmultiple scattering, whereas in the higher
momenta bins, the number of events is less hence fluctuations are high. It is clearly
observed that for fully contained events momentum reconstructed using the range of
muons through the detector gives a better estimate than the curvature fit for a large
range of momentum (Fig. 179.5).

179.5 Summary

Here, an algorithm to tag “fully contained” muon tracks is described. Also, a method
of calibration to estimate momentum from the pathlength of the track for fully con-
tained muon trajectories is discussed. For the fully contained charged particle, there
is a substantial improvement of momentum resolution from the measurement of
pathlength in comparison with the result from the Kalman filter technique and the
ICAL experiment will use the pathlength technique for the fully contained events.
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