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Abstract We study the phenomenology of two lepto-
quarks, the Standard Model SU (2) singlets S; and U, with
regard to the latest experimental data from the low-energy fla-
vor physics measurements, LHC, and the IceCube neutrino
experiment. We consider a scenario when scalar (vector) lep-
toquark S; (Up) couples exclusively to the down quark and
the neutrinos (charged leptons) of all flavors, where the lep-
toquark in question couples to the SM lepton doublets. The
couplings of S; (Uy) to the up-type quarks and the charged
leptons (neutrinos) are in turn uniquely determined via SU (2)
symmetry. We find that the most important constraints on
the leptoquark parameter space originate from flavor physics
measurements, followed by the LHC search limits that take
over the flavor physics ones in the large LQ mass regime. We
furthermore show that S; (U;) marginally improves (spoils)
the fit of the current IceCube data with respect to the SM
case within the region of parameter space that is otherwise
consistent with various low-energy flavor physics measure-
ments and the latest LHC input. Our study offers an up-to-
date analysis for these two leptoquarks in view of the latest
experimental data.

1 Introduction

The leptoquarks (LQs) are hypothetical particles that directly
couple a Standard Model (SM) quark to a lepton. There are
12 (10) types of multiplets [1] under the SM gauge group
SU@B) x SU(2) x U(1l) with this ability if one assumes
presence (absence) of the right-handed neutrinos. They can
either be of scalar or vector nature but are, in all instances,
triplets under the SM SU (3) group. The LQs emerge in a nat-
ural way in many New Physics (NP) proposals such as the
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Grand Unified Theories based on Pati—-Salam model [2,3],
SU(S) [4], SO(10) [5,6], supersymmetry with R-parity vio-
lation [7], and composite models [8,9]. Most recently LQs
have been singled out as the most promising candidates
for the explanations of anomalies in the low-energy fla-
vor physics experiments [10-13] concerning the B meson
semileptonic decays that hint at the lepton flavor universality
violation. The anomalies in question, i.e., Rpe and Ry e,
usually require that the LQs couple strongly to the heavy
quarks and leptons. This particular regime has thus been
studied extensively in the context of both scalar [14-19] and
vector [17,18,20-25] LQs with few notable exceptions [26].
We are interested, in this manuscript, in the scenarios when
LQs primarily couple to the quarks of the first generation
and neutrinos of all flavors and investigate the viability of
the associated parameter space spanned by the LQ masses
and coupling strengths in view of the latest experimental
data from flavor physics, LHC, and the South Pole situated
IceCube detector. We accordingly study the implications of
the most recent and the most relevant experimental results
on the parameter space for two representative LQ scenar-
i0s. One scenario features scalar LQ S; and the other uses
vector LQ Uy, where both fields are singlets under the SM
SU(2) group, allowing them to couple to both the left- and
the right-handed quarks and leptons. We perform, in partic-
ular, a thorough analysis of the viability of the S (U;) sce-
nario assuming non-zero couplings between S (U;), down
quark, and neutrinos (charged leptons) of all three gener-
ations, where the LQ in question couples to the SM lepton
doublets. Consequentially, S; (U1) couples up-type quarks to
charged leptons (neutrinos). We also entertain the possibility
that S; (U;) couples down quark (up quark) to the right-
handed neutrinos to investigate the sensitivity of the latest
IceCube data to constrain the associated parameter space.
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The outline of the paper is as follows. We describe the
two LQ scenarios and the flavor ansatz considered in our
work in Sect. 2. The constraints from the low-energy flavor
physics experiments for these two LQ scenarios are presented
in Sect. 3. The LHC constraints from the single LQ and the
LQ pair productions are discussed in Sect. 4. We then perform
the data analysis of the IceCube PeV events within these two
frameworks in Sect. 5. The combined analysis using the low-
energy flavor observables, along with the LHC results and
the latest IceCube data, for both S7 and U, is presented in
Sect. 6. Finally we conclude in Sect. 7.

2 Leptoquark scenarios

We briefly review in this section the LQ scenarios we con-
sider in our work. The two representative scenarios that are
addressed in our analyses are the scalar LQ S and the vector
LQU;.

2.1 Scalar leptoquark S; = (3,1, 1/3)

We study the signatures of S1, whose SU (3) x SU(2) x U (1)
quantum numbers are (3, 1, 1/3), on the flavor, LHC, and
IceCube observables. In our normalisation the electric charge
of S is 1/3 in the absolute units of the electron charge. The
relevant Lagrangian terms, in the mass eigenstate basis, are
of the form

£ —tuydf sl + vy abisie]

+yRdS ! S1v +he., Q2.1

where the subscripts i, j(= 1, 2, 3) denote the flavor of the
quarks and leptons, V is the Cabibbo-Kobayashi-Maskawa
(CKM) mixing matrix and U is the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) mixing matrix. We work under
the assumption that the only non-zero S; couplings are
o=k vh = ijﬂ, and y{3 = yj, . We also enter-
tain the possibility that S; couples to the right-handed neu-
trinos and we set the couplings yf = yfue, R = yfvu, and
yfg = yfur to be equal to each other, if and when switched
on. All the other LQ Yukawa couplings are set to zero. Note
that the S; couplings with the up-type quarks and charged
leptons are fixed by the CKM mixing matrix.

2.2 Vector leptoquark U1 = (3,1, 2/3)

The relevant Lagrangian terms for the U; LQ, in the mass
eigenstate basis, are

LD (VTXLU),-]-L?’IL)/“ULHV{ + ijfzil/“Ul,uei

+x {5y Ut v +he.. (22)
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We consider the scenario where Uj only couples to the down
quark and charged leptons of all three generations with

L _ L L _ L L _ L
X11 = Xde> X12 = Xdp»  X13 = Xde- (2.3)

We also analyse the possibility when the couplings X1R1 =
XuRue’ X1R2 = levu, and Xllg = var of U, with the up quark
and the right-handed neutrinos are switched on and equal to
each other. All other U; couplings are set to zero.

3 Low-energy constraints

The LQ interaction ansatz defined in the previous section
can lead to leptonic decays of pseudoscalar mesons or fla-
vor changing processes at both the tree and the one-loop
levels. The LQ couplings to the first generation quarks and
electron are strongly constrained by the atomic parity vio-
lation (APV) experimental results. The experimental upper
bounds on the £ — {'y decay branching ratios, with the
LQ contribution coming in the loop, will also constrain the
couplings of S; with the quarks and leptons. These branch-
ing ratios receive contribution from both the left-handed as
well as the right-handed couplings of the quarks to the lep-
tons. The upper limits on the lepton flavor violating decays
of 1 and 7 leptons are obtained from various experiments
with BR(w — ey) < 4.2 x 10713 [27], BR(r — ey) <
3.3 x 1078, and BR(t — puy) < 4.4 x 1078 [28] @
90% C.L.. S; also contributes at the tree level to the rare
flavor process D® — p* ™. The most recent measurement
of this branching ratio comes from LHCb [29] and reads
BR(D® — ™) < 7.6 x 1072, The same couplings con-
tribute to the D® — DY oscillations. Following the study of the
LQ effects in the D? — D oscillations explained in detail in
Refs. [1,30], we require that the LQ contributions are smaller
than the current bounds on the D — D® mixing amplitude.

Since the LQs, in our case, yield new contributions to
¢ — {'y,the APV measurements, the rare meson decays, and
the ratio of the leptonic decays of the pseudoscalar meson,
we take into account all these constraints.

Lepton flavor violation in the pion sector

The contribution of weak singlets S; and U; to the pion
muonic decays is different from the pion electron decays due
to the different values of e and p couplings with the first
generation quarks as well as the dependence on m, and m,.
The effects of this type can be exposed by the lepton flavor

universality ratios Rg/ u and R7 0 where
. _BR@ —ew) . BR@ -7 b
¢/ 7" BR(n— — uv) T BR(r— — u )’

3.
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Table 1 Numerical values of parameters used in our calculation, taken from PDG [32]

™ (3) 4.1 x10713 T () 2.603 x1078 o) 2.903 x10713
mp (GeV) 1.86 my (GeV) 0.140 m; (GeV) 1.7768
m, (GeV) 1.28 me (GeV) 0.51 x1073 my (GeV) 0.105
fp MeV) 212 fr MeV) 130.41
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Fig. 1 The allowed parameter space after taking into account the results from the most relevant low-energy flavor experiments

with the experimental result RY u lexp = (1.232740.0023) x

10~* and the SM value R, Ism = (1.2352 4 0.0001) x
1074 [31] (see Eq. (A.2). The measured ratio is Rf/ﬂlexp =
0.1082 = 0.0005 [32], while the SM value is found to be
R7,, Ism = 0.1088 £ 0.0002, using Eq. (A.2).

We list the formulas for the branching ratios of the pion,
D° meson, and the t lepton for the S; and U; cases in
Appendix A and specify numerical values of input param-
eters relevant for our analysis in Table 1. We further-
more summarize in Fig. 1 results of a randomized scan
within the parameter space (mgs, € (300GeV, 1.5TeV),
ygve, ygvﬂ, ijr € (0.0,0.8)) and (my, € (500GeV,
2.5TeV), xé‘e, XdL,u Xjr € (0.0, 0.8)) that takes into account
the constraints from the pion sector, APV, the rare radiative
decays £ — €'y, and D — ptu~ decays. The plots in
Fig. 1 show currently allowed parameter spaces of the left-
handed couplings of the down quark and the first generation
leptons as a function of the LQ mass as well as the correla-
tions between different left-handed couplings. We find that
yﬁug and ijﬂ (x}t and x ju) cannot be simultaneously large
due to conflict with the current results from the low-energy
sector in the S7 (Uj) case. This can be clearly seen in the
panels of the second column of Fig. 1. We therefore mainly
work, in what follows, in the presence of the left-handed cou-
pling of the down quark and the first generation leptons, with
the other couplings being set to zero.

The flavor experiments constrain the parameter space of
the vector LQ more tightly than that of the scalar one. The
S1 LQ also contributes at the loop level to the Z — €€

decay amplitude, with S; and the up-type quarks running in
the loop. The Z branching ratio to a pair of leptons has been
precisely measured at LEP [32], thereby imposing constraints
on the S§7 parameter space. We have used formula for the
one-loop contribution of §7 computed in Ref. [33] and found
that the bounds on the LQ couplings from the Z leptonic
branching ratio are not up to par with the other experimental
constraints considered before. The loop level contribution to
the Z — €€ decay amplitude in case of U] is also negligible
for the parameter space that survives the other low-energy
flavor physics experiments.

We next discuss the LHC limits on the LQ masses and
their couplings.

4 Constraints from the Large Hadron Collider

The LQ couplings to the quark-lepton pairs have been con-
strained through both direct and indirect searches in a num-
ber of collider experiments. Prior to the LHC era, the LQs
were searched for at LEP [34], HERA [35,36] and Teva-
tron [37,38]. The LQs have been hunted for at the LHC
mainly through pair production [39-41] but there are also
several searches/recasts that rely on the single LQ produc-
tion [42] as well as dilepton [43] and monolepton [26] Drell-
Yan processes to generate constraints. For a summary of cur-
rently available bounds on the LQ masses and associated cou-
plings from the LHC searches for various flavor final states
see, for example, Refs. [44,45].

@ Springer
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The LQs are pair-produced through either gg or ¢g fusion
that is primarily dominated by the QCD interactions. There is
also a Yukawa coupling contribution to the LQ pair produc-
tion, corresponding to a r-channel process, with its amplitude
being proportional to the product of the two relevant Yukawa
couplings. This 7-channel process is highly suppressed com-
pared to the QCD driven one, unless the Yukawa couplings
are rather large. The production cross section at the LHC
for a pair of vector LQs, when compared to the scalar ones,
additionally depends on the underlying theory for the origin
of vector LQs. The relevant trilinear and quartic couplings of
vector LQs to a gluon or a pair of gluons is then completely
fixed by the extended gauge invariance of the model wherein
the vector LQs appear as fundamental objects. We here work
in the limit, where the vector LQ is some low energy mani-
festation of a more fundamental theory at high energy scale.
The vector LQ-gluon interaction terms can then be obtained
from the most general SU (3) invariant effective Lagrangian
given by
Ly D —igU{ ,G" U\, @.1)
where G"V is the gluon field strength tensor and « is a dimen-
sionless parameter which we consider to be 1 for our calcu-
lations.

Dedicated studies have been performed at the LHC,
assuming LQ pair production and a 100% branching ratio
(BR) of LQ decaying into a charged lepton and jet (jj¢+e™,
where £ = e, ) or to jet and missing energy (jjvv). Con-
sidering the model Lagrangian in Eq. (2.1) (Eq. (2.2)) in
the S1 (Up) case, the final states relevant for our analysis
are jjee, jjuu, and jjvv, with jv having the dominant
branching ratio. There being no distinction made in the LHC
LQ searches in case of the light quark jets (u, d, ¢, s), we
can consider the LHC limit directly. The upper limits on
the LQ production cross section times BR? for these final
states are provided by the LHC collaborations [39,46,47].
The LQs coupling to first-generation quarks and electrons
or muons are also sought in single production processes, i.e.,
pp — £T£~ j [42]. This process occurs via s- and ¢- channel
quark-gluon fusion and is directly proportional to the Yukawa
coupling of the u(d) quarks to the leptons. The single pro-
duction of LQs at 8 TeV LHC [42] is also considered in our
analysis.

We show in Fig. 2 the allowed parameter space for two
different choices of values of relevant couplings of S; (U;)
as a function of mg, (my,). In an effort to confront the LHC
constraints with the flavor physics measurements, we con-
sider two particular scenarios: (i) yfi‘ve (x 5}) = ijﬂ (x dLM) and
(ii) yévg (x dLe) =y a%u, (x dLT). The region below the purple line
in Fig. 2 is currently allowed by the low-energy experiments
at the 2o level, as discussed in Sect. 3. The parameter space
allowed by the LHC, at 95% C.L., is the region below the

@ Springer

brown line in case of LQ pair production and the subsequent
decay to light quarks and leptons. The allowed region from
the single LQ production is the area below the green (for
gete™) and blue (for gu™ 11 7) lines. In the single LQ pro-
duction, the process pp — gete™ is proportional to the
Yukawa coupling y‘%‘)g (x dLe), whereas pp — gu™ ™ is pro-
portional to iju (x dLu) for the S (Uj) case. Therefore no
limit is obtained from the process pp — gu™ ™, in case of
Yine X = Vi, (X)-

The low-energy experiments, as discussed in the previous
section, do not allow simultaneous presence of large values
for the couplings of the first generation quarks to electrons
and muons. Therefore the choice ijg( X 56) = yjuﬂ (x 5#) is
strongly constrained by the flavor physics measurements.
The single LQ production has more stringent limits than
the pair production for ee final state at large LQ masses.
This is due to the final state phase space. The blue dotted
line in Fig. 2c is incomplete as the experimental result from
pp — qu " is provided up to the LQ mass of 1.8 TeV. The
most stringent constraint on the available parameter space
currently comes from the low-energy flavor experiments
denoted by the purple line. The LHC direct searches from
the LQ pair production currently exclude mg, < 700GeV,
and my, < 1700GeV, irrespective of the choice of couplings
as long as LQ decays promptly. A study done in Ref. [26]
has shown that stringent limits can also be obtained on the
strength of the LQ coupling to the first generation quarks
and left-handed electrons and muons through the monolep-
ton searches.

We study next in details the effects of S; and U; on the
observed IceCube PeV events.

5 PeV events in IceCube

The observation of the High Energy Starting Events above
100 TeV at the South Pole situated IceCube detector [48-51],
consistent with a flux of high-energy astrophysical neutrinos
from outside the galaxy, has motivated a large number of
studies that explore the IceCube potential to test various NP
models. Since some of the most studied NP sources are var-
ious LQ scenarios our intention is to investigate whether the
latest IceCube data [51] might offer an independent way to
constrain the LQ mass my g and the strength of its couplings
to the quark-lepton pairs that would be on par with the flavor
and collider physics constraints.

The high-energy neutrinos coming from outside the atmo-
sphere are detected in the IceCube detector by observing the
Cherenkov light emitted by the secondary charged particles
produced in the interaction of the neutrinos with the nucleus
present in the ice. The charged current (CC) and the neutral
current (NC) interactions have distinctive topologies depend-
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Fig. 2 The allowed parameter space in case of S; and U from differ-
ent experiments discussed in the text. The area below the brown (blue
and green) line is compatible with the LQ searches through pair (sin-

ing on the flavor of the incoming neutrinos. The shower-like
events are induced by CC of v, and v, interactions and NC
interactions of neutrinos of all flavors. The tracks are pro-
duced in the CC interactions of v, and v; (r produced in
the final state decays to v; v, u, giving a distinctive double
cascade signature). The expected total number of events at
the IceCube from the NC or CC interactions in the deposited

energy interval [E fiep, E ({ep] can be written as

f f
dej o0 . d
" dEqep / dE, Attf (E)20x
0

E
k,ch, f __
Nvg =T NA/ # dE,

i
E dep

1
k,ch k.ch k.ch
X / dyMest (Eqpe )R(Erye > Edeps 0 (Eqpye )
0

dof"(E,, y)

(4

dy , (5.1

Vi

- R _
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Xdu= Xuvl_o
L2¢ pp - U1Uy
----- pp—qete”
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L _ L
Xde=Xdr

2000
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(d)

gle LQ) production, at the 95% C.L., at the 13TeV (8§ TeV) LHC. The
region enclosed by the purple line is allowed by the low-energy flavor
experiments, at the 2o level

where T is the exposure time in seconds comprising 2635
days of data taking [51], N4 is the Avogadro’s number
6.022x10%3, k is showers and tracks for each channel
v¢e = {e, i, T} induced by the charged and neutral current
interactions (ch) for an incoming neutrino flux of type f
(astrophysical (a), conventional atmospheric (v) or prompt
atmospheric flux (p)). The effective mass of the detector,
Meff(Etkr’uceh), is a function of the true electromagnetic equiv-
alent energy and is defined as the mass of the target mate-
rial times the efficiency of converting the true deposited
energy of the event into an observed signal. The energy
resolution function is given by R(EL, Egep, o (EfCH)
and is represented by a Gaussian distribution [52]. The
effect of the earth’s attenuation, in case of neutrino’s energy
above a few TeV, where the mean free path inside the

earth becomes comparable to the distance travelled by the

@ Springer
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Fig. 3 The relevant Feynman

. ) d Ve

diagrams for the neutrino-quark

interactions mediated by the Y d

scalar LQ S S -
1 174
1

Vé/\ d

(4)

Fig. 4 The relevant Feynman
diagrams for the neutrino-quark
interactions mediated by the
vector LQ U

neutrino, is denoted by Att,,(E,). The incoming neutrino
flux is given by dqbvfe /dE,, where the incoming astro-
physical neutrino flux follows the isotropic single unbro-
ken power-law spectrum. This spectrum is given by [51]

)V
where fy is the fraction of neutrinos of each flavor £. The
fit is performed assuming a (1/3 : 1/3 : 1/3)g flavor
ratio, which yields the best fit value for the spectral index
y = 2.89fg:?8, with a normalization @ 6.451'(1):32 X
10~ 18 GeV ecm™2s~'sr~! at 1o significance.

The neutrino-nucleon differential cross section for differ-
ent channels in case of the CC and the NC interactions is
given by da‘fZ’ (Ey, y)/dy. The SM differential cross section
is given by Eq. (B.1) in Appendix B. At the IceCube detec-
tor the neutrinos interact with the nucleons present in the
ice. We assume that the natural ice nucleus can be treated
as an isoscalar with 10 protons and 8 neutrons. We calcu-
late the event spectra of showers and tracks for each fla-
vor in case of SM assuming an isotropic power-law spec-
trum. Since we find that the largest contribution to the event
spectra comes from the v, showers, the electron neutrino
should be sensitive to the NP effects if one is to have an
enhanced effect compared to the SM. We therefore study
next the effect of S and U; on the IceCube spectrum when
these LQs couple the first generation quark to the elec-
tron.

The scalar LQ S| mediates the NC interactions ved — ved
and vpd — vpd and the CC interactions veu — o,
wii — 0'd, and dvp — ul, dvy — ul', where ¢ #
¢'. The Feynman diagrams for the relevant processes are
shown in Fig. 3. The charm contribution towards the ¢-
channel CC process depicted in Fig. 3(iii), due to small
PDFs, is maximally around 0.001% for the choice of the

astro

e
dE,

E,
100 TeV

= 3<1>0fe< (5.2)

@ Springer

ﬁj\/ 0,0
Sl d Y d S] U
- 'S D> e
e : ve 0
(i7) (ii7) (iv)

(i)

(iid)

(iv)

mass and the couplings considered here and is therefore
neglected. The differential v; N cross sections, in the pres-
ence of the S interactions, are given by Eq. (B.8) in
Appendix B.1.

The vector LQ U; contributes to both the NC and CC
interactions. The relevant Feynman diagrams, in the pres-
ence of Uy, are shown in Fig. 4. The u; in Fig. 4 repre-
sents the contributions from all three generations of up-type
quarks. Note, however, that the charm contributions towards
the NC processes, due to small PDFs, are of the order of
0.001% and can be safely neglected. The differential v; N
cross sections in the presence of the U interaction are given
by Eq. (B.10) in Appendix (B.2). The U; LQ compared to
the S7 case interferes with the SM leading to interesting
features. Since the U; LQ interferes with the SM contri-
bution, we show in Fig. 5 the ratio of the v, N total cross
sections for the SM + U; and the SM for different values
of masses and couplings. The interference effect is clearly
visible for low values of mass and large values of x dLe. The
seven years of IceCube data have fewer events when com-
pared to the SM in the 200-300 TeV energy range whereas
for energies above 1000TeV there are more events when
compared to the SM. It can be seen from Fig. 5 that there is
a crossover in the relevant energy range making it an inter-
esting feature for a more detailed study. We would like to
point out that the inclusion of x dLM and/or x dLT will push the
crossover away from the interesting energy range. The three
couplings then have to be adjusted so as to get the required
effect.

We study whether the SM + LQ scenarios result in
a better or a worse fit of the IceCube data compared
to the SM case by calculating parameter § that corre-
sponds to the percent change in x2 [53]. We accordingly
define

bins
2 _ (Nmodel,- - Ndata,» )2
Xmodel = Z N ’
i>100TeV data;
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Fig. 5 The ratio of v, N total cross sections between the SM + U; and the SM for different masses and couplings of U

yévﬂz Yc[isz y{ievlz 0
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0.5
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ms, (GeV)

Fig. 6 The contour lines of constant § in the m, (Ul)—yﬁvc (x dLe) plane

showing the percent change of x2 compared to the SM case. The region
to the right of the dotted curve in case of S; and above the dotted curve

2 2
Asm — X
3=100%Xw’

XSMm

(5.3)

where the observed number of events Nga; in each bin
i is compared with the LQ scenario prediction and, in
our case, LQ = S, U;. We consider the events in the
neutrino deposited energy range [60TeV, 10PeV] that is
divided in 20 logarithmic energy bins. We initially use
only the data for the bins with the non-zero number of
events.

The SM value with the best fit value of y and Cq from the
IceCube data results in a x 2 value of 0.15. This shows that the
current IceCube data is quite compatible with the SM. The
NP contribution to the number of events in each bin depends
on the values of ije’d%dvr, yffw, and my, (XdLe,du,dr’ XMRW’
and my, ) in the §; (U;) case. We present in Fig. 6a contours
of constant § for the SM + S| scenario in the m, - ijg plane.
Since the S} contribution simply adds to the SM one, a small
mass and a large value for the LQ-neutrino-quark coupling
will lead to an enhanced number of events in each bin. This
is beneficial for (detrimental to) the bins where there is an
observed excess (lack) of events compared to the SM case.

L L R _
de# ’Xd"‘r 5de1 =0

2.0 5

00 T T T
500 1000 1500 2000

my, (GeV)

2500

in case of U] results in a fit comparable or better than the SM one. The
region above the blue line is excluded at the 2 o level by the limits from
the APV experiments

The hatched region above the blue line in Fig. 6a is currently
excluded at the 20 level by the APV results. The region to
the right of the black dotted curve in Fig. 6a results in a fit to
the IceCube data that is marginally better than the SM one.

The contours of constant value of § in the SM + U sce-
nario are shown in Fig. 6b for the my,-x 5} parameter space.
The region above the black dotted curve results in a fit of
the IceCube data that is better than the SM one. It can be
seen, through comparison of Fig. 6a, b, that the U; sce-
nario has much larger region of parameter space that results
in a better fit compared to the SM case than the S; sce-
nario due to the fact that U; signatures interfere with the
SM. The 20 limit on xJ, from the APV experiment, i..,
X[];e < 0.34 x my, /(1 TeV), as a function of my, is shown
by the blue line, with the region above the blue line being
excluded.

The couplings of S| and U; with the right-handed neu-
trinos are first fixed to zero, for simplicity. We find that the
best fit to the recent IceCube data in the U; case is obtained
for my, = 710GeV and x%, = 1.25 and results in a 9.5%
improvement over the SM fit. This is in contrast to the S}
case, which for most of the parameter space considered in
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Fig. 7 The total event rate, with the LQ contribution for my, = 710GeV (Xje = 1.25, deﬂ, deT = 0) (left panel), and mg, = 710GeV (ije =1.2,
yfvu = yﬁvr = 0) (right panel). The gray shaded region and the bin with zero events are not included in the fit
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Fig. 8 Themg, —ijp (left panel) and my, -x b, (right panel) parameter  left of the brown line is currently disallowed at 95% C.L. by the 13 TeV
space where the region above the blue line is disallowed at 2o level LHC data on the LQ direct searches via the jjvv, jjee, and jjuu final
from 2635 days of IceCube data. We also show the low energy disal- states. The single LQ production is also included in the S case

lowed region (space above purple line) at the 2 o level. The region to the

our work either results in a fit worse or comparable to the =~ 6 Combined analysis of the low-energy flavor physics,
SM. Therefore we show in the left (right) plot of Fig. 7 the LHC, and IceCube constraints
contribution of U; (S7) for mass of 710GeV and yx dLe =1.25
(ijg = 1.25), which gives 6 = 9.5% (6 = —2.9%). All  Our goal is to combine the low-energy flavor physics, LHC,
other couplings are set to zero. and IceCube constraints on the parameter spaces associated
We see from the above analysis that no significant devia-  with the S; and U scenarios. The summary of our analysis
tion from the SM prediction is seen in the current IceCube of these constraints on the mg, (mUl)—ije( X je) parameter
data. We use this information to put an upper bound on the  space is shown in Fig. 8. The LHC constraints from the LQ
yf;ve(xé‘e) coupling as a function of mg, (my,) through a  pair production with the dijet + MET, jjee, and jjuu final
binned likelihood analysis with the Poisson likelihood func- states are considered and the currently allowed space, at 95%
tion [54]. This constraint obtained on the S; and U parameter C.L., is shown by the area below (right of) the brown line
space is then compared with the results from the low-energy  in case of S; (U;). The region below 850GeV (1.6 TeV) in
flavor experiments and the LHC in the next section. the S7 (Uy) case is completely excluded by the LHC data.
The region below the purple line in Fig. 8 is allowed by

@ Springer
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Fig. 9 The allowed parameter space at 95% C.L. from the 13 TeV
LHC direct LQ searches is shown in brown in the yﬁve - yffw plane, with

ydLUM = yj, = 0for mgs, = 800GeV (left panel) and ms, = 1TeV

the flavor observables and the radiative decays of leptons.
The region above the blue line is currently disallowed by
IceCube data at 2o level. For our statistical analysis of the
IceCube constraints, the LQ mass and the couplings are kept
as free parameters, with y and Cy fixed to the IceCube best fit
data. We have used, for our numerical calculation, the (1/3 :
1/3 : 1/3) flavor ratio for the incoming flux. Even though the
IceCube data alone favors U; over S; the actual parameter
space allowed by the low-energy flavor experiments and LHC
corresponds to the region where S; (U1) marginally improves
(spoils) the IceCube data fit when compared to the SM case.
Overall we find that the limits obtained from the most recent
IceCube data are considerably weaker when compared to the
constraints from the low-energy observables and direct LQ
searches at the LHC. This is mostly due to the current lack
of statistics in the high-energy bins of the IceCube spectrum.

We next discuss the effects of inclusion of y zfvz on our anal-
ysis. The leading processes for the LQ pair production at the
LHC will be via the initial state of gg, uu, and dd. The cross
section in the S; case will be particularly enhanced through
the dd initial state for large values of the right-handed yfv[
couplings. That regime will generate large branching ratio
of S1 to jv and will, therefore, be strongly constrained by
the jjvv final state searches at the LHC. We show in Fig. 9
the allowed parameter space from the LHC in brown in the
Vi, -V, Plane with ydLvM = yj,, = 0 for ms, = 800GeV
(left panel) and 1 TeV (right panel) and contours of constant
values of § in green. Since the IceCube data are more sen-
sitive to the v, coupling we consider this particular choice
to check the effect of y}fw on ygw. Clearly, the inclusion of

yfw slightly spoils the fit of the IceCube data in the region

mg, = 1000 GeV, yﬁvﬂz yﬁ,,T= 0

R
Ydv;

0.2

0.4 0.6 0.8

yéVe
(b)

(right panel). The contours of constant value of §, as defined in Eq. (5.3),
show the percent change in x2. The purple points are allowed at the 2 o
level by the low-energy flavor constraints discussed in Sect. 3

of interest. This is expected since the coupling yfw only
appears quadratically in the final state of the vV cross sec-
tion. Note that ytlfw is also tightly constrained by the flavor
observables and we present in Fig. 9 the allowed region by
purple points.

The inclusion of the U; couplings to the right-handed
neutrinos follows the same pattern as in the Sy case. Pro-
vided that the right-handed neutrinos do not contribute to
the initial state, the current IceCube data are not sensi-
tive to these couplings. The consideration of the right-
handed neutrinos in the initial state will lead to a change
in the initial flux at the source. This flux will depend on
the mass of vf and also on the possible decay channels
in case of heavy vf . This is beyond the scope of present
analysis. The resulting final high-energy cosmic neutrino
flux ratios on earth by the possible mixing between the
three active neutrinos and the fourth sterile neutrino have
been studied in Ref. [55]. The explanation of the PeV neu-
trinos at IceCube, with the consideration of heavy right-
handed neutrino, acting as a dark matter has been studied
in Ref. [56].

7 Conclusions

We analyse the impact of the latest low-energy flavor physics
measurements, LHC search limits, and IceCube data on the
parameter space of the electroweak SU(2) singlet scalar
(vector) LQ 81 (Up). We perform, in particular, a thorough
analysis of the viability of the S; (U;) scenario assuming
non-zero couplings between S; (U;), down quark, and neu-
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trinos (charged leptons) of all three generations, where the
LQ in question couples to the SM lepton doublets. Con-
sequentially, the SU(2) symmetry of the SM requires that
S1 (U1) couples up-type quarks to charged leptons (neutri-
nos).

We find that the limits obtained from the most recent Ice-
Cube data are considerably weaker when compared to the
constraints from the low-energy observables and direct LQ
searches at the LHC and we quantify this inferiority. We
attribute this disparity in constraining power to the current
lack of statistics in the high-energy bins of the IceCube spec-
trum. Even though the IceCube data alone favors Uj over Si,
the viable parameter space allowed by the low-energy fla-
vor physics and the LHC data analyses singles out the region
where S| (U1) marginally improves (spoils) the IceCube data
fit when compared to the SM case. In this region, in the S}
(Uy) case,mg;, > 900GeV (my, > 1.6TeV) and the relevant
S1-neutrino-down quark (U;-neutrino-up quark) coupling is
small. We have also verified that the couplings of both S7 and
U, to the right-handed neutrinos are not being sensitive to
the current IceCube data provided that the right-handed neu-
trinos only contribute to the final state. Since we investigate
scenarios where LQs primarily couple to the first genera-
tion quarks, the most important constraints originate from
flavor physics measurements, followed by the LHC search
limits that take over flavor physics limits in the large LQ
mass regime.
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A Formulas

We list here the different branching ratios used for our anal-
ysis in Sect. 3.

BR(D" — ppu)

2 2 2
—opf2md OF [y M|y v
- D™D —
64 sz ml)mé1
2

(Vv a(ViyE)n (A.1)

The m — £v and the T~ — s~ v branching ratios at the
leading order in SM are given by:

G2 AN
BR(7 — €9)|sm = rng—;fﬁmnm?wu'z(l - m_§> ’
T

G2 m2 2
BR =L 2mdivipP1- =) .
T~ =7 V)|sm = Trl6 mz| Vi 2
(A.2)

The electroweak corrections to BR(w — £v) were calcu-
lated in Ref. [31] and for BR(t~ — 7~ v) in Ref. [57]. The
relevant branching ratios in the LQ models is given by,

G2 m% 2
BR(m — 4v) = 10 — - —
( ) T8 n ﬂ( m%)
/% 2, mp 202
2 Vil +m—c Re vu(qujZU,,(qu,
LQ i=1

2
v
o (ngn, Z gl
LQ i=1
6} g)l/
+C/ 2 2 q
2' lll my +my
G2 m2 2
F 2 2 pig
BR(t7T - nv)=1— - —
o G- )
m% 2 m: v % L ’ % L
m72| 11l +m7C72Re V[l(yq()13ZU3j(qu)li
T MLQ i=1
'U2 2
o (ngmzuy,,vm
miqQ i=1
3 (
y g)l?
+c’ m2|—4—— A3
> vR1PmE P (A.3)

i=1

with i, = YEU(VIXPU), g = Vi (xh), € = 402),
and C’ = 1(2) inthe S;(U}) case. The light quark masses are
determined at the LQ mass scale. The subscript j in Eq. (A.3)
takes on the values of 1 and 2 for e™ and ™ respectively.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Eur. Phys. J. C (2020) 80:204

Page 11 of 14 204

B Neutrino-nucleon differential cross sections

The neutrino-nucleon scattering in the SM gives rise to
the charged current (v,N — ¢X) and the neutral current
(veN — v¢X) interactions mediated by W and Z bosons,
respectively. The target nucleon N is an isoscalar nucleon
with N = (n + p)/2, X is the hadronic final state, and
{ = e, i, 7. The SM differential cross sections in terms of
the scaling variables are given as

d*cSS  2GimyE, ( m3, )2
dxdy T 0% +m3,
[xatx. 0 +x3(r 0D =], ®BD)
dza%? . G%mNE,,
dxdy 2
[xa°r. 0% +23° 00 - 2], B2

where —Q? is the invariant momentum-square transfer to
the exchanged vector boson, m y and my (z) are the nucleon
and intermediate W (Z) boson masses, respectively, and G ¢
= 1.166378 x 107> GeV~2 is the Fermi coupling constant.
The differential distributions in Eqs. (B.1) and (B.2) are with
respect to the Bjorken scaling variable x and the inelasticity
parameter y, where

(B.3)

E, denotes the energy carried away by the outgoing lepton
or the neutrino in the laboratory frame while x is the fraction
of the initial nucleon momentum taken by the struck quark.
Here, ¢ (x, 0*) and g(x, 0°) (¢°(x, 0*) and ¢"(x, Q%)) are
the quark and anti-quark density distributions in a proton,
respectively, summed over valence and sea quarks of all fla-
vors relevant for CC (NC) interactions:

uy(x, 0%) +dy(x, 0?)

q(x, 0% = 5
2 2
+ us(x, O );LdS(x’ ) + 55(x, Q%) + bs(x, Q).
(B.4)
2 2
Gx, 02 = W QD EA( 0T | 0% 1y, 02,

2
(B.5)

S

m2 2
0 2 Y4
(x, 0% = ()
Q2 +m2Z
[(uv(x, 02) +dy(x, Q%)
2

2 2
LY );-ds(x, Y )) (L2 +L3)

L 0% ;ds(x, 0%

+(ss (v, 0%) + by (x, Q)L + RD)

(R2+R3)

+(es(x, 0%) + 15(x, QL2 + Rﬁ)} : (B.6)

m2 2
=0 2y _ Z
g (x,Q>—(Q2+mQZ)

[(uvoc, 02) +dy(x, Q%)

2

L@ 0% ;ds(x, 0%

s 0% ;ds(x, 0%
+(s5(x, 0 + by(x, Q)L + R?)

) (R?+R%)

(L2 +12)

+(es(x, 0%) +15(x, 0?)(L2 + RZ)} : (B.7)

with the chiral couplings givenby L, = 1 —(4/3)xw, Lg =
-1+ 2/3)xw, R, = —(@4/3)xw, and Rg = (2/3)xw,
where xiy = sin? 6y and Oy is the weak mixing angle. For
the VN cross sections Eqs. (B.1) and (B.2) are the same but
with each quark distribution function replaced by the cor-
responding anti-quark distribution function, and vice-versa,
ie. q(x, 0°) < q(x, 0%, ¢°(x, 0%) < ¢°(x, Q). The
parton distribution functions (PDFs) of the quarks are evalu-
ated atenergy Q2, and the Mathematica package MSTW [58]
is used throughout this work.

There are also neutrino-electron interactions, but they can
be generally neglected with respect to the neutrino-nucleon
cross section because of the smallness of electron’s mass,
except for the resonant formation of the intermediate W™~
boson in the Ve interactions at around E, = m%, /Q2m,) =
6.3 x 10°GeV, known as the Glashow resonance. The dif-
ferential cross sections for all the neutrino electron reactions
are listed in Ref. [59].

B.1 v; N cross sections in the presence of the Sy

The differential v; N cross sections in the presence of the S;
interaction are given by

dZUChN myE
i N
iy = Tor 10O
( 1 |:uv +d,  ug +dxi|
2xmyE, —m%l +i1"51m51|2 2 2
1 ug + dy
+ (1—y)* ) (B.8)
(Q* —2xmyE, —m5,)? 2

where j = 1,2,3 with ch = CC, NC. The coefficients are
given by NCC = S0 |(Viyhypl? NNC
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S GO + 3o, IvR 2. The decay width T's, of
S1 given by

= ’"5‘ [D(y Uil + Z [(V*yhy; P

i,j=1

(B.9)

+Z|yﬁ-|z]
i=1

Note that the effect of the right-handed couplings to the neu-
trinos is only visible in NC interactions.

B.2 v; N cross sections in the presence of the Uy

The modified ¢°(x, 0?) and ¢°(x, Q) listed in Eqs. (B.6)
and (B.7), in the presence of Uy, are given below.

o m \T fux, 07) +dy(x, 0
$x, 0%) = — [(
Z

Q2+ 2

LU 0%) ;ds(x, Q2)> 12
2 2
+us(x, 0 )erds(x, 0 )(R3+R§)]
N [uv(x, 0 +dy(x, 0%
2

L 0%) +d,(x, QZ)] m?%,

2 0% +m? “

2
|(VIxLU) i |? 1
2\/§GF Q2 _ zxMNEv _ m%h (Blo)
o my T (o(x, 02 + dy(x, 0?)
2 2

+us(x, 0 )erds(x, 0 )) (R + R?)
+us(x, 02) + dy(x, Q2)L§]

2
L 0% +ds(x, 0% | m

2 0% +m?

(VLU 2 I ’
2«/§GF 2xmyE, —m%h +ily,my,
(B.11)

where j = 1, 2, 3. Egs. (B.10) and (B.11) correspond to the
case when the same flavor neutrino is in the initial and the
final states and there is an interference with the SM contri-
bution. There will be additional contributions from the cases
where the final state will consist of the right-handed neutri-

@ Springer

nos or will have a neutrino of different flavor from the initial
one and are given by

%o N]S
”/ v i, L 2
Vixtuy,
dxdy ~ 8G2 VO]

1
(Q? = 2xmyEy —mi; )?

2Z|x1k|2+2|(vT LUyw?

k#J
(uy, +dy,  ug+ds
| 2 2
2
2 1
+(1—y) —
2xmyE, —my, +ily,my,

3
d
YIS

k=1
k#j

In case of CC interactions, the coefficient m3, /(Q* + m%,)
in Eq. (B.1) is modified to

—— | q(x, 0*) = | 55—
((Q2+m%V)) (02 +my)
- 2
X (ViU 1 . o)
X,
232G Q2—2meEv—m%]1 1
2 2 2
My - 2 my
—— | G, 0P = |
<(Q2+m%V>) (02 +m3,)
X (VIxEU)
2V2GF
| 2
> g(x. 0%, (B.12)
2xmyE, — my, + iy my,

taking into account the interference terms only when the final
state is similar to the SM. The decay width of Uj is given by

my, L
Ty, = 24ﬂ[2|x1,|+ZI(V Ui

i=1

+lef§|2]
i=1

(B.13)
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