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Abstract

The properties of the Higgs boson couplings have been studied in decays into four leptons,
H— ZZ* — 40 (¢ = e, ), using proton-proton collision data recorded with the ATLAS
detector at the Large Hadron Collider (LHC) in the years 2015 to 2018 at a centre-of-mass
energy of 13 TeV (LHC Run 2). Measurements have been performed using different data
sets corresponding to integrated luminosities of 36.1 fb~!, 79.8 fb~! and 139 fb~ 1.

The cross sections for the four main Higgs boson production modes have been measured
inclusively in the 4/ final states as well as in exclusive phase space regions probing the
Higgs boson couplings. The inclusive Higgs boson production cross section times branch-
ing ratio into 4¢ decays in the rapidity range |n| < 2.5 of 1.34+0.12 pb measured with the
full set of Run 2 data set is in very good agreement with the Standard Model (SM) predic-
tion of 1.33+0.08 pb. All measurements in exclusive phase space regions are compatible
with the SM predictions as well. The sensitivity of the measurements was projected to
the ultimate integrated luminosity of the high-luminosity LHC (HL-LHC) of 3000 fb—1.
With the HL-LHC data, the precision of the cross section measurements is expected to
improve by a factor four for gluon fusion production and by a factor of six for weak gauge
boson fusion production and for the associated production with a weak gauge boson. The
results provided input for the long-term planning of particle physics infrastructure in the
2020 European Strategy process.

The tensor structure of the Higgs boson couplings to massive vector bosons and to gluons
has been studied in two effective field theory approaches to probe for small beyond-SM
(BSM) CP-even and CP-odd admixtures to the CP-even SM coupling. In the first analysis
performed with 36.1 fb~! of Run 2 data, the BSM couplings are defined within the so-
called Higgs Characterisation framework. From the measurements of the rates of the four
main Higgs boson production modes, constraints on the CP-odd BSM coupling to gluons
(kagg) and on the CP-even and CP-odd BSM couplings to heavy vector bosons (kgvv
and kayy ) have been obtained: —0.68 < sina-k449 < 0.68, —0.6 < cosa-kpyvy < 4.2 and
—44 <sina-kayy < 4.4 at 95% confidence level (CL), where the mixing angle o describes
the relative contributions of the CP-even or CP-odd terms. These are the first limits on
BSM Higgs boson couplings in an EFT framework based on the measurement of the Higgs
boson production rates providing substantially sensitivity.

The second analysis is based on the production cross section measurements in exclusive
phase space regions using the full Run 2 data set (139 fb=!) interpreted in the so-called
Standard Model Effective Field Theory (SMEFT). Constraints have been derived on the
CP-even and CP-odd BSM coupling parameters to gluons (cyg and cHa), heavy vector

bosons (cyw,cnp,cawp and ¢ and top quarks (¢, and czp). The most
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Abstract

stringent limits at 95% CL are —0.0074 < cgg < 0.0080 on the CP-even BSM coupling
to gluons, as well as —2.4 < Cyiv <24, —0.56 < ¢, 5 <0.56 and —1.03 < Cyip < 1.03
on the CP-odd BSM coupling parameters to weak gauge bosons. The constraints on the
CP-even BSM couplings to weak gauge bosons are weaker. These are the first constraints
on SMEFT coupling parameters using the H — ZZ* — 4¢ decay channel, which will be
combined with the results in other Higgs boson decay channels.

Finally, the sensitivity of kinematic variables of the final state particles for CP-odd contri-
butions to the Higgs boson coupling in vector boson fusion production has been evaluated
in the Higgs Characterisation framework. Limits of —2.56 < kayy < 2.64 at 68% CL are
expected for the full Run 2 data set. The measurement will provide the first limits on
CP-violation in the H — ZZ* — 44 decays.
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Introduction

The fundamental structure of the known matter in the universe consists of a few ele-
mentary particles, interacting with four fundamental forces. The relation between these
particles and three of the forces, i.e. the electromagnetic, the weak and the strong inter-
action, is described by a quantum field theory, the Standard Model of particle physics.
The theory was completed in the early 1970’s and has demonstrated ever since enormous
success in describing experimental observations. The masses of the fundamental particles
are generated by the Higgs mechanism which involves the breaking of the electroweak
gauge symmetry. The Higgs mechanism predicts a massive scalar particle, the Higgs
boson, which until recently was the last missing particle predicted by the Standard Model.

The discovery in 2012 of a new particle with a mass of 125.09 +0.24 GeV and with
spin zero, even CP (charge conjugation and parity) quantum numbers and coupling
strengths compatible with the Standard Model predictions by the ATLAS and the CMS
experiments at the Large Hadron Collider (LHC) completed the particle spectrum of the
Standard Model. It also opened a new window for precision tests of the Standard Model
and for the search for physics beyond it.

However, despite of the good agreement between Standard Model predictions and meas-
urements with high precision, there are many questions left open, such as the unification
of the three forces with gravity, the origin of dark matter, the mass values of the fermions
and the asymmetry between matter and antimatter in the universe. Physics beyond the
Standard Model can, for example, manifest itself in deviations of Higgs boson production
cross sections and decay rates from the Standard Model predictions. Many extensions
of the Standard Model predict a modified Higgs sector with additional Higgs singlets or
doublets. In such theories, the discovered boson may not be a CP-even eigenstate, but
rather contain CP-odd admixtures modifying the tensor coupling structure of the Higgs
boson. CP-odd contributions lead to CP-violation in the Higgs boson production and

decays which may help to explain the baryon and anti-baryon asymmetry in the universe.

So far, all measurements of Higgs boson production cross sections and decay rates and of
quantum numbers agree with the Standard Model predictions. However, the uncertainties

in the measurements are still large compared to expectations from physics beyond the



Chapter 1 Introduction

Standard Model (BSM). Therefore, small CP-even or CP-odd admixtures to the SM
CP-even state are not excluded. Such BSM contributions can be probed by the meas-
urements of the Higgs boson production and decay rates and of the kinematic properties
of the final state particles. While the production and decay rates are sensitive to both
CP-even and CP-odd BSM contributions, tests for CP-violation can only be performed us-
ing final state kinematic observables which are not sensitive to new CP-even contributions.

In this thesis, the Higgs boson discovery channel into four leptons, H — ZZ* — 4/
(¢ = e,p), was analysed. Despite its small branching ratio of 1.250-1072%, it is one
of the most sensitive decay channels for the search for deviations from the Standard
Model due to the very clear signature and high signal-to-background ratio and the precise
reconstruction of the final state particles. The data analysed in this thesis were recorded
during Run 2 of the LHC in the years from 2015 to 2018 at a centre-of-mass energy
of 13 TeV. Three data sets of proton-proton collisions with integrated luminosities of
36.1 fb=1, 79.8 fb~! and 139 fb~! have been analysed.

The Standard Model of particle physics is introduced in the next chapter, with particular
emphasis on the Higgs sector. The kinematic properties of the Higgs boson production
and decay allowing for BSM physics tests are discussed and frameworks for the descrip-
tion of deviations of the Higgs boson couplings parameters from the Standard Model
predictions are introduced. Finally, an overview of the current measurements of Higgs
boson properties is given.

The Large Hadron Collider and the ATLAS detector together with the particle recon-
struction performed with it are described in Chapter [3] followed by the discussion of the
signal and background processes in the H — ZZ* — 4f decay channel and the description
of the Higgs boson candidate selection in Chapter [, The inclusive analysis serves as
input for the further Higgs boson property measurements in this thesis.

The measurement of the Higgs boson production cross sections in exclusive phase space
regions performed with an integrated luminosity of 79.8 fb~!, is presented in Chapter
Multivariate methods have been employed to separate signal and background as well as
the different production modes.

The ultimate precision of the Higgs boson property measurements at the LHC will be
reached after completion of the full LHC program, including the upgrade to the high-
luminosity LHC (HL-LHC) which is expected to deliver 3000 fb~! of luminosity, about 20
times more than recorded up to now. Projections of the precision of the current Higgs bo-
son cross section measurements to the full HL-LHC luminosity are described in Chapter [6]

The tensor structure of the Higgs boson couplings to weak gauge bosons and gluons has
been studied using two different approaches described in Chapter [7] In the first analysis,



performed with 36.1 fb~! of data, the event yields in event categories targeting the
different Higgs boson production modes have been measured and interpreted in terms of
CP-even and CP-odd BSM contributions. The second analysis was performed with the
full Run 2 data set corresponding to 139 fb~!. The results of the production cross section
measurements in exclusive phase space regions were interpreted in terms of BSM coupling
parameters within an effective field theory extension of the Standard Model. For this
purpose, particle level parametrisations of the cross section, of the 4¢ decay branching

ratio and of the detector acceptance have been developed.

In Chapter CP-violation in vector boson fusion production of the Higgs boson is
introduced. To probe for CP-violation, kinematic properties of the final state particles
sensitive to the CP quantum numbers of the Higgs boson have been studied, namely two
CP-odd observables, the azimuthal angle between the two tagging jets and the so-called
first-order Optimal Observable based on an event-by-event matrix element calculation
of the process. The measurement was performed for the 36.1 fb~! data set and then
extrapolated to the sensitivity expected with the full Run 2 data set.

The results of the thesis are summarised in Chapter [J]






The Standard Model and Beyond

In this chapter, the theoretical framework for the performed studies is introduced. First,
an introduction to the Standard Model (SM) of particle physics is given with particular
emphasis on the Higgs mechanism and Higgs boson phenomenology. Secondly, extensions
to the SM in the framework of effective field theories are described. Finally, an overview

of the current status of Higgs boson property measurements is given.

The SM of particle physics [1H6] is a relativistic quantum field theory classifying all known
elementary particles and describing three of the four fundamental forces, the strong, the
electromagnetic and the weak interaction, leaving out only gravity which is described by
the classical field theory of General Relativity [7]. Up to the now, all SM predictions are
in agreement with the measurements with high precision.

2.1 Particle Content of the Standard Model

The SM is a relativistic local gauge field theory. The SM Lagrangian is invariant under
local phase transformations of the gauge symmetry group,

Gsm =SUB)c®SU2)LoU(1)y, (2.1)

where the strong interaction acting on all particles with colour quantum numbers is
governed by the SU(3)c colour group and the unified electroweak interactions by the
SU((2)L®U(1)y group. The SU(2)y, interaction only acts on left-handed particle states
accounting for the parity violation by the weak interaction.

The SM contains three types of particles, spin-1/2 fermions as matter constituents, spin-1
gauge bosons mediating the interactions, and the scalar Higgs boson as a consequence of
the Higgs mechanism. (see Figure [2.1)).
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Figure 2.1: Particle content of the Standard Model (SM).

The fermions appear in three generations with increasing masses. Each generation con-
sists of a lepton pair and a pair of up- and down-type quarks. The lepton pair consists
of a charged lepton and an associated electrically neutral neutrino. The charged leptons
participate in the electromagnetic and the weak interaction, while the neutrinos are
interacting only weakly. Up-type quarks have electromagnetic charge +2/3, down-type
quarks —1/3. Since quarks also carry colour quantum numbers r,g,b, they are particip-
ating the strong interaction in addition to the weak and electromagnetic interactions.
Each particle has a corresponding anti-particle with the same mass and opposite electric
charge sign.

The interactions are mediated by the spin-1 gauge bosons, which correspond to the
generators of the gauge symmetries. Eight gluons (¢) mediate the strong force carrying
combinations of colour quantum numbers. The mediator of the electromagnetic inter-
action is the neutral photon () while the gauge bosons of the weak interaction are the
two electrically charged W+ bosons and the neutral Z boson. While the gluons and the
photon are massless, the gauge bosons of the weak interaction are massive.



2.2 The Electroweak Interaction

The only fundamental scalar (spin-0) particle in the SM is the Higgs boson. This col-
ourless, electrically neutral massive particle is predicted by the Higgs mechanism which
is responsible for electroweak symmetry breaking [8, 9]. It was discovered last, in 2012
by the ATLAS and the CMS experiments at the Large Hadron Collider with a mass of
mg = 125.09 GeV (10, [L1]. The electroweak gauge symmetry breaking introduces masses
of the fermions and weak gauge bosons and will be discussed in Section

2.2 The Electroweak Interaction

The electroweak interaction is described by the Glashow-Salam-Weinberg (GSW) theory,
combining the electromagnetic and weak interactions [12-14]. Left-handed chirality eigen-
states 1 (x), = 1/2(1—~°) 9 (x) of the fermions form SU(2), doublets with the third com-
ponent of the weak isospin I3 = &1/2 while the right-handed states ¢ () =1/2 (14++°) ¢(z)
form singlets with I3 = 0. The conserved charge of the U(1)y symmetry is the weak
hypercharge Yy which is a combination of the third component of the weak isospin I3
and of the electric charge Q: Yy =2(Q—1I3). Table summarises the electroweak

quantum numbers of the fermions.

Table 2.1: Quantum numbers of the electroweak multiplets, the electric charge @), the

third component of the weak isospin I3 and the weak hypercharge Yy,

Fermion SU(2), eigenstates Quantum Number
Q I3 Yw
Vel VpL VrL 0 +1/2 -1

LL = ’ ;

er, KL TL -1 —1/ -1
Lr  =I[er, R, TR] -1 0 -2
Q . Uy, Ccr, tr, +2/3 —|—1/2 —1—1/3
L dy, ’ SL ’ br, —1/3 —1/2 —|-1/3
ur = [UR,CR,tR)| +2/3 0 +4/3
dR = [dR,SR,bR] —1/3 0 —2/3
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The SM Lagrangian can be divided into four parts:

eCSM = ofgauge kinetic T eCfermion kinetic T eCscahlar + cCYukawar (2~2)

The first term corresponds to the kinetic energy of the gauge bosons including self-
interactions of the non-Abelian gauge bosons. The kinetic terms of the fermions include
the gauge invariant interaction terms between fermions and gauge bosons. The Higgs
field and its self-interaction are described by from oLsca1ar and the Yukawa interactions of
the fermions with the Higgs field by Lyukawa-

Gauge Kinetic Terms

The gauge invariant kinetic term for the gauge bosons is given by
1w oon 1w : 1o
ofgauge kinetic = — ZGA (x)GMy(x) - ZW[ (ZE)WMV(ZL‘) - ZB (:E)B/w(x)a (2'3)

where ny(:n), A=1,...8, are the field strength tensors for SU(3)¢, WJ,,(:L‘), I1=1,2,3,
for SU(2)r, and By, () the Abelian gauge group U(1)y given by

G (@) = 8,G () = 0,G}(x) = g5 fAPC G R (2)GY (), (2.4)
By (xz) =0,By(x) — 0,Bu(xz) and (2.5)
Wi (x) = 0,Wy (2) = 9, Wi (x) — gae W (2) W (), (2.6)

where g; is the strong gauge coupling constant, g; the hypercharge coupling and g2 the
weak isospin coupling. The tensor elements fABC are the structure constants of the
SU(3)c Lie algebra defined by

[tAJB} = i fABCLC, (2.7)

1JK

while elements of the the totally antisymmetric tensor e are the structure constants of

the SU(2)y, Lie algebra. The strong and weak gauge fields transform non-trivially under
the non-Abelian gauge groups SU(3)¢ and SU(2)r, respectively, i.e. introducing three-
and four-point self-interactions.

Fermion Kinetic Terms
The fermion kinetic terms of the electroweak Lagrangian are given in each generation by

Lfermion kinetic :QL(x)(ZlDL)QL(x) —l-ﬂR(x)(ZlDR)UR(«T) + JR(x)(lDR)dR(x)
+Lp(2)(@iPr)Lr(z) +Lr(z) (i) Er(2), (2.8)
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with [) =~v*D,, and the adjusted spinors Q =~°Q" etc. Since right-handed fermion fields

do not couple to the weak isospin, the covariant derivatives D are defined as

KL,R

Dubn(®) = [0+ i1 Bu(@)] va(@) and

Dy tu(@) = [1(0+ig "l Bu@)) +igT Wole) | wnle). (29)

where the elements of the weak isospin vector T = (11,72, 73) are the two-dimensional Pauli
matrices and W, = (WbWi,Wi’) is the weak isospin vector of the SU(2), gauge fields.

Scalar Sector

In contradiction to the experimental observation, the weak gauge symmetry predicts mass-
less weak gauge bosons and, in combination with parity violation, massless fermions as
in Equation and Explicit mass terms —mTQAMA“ for gauge bosons would violate

the local gauge symmetry and Dirac mass terms
—mpp = —mip (Pﬁ + P}%) Yp=m (&LwR + &RwL) : (2.10)

for the fermions the global SU(2); invariance. This conflict is solved by the Brout-
Englert-Higgs mechanism of electroweak symmetry breaking [8, |9} [15H19], which will be
discussed in detail in Section The minimal field content needed to give masses to the
three weak gauge bosons is a complex scalar SU(2), doublet

d= (‘ZZ) : (2.11)

with hypercharge Yy = 1 which is also a colour singlet . The minimal scalar Lagrangian
invariant under SU(2)r, ® U(1)y transformations preserving renormalisability of the the-
ory [20-22] and allowing for the electroweak symmetry breaking is given by

Licatar = (D, @)1 (D} @) — V (@), (2.12)
with the electroweak covariant derivative as in Equation and the Higgs potential
V() = —p20Td + \(0T D)2, (2.13)

where A > 0 is the dimensionless self-coupling and —p? a mass parameter.

Yukawa Interactions

With the same scalar doublet field finite masses of the fermions can be obtained after the
electroweak symmetry breaking via Yukawa interactions with the Higgs field [23] of the
form

Lyukawa = — ( YLD, + QLY AU, + QL YiIddy, + h.c.) : (2.14)
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where Yig, Y, and YZ‘; are the Yukawa coupling matrices with the generation indices

i,7=1,2,3 and ® = imy®*.

2.3 The Higgs Mechanism

The potential of the Higgs field (Equation [2.13]) after the electroweak symmetry breaking
with —u2 > 0 (illustrated in Figure [2.2) has an infinite set of degenerate ground states
where the Higgs potential has a minimum at the vacuum expectation value v of the Higgs

field:
; U2 _“2

V(®)

Re (D) '

Figure 2.2: Illustration of the potential of a complex scalar field ®.
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Due to electric charge conservation, only the neutral component of the scalar doublet can

acquire a finite vacuum expectation value. Therefore,

(@)= \}5 (S) , (2.16)

can be chosen as the ground state without restrictions. The choice of a particular vacuum
state breaks the SU(2)r, ® U(1)y gauge symmetry spontaneously. Invariance under the
electromagnetic U(1)g gauge symmetry is still preserved:

Q (@), = (13+Y;V) (B = 0. (2.17)

Three massless tangential excitations of the Higgs field are absorbed in the longitudinal
polarisation of the weak gauge bosons, which acquire their masses in this way. In the
unitary gauge, the scalar field ®(x) can be expanded around the ground state as

1 0
o) = <U+h($)>, (2.18)

where the massive radial excitation h(x) is the physical Higgs field. By inserting Equa-

tion [2.18] into oLscalar ONE obtaings
1 272 3 A4
°Csca1ar = iauh(m)(?“h(x) —Av°h (x) — A\vh (1’) — Zh (.Z‘)

2 (o) +120) (W7 W)+ b 202 (@) (219

2cos2 Oy
2,2

2 v
+ 0 (W @)W () + W (@)W () o+ ot Z() 2% (a).

The first and the second term in the scalar Lagrangian are the kinetic and the mass term
of the Higgs field. The triple and quadratic Higgs self-couplings are described by the two
following terms. Interactions between the Higgs and the weak vector bosons appear in
the second line of Equation [2.19| while the third line contains the mass terms of the weak
gauge bosons. The charged gauge fields Wf are linear combinations of the W;} and Wi
isotriplet gauge fields:

1
Wi=—
V2

The mass eigenstates Z, and A, of the neutral electroweak gauge fields are obtained by

(Wi Fiw?). (2.20)

rotation 5 .
—g1 B, + g2 W, B, + g W
gy 9Bt e Wi gy, 9Bt W (2.21)
\9itas Vit
around the Weinberg angle 0y, defined by
sin Oy = A and cosfy = 92 (2.22)

Vot 92 \/9%+9§’

where e is the elementary charge, the coupling constant of the electromagnetic interaction.

11



Chapter 2 The Standard Model and Beyond

According to the third line of Equation [2.19] the masses of the three massive weak gauge
bosons and of the Higgs boson are given to lowest order of perturbation theory by

my+ = 22
w 9
mz 928 _ TWE - and (2.23)

- 2cosy  cosBy

mp = VvV 2.

The measured values [24] are my+ =80.379+0.012 GeV, mz =91.1876 £0.0021 GeV and

my, = 125.094+0.24 GeV.

According to Equation [2.14] in the basis of the fermion mass eigenstates f; the masses of

the fermions proportional to the Yukawa couplings eigenvalues Y;
Iyukawaz—v—'—\[hz(x)yi (fisz‘R+finiL), (2.24)

are

(2.25)

where ¢ runs over all fermion flavours.

The coupling factors for the Higgs boson self-interactions in amplitude calculations [25]

are given by
N o — m% d Al A m%
gz < (3N Av = 3—1) and  gpa o< (4!) 1= 3—1}2 ,

where the factors n! account for the number n of identical Higgs particles in the interaction

(2.26)

vertex (see Figure . The coupling factors for Higgs boson interactions with gauge
bosons V = W=, Z and for fermions are

2 2
m m m
ghvv X 27‘/, Ghhvv X 273/ and  gpfr X Tf’ (2.27)

(see Figure . These coupling parameters of the Higgs boson to the SM particles are
proportional to the fermion masses and to the squared of the weak gauge boson masses
with 1/ as proportionality factor. The Higgs boson mass itself and the self-coupling
constant A are free parameter of the SM. Once they have been measured, all Higgs boson
production and decay rates can be predicted by the SM.

12
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Figure 2.3: Couplings of the Higgs boson in the Standard Model.

2.4 Phenomenology of the Standard Model Higgs Boson

In the following, the spin and CP properties of the SM Higgs boson are introduced and
its production in proton-proton collisions as well as its decay modes.

2.4.1 Spin and CP Properties

The CP quantum numbers of a particle describe the behaviour under charge (C) conjuga-
tion and parity (P) transformations. CP eigenstates with eigenvalue +1 are CP-even and
do not change the sign under CP transformations while CP-odd states with eigenvalue —1
change the sign. According to their spin J and parity P bosonic particles are classified as
scalars, pseudo-scalars, vectors and pseudo-vectors (see Table . The Higgs boson in
the SM is a CP-even spin-0, i.e. scalar particle. For the determination of the Higgs boson
coupling properties, its quantum numbers has to be identified. After the discovery of the
Higgs-like boson by the ATLAS and CMS experiments [10, |11], the quantum numbers
have been probed [26-28] (see Section and are in accordance with the SM predictions.

13



Chapter 2 The Standard Model and Beyond

Table 2.2: Spin and CP quantum numbers of bosonic particles in the SM

Quantum number scalar pseudo-scalar  vector  pseudo-vector
Spin: J 0 0 1 1
Charge conjugation: C +1 +1 +1 +1
Parity: P +1 -1 -1 +1

JCP 0+ 0+ 1+- 1++
Example SM Higgs boson 7T,K,77,’I7/ ZW.v,g fi,a1

Small CP-even and CP-odd admixtures to the SM CP-even state of the Higgs field are
predicted by theories beyond the Standard Model (BSM) [29]. In the case of CP-odd
admixtures, the observed Higgs boson would not be a CP-eigenstate and CP would be

violated in Higgs boson production and decays.

By measuring the tensor structure of the Higgs boson couplings to SM particles, its CP-
eigenstate composition can be investigated. The tensor structure can be studied using
distributions of kinematic variables of the Higgs boson decay and associated production

products as well as in relative rates of different production modes.

2.4.2 Production in Proton-Proton Collisions

The couplings of the Higgs boson to SM particles are proportional to the particle masses.
Therefore, the production of the Higgs boson in hadron collisions (Section is dom-
inated by processes involving heavy particles, e.g. the top and bottom quark and the
massive weak bosons [30]. The main production mechanisms are gluon fusion (ggF),
vector boson fusion (VBF), production in association with a W or Z boson (WH and
ZH) and the associated production with top (¢¢H) or bottom (bbH) quark pairs or with
single top quarks (tH). Figure shows the cross sections of the dominant production
modes as a function of the proton-proton centre-of-mass energy.

The dominant production mode with a relative rate of 88% is ggF shown in Figure
Since the gluons do not couple directly to the Higgs boson, it is produced via an interme-
diate quark loop. Because the Higgs boson couplings are proportional to the mass, the
largest contribution is the top quark loop. With about 7%, the next frequent production
mode is VBF (Figure where the Higgs boson is produced in the scattering of two
weak gauge bosons emitted from the incoming quarks, which produce two energetic jets
in the forward regions of the detector. This signature provides a powerful discrimina-
tion between the Higgs boson signal and the QCD background. The production mode in
association with vector bosons (V H), also called Higgs strahlung, contributes with 4%.

14
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Figure 2.4: Cross sections of the dominant production modes of the Standard Model Higgs
boson with a mass of myg = 125 GeV in proton-proton collisions at the Large Hadron
Collider as a function of the centre-of-mass energy /s.

A W or Z boson created in quark-antiquark annihilation or gluon fusion emits the Higgs
boson (see Figure . The smallest contributions of about 1% come from the production
in association with heavy quark pairs, ttH and bbH, as well as tH production with
additional W bosons or quark jets shown in Figure 2.7 and [2.8] respectively. Table 2.3
summarises the predictions for the main SM Higgs boson production cross sections in
proton-proton collisions at /s =13 TeV for my = 125 GeV.

(a) (b)

Figure 2.5: Tree-level Feynman diagrams for the Standard Model Higgs boson production

in proton-proton collisions via @ gluon fusion and @ vector boson fusion.
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Figure 2.6: Feynman diagrams for the Standard Model Higgs boson production in proton-
proton collisions [(a)] at tree-level in association with weak gauge bosons and [(b)| and
with loop processes via gg — ZH.

16



2.4 Phenomenology of the Standard Model Higgs Boson

g t,b q t,b
tb
tb " H
g t,b q t,b

(a) (b)

Figure 2.7: Tree-level Feynman diagrams for the Standard Model Higgs boson production
in proton-proton collisions in association with heavy quark pairs.

q t g 1%
W . t N,

H H

q b q t

b € t
%% H
q q

(c) (d)

Figure 2.8: Tree-level s- and t-channel Feynman diagrams for the Standard Model Higgs
boson production in proton-proton collisions in association with a top quark and l@] a

bottom quark, and a W boson and a light or heavy quark.
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Table 2.3: Production cross sections for the dominant production modes of the SM Higgs
boson with a mass of my = 125 GeV in proton-proton collisions at the Large Hadron
Collider at a centre-of-mass energy of /s =13 TeV. The quoted uncertainties correspond
to the total theoretical uncertainties calculated by adding in quadrature the QCD scale,
PDF and «; uncertainties [31].

Production mode Production mechanism Cross section [pb]
ggk 99—~ H 486 13
VBF aq—H 378 1IN
WH ag—WH 137 T
ZH 99/99 — ZH 0884 * 3%
ttH 99/aq — ttH 0507 * §38%
bbH 99/aq — bbH 0.488 *3330%
tH qq — tHg (t-ch.) 0.0743 * 535
qq — tHb (s-ch.) 0.00288* 3337
gb— tHW (W-ass.) 0.0152 * Sj%gﬁ

2.4.3 Decay Modes

The Higgs boson decay branching ratios (B) are defined as the ratios of particular partial
decay widths and the total decay width:

I'H — X)

BH—-X)= =—++-~. (2.28)

Yy(H—=Y)
The decay widths depend only on the square of the Higgs coupling to the decay products
which is directly proportional to their mass and on phase space factors including the
Higgs boson mass. The Higgs boson decays preferentially into the heaviest particles
allowed by energy conservation. The total Higgs boson decay width and the branching
ratios of the SM Higgs boson decays as a function of the Higgs boson mass mpy are

shown in Figure [2.9(a)| and [2.9(b)| respectively.
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Figure 2.9: @ Total Higgs boson decay width and @ branching ratios of the SM Higgs
boson decays as a function of the Higgs boson mass my [31].

The most frequent decay mode of the SM Higgs boson with a mass of my = 125 GeV is
the decay into pairs of bottom quarks, followed by the decay into W bosons. The decay
channels with the next highest branching ratio are the decays into gluons, 7 leptons
and charm quark and Z boson pairs. Decays into pairs of photons, Zv and into pairs
of muons have very small branching ratios at the per mill level. Since photons and
gluons do not couple directly to the Higgs boson, the decays into these particles is only
possible via loop processes involving heavy particles. The Feynman diagrams for the
decays into fermions and weak gauge bosons are shown in Figure [2.10]and for decays into
photon pairs and Z+~ in Figure The branching fractions are summarised in Table[2.4]

Due to the large QCD background of hadron colliders, fully hadronic final states are
experimentally difficult, e.g. the decays into bottom quark pairs and, even more, into
gluons are light quarks. The largest sensitivity is achieved for final states with leptons
or photons which can be easily identified. Therefore, Higgs boson decay into weak gauge
bosons pairs which decay into leptons and into photon pairs are central for the study of
the properties of the Higgs boson.
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(a) (b)

Figure 2.10: Tree-level Feynman diagrams for the Standard Model Higgs boson decays
into fermions and weak gauge bosons.

7/~ W Z/y
1%
H----- W H=--=---
1%
Y W Rl
() (b)
Z/vy
t,b
H----- t,b
t,0
v

Figure 2.11: Tree-level Feynman diagrams for the Standard Model Higgs boson decays
into two photons or Zv mediated by and W bosons and heavy quarks.
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Table 2.4: Predictions of the SM Higgs boson decay branching ratios for mpy = 125 GeV.
The quoted theoretical uncertainties are due to missing higher order corrections and input
parameter uncertainties in the calculation and have been added in quadrature [31].

Decay mode Decay process Branching ratio [%]
bb H — bb 58.24  TI2%
WwW H—WW 21.37 1o
g9 H — gg 8.187 fg:éggﬁ
TT H—rT1 6.272 ﬂ:gggﬁ
ce H—ce 2.891 oo
77 H— 277 2.619 T135%
vy H—yy 0.2270 +2:06%
Z~ H— Zy 0.1533 +2-82%
m H— pp 0.0217611-67%

2.5 Beyond the Standard Model Higgs Boson Analysis
Frameworks

The measurement of the production cross sections in exclusive phase space regions is
sensitive to the tensor structure of the Higgs boson couplings. Any deviation of the
measurements from the SM predictions would indicate BSM physics. Since significant
deviations from the SM have not been observed so far (see Section [2.6), only small BSM
effects are still allowed. Deviations are parametrised independently of the specific exten-
sions of the SM by means of the so-called k-framework or effective field theories approach,

introduced in the following.

2.5.1 The Coupling Modification Framework

The measured Higgs boson cross sections can be interpreted to leading-order in the so-
called k-framework [29] in which multiplicative coupling modifiers x are introduced to
parametrise deviations of the Higgs boson couplings from the SM predictions under the
assumption of a single CP-even Higgs boson state and of the SM tensor coupling structure.
Only the coupling strengths are allowed to be modified by BSM physics. The narrow-
width approximation for the Higgs boson is assumed, such that production and the decay

can be factorised,

o B (i—>H—>f):ai(m).F1’:(;), (2.29)
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where o; is the production cross section from the initial state i, B and I'y are the branching
ratio and partial decay width for the decay into the final state f, respectively, and I'j is
the total width of the Higgs boson. For Higgs boson production and decay process via
couplings ¢ and f, respectively, coupling strength modifiers

2 g 2 L'y

ki = —5 and Hf:D%W, (2.30)

are defined.

2.5.2 Effective Field Theory Frameworks

An Effective Field Theory (EFT) parametrises new physics occurring at an energy scale
A much larger than the electroweak scale v. Interactions of new particles are integrated
out and absorbed into operators consisting of the SM fields with dimensions larger than

the operators of the SM Lagrangian to which they are added.

In the following, two EFT versions are introduced. In the Standard Model Effective Field
Theory (SMEFT) [32] a complete set of dimension-six operators invariant under the SM
gauge group SU(3)c ®@ SU(2), @ U(1)y is constructed from the SM fields. The Higgs
Characterisation (HC) model [33] is formulated in terms of the mass eigenstates of the
SM fields after the electroweak symmetry breaking and the effective Higgs boson couplings
to the SM gauge bosons and fermions are described by in total 20 parameters. Since the
HC model does not include all possible extensions of the SM Lagrangian predicted by
dimension-six operators, it is less general than the SMEFT.

2.5.2.1 The Standard Model Effective Field Theory

In the SMEFT, the SM Lagrangian is extended by higher-dimension operators which
have the same field content and the same, linearly realised, SU(3)c ® SU(2), @ U(1)y
local gauge symmetry as the SM. The general effective Lagrangian takes the form

C( )
Lovprr = Loy +L O+ LO 0D with £P Z e forD>4 (2.31)

where A is the energy scale at which new physics is assumed to appear, OI(D) are the

(D)

operators of the dimension-D invariant under the SM gauge group and C;’ are the
corresponding dimensionless coupling constants, the so-called Wilson coefficients. In the
present studies, A is set to 1 TeV, since current experimental results show no evidence

for new physics up to this scale.

Complete sets of operators are known for dimensions up to eight [34-41]. Dimension-five
operators violates lepton number (L conservation), while dimension-seven operators viol-
ate the observed B — L symmetry, where B is the baryon number. Previous experiments
showed [42] that the L and B — L violating terms are suppressed such that they are not
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observable at LHC. They are, therefore, neglected here. Thus, the leading contributions
of new physics are from dimension-six operators and the SMEFT Lagrangian becomes

ne
Lsverr = Lsv+ Y ¢i0;, (2.32)
i
where the 1/A2 factor is absorbed into the Wilson coefficients, ¢; = Ci/a2.

There are several possible complete sets of these dimension-six operators. The SMEFT
used here is formulated in the Warsaw basis [34], which contains 59 independent operators
assuming lepton and baryon number conservation. These operators are divided into eight
classes according to the field content and the number of covariant derivatives, class 1:
X3 class 2: ®F, class 3: ®1D?, class 4: X2®2, class 5: 2®3, class 6: ¥2X®, class 7:
¥?®2D and class 8: ¥*, where X = Gﬁy,Wiy,BW are the gauge field strength tensors,
® the scalar doublet Higgs field, ¢ the fermion spinor of SU(2), eigenstates and D,, the
covariant derivative. The operators of class 1 to 7 are shown in Table the class 8

operators in Table

Table 2.5: Class 1 to 7 of dimension-six operators built from Standard Model gauge fields

X= Gﬁy, W,;Tm B,,,, the scalar Higgs doublet ® and the fermion fields ¢ with flavour indices

p,T, 8,1 conserving lepton and baryon number in the so-called Warsaw basis defined in [34]

Class 1: X3 Class 2 and 3: ¢ and ®*D? Class 5: ¢2®% +h.c.
Oc fenderiiersy Os (®fd)3 o (@) (Lyt, @)
Oz FABCGAGErGGR Oan (@'e)0(@t®) Ouo (10)(Qpu,P)
Ow KW Jew K Osp (@TDH®)* (01D, @) Odo (@1®)(Qpd, D)
o LTRW I Jew K
Class 4: X2d2 Class 6: Y2 X® +h.c. Class T: 1;“)2<I>2D
Oac dtoGs, GAm O (Lpo t,)r 1 dW], 05! (@Tiﬁ‘@)(iﬂm)
~ _ 3 hRg -
Osi dtoG, GAn O (Lpo"0,)® By, o) (TiD]®)(Ly7'y"Ly)
— ~ Axd —
Oaw ofew], win Ouc (Qpo t4u, ) @G, Oy (®1iD,®)(Lyy*ey)
- - = ) oS
Opiw olow, Wik Ouw (Qpo"ur) T QW Oaq (®1iD,2)(Q"Qr)
— ~ - <_>. — .
Osp o'®B,, B Oun (@po"™u,)® By, 0(55 (@1iD!®)(Qpr v Q)
~ — xd
Ou5 ot® B, B* Ouc: (QpotAd,) 2G4, Oy (®@1iD,®) (upy uy)
Osw s ofrl oW, B Oaw Qo d,)rTdW}, Opa (10D, D) (dyydy)
Ogivn @f.,.l¢ﬁ7}{y3/w Oan (Qpa”"dr)‘PB;w Ogyq+h.c. i(@Du‘P)(ﬁpv"‘dr)
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Table 2.6: Class 8 of dimension-six operators built from Standard Model fermion fields ¢

with flavour indices p,r,s,t conserving lepton and baryon number in the so-called Warsaw
basis defined in [34]

Class 8: (T;LwL)('l/;LU)L) Class 8: (1/33’(;“)}-}5)(1/}31/13) Class 8: (QZ;LwL)(7/;R7/)R)

OLL (Iip’yy,LT)(Iis'y”Lt)

08%? (Qp'}%QT)(Qs’Y'th)

O (Lprypulr) (Ly?'Ly) O (LpvuLr) (£ ts)

Ouu (QP'YM UT) (’ELS'y”ut)

(Lp'YlLLr)(a.S'Y#Ut)

0% (Qprum Qr)( Q"7 Qy) Oua (dpyudy ) (dsyidy) OLa (LpyuLr)(dsy¥dy)

05 (Ll )( Q1" Q) Oy, (Bl (") Oqr Q@) (L)

Ol (L' L)@*r'Q)  Ou (Bl ) (s d) g (@ @) ()
Ol (@aur)(doydy) Oge (@I Q) (" T u)
Oul (apT™u) (e TAdy) O (Qp1uQ0) (dsydy)

(8) ~ 5
OQd (Qp'y“,TAQT)(dS'y“TAdt)

Class 8: (¢ryr)(Yr¥L)+h.c. Class 8: (¢ryr)(Yrtr)+h.c.

o o
OLigq (L36,)(dsQuy) OQuqa

®) . _
Oguga  (QITMur)e;u(QETAdy)

(QJur)ejn(QEdy)

) - -
OLZQu (L;zr)ﬁjk(Q’;ut)

®) . -
OLiqu  (Loutr)ejn( Q5o ur)

In perturbation theory, the measured input parameters have to be properly chosen to
determine the couplings at a given scale with the best precision. In the following, para-
meters carrying a hat superscript are the measured input parameters and the related
physical observables derived from it. In this thesis mz,é m,My are used as electroweak
input parameters. The parameters of the SM Lagrangian are, therefore, given by

e =2V2mw\/Grsinby, & = V2 Grsinby, G =2V 2w/ Gr,
ey s 1
V24/Gr

sin? Oy =1 —4
mz
A detailed discussion of the two different input parameter schemes can be found in [32].

(2.33)

Due to the three generations and Yukawa coupling matrices, the 59 independent
dimension-six operators in the Warsaw basis lead to 2499 hermitian operators and
real coupling parameters of which 1350 are CP-even and 1149 CP-odd. Experiment-
ally, such a large number of parameters cannot be independently determined. In order
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to reduce the number of parameters, flavour symmetry assumptions are used for the
dimension-six operators, which are motivated by previous measurements.

One assumption used here is U(3)% global flavour symmetry, described in detail in [32],
which requires all Yukawa couplings except the ones for top and bottom quarks to vanish.
The operators of classes 1, 2, 3 and 4 remain unchanged in the U(3)® symmetry limit and
allowing for complex Wilson coefficients and thus for SM and BSM CP-violation. The
Yukawa matrices for classes 5, 6 and 8 become diagonal with two non-zero entries. With

this assumption, the number of parameters reduces to 52 CP-even and 17 CP-odd ones.

In the U(3)% flavour symmetric limit, 19 operators contribute to Higgs boson interactions,
the operator Og of class 2, the two operators Ogp and Ogp of class 3, the eight operators
of class 4, the three operators Oye, Oue and Oge of class 5 and the five operators Ogr,,
Oa¢, O3g, Os,, and Ogq of the class 7 operators. The U6 operator Og is neglected be-
cause it can only be measured in double-Higgs production. In addition, operators which
do not directly affect the H — ZZ* measurement, i.e. the Higgs boson self-couplings
and the Yukawa couplings of the Higgs boson to down-type quarks and leptons, are
not taken into account. The remaining couplings are the top Yukawa coupling and
the Higgs couplings to the weak gauge bosons (class 4 operators). The former can be
measured in the ttH production, while the latter can be measured in the ggF, VBF and
V H production as well as in the four lepton decay (HZZ).

Five CP-even and five CP-odd parameter remain, which are listed in Table For the
Wilson coefficients the SMEFT naming convention [32] is used. The corresponding Feyn-
man diagrams for the CP-even and CP-odd effective couplings are shown in Figure
and Figure [2.13] respectively.

Table 2.7: SMEFT CP-even and CP-odd dimension-six operators in the Warsaw basis
relevant for the measurements in the H — ZZ* — 4/ channel

CP-even CP-odd Impact on
Operator Structure Coeff. | Operator Structure Coeff. | production decay
Osc @Jf(I)GﬁVGAW CHG Opi CDTCI)@I‘?VGAW Cye ggF Yes
Ous (®10)(Qpur®)  curr | Oy (1) (Qpu,®)  can ttH -
Osw @TQDWJVWI‘“’ caw | O @TQDWJ,,WIW Chiv VBF, VH  Yes
Osp ®'®B,,B"  cup | Oup ®'®B,,B" ¢,z | VBF,VH  Yes
Osw B IrTOWL,B™  cuws | Oppp ofr! @W;VBMV cyivp | VBF, VH  Yes
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(e)

Figure 2.12: Tree-level Feynman diagrams for gF, @ VBF, V H and l@‘ ttH pro-
duction and @ for HZZ* decay with CP-even effective couplings in the SMEFT.
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Figure 2.13: Tree-level Feynman diagrams for @ng, @ VBF, V H and l@‘ ttH pro-
duction and @ for HZZ* decay with CP-odd effective couplings in the SMEFT.
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2.5.2.2 The Higgs Characterisation Model

In the HC model the effective Higgs boson couplings to the SM gauge bosons and fermions
from BSM physics are characterised by 20 new parameters. The effective Lagrangian is
constructed under the assumptions that the Higgs boson resonance at 125 GeV corres-
ponds to a bosonic state and does not couple to any other new state below the cutoff scale
A =1 TeV. It is assumed, that new physics is described by the lowest dimensional addi-
tional operators, i.e. of dimension-six. In principle, all interactions generated by these
gauge invariant operators above the electroweak scale can be included, but for practical
reasons only operators modifying the three-particle Higgs boson (spin J=0) interactions
are considered. CP conservation is not required. The effective HC interaction Lagrangian

Lic = Lsv—u +Li-o, (2.34)

is formulated in terms of the fermion and gauge boson mass eigenstates, where JLgn_11 is
the SM interaction Lagrangian without terms involving the Higgs boson after electroweak
symmetry breaking. The modified Higgs boson interactions including dimension-six con-
tributions are described by

Ly—o ==Y Vs(Cakrsfguss+sakagrgarsys)bsh (2.35)
t,b,T

1 —
+ {CaHSM |:2QHZZZ;;ZM+9HWWWJW “}
1

T [Ca’iHWgHwAWAW + SaﬁAvngvauVﬁMV}

1 ~
- 5 [Ca/‘;HZ'ngZ'yZMVAw/ + SaﬁAZ'ygAZ’yZMVAMV}

1 ~
B caHHgggHggGﬁuGA’#y + SaﬁAgggAggGﬁuGA’uu} (236)
{caﬁHZZZ/U/Z'Lw + SaK/AZZZuVZHV]

4
11
4A
11 ¥ v —p + -
3R [CaHHWWWWW + sakaww W, W }
1

G |F110y 20 A™ + K110 2,0, 21 + (kpow W, 0,0 + e )| }h,

with the definition ¢, = cosa and s, =sina. The angle o parametrises the mixing
between the two CP-eigenstates and implies CP-violation if « # 0,7/2. The first line
describes the effective Yukawa interactions with fermions and the remaining lines the
effective couplings to the vector bosons. The effective HC coupling modifiers xksnr, Kpxx
and kaxx, respectively, describe the SM and BSM CP-even and CP-odd interactions of
the fermions and weak vector bosons with the Higgs field h. For the Lagrangian to be
hermitian, the coupling parameters have to be real (except for kpggy ). The SM coupling
strengths of the Higgs boson to fermions and bosons are given by gp sy and gy xx, while
gassr and gaxx are the coupling strengths of a pseudo-scalar state A for instance in a
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2.5 Beyond the Standard Model Higgs Boson Analysis Frameworks

two Higgs-doublet model (2HDM), which is one of the simplest extensions of the SM [43].
A second complex spin-0 field leads to five mass eigenstates after electroweak symmetry
breaking, two CP-even states (h, H), one CP-odd state (A) and two charged Higgs
bosons (Hi) The SM can is recovered by setting ¢, =1, ksym = KHfp = KHgg = 1 and
the remaining HC coupling parameters x; to zero.

Since with the current data no sensitivity is expected to operators describing BSM ~v
and Z~ as well as Yukawa interactions, these are neglected in the presented analysis. In
addition it is assumed, that the CP-even and the CP-odd BSM coupling parameters to
the Z bosons, kpzz and kazz, are identical to the couplings to W bosons, kgww and
kaww and are denoted by kxyvy = kxzz = kxww in the following.

In the presented studies, the HC coupling parameters considered are the ones to Z and
W bosons and to gluons given in Table The corresponding Feynman diagrams with
effective coupling are shown in Figure

Table 2.8: The most relevant Higgs Characterisation (HC) model coupling parameters for
the measurements in the H — ZZ* — 44 decay channel

Coupling term Production and decay mode HC coupling parameter
G;‘VGA"“’h ggF KHgg SM
GA,GAh ggF Kagg BSM CP-odd
ZuZ"h, Wiw~=#h  VBF,VH,HZZ ks SM

ZwZ"h, WEW™Wh VBF,VH, HZZ kpgyvy BSM CP-even
ZywZh, W, W#h VBF,VH, HZZ kavy BSM CP-odd

2.5.3 Comparability between the Analysis Frameworks

The two EFT analysis frameworks described above use different effective field theories to
introduce the BSM contributions to the Higgs boson interaction. The SMEFT framework
(Section is formulated before the electroweak symmetry breaking, while the
HC framework (Section is formulated in mass eigenstates after the electroweak
symmetry breaking. A direct comparison, i.e. a translation between the SMEFT and the
HC model, is only possible under certain assumptions. In the SMEFT model BSM contri-
butions to the X V'V vertex are described by three coupling parameters (cgw,cup,caw B

or ¢ while these correspond to one in the HC model (kgyy or kayy).

i CuB Cive):
Therefore, a comparison is only possible if all BSM coupling parameters in the SMEFT
model are measured at the same time which was not possible in the presented study due

to less amount of data (see Section [7.3.6). In addition, with the assumption in the HC
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KSM,
H------- (1) KEVY,
KAVV

Z*
(c) (d)

Figure 2.14: Tree-level Feynman diagram for ggk, VBF, V H production mode
and @ for HZZ* decay with effective couplings in the HC model.

model that the BSM coupling parameters to the Z bosons have the same correlation to
corresponding couplings to W bosons as in the SM (kxww = kxvy) a translation from
HC to SMEFT is not possible. Thus, the results of the HC analysis and the interpretation
within the SMEFT are not compared to each other.

The coupling modification framework (Section [2.5.1) parametrises deviations from the
Higgs boson couplings under the assumption of a single CP-even state with SM tensor
coupling. Therefore, these coupling strength modifiers can be related to the SM-like

coupling parameter of the HC framework, corgas-

2.6 Status of Higgs Boson Property Measurements

In 2012, the ATLAS and CMS collaborations announced independently the discovery of
a new particle with a mass of 125 GeV and with properties consistent with those of the
SM Higgs boson |10} |11]. Further studies of its spin and CP properties, as well as the
measurement of its couplings confirmed predictions of the SM [26-28, |44].

In this section the current status of the measurements by the ATLAS and CMS collab-
orations of the Higgs boson properties are summarised based on data taken in the years
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2011 and 2012 at centre-of-mass energies of /s =7 and 8 TeV, respectively, and in 2015
to 2018 at /s =13 TeV.

2.6.1 Measurement of the Higgs Boson Mass

The Higgs boson mass my is not predicted by the SM. Once it is measured, the Higgs
boson production cross sections as well as the decay rates and the total decay width
are fully determined. Other SM predictions of precision electroweak observables in
higher-orders perturbation theory depend on my. The highest mass resolution can be
achieved in final states which can be fully reconstructed with high precision, namely in
the H — 4¢ and H — v decay channels. The mass resolution of both experiments in
the four-lepton and diphoton final states is about 1-2% [45], while in other channels like
H — WW* — (vlv only a resolution of about 20% can be obtained due to the missing

neutrinos.

Table summarises all measurements of the Higgs boson mass, the individual and
combined Run 1 measurements of both experiments [46] and the ATLAS and CMS
Run 2 measurement in four-lepton and diphoton final states [47} 4§].

2.6.2 Measurement of the Higgs Boson Width

The width of the Higgs boson is precisely predicted once the Higgs boson mass is known.
For mg =125 GeV, the width is only 4 MeV. Since the Higgs boson mass resolution of AT-
LAS and CMS is only about 1-2 GeV, direct measurements of the width of the resonance
are much larger than the predicted natural width. In addition to the direct measurements,
also indirect measurements have been performed from both experiments [45]. So far no
deviations from the SM prediction have been observed.

Direct constraints on the width are determined by measuring the shape of the Higgs
boson resonance in final states with high mass resolution, the four-lepton and diphoton
final states [47, 50]. Another direct constraint has been derived by CMS from the lifetime
of the Higgs boson obtained from the measurement of the displacement of the four-lepton
vertex in the H — ZZ* — 4¢ decays from the proton-proton interaction point [51]. The
limits on the natural width of the Higgs boson from direct measurements are summarised

in Table 2.101

Indirect constraints on the width can be obtained from the resonance shift in the di-
photon mass spectrum. The interference between gg — H — =~y signal and the irreducible
g9 — 77 background leads to a visible resonance mass shift, which depends on the total
width of the Higgs boson [52H54]. The mass shift has been measured by ATLAS to be
354+9 MeV [55]. At the high-luminosity LHC (HL-LHC) an upper limit on the total width
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Table 2.9: Higgs boson mass measurements performed in the four-lepton and diphoton
final states by the ATLAS and CMS experiments with Run 1 and Run 2 data [46-49]

Experiment Channel Measured Errors
mass Tot. Stat. Syst.
Run 1
ATLAS H — vy 126.02  £0.51 (£0.43 +0.27) GeV
CMS H — vy 124.70  £0.34 (£0.31 +0.15) GeV
ATLAS H— 4 124.51  £0.52 (£0.52 +0.04) GeV
CMS H—-4 125.59  +£0.45 (£0.45 +0.17) GeV
ATLAS+CMS H — vy 125.07  £0.29 (£0.25 +0.14) GeV
ATLAS+CMS H — 44 125.15  +0.40 (£0.37 +0.15) GeV

ATLAS+CMS H —yy+4¢ 12509 +0.24 (£0.21 =£0.11) GeV

Run 2
ATLAS H — vy 125.32  £0.35 (£0.19 =+0.29) GeV
ATLAS H — 4¢ 124.71 +0.30 (£0.30 £0.05) GeV
ATLAS H— yvy+44 124.86  £0.27 (£0.18 +0.20) GeV
CMS H — vy 125.78  +0.26 (£0.18 =£0.19) GeV
CMS H —4¢ 125.26  £0.21 (£0.20 =£0.08) GeV
CMS H—~yy+40 12546  +0.17 (£0.13 +0.11) GeV
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Table 2.10: Observed (and expected) 95% confidence level (CL) limits on the natural
width of the Higgs boson with mass of mpy = 125 GeV from fits of the four-lepton and
diphoton mass spectra and from the four-lepton vertex displacement

Experiment ~7 mass spectrum 4¢ mass spectrum 4{ vertex lifetime

ATLAS <5.0(6.2) GeV <2.6(6.2) GeV -
CMS <2.4(3.1) GeV <1.1(1.6) GeV  >3.5-107'2 GeV

of approximately 200 MeV at 95% confidence level (CL) is expected for an integrated
luminosity of 3 ab~! and 14 TeV centre-of-mass energy.

In addition, the interference signal and background in the diphoton channel causes a
change of the off-resonance Higgs boson production cross section. The size of this change
also depends on the total width of the Higgs boson, leading to an upper bound of 800 MeV
on the Higgs boson total width [56]. The limit can be improved to 60 MeV with 3 ab™!
at 14 TeV at the HL-LHC [57].

Finally, the Higgs boson width can be determined indirectly from the on- and off-
resonance signal strengths in the V'V decay channels [58-61]. CMS has set the most
accurate constraints on the Higgs boson width from measurements the on- and off-
resonance Higgs boson production in the four-lepton final state with the data collected
in 2011 to 2017. The Higgs boson width is measured to be T T3 = 3.2125 MeV, while
4.1%50 MeV is expected from simulation [62]. The upper limit obtained with 36.1 fb~'of
Run 2 data by ATLAS is weaker, corresponding to I'ry/ F%M < 3.5, while 3.7 is expected
from the SM [63]. Prospective studies by ATLAS and CMS using only the four-lepton
final states show that the width can be measured with this method with a precision of
Ty =4.1707 MeV with 3 ab™! of 14 TeV data [64].

2.6.3 Measurements of the Higgs Boson Couplings

A crucial test of the SM is the measurement of the Higgs boson couplings to SM particles.
At the LHC, the Higgs boson couplings are determined from the signal strength p,
the product of production cross sections o; for a given process ¢ and decay branching
ratios into a final state f, o;- By, relative to the SM prediction [65, 66]. The latest
combination of measurements by ATLAS and CMS of the production cross-section times
the branching ratio, are shown in Figure and Figure respectively. The results
are all compatible with the SM prediction = 1. In ATLAS, only the combination
VH of WH and ZH production has been measured. Due to the small sensitivity for the
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H — bb decay in ggF production, the SM prediction is used for the combination. The
same has been done for the H - WW* and H — 77 decays in V H production and the
for the H - WW* and H — ZZ* decays (VV) in ttH +tH production. CMS on the
other hand fixed the signal strength for H — 77 decays in WH and ZH production,
H — bb decays in VBF production and H — up in WH, ZH and ttH production to the
SM predictions. For H — ZZ* decays in WH, ZH, and ttH production and H — vy
decays in ZH production, negative signal strength results due to negative event yield

after background subtraction have been set to zero.

The signal strength ,ulf is related to the couplings of the Higgs boson to the fermions or
vector bosons in the initial and final states via the multiplicative coupling modifiers of the
k-framework introduced in Section and defined in Equation The Higgs boson
couplings are probed in addition by measuring the so-called reduced coupling strength
scale factor defined as

F mpgp % m
yF:/ﬁ?F%:HFT and yy = KV%}:‘/KVTU' (2.37)

where mp (my) corresponds to the mass of the fermions (weak gauge boson) and gy the

absolute values of Higgs boson coupling strength. Figure [2.17(a)| and [2.17(b)| illustrate

this linear dependence over a wide range of particle masses in the SM with the latest
measurement by ATLAS and CMS, respectively, in excellent agreement with the SM
prediction [65] 66].

2.6.4 Measurements of the Higgs Boson Self-Coupling

With the measurement of the Higgs boson self coupling the Higgs potential and the
mechanism of the electroweak symmetry breaking can be probed. This important and
very challenging measurement is an outstanding long term goal at the LHC, at the
HL-LHC and at future colliders.

ATLAS and CMS studied the sensitivity to the trilinear self-coupling g5 (see Figure
in the full data set of 3 ab™! of the HL-LHC [67-69] in the measurements of the Higgs
boson pair production in the HH — bbyy, HH — bbrt and HH — bbWW decays. The
most sensitive channel is HH — bby~y, where signal significances of 1.05 ¢ and 1.6 ¢ are
expected by ATLAS [67] and CMS [68], respectively.

2.6.5 Measurements of the Higgs Boson Spin and Parity

In the SM, the Higgs boson is a CP-even scalar particle with J* = 0%*. Its spin and
parity properties have been measured by ATLAS and CMS |27, [28] using decays H — 7,
H— 7Z7Z* =40 and H - WW* — ¢vfv. The SM J¥ = 07 hypothesis has been compared
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Figure 2.15: ATLAS combined measurements of the signal strength ,uzf for the different
Higgs boson productions (i) and decay modes (f), the product of the production cross
section and the branching ratios, o; - B, normalised to the SM prediction. The results are
based on the Run 2 data set with an integrated luminosity of 79.8 fb~! at a centre-of-mass
energy of 13 TeV [65].
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Figure 2.16: CMS combined measurements of the signal strength ,uzf for the different Higgs

boson productions (i) and decay modes (f), the product of the production cross section

and the branching ratios, o; - B, normalised to the SM prediction. The results are based

on the Run 2 data set with an integrated luminosity of 35.9 fb~! at a centre-of-mass

energy of 13 TeV [66].
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Figure 2.17: Measurements of the modified coupling parameters xp™f and \/ky ™+ to the
SM fermions F' and weak gauge bosons V' by ATLAS and and CMS as a function
of the particle mass. The SM prediction is shown as dashed line. The lower panels show
the ratios of the measured values to the SM predictions, i.e. kK and \/ky. The results
are based on Run 2data with an integrated luminosities of 79.8 fb~1(ATLAS) and 35.9
fb~1(CMS) at a centre-of-mass energy of 13 TeV .
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to several alternative hypotheses, namely J* =07,17,1~ and 2*. The spin-1 hypothesis
is in principle excluded due to the observation of H — « decays and the Landau-Yang
theorem, which forbids the decay of a spin-1 particle into two massless vector bosons |70,
71]. However, the theorem applies only in the narrow-width approximation and the two
reconstructed photons could actually be a pair of two collinear photons which cannot be
separated experimentally. Hence, the spin-1 hypotheses has also been probed.

Figure[2.18(a)land Figure[2.18(b)[show the expected and observed distributions of the test
statistics of the SM hypothesis against all alternative spin-parity hypotheses for ATLAS
and CMS, respectively. In all cases the quantum numbers predicted by the SM, J¥ =07,
are favoured by the data. Higher-order scalar or pseudo-scalar contributions have been
excluded. However, it is still possible to have small CP-even or CP-odd admixtures to
the predominately CP-even SM Higgs boson state, as predicted by many theories beyond
the SM. These admixtures can be tested by measuring the tensor structure of the Higgs
boson couplings. This measurement has also been performed in H — ZZ* — 4¢ and
H — WW?* — {vlv decays [28]. The ratio of the HC coupling parameters (Section [2.5.2.2)),

KHVV v KHVV KaAvv vV KAVV
= . and ‘tana = —- ‘tana, (2.38)
ks 4N Ksu KSM 4-N Ksum

has been measured. The measurement was based on the shape of the CP-sensitive kin-
ematic distributions of the Higgs boson decay products. The expected and observed
values of coupling parameters excluded at a 95% CL after combination of both decay
channels are given in Table[2.11] For the CP-odd coupling parameter the best fit value is
(Favv/ksnm) - tana = —0.68 and the region outside —2.18 < (Rayy/ksa) - tana < 0.83
is excluded at 95% CL. For the CP-even coupling parameter the best fit value is
Ravyv/ksy = —0.48 and the region outside —0.73 < Rgyy/ksy < 0.63 is excluded at
95% CL. All results are consistent with the SM prediction.

Table 2.11: Expected and observed best-fit values and exclusion regions at 95% confid-
ence level (CL) for the higher-order CP-odd and CP-even BSM coupling parameters,
(Ravv/ksam)-tan(a) and Kgyy /ksar, respectively. Results are obtained from the com-
bined analysis of the H — ZZ* — 4¢ and H — WW™* — (vlv decay channels [28]

Coupling ratio Best-fit value 95% CL Exclusion regions

combined Observed Expected Observed
(Favv/ksm)-tana —0.68 (—00,—-2.33]U[2.30,00) (—00,—2.18]J[0.83,00)
REVV/KSM —0.48 (—00,—0.55]J[4.80,00) (—00,—0.73]J[0.63,00)

38



2.6 Status of Higgs Boson Property Measurements

ATLAS

—e— Observed
------- Expected
I 0'SM+1c
I 0'SMt2¢
[ 10'SM+3¢c
B ) +io
mm JP+20
[ 1J°+30c
S 40

30F

-20F
-30F

. il
SO

H—ZZ* — 4]
s=7TeV,45fb'
s=8TeV,20.3fb'

H— WW* - evuv
s=8TeV,20.3fb'

H—yy
s=7TeV,45fb'
s=8TeV,20.3fb'

2

o

JP=0r JP=0 JP=2 JP-2f

o =

JP=2r yPo2t yPo2r
Kq=0

K=2K, Kq=2Ky

p<300GeV p<125GeV p <300GeV p <125 GeV

CMs

=) -e- Observed --- Expected
= 100} WMo +io [ NS
[0 +26 mS+2
0"+3c S 30

[e'¢] gg production

(b)

qd production

Figure 2.18: Distributions of the test statistics of the SM hypothesis J¥ = 07 against the
alternative spin-parity hypotheses J¥ =07,1%,17,2%). For @ ATLAS . SM hypo-
thesis is shown in blue, alternative hypotheses in red and @ CMS the SM hypothesis
in orange, alternative hypotheses in blue. The results are based on the Run 1 data at

centre-of-mass energies of 7 TeV and 8 TeV.
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The ATLAS Detector at the LHC

In this chapter the ATLAS experiment at the Large Hadron Collider (LHC) is described.
A short introduction of the CERN accelerator complex is given, followed by the charac-
terisation of proton-proton collisions at the LHC. Subsequently, the ATLAS detector with
its sub-detectors is described. Finally, the particle reconstruction and identification with
the ATLAS detector is outlined.

3.1 The Large Hadron Collider

The Large Hadron Collider [72,|73] is a circular particle accelerator and collider situated
at the European Centre for Particle Physics (CERN) in Switzerland. The LHC tunnel
with 26.5 km circumference is located 45 m to 170 m below ground. Two particle beams
circulate in the tunnel in opposite directions in two separate vacuum pipes. Supercon-
ducting dipole-magnets of 8.33 T field strength bend the two beams on the accelerator
ring. The LHC is designed to collide protons up to a centre-of-mass energy of /s =14 TeV
and heavy ions, lead nuclei, up to /s =5.02 TeV.

Before the protons or heavy ions are injected into the LHC, they traverse a chain of
pre-accelerators shown in Figure First the protons and lead ions are accelerated
in a linear accelerator (LINAC2) up to energies of 50 MeV and 4.2 MeV, respectively.
Afterwards, the protons are injected into the Proton Synchrotron Booster (PSB), which
increases their energy up to 1.4 GeV, while the lead ions are injected into the Low
Energy Ion Ring (LEIR) and accelerated to 72 MeV. Protons and lead ions are then
accelerated in the Proton Synchrotron (PS) up to energies of 25 GeV and 6 GeV, re-
spectively. The last pre-acceleration is performed in the Super Proton Synchrotron
(SPS) which accelerates protons up to 450 GeV and heavy ions up to 117 GeV. After
that they are piped to the LHC, where they are further accelerated to t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>