Chapter 1 ®)
Theoretical Aspects and Analysis oo
Overview

After a general overview on the Standard Model with focus on the Higgs mecha-
nism, this chapter illustrates the state of the art of the V H (bb) analysis. The last sec-
tions introduce the framework adopted to extrapolate the information on the physics
Beyond the Standard Model from the V H cross-section measurement.

1.1 The Standard Model

The Standard Model (SM) of elementary particles [1-3] is a quantum field theory
that describes three of the four fundamental interactions in Nature: strong, weak and
electromagnetic interactions. Only the gravitational force, described by Einstein’s
general relativity, is not described by the Standard Model. Moreover, the gravitational
force between two individual particles is extremely small and can be neglected in
the discussion of particle interactions.

In the Standard Model the elementary constituents of matter are fermions of spin
1/2 and the interactions are mediated by the exchange of spin 1 particles called
bosons. Additionally, the field of the scalar (spin 0) Higgs boson generates their
masses. The fermions are classified in leptons and quarks and each fermion has
its corresponding anti-particle. Fermions are also divided in three generations of
increasing mass, both for leptons and quarks, as shown in Fig. 1.1. The leptons are
further categorized into charged leptons (e~, u~, T7), which interact weakly and
electromagnetically, and neutral leptons called neutrinos (v,, v, v;), which interact
only through the weak interactions. The quarks exist in six flavours, up («), down,
(d), charm (c), strange (s), top (¢) and bottom (b). They have a fractional charge
Q in unit of the positron charge which is +2/3 for up, charm and top quarks, and
—1/3 for down, strange and bottom quarks. They can interact strongly, weakly and
electromagnetically. Quarks carry a color charge, which comes in three flavours,
red (r), green (g) and blue (b). In Nature only colorless particles are observed and
free quarks have never been detected. The absence of free quarks is explained by
the color confinement where the coloured objects are always confined to uncoloured
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Standard Model of Elementary Particles
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Fig. 1.1 Summary of the Standard Model elementary particles and their properties. The twelve
fermions and five fundamental bosons (the eight gluons and the two W bosons are shown in a single
g and W box respectively) are shown

particles called hadrons and cannot propagate as free particles. Hadrons composed of
three quarks are classified as half-integer spin baryons, while hadrons composed of a
quark anti-quark pair are integer spin particles called mesons. The theory describing
the strong interactions between quarks is called Quantum Chromodynamics (QCD).
Recently particles with four and five quarks, called tetraquarks or pentaquarks, have
been observed. The finding will help physicists better understand the complex ways
in which quarks bind themselves together into composite particles.

In the Standard Model there are twelve spin 1 bosons: one photon which mediates
the electromagnetic force between electrically charged particles, three bosons, W,
W~ and Z which mediate the weak force, and eight gluons which are the mediators
of the strong interactions.

The Standard Model is a relativistic quantum field theory in which the Lagrangian
controls the dynamics and the kinematics of theory. Particles are associated to quan-
tum fields depending on the space-time coordinates. The Standard Model Lagrangian
is invariant under the local gauge symmetry' group SU(3)¢c x SU2); x U(1)y.
The suffix “C” stands for the conserved charged of the strong interaction referred to
as colour, the suffix “L” indicates that the vector bosons only couple to left handed

1 A local gauge transformation implies that the considered fields vary differently at any point in
space-time.
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component of the fermions, while the suffix “Y” indicates the conserved quantity
known as hypercharge. The symmetries and the interactions of the SM are briefly
discussed in the following.

The Lagrangian of a free spin 1/2 particle is:

L=y (iy"d, —m)y (1.1)

where m is the mass of the particle, ¥ is the spinor of the particle, y* are the Dirac
gamma matrices, d, = 3/dx,, is the derivative and ¥/ = ¢ "y? is the Dirac adjont of
the spinor. Under the U (1) local space transformation, the spinor field transforms as:

¥ (x) = ¥'(x) = exp(ied (x)) ¥ (x) (1.2)

where 6 (x) is a generic function which represents the local phase and e is the elemen-
tary charge. With this transformation, the Lagrangian of the free particle becomes:

L— L =L—epy (d,0x)y (1.3)

Hence, as it stands, the free-particle Lagrangian is not invariant under U (1) local
phase transformations. To restore the gauge invariance, one can replace the derivative
d,, with the covariant derivative D,:

0, — D, =0, +ieA, (1.4)

where A, is a new field. The desired cancellation of the unwanted term
ey y*(9,0(x))y is provided by the new field A,, which transforms as:

Ay — A=A, —8,0(x) (1.5)
The field A, is interpreted as the gauge field of the electromagnetic interaction.

Hence the Quantum Electrodynamics (QED) Lagrangian which describes the fields
for the electron, the photon and the interactions between them can be written as:

_ 1
Logp =V (iy"Dy—m)y — ZFWF’” (1.6)

where F,, = 9,A, — d,A, and F,,, F*" is the kinetic energy term of the photon.

While QED is invariant under local U (1) transformation, the gauge symmetry of
the QCD is SU (3) which is a non-abelian group.? Due to SU (3) gauge symmetry of
QCD, the spinor field transforms as:

Ya(x) = Yh(x) = explioy % - B (1) Ya(x) (1.7)

2 A non-abelian gauge symmetry group is a gauge set of transformations which do not obey to the
commutative law.
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where ¥4 is the spinor describing a quark carrying colour A, «; is the strong cou-
pling constant, 7 = (A1, A2, ..., Ag) are the eight Gell-Mann matrices and ,TS)(X) =
(o1 (x), a2 (x), ..., ag(x)) are the eight angles. The SU(3) gauge invariant QCD
Lagrangian is:

1 « -
Locp ==73G4GY + Y Valy"Dy—masis (1.8)

flavours

where D, is the appropriate SU(3) covariant derivative and —%ngﬂ Gjﬂ is the kine-
matic term of the eight massless QCD mediators called gluons. The Ggﬂ is the gluonic
field tensor which is found from the gluon field A2:

Gy = 0a Ay — 9pAl — gs fAPCALAS (1.9)

where the indices A, B, C run over the colour degrees of freedom of the gluon fields,
the coupling constant gy determines the strength of the interaction between coloured
partons and, f45€ are the structure constants of the SU(3) colour group. In QCD
the single charge of QED is replaced by the three color charges. Only quarks, which
are particles with non-zero colour charge, couple to gluons.

So far it has been shown that QED and QCD are associated with U (1) and SU (3)
local gauge symmetry, respectively. The charge weak interaction is associated with
the invariance under SU (2) local phase transformations defined as:

Yy = v'@ =ep [ LG0T |y (1.10)
where & are the three Pauli spin matrices that are generators of the SU (2) group,
@ (x) = (o1 (x), aa(x), a3(x)) are the three functions which specify the local phase

at each point in space-time and gy is the gauge coupling constant. The required
local gauge invariance can be only satisfied by the introduction of three gauge fields,
Wﬁ") with k = 1, 2, 3 which are the analogous of A, in QED. These gauge fields
correspond to three gauge bosons W, W® and W®. The charged currents are
expressed as a linear combination of WS" and W ?:

1
wE wh £ we
" _ﬁ( f(‘)i ;(L)) (1.11)

The wave function ¥ (x) is written in terms of two components, because the genera-
tors of the SU (2) gauge transformations are the 2 x 2 Pauli matrices, and it is called
weak isospin doublet. The weak isospin doublet contains flavours differing by one
unit of electric charge, i.e. the neutrino-electron isospin doublet:

Y (x) = (Ue(x)) (1.12)
L

e (x)
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In this example, v, and e~ have a total weak isospin Iy = % with third component

of the weak isospin IV(S)(U,_,) = —i—% and I$) (e7) = —%. Measurements show that the
weak charged-current interaction couples only to left-handed particles and right-
handed anti-particles, so the gauge SU (2) transformation affects only left-handed
particles and right-handed anti-particles. The right-handed particles and the left-
handed anti-particles have a null weak isospin Iy = 0 and they are not affected by
the SU(2) local gauge transformation. For this reason, the symmetry group of the
weak interaction is referred to as SU (2), because the doublets are composed only
of left-handed particles and right-handed anti-particles. The right-handed particles

are placed in weak isospin singlets with Iy = 1‘53) =0,e.g

eg, Ur, dr (1.13)

Experiments show that the Z boson couples to both left-handed and right-handed
states so it can not correspond to the W® of the SU(2) local gauge symmetry. Also
the photon couples left-handed and right-handed particles. In the electroweak model
of Glashow, Salam and Weinberg the U (1) gauge symmetry of QED is replaced with
anew U (1)y local gauge symmetry of weak hypercharge Y. The weak hypercharge
is defined as:

Y =20 —21I) (1.14)

where Q is the electromagnetic charge of the fermion and / V(S ) is the third component
of the the weak isospin. The combination of SU (2), x U (1)y generates four gauge
fields that describe the electroweak interactions. The U (1)y local gauge symmetry
givesrise to anew field B,,. The physics fields A, Z,,, W/f, W, corresponding to the
y, Z and W= bosons are a linear combination of B, W), W@ w®, Wf and Z, are
the fields associated to the weak bosons (Z, W), while A u 18 the field representing
the photon. The weak neutral gauge field and the photon field are expressed as a
linear combination of B, and W

Zy\ _ (cosOy —sinby (W, (L15)
A, ) \sinOy cosby B, '

where 6y is the weak mixing Weinberg angle defined as:

fw__ 8 _, (1.16)

sinfy  cos Oy

where e is the electron charge, gy is the coupling constant of the SU (2) ;. local gauge
transformation and g’ is the coupling constant of the U (1)y local gauge transforma-
tion. The SM described so far does not include the mass of the bosons and fermions.
The masses of the particles are included in the SM with the Higgs mechanism.
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1.2 The Higgs Mechanism

Constructing the Standard Model on symmetries, one of the striking conclusions is
that all the particles in the model should be massless because an explicit mass term
in the Lagrangian both for bosons and fermions would violate the local invariance.
On the contrary, experimental measurements have shown that particles, as the elec-
troweak gauge bosons, are massive. The mass generation of the electroweak gauge
bosons and of the fermions is included through the Brout-Englert-Higgs mechanism
[4-6], also called Higgs mechanism, with the spontaneous symmetry breaking. This
mechanism introduces a scalar Higgs term to the SM Lagrangian:

Liges = (D"$)" (Duop) — V(@) (1.17)

where ¢ is a complex scalar field, V (¢) is the potential of the Higgs scalar field and
D,, is the covariant derivative of a complex scalar field. The minimal Higgs model
consists of two complex scalar fields:

_(¢\_ 1 (e tid
¢_<¢0>_\/§<¢3+i¢4) (1.18)
The covariant derivative of ¢ is:

N /
Dy = (au+ig7w?-wﬂ+i%Bﬂ)¢ (1.19)

where W; =W, WP, W) and B, are the SU(2),, and U(1)y gauge bosons
introduced in the previous section. The Higgs potential V (¢) is:

V(g) = 1’p'e + 1 (¢76)° (1.20)

where u and A are scalar constants and, in particular, A describes the quadratic self-
interaction among the scalar fields. The spontaneous symmetry breaking is based on
the non-invariance of the vacuum state with respect to the SU(2) symmetry. When
w? and A are both positive, the minimum of the potential is found in the unique
configuration ¢ = 0. If 4> < 0 and A > 0, the minimum of the potential V (¢) is
described by an infinite number of solutions satisfying:

2 2

(¢%+¢§+¢§+¢2)=%= -

-5 (1.21)

N =

¢’ =

where v is the vacuum expectation value. Figure 1.2 shows the potential V (¢) for
the values 4> > 0 and u?> < 0. The symmetry is spontaneously broken choosing the
system to fall into one of the multiple ground states, for example:
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Fig. 1.2 Higgs potential V (¢) for a complex scalar field for /L2 > 0 (a) and /LZ < 0(b)

1
o == 0010 == =} (122)

Expanding around the ground state, the Higgs field itself is given by:

L[ o
s = (v +h(x)> (1.23)

where /(x) is the real scalar field corresponding to the Higgs boson.
By substituting the Higgs field in the Higgs Lagrangian (Eq. 1.17), the mass terms
of the gauge bosons can be identified in the Lagrangian. The values obtained are:

1 1
my = Zvgw, mz= zv,/g‘z,v +g?, ma=0 (1.24)

The mass of the Higgs boson particle derived from the expansion of the scalar poten-
tial is:

my = vv/2A (1.25)

and it is the free parameter of the model given its dependence on A.
The other terms in the expansion of the covariant derivative define the interaction
vertices between the Higgs scalar field #(x) and the gauge bosons:

Lyn =Lvvn +Lvvun (1.26)

where
2 2

2
Lyvn = ZELWEW T h) + 2L 21 Z,h(x)

, (1.27)

2
Lyvin = n:)—;VWJW_“h(x)h(x) + %Zﬂzﬂh(x)h(x)
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The vertices are composed by one (or two in Lyy g y) Higgs bosons and a couple
of massive gauge bosons. In both cases the coupling strength is proportional to the
squared mass of the gauge boson.

The mechanism used to explain how fermions acquire mass is based on the same
principles of the vector boson masses, but the formalism is slightly different. To
generate the masses of the fermions, an additional Yukawa term is introduced in the
Lagrangian:

Lyukawa = —8f (\IJL¢\DR + ‘i’R(qujl) (1.28)

where g is the Yukawa coupling term for a fermion f, Wy (g) is the left (right)
handed fermion isospin doublet (singlet) and ¢ is the complex Higgs scalar field.
Considering the case of the electron, the Yukawa term can be written as:

L, =—j€§ |:(\7€,é)L <v_?_h>eR+éR (o,v+h)(‘:j>J

8el _ _ geh _ _
= _E(eLeR +erer) — E(Q@R +erer)

(1.29)

The g. Yukawa coupling is not predicted by the Higgs mechanism but it is determined
interpreting the term £ as the electron mass (£ = m,). The second term gives rise
to a coupling between the electron and the Higgs boson itself.

The above formalism gives only masses to the lower component of the doublet so
it can only explain the mass of the charged leptons and the down-type quarks. The
mechanism to explain the mass of the up-type quarks requires the introduction of the

Hermitian conjugate of the Higgs scalar field ¢ :

) 1
¥ = —io’ = - (”gh) (1.30)

The conjugate doublet transforms in the same way as the doublet ¢ and it introduces
the masses of the up-type quarks.

1.3 The Higgs Boson at LHC

The Higgs boson is a scalar particle associated to the Higgs boson field. In the
Standard Model the Higgs boson is predicted to be a neutral CP-even scalar (J ¢ =
0*). Its mass my is a free parameter of the theory. When the mass of the Higgs
boson is fixed, its couplings are well known, the productions rates and the partial
widths can be calculated.
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1.3.1 Higgs Boson Production Modes

The main Higgs boson production modes at LHC are:

(a) gluon-gluon fusion (gg F'): at high center-of-mass energy, the gluon-gluon fusion
pp — gg — H is the Higgs boson production with the largest cross-section.’
This production is mediated by the exchange of a virtual heavy quark (top or
bottom) loop. The contribution from lighter quarks propagating in the loop are
suppressed proportionally to mﬁ

(b) vector boson fusion (VBF): it is the process with the second largest cross-
section. Two W or Z bosons produced from colliding quarks interact to originate
the Higgs boson. The scattered quarks give rise to two hard jets in the forward
and backward regions. The jets are the characteristic signature of the process
used in the analyses to exploit this production mode.

(c) associated production with a vector boson (V H): in this channel the Higgs boson
is produced in association with a W or a Z boson. As for the V BF case, this
channel is driven by the interaction of quarks which produce the vector boson V
(with V. = W or Z) that emits the Higgs boson. The Z H production also has the
contribution from the two gluons initial state. The presence of the vector boson
in the finals state is used experimentally to better identify the events as well as
to reduce the contribution of background events.

(d) associated production with a pair of heavy quarks (tt H, bbH ): two colliding
gluons emit quark - anti-quark pair in which the quark can be the top or the
bottom quark. One quark from one gluon and an anti-quark from the other
gluon combine and form a Higgs boson. These production mechanisms have the
lowest cross-sections at LHC but they present the opportunity to study the direct
coupling of the Higgs boson to fermions.

Figure 1.3 shows the Feynman diagrams for the main Higgs production modes at
LHC and Fig. 1.4 shows the cross-sections of the Higgs boson with my = 125 GeV
as a function of the center-of-mass energy +/s.

Table 1.1 summarizes the Higgs boson production cross-sections for a Higgs
boson mass my = 125 GeV at a center-of-mass energy /s = 13 TeV.

1.3.2 Higgs Boson Decays

The Higgs boson has a very short lifetime and it decays into final state with fermions
or bosons. The theoretical total decay width of the Higgs boson with m g = 125 GeV
is 'y = 4 MeV. The branching ratio (BR) to any individual mode is expressed as

3 The gluon fusion represents almost 90% of the total Higgs cross-section.
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Fig. 1.3 Feynman diagram
for the Higgs production: a
gluon-gluon fusion, b vector
boson fusion, ¢ associated
production with a vector
boson, d associated
production with a pair of top
quarks

Fig. 1.4 Cross-section
production of Higgs boson
withmpy = 125 GeV as a
function of the
center-of-mass energy /s

[7]

Table 1.1 The Higgs boson
production cross-sections for
mpy = 125 GeV in p-p
collisions at a center-of-mass
energy /s = 13 TeV [8]
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ggF (pp — H) 48.6
VBF (pp — qqH) 3.78
WH (pp > WH) 1.37
ZH (pp — ZH) 0.88
ttH (pp — ttH) 0.50
bbH (pp — bbH) 0.48
Total 55.61

the ratio of the partial width to the total width, where the total width is the sum of all

possible partial widths:

BR(H — XX) =

I'(H — XX)

>, T(H = X; X))

(1.31)

Figure 1.5 shows the predicted branching ratios of the different decay modes of the
Higgs boson as function of its mass. For a Higgs boson with my = 125 MeV, the



1.3 The Higgs Boson at LHC

—_
—

m
el b b b b b e by
120 121 122 123 124 125 126 127 128 129 130
M, [GeV]

Fig. 1.5 Predicted S 1T RA
. . . © = 3¢
branching ratloslof nggs o F bb 3 §
boson as a function of its CE» _ 8
mass [7] S 4ot 99 8

S -

© F =

is) = ]

L cC =

100 | 7z -

F Y B

= ——

5 _

10 Zy E

Ll

dominant branching ratio is to bottom pairs (BR ~ 58%). This thesis is focused in
this decay mode.

The second largest branching ratio is in pairs of W bosons (BR ~22%) with one
of the bosons off-shell. The W boson can subsequently decay either into quarks or
into a charged lepton and a neutrino. Events with W decays into quark pairs are
difficult to distinguish from the QCD background while the W decays into leptons
must account for the neutrino missing momentum.

The decay of the Higgs bosons into gluon pairs has the third largest branching
fraction but it is not distinguishable from the SM background. For this reason, this
decay mode is not studied at LHC.

The next higher BR is in t lepton pairs. Asin H — W W case, the main difficulty
of this channel comes from the reconstruction of a final state with undetectable
neutrinos from the 7 lepton decays and the discrimination between the hadron decays
of t leptons and QCD background.

The Higgs to charm pair decay has a low branching ratio (BR ~ 3 %) and it
suffers from large contamination from QCD process as g — cc and the additional
experimental challenge of tagging hadronic jets from charm quarks.

With a similar branching ratio, the H — ZZ decay has a much cleaner experimen-
tal signature because of the lepton decay of the Z boson. Even if the production rate
of the H - ZZ* — 4l decay is extremely low, this channel has small background
contributions.

The H — yy decay channel has a very low decay rate (BR ~ 0.2 %) but it is
a clean process as H — ZZ* — 4l. Since the Higgs boson has no direct coupling
to massless particles, the H — yy decays is a loop-induced decay with the main
contribution from the top quark and W boson. The main background contribution
in this channel arises from the SM photon pair production, but the energy and the
momentum of the photons are measured with high precision so it is possible to
separate the background from the signal with high efficiency. Another rare loop-
induced decay mode of interest at LHC is the H — Zy production with a branching
ratio BR = 0.15 %.
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Table 1.2 Branching ratios

- Decay channel Branching ratio (%)

of the Higgs decay for a =

Higgs boson mass mpy = 125 H — bb 58.2

GeV [8] H— WWwW* 21.4
H — gg 8.19
H— 1ttt 6.27
H — cc 2.89
H— ZZ* 2.62
H— yy 0.23
H— Zy 0.15
H— utp~ 0.03

The Higgs boson can decay into a w lepton pair. Despite its very low BR (BR =
0.03%) this decay mode is important because it gives the opportunity to measure the
Higgs couplings to the second generation of fermions at LHC.

Table 1.2 summarises the values of the branching ratios for the Higgs boson mass
my = 125 GeV.

1.4 State of the Art of the VH (bl;) Analysis

The discovery of the Higgs boson by ATLAS and CMS Collaborations [9, 10]in 2012
has been the most important recent breakthrough in experimental particle physics
and an important test of the Standard Model predictions. After the Higgs boson dis-
covery, many data analyses have focused the attention on its properties. Among all
the processes, the study of the Higgs boson decay into b-quarks is particularly impor-
tant because it is the decay channel with the largest branching ratio. However, large
backgrounds from multi-jet production make the search in the dominant gluon-gluon
fusion production mode very challenging at hadron colliders. The best sensitivity is
presently obtained by studying the Higgs boson produced in association with a vector
boson V, with V = Z or V = W, even if this production mode has a cross-section
which is more than one order of magnitude lower than the gluon-gluon fusion. The
leptonic decay of the vector boson V enables efficient triggering and a significant
reduction of the multi-jet background. Moreover, this measurement provides the best
sensitivity to the W H and Z H production modes and it has the sensitivity to probe
some Beyond the Standard Model in effective field theories which could change the
H — V'V coupling structure [11].

In summer 2017, the first evidence of the Higgs boson decay in bb pair was
observed by ATLAS [12] and CMS Collaborations [13]. The result was obtained
using 2015 and 2016 data, collected at a centre-of-mass energy /s = 13 TeV cor-
responding to an integrated luminosity of 36 fb~! and combined with Run 1 data
collected at /s = 7 TeV and 8 TeV. In this analysis, called resolved analysis, the
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Higgs boson has been reconstructed requiring in the final state two b-jets with a
radius parameter R = 0.4. For a Higgs boson mass of 125 GeV, an excess of events
over the expected background from other SM processes was found by the ATLAS
Collaboration with an observed significance of 3.5 standard deviations. This result
was confirmed by the CMS Collaboration which measured an excess of events over
the expected background with an observed significance of 3.8 standard deviations.

Using 2015-2017 data collected at centre-of-mass energy +/s = 13 TeV, corre-
sponding to a total amount of 79.8 fb~! of integrated luminosity, in summer 2018
ATLAS and CMS Collaborations measured an excess with an observed (expected)
significance of 4.9 (4.3) standard deviations and 4.4 (4.2) standard deviations, respec-
tively [14, 15].

The result of the V H(bb) analysis was combined with other searches for the
Standard Model Higgs boson decaying into a bb pair, using Run 1 and Run 2 dataset,
including the associated production with ¢7 pair and the vector boson fusion. For a
Higgs boson mass of 125 GeV, the ATLAS Collaboration measured for the H — bb
decay a significance of 5.4 standard deviations, to be compared with an expectation
of 5.5 standard deviations [14]. The V H (bb) analysis had the leading sensitivity with
a significance of 4.9 standard deviations, while the tf H (bb) and vector boson fusion
analyses gave a contribution of 1.9 and 1.5 standard deviations, respectively. The
observation of the H — bb decay was confirmed also by the CMS Collaboration
[15]. Moreover, the ATLAS Collaboration combined the V H (bb) result with other
Run 2 searches for the Higgs boson in the V H production mode but decaying into
either two photons or four leptons via ZZ* decays. For a Higgs boson mass of
125 GeV, a significance of 5.3 standard deviations was measured [14], above the 5
standard deviations threshold to claim the observation of V H production mode. Most
of the significance came from the VH (bb) analysis (4.9 standard deviations) while
the other two channels gave an extra 1.1 standard deviations ( V H(Z Z*) analysis)
and 1.9 standard deviations (V H(y y) analysis).

After the observation of the V H production and H — bb decay modes, the same
dataset has been re-used in the Simplified Template Cross-Sections (STXS) frame-
work [16, 17]. The STXS framework facilitates the measurement of the differential
pp — V H cross-section and it has been used to extract the information on the Higgs
couplings and to put limits on the BSM effects. In autumn 2018 the ATLAS Collabo-
ration announced the measurement of the differential cross-sections of the associated
production of the Higgs boson decaying to b-quarks with a vector boson V as a func-
tion of the vector boson transverse momentum [18]. All the measurements are in
agreement with the Standard Model predictions, and limits are set on parameters of
an effective Lagrangian sensitive to modifications of the Higgs boson couplings to
the electroweak gauge bosons.

Using the full Run 2 dataset with an integrated luminosity of 139 fb~! the
VH(H — bb) resolved analysis has been updated by the ATLAS Collaboration
[19]. An excess of events over the expected background from other SM processes
was found by the ATLAS Collaboration with an observed significance of 4.0 and
5.3 standard deviations for a Higgs boson produced in association with a W or a
Z boson, respectively. Moreover cross-sections of associated production of a Higgs
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boson decaying into bottom quark pairs with an electroweak gauge boson decaying
into leptons are measured as a function of the gauge boson transverse momentum. The
cross-section measurements are all consistent with the Standard Model expectations.

In parallel of the full Run 2 V H(H — bb) resolved analysis, the H — bb decay
mode has been explored in the extreme Higgs boson transverse momentum region
reconstructing the Higgs boson with a single large-R jet with R = 1.0 [20]. This
V H(H — bb) analysis designed for the high energy phase space is called boosted
analysis. Cross-sections of associated production of a Higgs boson decaying into a b
quark pair with a V gauge boson are measured in two exclusive V boson transverse
momentum regions, 250—400 GeV and above 400 GeV. The region with the V boson
transverse momentum above 400 GeV has never been investigated by the resolved
analysis and it is particularly sensitive to deviations from BSM physics. The main
analysis described in this thesis is the V H (bb) boosted analysis with focus on events
in the high energy regions.

In the next sections, a brief description of the latest results of resolved analysis,
the STXS framework and the Effective Field Theory are presented.

1.4.1 Overview of the VH (bb) Resolved Analysis

The most promising channel to measure the H — bb decay is the V H (bb) channel.
Events are separated into three analysis channels in the so called 0-, 1- and 2-lepton
channels, based on the number of charged leptons (electrons or muons) coming
from the V boson decay to target the ZH — vibb, WH — lvbb and ZH — llbb
signatures, respectively. In all channels events are required to have exactly two b-
tagged small-R jets with R = 0.4 in order to reconstruct the decay products of
the Higgs boson. Events are further categorized depending on whether additional,
untagged jets are present. In 0- and 1-lepton channels, only events with exactly one
untagged jet are considered, while in the 2-lepton channel events with any number
of untagged jets are accepted.

To increase the signal-to-background ratio, the three channels are additionally
categorized according to the vector boson transverse momentum p¥ . In the 0- and
1-lepton channels there are two p¥ regions, 150 GeV < p¥ < 250 GeV and p¥
> 250 GeV. Due to the stronger background suppression at low pJ. in the 2-lepton
channel, one additional region has been added for events with 75 GeV < p¥ < 150
GeV.

The dataset used in the analysis has been collected by the ATLAS experiment from
2015 to 2018 with /s = 13 TeV and selected using missing transverse momentum
(E‘T“iss) trigger and single lepton triggers. More details on the trigger selection are
reported in Sect. 3.1. The offline event selection is performed using physics objects,
described in Chap. 4, reconstructed from the detector signal. The definition of the
three lepton channels depends on the number of charged leptons in the final states. In
the 1-lepton channel, the definition of lepton uses tighter identification and isolation
criteria to suppress the multi-jet background.
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In O-lepton channel, events with leptons are rejected. A cut is applied to remove
events in a small part of the phase space where the trigger is inefficient. Finally
requirements on the angular distance between reconstructed objects are used to sup-
press the multi-jet background contribution.

In 1-lepton channel, events are required to have one electron or muon. To suppress
the multi-jet contribution in the electron sub-channel, an additional selection of E‘T’rliss
> 30 GeV is applied.

Events in 2-lepton channel are required to have exactly two leptons with the same
flavour. In the muon sub-channel, the leptons are required to have also the opposite
charge. To suppress backgrounds with non-resonant leptons, the invariant mass of
the lepton pair must be close to the Z boson mass.

Dedicated control regions are defined to evaluate the contributions of the dominant
background processes . The control regions are defined using a continuous cut on the
angular separation between the two b-tagged jets AR(by, by) as a function of py.

To maximise the sensitivity to the Higgs boson signal the analysis deploys a
multivariate discriminant, built from variables which describe the kinematics of the
selected events. The Boosted Decision Tree (BDT) is the multivariate discriminant
used in the analysis. It takes as input kinematic variables that describe the event
( p¥ ,AR(by, b) and invariant mass of the two b-tagged jets m,;, ) and it gives as
output a variable called BDT score. The BDT score variable tends to assume values
near -1 for background events and values near to +1 for signal events in order to
separate signal from background events. A BDT distribution is built for each region of
the analysis. The BDT outputs are then combined using a binned maximum likelihood
fit to extract the signal strength © and the background normalisations. The signal
strength is defined as:

bb __ (U(VH) X BR(H — bl;))measured (1 32)

Hve = (o(VH) x BR(H —> bb))

expected(SM)

where o is the V H cross-section and BR is the branching ratio H — bb.
Considering all data collected by the ATLAS Collaboration from 2015 to 2018 at
/s = 13 TeV, corresponding to an integrated luminosity of 139 fb~!, an excess of
events over the expected background from the other SM processes is found with an
observed significance of 6.7 standard deviations [19]. The fitted value of the signal
strength parameter is %%, = 1.027015. Moreover the fit is performed measuring
separately the WH and ZH production processes. The WH and ZH production
modes reject the background-only hypothesis with observed significance of 4.0 and

5.3 standard deviations, respectively. The fitted values of the signal strengths are:

bb +0.27
twp = 0.95 955

(1.33)
= 108703

with a linear correlation of 2.7% between them.
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As a validation, a diboson analysis has been performed in which dedicated BDT
distributions are evaluated considering the V Z diboson process as signal and the V H
as background. The measurement of the V Z production returns a signal strength of
pbb, = 0.93%013, which is in good agreement with the Standard Model prediction.

Another cross-check analysis is the so-called dijet-mass analysis in which the
distributions of the invariant mass of the two b-tagged jets my,;, are used in the fit
instead of the BDT output distributions. From the fit to m,,, the value of the signal
strength is u}{,}’H = 1.17f8:%§ and an observed significance of 5.5 standard deviations
has been measured.

1.5 The Simplified Template Cross-Section Measurements

Many successful results have been obtained during Run 1 and the early Run 2, among
which the ATLAS H — bb observation and the V H observation. Such analyses
show their results as measured signal strengths and multiplicative coupling modifiers.
The Simplified Template Cross-Section (STXS) framework has been developed to
provide a natural way to evolve the signal strength measurements. The framework
provides a way to perform measurements that are more granular than the signal
strength measurements and it allows for an easy combination of the results in different
decay channels and different experiments.

The STXS measurements have been performed in mutually exclusive regions of
phase space, called STXS bins, and they have a clear advantage with respect to the
signal strength measurements. In the signal strength measurement only the signal
normalization can be changed and the shape of the kinematic distributions are set
to the SM predictions. In the STXS measurement, only the sum of the templates
is forced to be identical to the SM prediction while measurements in each bin can
show some deviations from the SM. In this regard, the primary goals of the STXS
framework are to maximize the sensitivity of the measurements while reducing the
theory dependences that must be directly folded into the measurements.

For the STXS measurements, the simulated signal samples are used to create one
set of histograms for each STXS bin. Any simulated signal event passing the event
selection is assigned to a specific STXS bin and used to fill a specific histogram.
Each STXS bin is defined using the generator values of the measured quantities. The
quantities obtained at generator level, called truth quantities in the following, used
in the V H analysis are:

e Higgs boson rapidity yy which is required to be lower than 2.5 (Jyy| < 2.5) to
reduce the extrapolation to region with limited signal acceptance;

e transverse momentum of the vector boson py.: the STXS bins are designed to be
coherent with the cuts used in the V H analysis and to isolate regions sensitive to
BSM physics;

e number of small-R jets with R = 0.4 and pr > 30 GeV: the STXS bins are designed
to mitigate the extrapolation among regions with different jet multiplicity.
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The criteria used to define the STXS bins are:

minimizing the dependence on the theoretical uncertainties;
maximizing the experimental sensitivity;

isolation of possible BSM effects;

minimizing the number of bins without loss of experimental sensitivity.

If the residual theoretical dependence into the signal acceptance in each STXS bin is
still comparable to the precision measurement, one can split a bin into two or smaller
bins. Moreover, the use of standardized STXS bins, which are defined with no infor-
mation on the Higgs decay modes, makes the STXS framework extremely adaptable
for combinations among decay channels, and for comparison among experiments.

The STXS measurements are different from the fully fiducial differential mea-
surements. The latter are explicitly optimized for maximal theory independence by
minimizing the acceptance corrections. The minimization of the acceptance correc-
tions is done performing measurements in fiducial volumes which are as close as
possible to fiducial volumes measured for a particular Higgs boson decay channel.
In contrast, in the STXS framework, simplified fiducial volumes are used and larger
acceptance corrections are allowed in order to maximally benefit from the use of
standardized event categories. Another difference is that the fiducial measurement is
designed to be agnostic to the production mode while the separation in production
modes is an essential aspect of the STXS framework.

In the STXS framework, the VH production is referred as the Higgs boson pro-
duction in association with a V boson decaying leptonically. In the VH STXS
study, a so-called maximum splitting categorization scheme is proposed to provide
the flexibility to convert any categorization scheme of interest. The V H signals
are divided into five categories: gg — Z(vv)H, gg — Z(vw)H, qq — W(v)H,
qq — Z(1)H and gg — Z(I)H. All the lepton flavours are considered (includ-
ing t-leptons). As anticipated, each category is further divided into a forward Higgs
region and a central Higgs region. The former includes events where the Higgs boson
rapidity is higher than 2.5, while in the latter the Higgs rapidity is lower than 2.5 (for
which the experimental acceptance is negligible). The signals with a central Higgs
are further split using the vector boson transverse momentum py.. Five py bins are
defined with four cuts at 75, 150, 250 and 400 GeV. In each p}/ interval, events are
separated according to the number of extra jets. Extra jets are defined as small- R jets
with R = 0.4 and pt > 30 GeV that do not come from the Higgs decay. Depending
on the number of extra jets, three regions are defined: 0, 1 and at least 2 extra jets.
Figure 1.6 shows the maximum split scheme which has 80 bins.

The maximum splitting categorization is only studied to provide a high flexibility
in the choice of the bins to measure. The truth level categorization reflects the cuts
at reconstructed level and covers the needs for possible BSM studies. The cross-
section values of each bin in the maximum split categorization scheme are shown in
Fig. 1.7. Due to the limited statistics, the contribution from most of the bins is too tiny
to derive meaningful conclusions and a coarser scheme, denoted as main splitting,
has been adopted. In the resolved analysis the categorization scheme includes five
bins while the boosted analysis has only four bins. In both analyses, no split on the



18 1 Theoretical Aspects and Analysis Overview

V10751 Yors(
o]
e

% ¥ rstsl _{ Y ussa
e ]
¥ sozso Y 025

Fig. 1.6 V H STXS regions in the maximum splitting scheme. The boundaries of the truth p¥
regions are expressed in GeV

number of extra jets is applied and all the Z H modes are merged. Only events in the
central Higgs region (|yy | < 2.5) are considered in the measurement. In the resolved
analysis the splitting in py at 400 GeV is removed and the contributions of both Z H
and W H for py < 75 GeV are fixed to the SM together with the W H contribution
for 75 GeV < p¥ < 150 GeV. In the boosted analysis, the contributions of both
production modes for py. < 250 GeV are fixed to the SM values. The main splitting
categorizations for the resolved and boosted analysis are shown in Fig. 1.8.

1.5.1 STXS Measurements in the V H (bl_)) Resolved Analysis

The V H simplified template cross-sections have been measured in the resolved
analysis using the full Run 2 dataset [19]. The expected signal distributions in each
STXS region are estimated from simulated signal samples by selecting events using
the truth information, in particular the truth pY called py*'. Figure 1.9 shows the
expected signal yield and the expected signal fraction in each reconstructed event
category for each STXS region. In 1-lepton and 2-lepton channels, almost all the
events are from the WH and Z H production modes, respectively. In the 0-lepton
there is a significant contribution (~ 15%) from the W H production modes. Most of
the W H events reconstructed in the O-lepton channel are events where the W boson
decays in 7 + v, then the t lepton decays hadronically and it is reconstructed as a
Jet.
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(b)

Fig. 1.8 V H STXS regions in the main splitting scheme used by the resolved (a) and boosted (b)
analyses, respectively. The measurements are performed only in the bins shown in green. The bins
shown in white are fixed to their SM values

The measured cross-section times branching fractionso (V H) x BR(H — bb) x
BR(V — leptons), together with the SM predictions, in the five STXS regions under
study are shown in Fig. 1.10. The results are in good agreement with the SM predic-
tions and the cross-sections are measured with relative uncertainties varying from
30% in the highest p¥ region to 85% in the lowest p¥ regions. The largest uncer-
tainties are statistical although in the lowest p¥ regions systematics uncertainties
make a sizeable contribution to the total uncertainty. For the Z H measurements, the
signal uncertainties also make a sizeable contribution due to the limited precision of
the theoretical calculations of the gg — Z H process.

1.6 The Effective Field Theory

Following the discovery of the Higgs boson, the Standard Model description has
been tested looking for hints of BSM effects. Even if the scale A of the BSM physics
is much larger than the typical SM scale, and larger than the energy scale at which
the experiment is conducted, indication of new physics may rise by measuring devia-
tions from the SM prediction. Effective Field Theories can be used to give a descrip-
tion of these effects. In this context the SM Lagrangian is extended into the SM
Effective Field Theory (SMEFT) [21] considering a set of dimension D operators
OfD), larger than 4, where each consecutive term is suppressed by a larger power
of A:

) (6) (@]
¢ ¢ ¢
Lsmerr = Lsy + Z TO,»(S) + Z FO’@ + Z F(’)im +... (139
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Fig. 1.9 Expected signal yields (a) and signal fractions (b) in each reconstructed category as a
function of the STXS region. Events with event yield below 0.1 or signal fractions below 0.1% are
not shown [19]
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where Lgy is the SM Lagrangian, A is the energy scale of the New Physics and c;
are the coupling constants called Wilson coefficients. The Wilson coefficients are free
parameters of the SMEFT that can be constrained using experimental data. In the
Standard Model, all the Wilson coefficients are zero. Also the energy scale A of new
physics is a free parameter but conventionally is set to 1 TeV. The leading effects
that are of the interest in the present context come from operators with dimension
D = 6. Dimension-5 operators are discarded because they violate the lepton number
conservation while dimension-7 operators violate the conservation of the difference
between the barion and the lepton numbers. Differently, dimension-8 operators are
suppressed by the power of A and are assumed to have a negligible effect. The
SMEFT Lagrangian that is considered in the following can be re-written as:

(6)
C.
Lsmerr = Lsy + Z ﬁ@l@ (1.35)

The dimension-6 operators form a complete set called basis. The basis used to show
the result in this thesis is the Warsaw basis [21]. Considering only dimension-6
operators, a total of 2499 additional operators can be built out of the SM field content.
Only a small subset of these additional operators will affect the Higgs boson physics
and 17 operators modify the gg — V (— leptons) H (— bb) process, of which only
4 operators affect the H — bb decay. The operators affecting the V H(H — bb)
analysis are listed in Table 1.3 [21, 22] together with their Wilson coefficients. The
Z H production cross-section is impacted by 13 operators, while the W H process
depends only on 6 operators. In addition there are 3 operators that affect the total
Higgs width I')" and one that can induce possible variations of the H — bb partial
width. The operator to which the V H (bb) resolved and boosted analyses are most
sensitive is the one multiplied by the cp,3 Wilson coefficient. Figure 1.11 shows
examples of Feynman diagrams of this operator, showing which vertices are affected.
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Table 1.3 Wilson coefficients and their corresponding dimension-6 operators in the Warsaw for-
mulation affecting the gg — V (— leptons) H(— bb) process [21, 22]

Wilson coefficient Operator definition Impact
cyO (H"H)O(HTH) ZH,WH
CHDD (HYD*H)*(H'D, H) ZH,WH
CHW HTHW!, wim ZH,WH
CHB H'HB,,B"’ ZH
CHWB Hic!HW] B* ZH

CHIl H‘LiBMH(ipy”l,) ZH

CHI3 (H*iI;;’LH)(Zpr’yM,) ZH,WH
Crel (H'iD, H)@py'er) ZH
cHg1 (H'iDyH) @, 1" 4r) zH

CHg3 (H*iE}LH)(qpr’y“qr) ZH,WH
CHu (H'i D, H)(@py*uy) ZH

CHa (H'iD, H)(dpy"d,) ZH

Cli1 (Zp}’ulr)(zsy‘ulr) ZH,WH
|can| (H"H)(q ,d, H) r

|cer | (H'H)( pe, H) it

lcun | (HH)(q,u,H) riot

CHG HHGA,GAw rt

(b)

Fig. 1.11 Feynman diagrams of the operator that multiplies the cy43 Wilson coefficient and that
affects the WH (a) and ZH (b) production cross-sections. The black points show which vertices
are impacted by the operator
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The ambitious physics program for the V H(H — bb) measurements is to deter-
mine the exclusion regions for these 17 parameters, with the best precision available.
Given the available statistics, one can find as a good compromise, the use of the
STXS measurements to put limits on the EFT coefficients, profiting from the split in
different kinematic STXS bins for the V H process.
In the SMEFT the expected cross-section values for different STXS bins become
a function of the Wilson coefficients and they can be split into the following three
contributions:
OSMEFT = OSM + Oint + OBSM (1.36)

where ogy is the cross-section value computed in the SM, oy, arises through the
interference of the SM and BSM processes and oggy consists exclusively of BSM
processes. The deviations from the SM predictions can then be expressed as a function
of the Wilson coefficients:

OSMEFT
— =1+ Ajci + Bijcic (1.37)

where A; and B;; are the coefficients defined as:

Oint
= E Aici
OSsM -
l

S

OBSM
= E Bijcicj
Osm T

(1.38)

The coefficients A; and B;; are the linear and the quadratic terms in ¢;, respectively,
and they can be estimated for each STXS bin using Monte Carlo (MC) simulations.
The interference terms are of the order of 1/A?, while the quadratic terms are of the
order of 1/A*. Both linear and linear plus quadratic terms are studied.

The decay width of the Higgs boson in the SMEFT also suffers a dependency
on the Wilson coefficients. In complete analogy to Eq. 1.36, the decay width into a
given final state f can be decomposed as:

f f f f
Pomerr = Fm + Tine + Tasm (1.39)

i{n is the interference component between the SM

and BSM processes and F]J;SM is the BSM component. As before the modifications
to the decay width can be parametrised as:

where l"gM is the SM component, I

(1.40)
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The total Higgs boson width I" is the sum of all the partial decay widths so it can be
parametrised as:

Tsmerr = Y Dlyrr = D D1+ Y Alei + ) Blicic)) (1.41)
f f i ij

Using the partial and total decay width definitions, the branching ratio can be written
as a rational function of the Wilson coefficients.

Combining the parametrisation of the production cross-section osyvgpr/0sm, of the
partial F'SfMEFT / Ty and of the total I'smerr/ I'sm decay widths, the parametrisation
of the production cross-section times branching ratio consists of three polynomials:

oswert  Téverr/ Téh
osm  T'smerr/Tsm
(1.42)
Maximum-likelihood fits are performed across the STXS regions to determine the
Wilson coefficients. Limits on each individual Wilson coefficient are set by assuming
all the others to vanish and one-dimensional confidence level (CL) intervals are
inferred for the coefficient under study both with and without the quadratic term.
Additionally, simultaneous fits with two parameters have been performed with and
without the quadratic term. These fits allow to extract two-dimensional confidence
levels for each pair of Wilson coefficients.

Attempting to simultaneously extract constraints on more than two coefficients
leads to unmanageable correlations because there are less STXS regions than Wil-
son coefficients. An alternative approach, which can replace the one and the two-
dimensional fit, is to use a linear combination of operators that are correlation-free
to which the analysis is most sensitive. A well-defined simultaneous fit can be made
to extract limits on the combinations of Wilson coefficients defined as eigenvectors.
The combinations of Wilson coefficients are ordered in terms of experimental sensi-
tivity. All the details to extract these linear combinations can be found in Ref. [22].
With this new approach it is possible to avoid very strong assumption that only a
few operators contribute at time. The number of eigenvectors used in the analysis is
equal to the number of STXS regions.

Many Wilson coefficients have degenerate effects on the VH STXS bins, espe-
cially the one from the Higgs decay. For this reason a linear parametrisation with
explicit modifications of the branching ratio has been adopted:

[o(VH) x BR(H — bb)lsmerr = [0(VH) x BR(H — bb)Ism -

[o(VH) x BR(H — bb)]smert = [6(VH) x BR(H — bb)]sm - [1 + Zaici +IBRi|

(1.43)
Modifications to the branching ratio are not explicitly parametrised as functions of
Wilson coefficient c;, they are absorbed into the Zgg parameter which is introduced
as an additional independent parameter. The Zg parameter is defined as the ratio
of the Higgs boson into a pair of b-quarks to its Standard Model predictions. In
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the next paragraph only the results of the one-dimensional and two-dimensional fits
are shown. For completeness, the results of the eigenvector method are reported in
Appendix A.

1.6.1 EFT Interpretation in the VH (bb) Resolved Analysis

The largest sensitivity in the V H (bb) resolved analysis is on the Wilson coefficients
CHWB»> CHW» CHus CHg3 [19]. In the following the limits on these coefficients are
studied together with the limits on |c,y | coefficient which directly affects the H —
bb decay width. Figure 1.12 shows the ratio of the SMEFT cross-section times
branching ratio over SM cross-section times branching ratio as a function of cpy,
in various STXS bins. The dashed lines include the linear parametrization only for
the cross-section times branching ratio while the continuous lines use the linear +
quadratic parametrization of these quantities. Since the ¢y, coefficient has an impact
only on the Z H production, there is no variation of the cross-section times branching
ratio with respect to the SM in the W H STXS bins. The plot shows that the linear
approximation is fairly good for the STXS regions at low-pY, while in the high-py.
STXS bin the quadratic terms gain importance with respect to the linear terms.

As already mentioned with only five STXS bins and 17 Wilson coefficients, a
simultaneous fit to all the coefficients at the same time is not possible. To quantify
how much the analysis phase space is sensitive to each operator, one-dimensional
(1D) likelihood scans are performed considering only one operator at time. The full
parametrisation of the cross-section times branching ratio is used in these 1D fits
(Eq. 1.42). Figure 1.13 shows the observed (solid lines) and expected (dotted lines)
profiles for the negative log-likelihood functions for the 1D fits of the cy, Wilson
coefficient. The function that includes linear and quadratic parametrization shows
the typical shape of the parabolic parametrisation with two minima.

The intervals at the 68 % CL for the four Wilson coefficients to which the analysis
is most sensitive and for |c,y|, extracted from these likelihood scans, are shown

Fig. 1.12 Relative
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Fig. 1.13 Observed (solid lines) and expected (dotted lines) profiled negative log-likelihood func-
tions for one-dimensional fits to constrain a single coefficient of an effective Lagrangian when the
other coefficients are assumed to vanish. The coefficients cg, is shown for the case where only
linear (blue lines) or linear and quadratic (orange lines) terms are considered [19]

ATLAS Vs=13TeV, 139 fb”
—68% CL ---95% CL VH,H — bb, A =1TeV
W Linear (obs.) Linear + quadratic (obs.)
o Best-fit (obs.)
Linear Linear + quadratic
68% CL 68% CL
cha [x 10.0] e [-0.017,0.029] [-0.018, 0.026]
Cy, [x5.0] L [-0.081, 0.22] [-0.19, 0.10]
Cw [x2.0] R =i [-017,021]  [-0.24,0.18]
Cawe [X0.5] R s [-0.46, 1.3] [-0.44, 1.1]
chHI [x0.05] |-=--=--=mmme - [-13,8.3] [-10,3.8] U [29, 43]
P Yy A S S SN A NSRRI R
-2 0 2 4 6 8

Parameter value

Fig. 1.14 Observed best-fit values and 1D confidence intervals for the Wilson coefficients to which
this analysis has the greatest sensitivity and the |cg | coefficient which directly affects the H — bb
decay width. Limits are shown for the case where only linear (blue) and linear and quadratic (orange)
terms are considered. Confidence intervals are shown at both 68% CL (solid line) and 95% CL
(dashed line) [19]

in Fig. 1.14 for the linear parametrisation and including the quadratic terms. The
coefficient cp,3 is constrained at 68% CL to be less than a few percent, while the
constraints on the other three coefficients range from 10-30%. The constraint on the
Wilson coefficient related to the branching ratio is much weaker. In most of the cases
the constraints are found to depend on the presence of the quadratic terms.
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© 15 ATLAS -
L Vs=13TeV, 139" 7

1 VH,H - bb, A =1TeV —|

05 [ =

r \cms ]

0 \ N -

-05 [ ---Linear 68% CL (obs.) -

C — Linear 95% CL (obs.) J

L Linear + quadratic 68% CL (obs.) ]

-1 Linear + quadratic 95% CL (obs.) -3

L T S U R SR B

-03 -02 - 0.1 0 0.1

CHqS

Fig. 1.15 Observed confidence intervals on the simultaneous likelihood to the pair of cy43 and
cru Wilson coefficients, at 68% (dashed lines) and 95% CL (solid lines). Limits are shown for the
case where only linear (blue lines) or linear and quadratic (orange lines) terms are considered. The
best points are marked by a cross [19]

Two-dimensional confidence intervals are derived for all the combinations of those
four Wilson coefficients that the analysis can constrain best. Figure 1.15 shows the
observed confidence interval at 68% (dashed lines) and 95% (solid lines) CL for the
pair of ¢43 and ¢y, Wilson coefficients. Limits are obtained from a linear and linear
plus quadratic parametrisation of the V H production cross-section times branching
ratio. The associated limits change appreciably upon inclusion of the quadratic terms
in the parametrisation. However, the correlation among the two parameters is found
very strong.
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