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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.
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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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2.6 Status of Higgs Boson Property Measurements

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)
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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 the collision energy.

Up to now two successful periods of data taking, referred to as Run 1 and Run 2, took
place at the LHC. During the Run 1 period in the years 2010 to 2012, proton-proton
collision data were taken at centre-of-mass energies of /s =7 TeV and /s =8 TeV.
The Run 2 data taking period took place in the years 2015 to 2018 with proton-proton
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Figure 3.1: The CERN accelerator complex i The illustration shows the injection chain traversed by protons colliding in the LHC.
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collisions at a centre-of-mass energy of 13 TeV. The design collision energies of 14 TeV
for protons and 5.6 TeV for heavy ions are expected to be reached during the Run 3 data
taking which will start after the second long LHC shutdown in 2021.

The four main experiments at the LHC are ATLAS [75], CMS [76], ALICE [77] and
LHCb [78]. The two general purpose experiments, ATLAS and CMS, are designed
to search for the Higgs boson and a broad range of new physics phenomena, such as
dark matter, supersymmetry or extra dimensions. In addition, the detector allows for
high-precision measurements of SM processes and parameters. The heavy ion detector
ALICE studies the physics of strongly interacting matter at extreme energy densities, the
so-called quark-gluon plasma. In contrast to the other detectors, the LHCb experiment
is designed to detect particles mainly in one forward direction. In order to investigate
the difference between matter and antimatter in the decays products of B mesons. The
studies presented in this thesis are based on the proton-proton collision data recorded
with the ATLAS detector in Run 2.

3.2 Proton-Proton Collisions at the Large Hadron Collider

For any process occurring in the collisions of particles, the number of collision events N

over a given time period is given by
N:L-U:/Linst'a dt, (3.1)

where o is the cross section of the collision process, and L and L, are the integrated and
instantaneous luminosities, respectively. The cross section depends on the centre-of-mass
energy. Linst is determined by the number of particle bunches per beam np, the number
of particles Ng per bunch B = 1,2, the bunch circulation frequency f and the widths X,
and ¥, of the horizontal and vertical beam profiles at the collision point [79:

Linst = f”EbNEN (3.2)
The LHC is designed to deliver proton-proton collisions at an instantaneous luminosity of
Lingt = 1034 cm~2s7 ! with Ng =1.15-10'" protons per bunch in ny = 2808 bunches per
beam and 25 ns bunch spacing [72]. These values have been reached in 2016, except for
the number of bunches per beam. Figure shows the integrated luminosity L recor-
ded by ATLAS in Run 2. In 2018, the largest instantaneous of Ling = 21.0-1033 cm 257!
was reached. It was Lingt = 20.9-10%3 cm™2s7! in 2017, Ling = 13.8-10%% cm™2s7! in
2016 and Ling = 5.0-10%3 cm™2s~! in 2015. In this thesis, the analyses are based on
several Run 2 proton-proton collision data sets described in more detail in Section [4.2.1]
corresponding to integrated luminosities of 36.1 fb~! (2015-2016), 79.8 b= (2015-2017)
and 139 fb~! (2015-2018).
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Figure 3.2: The total integrated luminosity delivered (green), recorded by the ATLAS de-
tector (yellow) and good for physics (blue) in the years 2015 to 2018 is shown in@ while
the luminosity weighted distribution of the mean number of proton-proton interactions
per bunch crossing (pile-up) for the full Run 2 data set (blue histogram) is shown in [(b)}
Individual distributions for the data taking years are also shown.
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Protons are no elementary particles, but are bound states consisting of strongly interact-
ing partons, the valence quarks (uud), sea quarks (gq) and gluons which carry fractions
x of the total momentum of the proton.

The scattering processes in proton-proton collisions involve soft and hard parton inter-
actions. Since hard interactions, allowing for the production of heavy resonances, are
characterised by high momentum transfer, @2, they can be described by perturbation
theory. Soft interactions of the participating partons show low momentum transfer and
lead to additional quarks and gluons in the final-state (the so-called underlying event).
They cannot cannot be described by perturbation theory. The quarks and gluons in the
final-state event and further gluons and quarks in the parton showers eventually fragment
into hadrons. An illustration of a hadronic interaction, including both hard and soft par-
ton scattering interactions is shown in Figure [3.3]

The production cross section in proton-proton collisions can be described by [81]

1 1
Ttot :/dl'l/deZfi(thQ)fj(xZaQ2)5($1$25)- (3.3)
0 0 &

where 6 (z1x25) is the perturbatively calculable parton hard scattering cross section at en-
ergy fraction \/z1z2s of the LHC centre-of-mass energy /s and f;(z1,Q?) and fj(z2,Q?)
are the parton distribution functions (PDFs) of the colliding partons i and j. The PDFs
are the probability density functions for finding a parton i(j) with momentum fraction
x1(x2) in the colliding protons 1 and 2 at a given momentum transfer Q?. The PDFs
cannot be calculated perturbatively. They have been measured in dedicated experiments
e.g. deep-inelastic electron/neutrino-proton scattering, and then extrapolated to the
LHC energies using the DGLAP equation [82, 83].

Several PDF sets have been determined, like CT [84], MMHT [85] and NNPDF [86,
87]. For the LHC measurements, a combination of the available PDF sets is used,
called PDF4LHC [88]. Figure shows the proton PDF for momentum transfers of
Q? =10 GeV? and Q% = 10* GeV2. Gluons carry the main fraction of the total mo-
mentum, followed by the sea and valence quarks. The PDFs of the gluons and the sea
quarks are large at small = values and become small above z = 0.1, where the valence
quarks dominate. At large @2, the contribution of the sea quarks becomes larger and also
bottom quarks carry a non-negligible momentum fraction. The most relevant momentum
fraction of the colliding partons is between x = 1073 and 2 = 10~!'. Therefore, at LHC
energies, the production processes are often dominated by the gluon fusion.
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Figure 3.3: Illustration of a proton-proton collision at high energies . The hard scat-

tering of partons is shown in red, Bremsstrahlung processes occurring in parton showers in
blue, the hadronising partons in green and secondary soft interactions in purple. Hadron
decays are shown in dark green and QED Bremsstrahlung in yellow.
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Figure 3.4: The PDFALHC PDF sets at next-to-leading-order (NLO) QCD at centre-of-
mass-energies Q? =10 GeV? and m Q?10* GeV2.

In addition to the collision process with the hard interaction multiple proton-proton col-
lisions per bunch crossing can occur, the so-called pile-up events. The number of pile-up
events depends on the run conditions and increases with the instantaneous luminosity as
shown Figure The performance of the detector is affected by two types of pile-up
the in-time pile-up of additional proton-proton interactions in the same bunch crossing as
the hard scattering process, and the out-of-time pile-up due to the particle interactions
from neighbouring bunch crossings recorded during the detector read out.

The hard-scattering processes of signal and background events are simulated by Monte
Carlo event generators. Parton shower programs, which are interfaced to the event gener-
ators, simulate the hadronisation of the final-state. The parton shower and the fragment-
ation simulation are tuned to the measurements. The generated events are then passed
through the ATLAS detector simulation [89] which is based on GEANT4 program [90].
The hits produced by the detector simulation are converted into electronic in the digit-
alisation step. Afterwards, the simulates data are reconstructed in the same way as the
recorded data. Multiple proton-proton collisions (pile-up) are taken into account by su-
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perimposing minimum bias events onto the simulated signal events. In order to match
the mean number of interactions per bunch crossing to the data, the simulated pile-up
profile is reweighted.

3.3 The ATLAS Detector

The ATLAS experiment [75] is one of the two multi-purpose experiments at the LHC. Its
physics programme is based on proton-proton collisions covers precision measurements
of SM processes and the search for physics beyond the SM. In addition, the ATLAS
experiment explores the strongly interacting matter at extreme energy densities in heavy
ion collisions. The first main goal of the ATLAS experiment, the discovery of the Higgs
boson, was reached in 2012.

The LHC beam conditions, i.e. the high luminosity and the centre-of-mass energy and
the aim to cover a broad spectrum of physics lead to the design requirements for the
ATLAS detector: fast, highly-granular and radiation hard tracking detectors providing
excellent momentum and vertex resolution for charged particles, highly-granular calori-
meter covering almost the entire solid angle, a muon spectrometer with high momentum

resolution up to highest muon energies and an selective and efficient trigger system.

In this section, the coordinate system and conventions of the ATLAS experiment and the
different detector components are described.

3.3.1 Coordinate System and Conventions of the ATLAS Experiment

The origin of the right-handed coordinate system of the ATLAS detector (see Fig-
ure [3.5(a)]) is set to the nominal interaction point. The z-axis points to the centre of the
LHC ring, the y-axis upwards and the z-axis along the beam direction. In cylindrical
coordinates (see Figure [3.5(b)]), the azimuthal angle ¢ € [—m, 7] is measured in the z-y
plane (transverse plane) relative to the z-axis. The polar angle 6 € [0, 7] is measured from
the positive z-axis.

The pseudorapidity n of a particle, illustrated in Figure is a measure of the particles

direction invariant boosts in z-direction:
0
n = —Intan 3) (3.4)

Large pseudorapidities correspond to small polar angles, while values around 1 =0 are
close to the transverse plane. The rapidity

1 E+p,
— .
y=1 n(E_pz), (3.5)
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X
LHC Ring

ATLAS

(a) (b)

Figure 3.5: Tllustration of the ATLAS coordinate system in @ Cartesian and cyl-
indrical coordinates.

Figure 3.6: Illustration of the correspondence between pseudorapidity n (in green) and
polar angles 6 (in red).

49



Chapter 3 The ATLAS Detector at the LHC

with p, the momentum component along the z-axis, is alternatively used for particles
whose rest mass is comparable to their energy E. For massless particles rapidity and
pseudorapidity are identical.

The angular separation AR of two particles is given accordingly by

AR=\/(m —m2)> + (61— 92)> = \/An? + A¢?, (3.6)

where 72y and ¢y () are the pseudorapidities and azimuthal angles of the two particles.

The distance of closest approach between the trajectory of a particle and the reconstructed
primary vertex in the transverse plane is the transverse impact parameter dy illustrated
in Figure The longitudinal impact parameter zg, illustrated in Figure
is defined as the distance of closest approach to the primary vertex in longitudinal

z-direction.

Particle Particle
y1 trajectory 1 trajectory
// [
WANE . 1 \
/ Primary * 20| Primary #
vertex vertex

(a) (b)

Figure 3.7: Illustration of @ the transverse impact parameter dg and @ the longitudinal
impact parameter zg.

The transverse momentum pp of a particle, indicated in Figure|3.5(b)}, is the momentum
component orthogonal to the beam axis

pr =p-sinf. (3.7)

As the colliding protons are composite particles, the momenta of the incoming partons
are unknown. In addition, fragmentation products of partons which do not participate in
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the hard scatter process leave the detector undetected in the direction of the beam pipe.
Hence, the total longitudinal momentum of collision products is unknown. On the other
hand, the colliding partons have negligible transverse momenta, such that the transverse

momentum sum of all collision products vanishes,
> pri=0, (3.8)
i

due to momentum conservation. This constraint helps for the reconstruction of neutrinos
or new weakly interacting particles, which are not recorded in the detector. Their trans-
verse energies are detected as missing transverse energy defined as transverse momentum
imbalance:

Eiss — _ : (3.9)

Z D1
i

3.3.2 The Detector Components

A schematic view of the ATLAS detector is shown in Figure[3.8] The detector has a length
of about 44 m along the beam axis and a diameter of about 25 m. It consists of three
regions, the central one with cylindrical shape (the barrel region) and two disk-shaped
regions at both ends of the barrel (the endcap regions).

In each of these regions, several detector sub-system technologies are placed. Closest
to the beam axis is the inner detector measuring the momenta and vertices of charged
particle tracks in a 2 T solenoidal magnetic field provided by a thin superconducting
coil. It is surrounded by the electromagnetic and hadronic calorimeters used for the
identification of photons, electrons and hadron jets and for the measurement of their
energies. The outermost part of the detector is the muon spectrometer used for the
identification and the momentum measurement of muons. The magnetic field in the
muon spectrometer is provided by three large superconducting air-core toroidal magnets
with a field integral of 2-6 Tm.

In the following, the detector sub-system are described in detail.

3.3.2.1 The Trigger System

The detector is operated at a high occupancy with a bunch crossing frequency of 40 MHz.
With the available bandwidth and computing resources it is not possible to record every
collision event. Instead, a dedicated trigger system is used to select the interesting
hard-interaction events. In Run 2, a two-level trigger system is used, consisting of a
hardware-based level-1 trigger and a software-based high-level trigger [91, [92].
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Figure 3.8: Cut-away view of the ATLAS detector E with its detector sub-systems.
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The initial event selection is performed by the level-1 trigger within 2 us after the bunch
crossing, reducing the event rate from 40 MHz to 100 kHz. Until the trigger decision, the
detector signals are stored in pipelines of the detector front-end electronics. In addition
to accepting or rejecting an event, the level-1 trigger defines for the accepted events the
regions of interests in the detector, which are analysed in more detail at the next trigger
level.

The software-based high-level trigger processes the information within the regions of in-
terest using fast algorithms, based on the offline reconstruction software. The trigger-level
reconstruction consists of a fast tracking and a precision tracking part. The fast tracking
is seeded by the information of the level-1 trigger and decides within 40 ms whether the
event should be further processed. Afterwards, a detailed tracking is performed seeded
by the fast tracking results. The decision of the high-level trigger is made within 4 s and
reduces the output event rate down to 1 kHz. The triggered events are recorded and fully
reconstructed by the ATLAS offline reconstruction [90].

3.3.2.2 The Inner Detector

The inner detector shown in Figure is immersed in a 2 T solenoidal magnetic field
which is oriented parallel to the z-axis and generated by a cylindrical superconducting
coil. It measures the trajectories of charged particles and provides a precise determination
of their momenta. In order to identify the primary collision vertex as well as the second-
ary decay vertices of particles, the reconstructed tracks are extrapolated to a common
point of origin. The secondary vertex reconstruction is important for the identification of
particles with relatively long lifetime, such as b-hadrons and 7-leptons.

The inner tracking detector consists of three sub-detectors: the silicon pixel detector,
the semiconductor central tracker and the transition radiation tracker |93} [94]. The pixel
detector is arranged in three concentric cylindrical layers starting at 110 mm distance
from the beam axis in the barrel region and three discs in each of the two e endcap
regions. During the first long shutdown of the LHC between Run 1 and Run 2, an
additional inner pixel layer (the insertable b-layer) was installed at a distance of 33 mm
to the beam axis to improve the vertex resolution and the b-tagging performance [95].

The second high-resolution tracking detector, the semiconductor central tracker, is ar-
ranged in four concentric layers of silicon micro-strip sensors in the barrel and nine discs
in each of the two in the endcap regions. In order to measure the second coordinate
along the z-axis in the barrel and radial in the endcaps, the strips in the sensor pairs
glued back to back to each other at a small stereo angle are placed in each barrel layer
parallel to the beam axis. The outermost tracking component, the transition radiation
tracker, is composed of straw drift tubes with a diameter of 4 mm, which are filled with
a Xe/CO2/02 (70%/27%/3%) gas mixture.
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: End-cap semiconductor tracker

Figure 3.9: Cut-away view of the ATLAS inner detector including the pixel detector, the
semiconductor tracker and the transition radiation tracker \|

While the insertable b-layer covers a pseudorapidity range of |n| < 2.9, the semiconductor
central tracker and the transition radiation tracker provide precise track measurement
up to |n| =2.5 and |n| = 2.0, respectively. The transverse momenta of charged particles
are measured by the inner tracker with a resolution of o, /pr = 0.05% pr @ 1% within
In| <2.5.

3.3.2.3 The Calorimeter System

The energy deposits of electrons, photons, hadrons and jets are measured by the calori-
meter system of the ATLAS detector shown in Figure[3.10] The particles are absorbed in
high-density absorber plates and the deposited energy in the form of secondary scattered
particles is measured in active material in between. The calorimeter system is divided
into the electromagnetic and the hadronic calorimeter. The former is employed to
measure the energies and directions of electromagnetically interacting particles, electrons
and photons. The strongly interacting hadrons are measured in the latter. The entire
calorimeter system covers the solid angle up to |n| =4.9 , allowing for a precise

measurement of the missing transverse energy.
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Figure 3.10: Cut-away view of the ATLAS calorimeter system with the electromagnetic
and the hadronic calorimeters .

The electromagnetic calorimeter surrounding the inner detector covers a pseudorapidity
range of |n| < 3.2. It consists of three parts, the barrel region within |n| < 1.475 and
two endcap regions covering 1.375 < |n| < 3.2. The active material of these highly-
granular calorimeters is liquid argon (LAr) linking the gaps between accordion-shaped
lead absorber plates. The energy resolution of the electromagnetic calorimeter is
og/E =10%/vVE ©0.7%. To trigger on electrons and photons at level-1, a reduced

granularity information from the electromagnetic calorimeters is used.

The hadronic calorimeters surround the electromagnetic calorimeter. In the central re-
gion covering |n| < 1.7, steel is used as absorber material and scintillating tiles as active
medium. The endcap calorimeters cover the region 1.5 < |n| < 3.2 using copper absorbers
and liquid argon as active material. In order to increase the pseudorapidity coverage, had-
ronic forward calorimeters are installed in the region 3.1 < |n| < 4.9 which use also liquid
argon as active material but with different absorber materials. The first layer of the for-
ward calorimeter consists of a copper absorber matrix with LAr filled bores optimised for
electromagnetic calorimetry. The second and third layers use a tungsten absorber matrix
measure hadronic energy deposits. The energy resolution of the hadronic calorimeter is
og/E =50%/vE ®3% in the barrel region and og/E = 100%/vE @ 10% in the endcap
calorimeters.
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3.3.2.4 The Muon Spectrometer

Muons are minimum ionising particles and the only charged particles which traverse the
calorimeter system with only small energy loss. They are detected with high efficiency
in the outermost and largest part of the ATLAS detector, the muon spectrometer (see
Figure . The spectrometer consists of three parts, one barrel region within |n| < 1.05
and two endcap regions within 1.05 < || < 2.7. The muon momenta are measured with
high precision in the magnetic field of three large superconducting toroidal magnets, one
in the barrel region (|n| < 1.7) and two in the endcap regions, with field strength ranging
from 0.5to 1 T .

Thin-gap chambers (TEC)
g | Cathode strip chambers (CSC)

Barrel toroid

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 3.11: Cut-away view of the ATLAS muon spectrometer with the trigger chambers
(RPC, TGC) and the precision tracking chambers (CSC, MDT) [75].

The precision muon tracking is in general performed in three layers of Monitored Drift
Tube (MDT) chambers. In order to cope with the high background rates from neutrons
and ~-rays emerging from the interactions in the calorimeters in shielding and filling
the detector cavern, the innermost endcap layer uses Cathode Strip Chambers (CSC)
covering |n| > 2.0. In addition, small-diameter Muon Drift Tube (sMDT) chambers have
been installed inside the detector feet in the barrel region during the winter shutdown
2016/2017 [99]. The relative muon momentum resolution of the muon spectrometer
ranges from about 3% at pr ~ 100 GeV to about 10% at pr ~ 1 TeV.
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There are two types of fast trigger chambers: Resistive Plate Chambers (RPC) in the
barrel region within |n| < 1.05 and Thin Gap Chambers (TGC) in the endcap regions
within 1.05 < |n| < 2.7. The level-1 muon trigger covers the pseudorapidity || < 2.4 with
additional second-coordinate position measurement with reduced resolution along the
drift tubes.

3.4 Particle Reconstruction and ldentification

The different particles produced in proton-proton collisions interact in specific ways in
one or more of the ATLAS detector sub-systems as illustrated in Figure allowing
for their reconstruction and identification.

Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks

- are invisible to
Neutrino

eyt the detector

Electromagnetic
Calorimeter

Solenoid magnet
Transition
Radiation

Trqcking Trccker
Pixel /SCT detector

Figure 3.12: Illustration of the signatures of the interacting of different particle types in
the ATLAS detector produced in proton-proton collisions [100].
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Charged particles, such as electrons, muons or charged hadrons, are first detected in the
inner detector. The direction of the curvature of the reconstructed particle trajectory
allows for distinguishing between positively and negatively charged particles. All electro-
magnetically interacting particles such, as electrons and photons, deposit most of their
energy in the electromagnetic calorimeter. The electrons can therefore be identified as
electromagnetic showers matched to tracks in the inner detector, while photons as neutral
particles, leave energy deposits in the electromagnetic calorimeter but no associated track

in the inner detector.

Strongly interacting particles traverse the electromagnetic calorimeter with relatively
little energy deposit and are stopped in the hadronic calorimeter producing hadronic
showers. Charged hadrons (such as protons) are identified by matching hadronic showers
to corresponding tracks in the inner detector and to energy deposits in the electromag-
netic calorimeter. Neutral hadrons (such as neutrons), only produce hadronic showers.
The hadrons produced in the hadronisation of highly energetic quarks and gluons and

their decay products form hadron jets.

Muons as minimum ionising particles leave only small amounts of their energy in the
calorimeter system and are subsequently identified in the muon detector. The muon
trajectories reconstructed in the inner detector are combined with the muon tracks in
the muon spectrometer to improve the muon momentum resolution and reconstruction
efficiency and to measure the production vertex. The associated small energy deposition
in the calorimeters are used to extend the muon identification coverage where there
are gaps in the muon spectrometer. Weekly interacting particles (such as neutrinos),
pass the detector undetected and can only be identified via missing transverse energy [101].

The subject of this thesis is the study of the Higgs boson properties in the H — ZZ* — 4/
decay channel. The final-state particles are muons and electrons, as well as quark and
gluon jets from associated Higgs boson production. The reconstruction and identification
of these particles is described in more detail in the following.

3.4.1 Electron Reconstruction and ldentification

Electrons are reconstructed from tracks in the inner detector and energy deposits in the
electromagnetic calorimeter [102-104]. As first step, the energy deposits in the elec-
tromagnetic calorimeter are reconstructed using a dedicated clustering algorithm [105].
For the studies performed with the two larger data sets with 79.8 fb~! and 139 fb~!,
the cluster algorithm has been improved to include low-energy Bremsstrahlung photons
radiated by electrons in the inner detector |106]. The reconstructed clusters have to fulfil
requirements on the shower shape, before they are matched to inner detector tracks.
Radiative energy losses in the inner detector are taken into account by track refitting
using a Gaussian-Sum Filter [107].
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Prompt electrons are distinguished from background electrons due to misidentification
of hadron jets, photon conversions or Dalitz decays of pions using a likelihood-based
multivariate discriminant [102-104]. Discriminating variables are e.g. a hit in the insert-
able b-layer, the longitudinal and transverse electromagnetic showers shape, track-cluster
matching accuracy and signals from the transition radiation detector. There are three
sets of electron identification criteria with increasing background rejection: the so-called
loose, medium and tight working points. For the H — ZZ* — 4/ analysis, the loose
working point with an electron efficiency of about 93% is chosen. The average electron

efficiencies for the medium and tight working points are about 88% and 80%, respectively.

The electron identification efficiency of each of the three working points is measured using
the tag-and-probe method in Z — ee and J/¢ — ee events [102-104]. The latter process
allows for the measurement of electron transverse energies Ep in the energy range from
4.5 GeV to 20 GeV, while the former covers the energy range above 15 GeV. Electron
candidates pairs are required to have an invariant mass consistent with the Z boson
mass, 76.2 GeV < me. < 106.2 GeV or with the J/1¢ mass, 1.8 GeV < meg. < 4.6 GeV,
respectively. The electrons are reconstructed within || < 2.47 and are required to have
Er > 24 GeV (Ep > 4.5 GeV) for Z boson (J/v) events.

The tag electron of each pair has to fulfil the tight identification criteria in addition
to the requirements on the transverse energy and is required not to be reconstructed
in the calorimeter transition region 1.37 < |n| < 1.52. The second electron candidate
of the pair is called probe electron on which the loose, medium or tight identification
criteria are applied. The identification efficiency is defined as the ratio of the number of
probe electrons identified at a given working point and the total number of probe electrons.

The electron identification efficiency measurements for 2017 data has been performed
with an integrated luminosity of 43.8 fb~! and are shown in Figure as a function of
E7 and n of the probe electron.

The identification efficiency at all three working points increases with increasing Er since
the background rates are lower at higher transverse energies. The dependence on 7 is
determined by the material distribution in the inner detector and the calorimeter. The
transition region between the barrel and the endcap calorimeters around || = 1.5 is not
instrumented and the efficiency therefore decreases in this region and in the calorimeter
gap at |n| =0. Due to known incomplete modelling of the calorimeter shower shapes
by the detector simulation, the measured electron identification efficiencies differ from
those predicted by the simulation. Therefore, a scale factor, defined as the ratio of the
measured and the simulated electron efficiency, is applied to the simulated electron events
depending on electron Ep and 7 to correct for the discrepancy. Measured uncertainties
on the scale factors are taken into account as systematic uncertainty in the data analyses.
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Figure 3.13: Electron identification efficiency determined from Z — ee and J/¢ — ee
events using the tag-and-probe method for loose, medium and tight identification criteria
as a function of l@] the transverse energy Er and @ the pseudorapidity 7 of the probe
electron (see text). The measurements performed with data (full markers) are compared
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to the Monte Carlo simulation (open markers) [108].
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The electron energy scale and resolution are calibrated using Z — ee decays [109]. The dif-
ferences in energy scale (E) and energy resolution (og/F) between data and Monte Carlo
simulation are described by a factor «; and a constant term c¢;, respectively, depending
on the |n| region i:

0B data R MC
pdata — pMC (1 4 ;) and () = () @ (3.10)
E E
Both corrections are applied to the data and determined by comparing the shapes of the

ee invariant mass distributions in Z — ee data and simulation.

The energy scale and resolution corrections are measured in intervals of 7 in the region
|n| < 2.47. The accuracy of the energy scale measurement varies from 0.03% to 0.2%. The
additional constant term in the energy resolution is smaller than 1% in the calorimeter
central region and between 1% and 2% in the endcaps. In the transition region between

barrel and endcaps, values of about 3% are reached.

3.4.2 Muon Reconstruction and ldentification

The muon reconstruction is performed with tracks reconstructed in the inner detector and
the muon spectrometer. In addition, the information from the calorimeters is employed
in the central region of the detector (|n| < 0.1), where the routing read out cables of the
inner detector require a gap in the instrumentation of the muon spectrometer. Depend-
ing on the combination of sub-systems used, four types of muon reconstruction can be
distinguished [110, 111]:

Combined muon reconstruction

In the pseudorapidity range covered by both the inner detector and the muon spec-
trometer, muons are reconstructed by means of a combined fit of the hits in the inner
detector and in the muon spectrometer. It is the most frequent and most precise type of

muon reconstruction.

Segment-tagged muon reconstruction

For very low-pr muons or in the regions of limited acceptance of the muon spectrometer,
no full track reconstruction is possible in the muon spectrometer. In that case, a in-
ner detector track is combined with track segments in one or more layers of the muon
spectrometer. The muon momentum is then only measured in the inner detector.
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Stand-alone muon reconstruction

Outside of the coverage of the inner detector in the forward region 2.5 < |n| < 2.7 of the
muon spectrometer, muon tracks are reconstructed in the muon spectrometer alone, where
the track impact parameter is determined by extrapolation to the interaction point. The
measured muon momentum is corrected for the expected energy loss in the calorimeters.

Calorimeter-tagged muon reconstruction

In the central detector region (|n| < 0.1) with a gap in the muon spectrometer instru-
mentation, tracks in the inner detector are identified as muons if they can be matched to

an energy deposit in the calorimeter compatible with a minimum ionising particle.

If a muon candidate is reconstructed by more than one reconstruction method, the type
with the highest priority is chosen. The highest priority is given to the combined muon
reconstruction, followed by the segmented-tagged and finally calorimeter-tagged recon-
struction. If a muon is reconstructed stand-alone in the muon spectrometer, in addition
to of the other reconstruction methods, the reconstruction with the best fit quality and
with the larger number of hits is chosen.

Muons are identified by applying quality requirements suppressing the background ori-
ginating mainly from muons from decays of pions and kaons. The misidentified inner
detector muon tracks from in-flight decays of charged hadrons, are characterised by
kinks resulting in reduced quality of the combined track fit and incompatibility of the
momenta measured in the inner detector and in the muon spectrometer. In addition to
these criteria, a minimum number of hits on track in the inner detector and in the muon

spectrometer is required in order to ensure a robust momentum measurement.

As for the electron identification, loose, medium and tight muon identification working
points are defined. The medium muon identification working point is the default in AT-
LAS minimising the systematic uncertainties due to muon reconstruction and calibration.
Only combined and stand-alone muon reconstruction is employed at this working point.
For the tight muon identification working point, only combined muon reconstruction is
used. This working point maximises the muon purity at the cost of some efficiency. For
the H — ZZ* — 44 analysis, the loose working point is used for all muon candidates,
maximising the reconstruction efficiency while keeping sufficient quality of the muon
tracks. For this working point all four types of muon reconstruction are employed.

Within the acceptance of the inner detector (|n| < 2.5), a tag-and-probe method is used to
determine the muon identification efficiency in J/¢ — pp and Z — pp events. The dimuon
invariant mass system is required to be within 10 GeV of the Z boson mass for Z — pu
events and within 2.7 —3.5 GeV for J/¢¥ — uu events. The tag muon is required to pass
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3.4 Particle Reconstruction and Identification

the medium identification criteria and the single muon trigger requirements. The second
muon (the probe muon), can be either an inner detector track, a muon spectrometer track
or a calorimeter-tagged muon. The ratio of the number of probe muons identified as loose,
medium or tight to the number of all probe muons is defined as the identification efficiency.

The measurement of the medium and tight identification efficiencies is performed in two
stages. First, the efficiency ¢(X|CT) to identify a inner detector track with the medium or
tight criteria (X=medium/tight) is determined using calorimeter-tagged muons (CT) as
probes. Secondly, this efficiency is corrected to account for the inner detector (ID) track
reconstruction efficiency e(ID|MS) using muon spectrometer (MS) tracks as probes. The
final identification efficiency €(X) is given by

¢(X) = ¢(X|CT) - e(ID|MS). (3.11)

The loose muon identification efficiency is measured separately for calorimeter-tagged
muons within |n| < 0.1 and all other muon reconstruction methods. For the calorimeter-
tagged muon identification efficiency, muon spectrometer tracks are used as probes, while
for the remaining muon types the same approach as for the medium and tight working
points is used.

For Z — up events the expected background contribution from Monte Carlo simulation is
subtracted. For J/¢¥ — uu events efficiency and background contribution are determined
simultaneously in a maximum-likelihood fit of the pp invariant mass distribution. To
account for differences between the identification efficiencies measured in data and in

simulation, an efficiency scale factor (SF) is applied to the muons in simulated events:

eData (77’ (b)
MC(n,¢)

The identification efficiency for muons with |n| > 2.5, i.e. outside of the inner detector

SF = (3.12)

acceptance, is determined using muon spectrometer tracks of loose and medium muons.
The number of Z — pp events with a muon in the high-n region (2.5 < |n| < 2.7) is
normalised to the number of Z — p1 events observed in the region 2.2 < |n| < 2.5. Muons
in the central region are corrected with the SF as defined in Equation This ratio is
calculated in both, data and simulation and the double-ratio is applied as scale factor[110].

Figure shows the muon identification efficiency as a function of muon pp for the
medium working point and |n| > 0.1 and as a function of 1 for the loose, medium and tight
working points and muons py > 10 GeV. The measurement has been performed using the
2017 data corresponding to an integrated luminosity of 15.4 fb~!. In the region || > 0.1,
the efficiency increases from 82% for low-pyr muons to about 99% for pr > 10 GeV. As a
function of i the efficiency for muons with pr > 10 GeV is almost constant and near to
99% for loose and medium working points and near to 97% for the tight working point
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except for the region where there is an acceptance gap in the muon spectrometer for inner
detector services to pass through. The efficiency near n = 0 can be fully recovered by
using the loose identification which accepts the segment-tagged and calorimeter-tagged
muons in addition to combined and stand-alone muons. The ratio of efficiencies meas-
ured in data and simulation is applied as a correction factor to the simulated muons events.

The muon momentum scale and resolution are measured from the invariant mass distribu-
tion of the muon pairs in Z — pp and J/¢ — pp events [111]. In the central region of the
detector, the momentum scale is determined with a precision of about 0.05%, increasing
to 0.3% at |n| ~ 2.5. The relative pr resolution o(pr)/pr is 1.7% (2.3%) in the central
detector region and 2.3% (2.9%) in the endcaps for muons from Z boson (J/v) decays.

3.4.3 Jet Reconstruction and ldentification

A jet is a narrow cone of hadrons and other particles produced in the hadronisation of
highly energetic quarks and gluons. The hadrons produce showers in the calorimeters
and charged particle tracks in the inner detector. Jets are reconstructed from the energy
clusters deposited in the calorimeter using the anti-kr jet finding algorithm [113} |114]
which includes also the soft QCD radiation in the hadronisation process. The input to
the jet finding algorithm are three-dimensional clusters of topologically connected energy
deposits in calorimeter cells. The algorithm calculates the distances d;; between pairs of
topological clusters ¢ and j and the distances d;g of the topological clusters ¢ to the beam
direction B,

. -2 7.—2 AR% -2
dij = min (ky?,ky?) o and dip =y, (3.13)

where kr; is the transverse momentum of the topological cluster ¢, ARiZj is the angular
distance in the n — ¢ space between the clusters and R the radius parameter defining to
the jet cone size. The jets in the H — ZZ* — 4¢ analysis are reconstructed using a radius
parameter of R = 0.4. If the distance d;; is smaller than d;p and d;p, the two clusters are
combined. If d;p is smaller than any d;; value, the cluster 7 is defined to form a jet and
is removed from the list of clusters. The distances are then recalculated and the process
is repeated until no clusters are left.

The jet energy scale is calibrated in several stages, accounting for the features of the de-
tector, for the reconstruction algorithm, for the fragmentation process and for corrections
for pile-up interactions |115]. The correction factors are obtained from simulation and
control data sets with dijet, multijet, Z+jets and Z + v events. In most of the calibration
stages, the full four-momentum of the jet is corrected. The first step of the energy scale
calibration is the origin correction, which improves the 7 resolution of the jets. The
four-momentum of the reconstructed jet is recalculated to point to the primary vertex
instead of to the centre of the detector.
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Figure 3.14: Muon identification efficiency determined from Z — puu and J/v — pp events
for [(a)] the medium identification working point as a function of py and || > 0.1 for [(b)
the loose, medium and tight identification working points as a function of 1 and muon
pr > 10 GeV. The efficiencies have been measured using 15.4 fb~! of data collected in

2017 at /s = 13 TeV [112].
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In the next step, the pile-up induced energy from the same or nearby colliding proton
bunches is subtracted in an area-based and residual corrections. In the area-based cor-
rection, the median of the distributions of the product of the jet pr density and the jet
area in the n— ¢ plane is subtracted from the jet four momentum. The jet pr density is
the ratio of the jet transverse momentum and the jet area estimated from dijet Monte
Carlo events. It is calculated in the central region of the detector and does not fully
describe the pile-up in the forward calorimeter region. Therefore, the residual correction

is applied, given by the difference between the reconstructed and the true particle-level

jet pr.

After the pile-up correction, the reconstructed jet four-momentum is corrected to the
particle-level energy scale by the absolute jet energy scale and n calibration taking into
account the bias in the jet n reconstruction. The correction factor is derived from simu-
lated dijet events by matching geometrically the reconstructed jets to the particle-level
jets and is given by the inverse of the average energy response, which is defined as the
mean of a Gaussian function fitted to the distribution of the ratio of reconstructed to
true jet energy. The jet response is determined as a function of 17 and of the true jet energy.

The reconstructed jet energy and the related uncertainties are further improved by using
the calorimeter, muon spectrometer and inner detector information in the global sequential
calibration. Using several observables, like the fraction of jet energy measured in the first
layer of the hadronic tile calorimeter or the number of tracks with pr > 1 GeV associated
with the jet, an independent correction of the jet four-momentum is derived as a func-
tion of the true pr and |n| values by inverting the reconstructed jet response in Monte
Carlo events. The last step of the calibration is the residual in situ calibration which is
performed using well-measured photons, Z bosons and calibrated jets in data as reference.

In the central region of the detector, the jet energy scale is calibrated with an accuracy
of better than 1% for 100 GeV< pr < 500 GeV and to better than 4.5% for lower pr
jets. For jets in the forward region, i.e. |n| > 0.8, an additional uncertainty of 2% is added.

In the calibration steps described above, the average transverse energy from pile-up
interactions is subtracted from the energy of the reconstructed jet. However, due to local
fluctuation in the pile-up activity, additional pile-up jets can still occur. It is essential for
data analyses to reject such jets. Within the |n| coverage of the inner detector (|n| < 2.4)
this can be done using the jet-vertex tagger method [116} [117] which makes use of inner
detector track information. The method uses two discriminating variables related to the
number of tracks associated to the jet and originating from the primary vertex. The
jet-vertex tagger gives small output values for pile-up jets, while they tend to be large for
signal jets.
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In order to select Higgs boson candidates from bbH or ttH production, the identification
of b-jets (b-tagging) is important. b-jets are distinguished from light quark and gluon jets
based on the long lifetime of the b hadrons and reconstruction of their decay vertices.
b-jet identification is only possible within the coverage of the inner detector |n| < 2.5.
Secondary vertices are searched for or the primary vertex association is tested using three
algorithms. Their outputs are combined in a multivariate discriminant by the so-called
MV2c10b-tagging algorithm [118,|119]. The b hadrons are identified at different working
points with efficiencies of 60%, 70%, 77% and 85%.
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Detection of Higgs Boson Decays to Four
Leptons at 13 TeV

The studies of the Higgs boson coupling properties presented in this thesis, including
the measurements of the production cross sections in exclusive phase space regions and
CP-violating observables, are performed in the H — ZZ* — 4¢ decay channel. In this
chapter the signal and background processes and the signal selection for the inclusive
reconstruction are described.

After the introduction of the signal and background processes, the recorded collision data
sets and the corresponding Monte Carlo samples are described, followed by a discussion
of the inclusive event selection criteria and the background estimation procedure and
presentation of the measurement results. The measurements in this thesis are performed
with data from different Run 2 data taking periods. The inclusive analysis is similar for all
data sets. Deviations from the descriptions in this chapter for individual measurements
are indicated in the respective chapters.

4.1 Signal and Background Processes

The H — ZZ* — 4/ signal is characterised by final states with four prompt leptons ori-
ginating from the same primary vertex and with low energy deposit around each lepton.
There are also other background processes, with similar final state topology. For the
measurement of the Higgs boson properties a good understanding and good separation of
the signal and background processes is needed.

41.1 The H —- ZZ* — 4¢ Decay Channel

The SM Higgs boson with a measured mass of my = 125.094+0.24 GeV [46] decays into
a pair of Z bosons with a branching ratio of about 3%. Since the Higgs boson mass is
below the threshold for the decay into two real Z bosons, one of the two Z bosons is
produced off-shell (Z*). The Z bosons decay either hadronically or leptonically [24].
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The dominant Z boson decay mode is the hadronic decay with a branching ratio of
about 70%. However, it is rather difficult to distinguish such decays from the large QCD
multijet background. The next to dominant Z boson decay mode with a branching ratio
of 20% is the decay into neutrinos, which escape the detector and can only be identified
via the emitting total missing transverse energy. About 3% of the Z bosons decay into
leptons pairs. The reconstruction of the hadronically decaying 7 leptons is accompanied
with a higher misidentification rate and worse energy resolution than decays of the Z
bosons into electrons or muons. Leptonic 7 decays have a small branching ratio and
also worse energy resolution due to the two neutrinos in the final state. The Z boson
decays into light charged leptons (where lepton is electron or muon; ¢ = e,u) have a
branching ratio of about 7% and the clearest signature in the detector with the best
signal-to-background ratio. Therefore, the experimentally most promising H — ZZ*
decay mode, with a branching ratio of (1.2504-0.027)-10=2 % [31], is when each of the
two Z bosons decays into a pair of opposite charged electrons or muons, H — ZZ* — 44.
The respective tree-level Feynman diagram is shown in Figure

o+
A
-
H ________
Vs
Z*
-

Figure 4.1: Tree-level Feynman diagram of the H — ZZ* — 4¢ decay (with £ =e, ).

Since the Higgs and the Z bosons have a very short lifetime, the four leptons originate
from the same primary vertex. The electrons and muons can be efficiently reconstructed
in the ATLAS detector, allowing also for the full reconstruction of the Z and Higgs boson
four-momenta. In addition, the high lepton energy and momentum resolution allows for
a very good four-lepton invariant mass resolution of about 1-2%. Since the branching
ratio for the H — ZZ* — 4¢ decay is very small, the measurement of this process can

only be achieved with high muon and electron reconstruction efficiency.
In case of additional non-SM Higgs boson couplings, the kinematic properties vary with

respect to the SM prediction. Such processes are referred to as effects beyond the SM
(BSM).
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As opposed to non-prompt leptons from hadronic decays, the leptons from Z boson decays
have only small amounts of energy deposits around them. This allows for the discrimin-
ation against the reducible background processes, described in the following.

4.1.2 Background Processes

The background processes in the H — ZZ* — 4¢ decay channel can be divided into the
irreducible background with four prompt leptons in the final state as in the signal, and
the reducible background which contains non-prompt or fake leptons, which can be dis-
tinguished from the signal.

4.1.2.1 Irreducible Background

Non-resonant SM ZZ* pair production with subsequent decays into four leptons is the
main background process in the H — ZZ* — 4¢ decay channel. The dominant production
mode for this process is quark-antiquark annihilation, ¢qg — ZZ*. If the four-lepton
invariant mass is near the Z boson resonance, the dominant process is qq — Z/v* — 44.
The Feynman diagrams for these processes are shown in Figure and Figure
A much smaller contribution to the ZZ* background originates from gluon induced
Z7Z* production, gg — ZZ*. Since the Z bosons do not couple directly to the gluons,
this process is only possible via a quark loop, as shown in Figure An even
smaller contribution to the final state with four prompt leptons is due to triboson
(VVWW=WWZWZZ,ZZZ) and ttZ production. The corresponding Feynman diagrams
are shown in Figure 4.3

Even though the above processes have the same number of prompt leptons in the final state
as the signal, discrimination of this irreducible background from the signal is nevertheless
possible to a certain degree by exploiting kinematic properties of the four-lepton final
state and its invariant mass. The contribution of the irreducible background is estimated
from simulation as described later on.

4.1.2.2 Reducible Background

Smaller background contributions originate from Z-+jets, tt and WZ production (see
Figure , where the dominant contribution is from Z+jets events. These processes are
referred to as reducible background, because there are less than four prompt leptons in
the final state and at least one of the leptons originates from a gluon or quark jet. Hence,

lepton isolation criteria allow for a good discrimination from the signal process.
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Figure 4.2: Tree-level Feynman diagrams for non-resonant ZZ* — 4¢ production via
(b)| quark-antiquark annihilation and |(c)| gluon fusion.
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Figure 4.3: Tree-level Feynman diagrams for the minor irreducible background processes,

VVV and |[b)|t2Z.
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Figure 4.4: Tree-level Feynman diagrams for the main reducible background processes,

(a)| Z+jets, |(b)| tt and WZ.

The reducible background events are classified according to the origin of the non-prompt
leptons. The same-flavour and opposite-charge lepton pair closest to the Z boson mass
in such a process is assigned to a Z boson decay (prompt lepton pair ¢/). Depending on
the flavour of the second lepton pair, the background events are then divided into ¢+ up
and £¢+ ee final states. The non-prompt muons in the ££+ uu final state originate mainly
from semi-leptonic decays of heavy-flavour hadrons. Non-isolated muons in Z+jets and
tt production contribute to the reducible background, while W Z production in this final
state is very rare. The non-prompt electrons in ¢+ ee final states originate mainly
from photon conversions or light-flavour jets misidentified as electrons, with a small
contribution from semi-leptonic decays of heavy-flavour hadrons. The contribution of the
Z+jets, tt and W Z backgrounds is estimated using dedicated control data depleted in
signal.
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4.2 Event Samples

Various measurements in this thesis are performed with three different data sets of proton-
proton collisions with increasing integrated luminosities, as described in Section All
data sets are recorded during the Run 2 data taking period from 2015 to 2018 at a centre-
of-mass energy of /s =13 TeV. The corresponding simulated Monte Carlo samples of all
signal and background processes are introduced in Section

4.2.1 Data Sets

The integrated luminosity of the proton-proton collisions delivered in each year of the
Run 2 data taking is shown in Table together with the luminosity recorded by the
ATLAS detector. The data used for the analysis is subject to several quality require-
ments, i.e. recorded events are rejected if any relevant detector components was not fully
functional. Therefore, the integrated luminosity of the analysed data is smaller than the
recorded one, as summarised in Table

Table 4.1: The integrated luminosity for each year of the Run 2 data taking, as delivered by
the LHC, recorded by the ATLAS detector and analysed in this thesis. The corresponding
average amount of pile-up interactions is also shown.

Data taking Integrated luminosity [fb~!] Average
period Delivered Recorded Analysed pile-up (1)
2015 4.2 3.9 3.2 13.4
2016 38.5 35.6 32.9 25.1
2017 50.2 46.9 43.7 37.8
2018 63.3 60.6 59.2 36.1

For the measurement of the Higgs boson production cross sections in exclusive phase
space regions and their projection to high luminosity, discussed in Chapters [5| and [6]
the proton-proton collision data from 2015-2017 corresponding to a total integrated
luminosity of 79.8 fb~! have been analysed. The average number of pile-up interactions
in these three years is 31.9 with a peak value of 80.

The first of the two analyses within an effective field theory framework described in
Section as well as the study of the CP-invariance in Chapter [§] are performed on the
data set taken during 2015 and 2016. The analysed integrated luminosity of this data set
is 36.1 fb~! with an average and a maximum number of pile-up interactions being 22.9
and 50, respectively.
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The second analysis within an effective field theory framework uses a slightly different
approach compared to the first one and is performed with the Run 2 data set (Section .
This study uses as input the measurement of the Higgs boson production cross sections in
exclusive phase space regions which has also been updated with the full Run 2 data set.
The analysed integrated luminosity of this data set is 139 fb~! with an average number
of pile-up interactions of 33.7 and the peak value of 80.

4.2.2 Event Simulation

The hard-scattering process in each signal and background processes is simulated using
Monte Carlo event generators. Parton shower programs, which are interfaced to the event
generators are used to simulate the hadronisation of the final state and initial and final
state radiations. The parameters of the parton shower and the fragmentation modes are

tuned to agree with the observed data.

The generated events are then fed through the detailed, full simulation of the the ATLAS
detector response [89] within the GEANT4 framework [90]. The hits produced by the
simulation in the detector elements are converted into electronic signals and digitised.
Afterwards, they are reconstructed in the same way as the data.

Multiple proton-proton collisions (pile-up) are taken into account by superimposing min-
imum bias events on the simulated signal events. In order to match the mean number of
interactions per bunch crossing to data, the simulated pile-up profile is reweighted to the

corresponding observed distribution.

4.2.2.1 Standard Model Signal Processes

The production of the SM Higgs boson via the ggF, VBF, VH and ttH production
modes is in general simulated with the POWHEG-BOX V2 event generator [120-124]. The
bottom and charm hadron decays are simulated with EVTGEN [125] which is interfaced
to the event generator. The parton distribution functions are in general modelled with
the next-to-leading-order (NLO) PDF set PDF4ALHCnlo [88]. This set is replaced by a
more precise PDF set at next-to-next-to-leading-order (NNLO), the PDF4ALHCnnlo, for
the ggF production in the 79.8 fb~! and 139 fb~! data sets. For ggF production with
additional jets in the final state additionally the POWHEG [122] method for merging the
NLO cross section calculation with the parton shower and the MiNLO method [124] is
used to achieve NLO accuracy for the inclusive cross section. Finally, to obtain an NNLO
accuracy in QCD corrections for ggF production, a reweighting procedure (NNLOPS) is
applied using the HNNLO program [126], 127].
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The matrix elements for VBF, q¢ -V H and ttH production are calculated to NLO
QCD. For VH production, the MiNLO method is used to merge 0-jet and 1-jet event
samples. The gg —ZH contribution is modelled at leading-order (LO) QCD with the
PDF4LHC set [88]. For the modelling of the ttH production for the 36.1 fb~! analysis,
the POWHEG-BOX V2 event generator is replaced by MADGRAPHS AMC@NLO [128]
using the CT10nlo PDF set [129] at NLO QCD.

The Higgs boson production in association with bottom quarks, bbH, is simulated with
MADGRAPH5 AMC@NLO using the NNPDF23 PDF set |130]. The process is modelled
at NLO in QCD. For the analyses performed with the 79.8 and 139 fb~! data sets, also
the Higgs boson production in association with a single top quark (¢H) has been taken
into account. These processes is modelled with MADGRAPHS AMCQNLO using the
NNPDF30 PDF set at NLO QCD. For the analysis with the 79.8 fb~! data set, the tHq
process has been simulated with MADGRAPH5. For this data set, the CT10nlo PDF set
has been used for all tH processes.

Except for the case of ttH production, the H — ZZ* — 4¢ decays as well as the par-
ton shower modelling have been simulated with the PyTHIA8 [131] generator using
the AZNLO tuned parameter set [132]. For the POWHEG ttH sample the parton
showering has also been performed with PYTHIA8, but with the Al4 tuned parameter
set [133]. The HErRwiG++ [134] parton shower program was employed for the MAD-
GRrAPHS _AMCQNLO ttH sample.

All SM Higgs boson signals are simulated for a Higgs boson mass of myg = 125 GeV.
The Higgs boson production cross sections are scaled to the highest-accuracy prediction
available at the time of the analysis [29]. The branching ratio to the four-lepton final
states is predicted by PROPHECYAF [135],136]. This program includes the complete NLO
QCD+EW corrections, the interference effects between identical final state fermions, and
the leading two-loop heavy Higgs boson corrections to the four-fermion width. The cross
section prediction used for the normalisation of the Monte Carlo samples, as well as the
accuracy of the calculations are summarised in Table

4.2.2.2 Beyond the Standard Model Signal Processes

Additional signal samples with different values of non-SM coupling parameters (intro-
duced in Section are simulated for the measurements of the tensor structure of the
Higgs boson coupling within effective field theory frameworks. Separate sets of BSM signal
samples are produced for the two measurements with 36.1 fb~! and with 139 fb~! of data.
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Table 4.2: The predicted SM Higgs boson production cross sections (o) for ggF, VBF and
five associated production modes in proton-proton collisions for my = 125 GeV at /s =
13 TeV [29]. The quoted uncertainties correspond to the total theoretical systematic
uncertainties calculated by adding in quadrature the uncertainties due to missing higher-
order corrections and PDF+qg. In addition, the accuracy of the calculations in QCD and
EW is shown [137-162]. The decay branching ratios (B) with the associated uncertainty
for H— ZZ* and H — ZZ* — 44, with £ = e, i, are given.

Production process o [pb] used for Accuracy of the calculation

36.1 fb~1 > 79.8 fb~!
ggF g9— H 48.5+2.400 48.64+2.400 N3LO QCD, NLO EW corrections
VBF q¢— H 3.78 £0.080 NLO QCD, NLO EW corrections with

approximate NNLO QCD corrections
WH q—WH 1.369+0.028  1.373+0.028 NNLO QCD, NLO EW corrections

ZH  gg9/qq— ZH 0.88+0.040 NNLO QCD, NLO EW corrections

ttH  gg/qq — ttH 0.514+0.050 NLO QCD, no NLO EW correction

bbH  gg/qq — bbH 0.49+0.120 NNLO QCD (5FS), NLO QCD (4F5S),
no EW correction

tH qq/g99 — tH — 0.09+0.010 NLO QCD (5FS), no NLO EW
correction

Decay process B [ 1074

H—ZZ* 262.00 £+ 6.000 NLO QCD, NLO EW corrections

H—Z7"— 4 1.2504+0.027  1.240£0.027 NLO QCD, NLO EW corrections

For the measurement with the 36.1 fb~! data set, the ggF, VBF and VH signal
samples with different values of the BSM coupling parameters are simulated with MAD-
GRAPHS5__ AMC@NLO. The samples correspond to the effective Lagrangian of the Higgs
Characterisation framework described in Section implemented into the event
generator via the HC_NLO_X0_UFO 33} 163, |164] model. The model incorporates
the new dimension-six operators in the standard Universal FEYNRULES Output (UFO)
format created using the FEYNRULES framework [165, 166]. The ggF production is
modelled at NLO QCD using the NNPDF30nlo PDF set. The merging of additional jets
in the final state to parton shower simulations is done via the FxFx merging scheme [167].
The VBF process is simulated together with the V H process with hadronic V' boson
decays (V H-Had). Additional samples are produced for the V H production with leptonic
V boson decays. Both the VBF+V H-Had and the V H-Lep are modelled at LO QCD
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using the NNPDF23lo PDF set. In addition, a smaller number of equivalent VBF and
V H samples is generated at NLO QCD accuracy using the NNPDF30nlo PDF set to
estimate the relative uncertainties of higher-order QCD effects as a function of the BSM
coupling parameters.

For the interpretation within effective field theories, which is performed with the
139 fb~! data set, the ggF, VBF+V H-Had, VH-Lep and ttH samples are gener-
ated at LO QCD with MADGRAPH5__AMCQ@NLO and with the NNPDF23lo PDF set.
The CKKW-L method [168] is used for the jet merging in the ggF process. For these
samples the SMEFT model, described in Section is used instead of the Higgs
Characterisation model. It is implemented in the event generator via the SMEFT-
sim_A_U35_MwScheme_UFO_v2.1 UFO [32, [169] model.

Similarly as for the SM Higgs boson signal samples, the bottom and charm hadron decays
are simulated with EVTGEN. The parton showering in all BSM processes is modelled with
PyTHIAS and the Al4 set of tuned parameters [133] is used. All BSM signal processes
are simulated with the Higgs boson mass of my =125 GeV. To account for higher-order
QCD effects comparable to those in the SM scenario, the cross sections of the BSM signal
samples are scaled to the best prediction according to the k-factors from the SM, as
described in Section

4.2.2.3 Background Processes

The SM ZZ* background production via quark-antiquark annihilation is simulated with
the SHERPA2.2.1 event generator for the analysis of the 36.1 fb~! data set and with
SHERPAZ2.2.2 for the two others [170-172]. Both provide a matrix element calculation
accurate to NLO QCD for 0-jet and 1-jet final states. Final states with more than two
jets are modelled in LO QCD. The parton showering is modelled with SHERPA [173]
using the ME+PSQ@QNLO prescription [174] for the jet merging. In addition, NLO EW
corrections are applied as a function of the invariant mass of the two Z bosons [175 [L76].

The gg — ZZ* process is generated with cG2VV [177] at LO QCD. Bottom and charm
hadron decays are simulated with EVTGEN and the parton shower is obtained with
PyTHIA8. Higher-order QCD corrections for the gluon induced ZZ* production are
available for massless quark loops 178}, |179] in the heavy top-quark approximation [180],
which include g9 — H* — ZZ processes. According to these, the LO cross section from
the simulation is scaled by a k-factor of 1.7+ 1.0 to account for higher-order effects.

The Z+jets process is modelled with the SHERPA2.2.2 for the 36.1 fb~! data set and

SHERPA2.2.1 event generator for the 79.8 and 139 fb~! data sets. The matrix elements
are calculated at NLO accuracy for up to two partons and at LO accuracy for three
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and four partons with CoMix [171] and OpPENLoOPS [172]. The parton showering is
performed with SHERPA using the ME4+PS@QNLO prescription for the jet merging.

The tt background is generated with POWHEG-Box v2 at NLO QCD. The showering of
the partons and the hadronisation is performed with PYTHIA8. Heavy hadron decays are
simulated with EVTGEN. For the 36.1 fb~! data set, PYTHIAG is used instead.

The W Z background is generated at NLO QCD using POWHEG-BoOx v2 interfaced to
PyTHIA8 and EVTGEN. The triboson background VV'V is modelled at LO QCD using
SHERPA2.2.1 (36.1 fb~!) and SHERPA2.2.2 (79.8 and 139 fb~!). The small contribu-
tions from ttZ events with both top quarks decaying semi-leptonically and the Z boson
decaying leptonically are modelled with MADGRAPHS AMCQ@NLO interfaced to Py-
THIAS and EVTGEN at LO QCD. Higher-order corrections are taken into account by
normalising the cross section to the prediction which includes the two dominant terms
at LO and NLO in a mixed perturbative expansion in the QCD and EW coupling. For
the 36.1 fb~! data set only the t£Z with leptonically decaying Z boson is taken into
account. The process is generated with MADGRAPHS5, interfaced to PYTHIAS and EvT-
GEN. The analysis done on the 139 fb~! data set also includes the estimation of smaller
background contributions from tW Z, ttW, ttt, tttt and tZ processes. They are simulated
with MADGRAPHS AMCQNLO interfaced to PYTHIAS.

4.3 H — ZZ* — 4¢ Event Selection

Following the properties of the signal and background topologies, a set of event selection
criteria are defined, starting from the general data taking quality criteria, over the trigger
selection and particle reconstruction, to the selection of Higgs boson candidates events.
The full set of selection requirements is summarised in Table

Data Quality

Prior to every data analysis, each recorded collision event has to pass certain data quality
requirements. First, events are rejected if not all detector components were operating
correctly when they were recorded. In addition, the events are required to have at
least one collision vertex with at least two associated tracks. The collision vertices are
reconstructed from all inner detector tracks with a transverse momentum larger than
400 MeV. The primary vertex is defined as the vertex with the highest sum of squared
track transverse momenta, > p%.
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Trigger Selection

Four-lepton events are selected with single-lepton, di-lepton and tri-lepton triggers includ-
ing the mixed electron-muon triggers in the two latter one. The trigger accepts an event
if certain lepton identification and pp-threshold criteria are satisfied. The pp-thresholds
are increasing during the data taking periods, due to an increasing peak luminosity. A
summary of the trigger requirements for the H — ZZ* — 4¢ analysis for the different
data taking periods is given in Appendix [A]l The trigger efficiency for the Higgs boson
candidates after the final state selection is 98%.

Selection of Reconstructed Final State Particles

The general description of the reconstruction, identification and calibration of the final
state particles is given in Section The exact criteria employed for the certain selection
of electrons, muons, jets and b-jets are summarised in the following. The latter two are
needed for the production cross section measurements in exclusive phase space regions,

as performed in the subsequent chapters.

The electrons are required to satisfy the loose identification criteria allowing for the
highest electron reconstruction efficiency and therefore providing the highest four-lepton
selection efficiency. Electrons are required to have a pseudorapidity within the inner
detector coverage of |n| < 2.47 and to have a transverse energy larger than 7 GeV. As
signal electrons are expected to emerge from the primary vertex, small longitudinal
impact parameters of |zy-sin ()| < 0.5 mm are required .

Similarly as electrons, muons are identified with the loose identification criteria. Only
muons with |n| < 2.47 and a minimum transverse momentum of 5 GeV are selected.
Due to a lower purity, calorimeter-tagged muons are required to have ppr > 15 GeV. In
order to suppress the cosmic muon background a cut on the absolute value of the muon
transverse impact parameter is applied, |dp| < 1 mm. The background from decays of
hadronised bottom quarks can be reduced by the requirement |zp-sin(6)| < 0.5 mm
on the longitudinal impact parameter, since these muon tracks are displaced from the
primary vertex. For the analysis of the 79.8 fb~! and 139 fb~! data sets an additional
criteria is applied. In order to minimise the reducible background contribution, at most
one calorimeter-tagged or stand-alone muon is allowed per event.

Jets are reconstructed with the anti-kp algorithm with a radius parameter of R = 0.4
and are required to have pp > 30 GeV and |n| < 4.5. The contribution from pile-up jets
is reduced by applying a cut on the jet-vertex tagger (JVT) discriminant described in
Section Jets within pr < 60 GeV and 7 < 2.4 are rejected if the corresponding
jet-vertex tagger discriminant has a value JVT< 0.59 which leads to a selection efficiency
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of 92% for hard-scattered jets. In addition, for the analysis of 79.8 fb~! and 139 fb~! data.
sets, forward pile-up jets (pr < 50 GeV and |n| > 2.5) are rejected using the jet-vertex
tagger working point with 90% selection efficiency for hard scattered jets.

Jets within |n| < 2.5 containing b hadrons are identified with the MV2c10b-tagging al-
gorithm using the working points with a 70% selection efficiency for true b hadron jets.
For the 139 fb~! data set, a pseudo-continuous b-tagging weight is assigned to each jet,
which combines the 60%, 70%, 77% and 85% efficiency working points.

If the same detector information is used for the reconstruction of more than one particle
type, the ambiguities are solved with the so-called overlap removal. In case that the
reconstructed electron and muon share the same inner detector track and the muon is
obtained from calorimeter-tagged reconstruction, the muon is removed from the event.
For all other muon types, the electron is removed. In addition, electrons or muons that
geometrically overlap with a reconstructed jet within a cone of radius AR = 0.2 are
also removed. For the analysis of the 139 fb~! data set, the cone radius for the overlap
between muons and jets is reduced to AR =0.1. In addition, an electron-electron overlap
removal is applied. If the calorimeter clusters of two electrons overlap, the one with the
higher Er is kept.

Selection of Lepton Quadruplets

In the next selection step, each event is required to have at least four leptons which can
be combined into two same-flavour and opposite-charged lepton pairs, building a so-called
lepton quadruplet. In signal events with four leptons, there are two such quadruplet com-
binations possible and additional leptons introduce further combinations. The following
selection criteria are applied on each quadruplet combination.

The three leptons with highest transverse momenta in each quadruplet are required to
have pr > 20 GeV, pr > 15 GeV and pr > 10 GeV, respectively. The same-flavour and
opposite charged lepton pair with an invariant mass mjo closest to the Z boson mass is
defined to be the leading lepton pair, while the second lepton pair corresponding to the
off-shell Z boson candidate with an invariant mass ms4 is referred to as the subleading
one. Each quadruplet is classified as 4e, 4u, 2e2u and 2u2e quadruplet according to
the lepton flavour of the leading and subleading lepton pairs, with the first two leptons
represent the leading and the second the subleading lepton pair.

The leading lepton pair associated to the on-shell Z boson in each quadruplet is required

to have an invariant mass of 50 GeV < mis < 106 GeV, while the invariant mass of the
subleading lepton pair has to satisfy m,, < msq < 115 GeV. The threshold my,;, depends
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Table 4.3: Event selection criteria applied in the inclusive H — ZZ* — 4¢ analysis

SELECTION OF RECONSTRUCTED FINAL STATE PARTICLES

Data quality: All detector components have be fully operational
Vertex: At least one collision vertex with two associated tracks
Trigger: Single-lepton, di-lepton and tri-lepton trigger

PHYSICAL OBJECT SELECTION

Electron: Loose identification criteria, || < 2.47, Ep > 7 GeV, |z-sin(#)] < 0.5 mm
Muon: Loose identification criteria, dy < 1 mm, |zg-sin(f)| < 0.5 mm

Combined-muons: || < 2.5, pp > 5 GeV

Calorimeter-tagged muons: |n| < 0.1, pr > 15 GeV

Segmented-tagged muons: |n| < 0.1, pr >5 GeV

Stand-alone muons: 2.5 < |n| < 2.7, pr > 5 GeV

At most one calorimeter-tagged or stand-alone muon (79.8 fb~' and 139 fo= ')
Jets: Anti-kr algorithm (R=0.4), [n| < 4.5, pr > 30 GeV

Pile-up suppression: JVT> 0.59 (pr < 60 GeV, |n| < 2.4)

Forward pile-up suppression: 90% JVT working point (pr < 50 GeV and |n| > 2.5) (79.8 fo~! and 139 fbo=1)

b-jets: MV2c10b-tagging algorithm

Overlap removal: Ambiguities are resolved between overlapping lepton-lepton or lepton-jet pairs

SELECTION OF LEPTON QUADRUPLETS

Quadruplet selection:  Each combination of two same-flavour and opposite-charged lepton pairs, with
pr > 20,15,10 GeV for the three leptons with highest pr
Quadruplet Quadruplet types: 4de, 4u, 2e2u, 2u2e
classification: based on the lepton flavour in the leading and subleading pair
Leading lepton pair: invariant mass mq2 closest to the Z boson mass (on-shell Z boson candidate)
Subleading lepton pair: remaining pair (off-shell Z boson candidate with invariant mass ms4)
Kinematic 50 GeV < mjp <106 GeV
requirements: Mymin < M3q < 115 GeV
AR((,€) > 0.1(0.2) for same-flavour (different-flavour) lepton pairs (36.1 f6~! and 79.8 fb=')
AR((,¢") > 0.1 for all lepton pairs (139 fb=1)

myge > 5 GeV alternative for same-flavour opposite-charge lepton pairs mgy = mygq, mas

Impact parameter Electrons: |dy/og,| <5

significance: Muons: |dy/og,| <3

Lepton isolation: Electron track-based isolation (AR =0.2): If* , <15% (36.1 o~ and 79.8 fb=1)
Muon track-based isolation (AR =0.3): Il . <15% (36.1 fo~! and 79.8 fo~1)

ek < 20% (36.1 f5~! and 79.8 o)
x <30% (36.1 o=t and 79.8 fo 1)

Electron calorimeter-based isolation (AR =0.2): If,
Muon calorimeter-based isolation (AR =0.2): If, .,
All leptons: Typaer +0.4 - Too < 16% (139 fo71)

Common 4/-vertex: X2 /Naos <6 for 4 quadruplet candidates
X2/Ndof <9 for 4e, 2e2u and 2u2e quadruplet candidates

SELECTION OF THE HI1GGS BOSON CANDIDATE

Final candidate: Event with exactly four leptons: quadruplet with mjs closest to my

Event with additional leptons (pr > 12 GeV): quadruplet with highest matrix-element value
Myg: Final state radiation correction, Z boson mass constraint (36.1 fb~1)

118 GeV < myy < 129 GeV (36.1 fb~ 1)

115 GeV < myy < 130 GeV (79.8 fb~1 and 139 fo 1)
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on the four-lepton invariant mass myy, starting at 12 GeV for my, < 140 GeV and rising
linearly to a maximum value of 50 GeV for my, > 140 GeV.

The leptons in each lepton pair should be well separated in space, with the angular
distance AR(¢,¢') between the leptons in the same-flavour (different-flavour) lepton pair
required to be larger than 0.1 (0.2). For the analysis of the 139 fb~! data set, the same
angular separation is required for all lepton pairs, AR(¢,¢') > 0.1.

Leptons from J/v decays are rejected by the requirement that the invariant mass of two

alternative opposite-charge lepton pairs within a 4e or 4u quadruplet be my > 5 GeV.

Due to the short life time of the Higgs boson the signal leptons are expected to originate
from the primary vertex. As opposed to that, leptons from heavy-flavour hadron decays
originate from secondary vertices leading to an impact parameter offset with respect to the
primary vertex. Therefore, such background processes are suppressed by the requirement
on the transverse impact parameter significance |do/oq,|, where o4, is the uncertainty of
the dp measurement. All muons (electrons) are required to have |dy/o4,| < 3(5).

Signal leptons are well isolated from other particles in the final state. In contrast to
that, non-prompt leptons are often produced in jets, resulting in a large activity in the
detector material surrounding the lepton trajectory. The contribution from Z+jets and
tt production can be therefore reduced by the requirements of the track-based and
calorimeter-based lepton isolation.

The track-based muon (electron) isolation is defined as the scalar sum of the pr of all
tracks within a cone of AR =0.3(0.2) around the muon (electron) track, Iyqcr = > pr/P1-
Both muons and electrons have to satisfy Ij.qex < 15%. The calorimeter-based isolation
I.qo is defined in a similar way. The sum of all calorimeter energy deposits within a cone
size of AR = 0.2 around the lepton is required to be smaller than 30% (20%) of the muons
(electrons) transverse momenta. The described isolation criteria have been optimised for
the analysis of the 139 fb~! data set. For leptons with pr > 33 GeV the cone size of the
track-based isolation decreases linearly with pp from AR = 0.3 to a minimum cone size of
0.2 at 50 GeV. The cone size for the calorimeter-based isolation remains fixed at 0.2. A
lepton is retained if Ij,qer + 0.4+ Ioqio < 16%. The described optimisation of the isolation
requirement improves the signal efficiency by about 5% compared to the previous analysis
for the same background rejection.

For a further suppression of the reducible background, the four quadruplet leptons are
required to originate from the common 4/ vertex point. The corresponding four inner de-
tector tracks are fitted under the assumption that the leptons emerge from the same vertex
point. The quality of the fit, i.e. the ratio of the x? and the number of degrees of freedom,

83



Chapter 4 Detection of Higgs Boson Decays to Four Leptons at 13 TeV

Naoyf, is expected to be high for signal quadruplets, as opposed to the background pro-
cesses. The 4y (other 4¢) quadruplet candidates are accepted if the fit quality, x2/Nyo, 7 is
less than 6 (9), corresponding to a signal efficiency of 99.5% for this selection requirement.

Selection of Higgs Boson Candidates

If there is more than one quadruplet per event satisfying the quadruplet selection criteria,
the final Higgs boson candidate is selected according to criteria which depend on the
number of leptons in the final state. In events with exactly four leptons in the final state,
the quadruplet containing the leading lepton pair with an invariant mass closest to the
Z boson mass is chosen as Higgs boson candidate, separately for 4e, 4pu, 2e2p and 2u2e
quadruplet classes. If there is more than one class with such a Higgs boson candidate,
the quadruplet from the class with highest efficiency (i.e. ordered as 4pu, 2e2u, 2u2e, 4e)
is selected as the final Higgs boson candidate in the event.

For the VH and ttH production, there may be additional leptons present in the final
state. Therefore, it is possible that one or more leptons are selected in the quadruplet
do not descend from the Higgs boson decay, but from a V' boson or top quark decay. In
order to improve the lepton pairing in such cases, a matrix element based lepton pairing
method is used instead of the above selection in all events with at least one additional
lepton which has pr > 12 GeV and satisfy the same identification and isolation criteria as
the four quadruplet leptons. A matrix element of the Higgs boson decay is computed at
LO with MADGRAPH5__AMC@NLO generator [181] for each possible quadruplet com-
bination passing the previously described quadruplet selection criteria. The quadruplet
with the largest matrix element value is chosen as the final Higgs boson candidate.

The resolution of the invariant mass of the four-lepton final state is improved by taking
into account lepton energy losses due to final state radiation (FSR). The energy of a
photon with p7 > 1 GeV within a cone of AR < 0.15 around one of the two leading muons
is added to the energy of the muon. In addition, isolated photons with pr > 10 GeV
are associated with the closest lepton. The overall improvement of the invariant mass
resolution of this correction is about 1%.

For the analysis with the 36.1 fb~! data set an additional correction on the invariant mass
of the four-lepton final state is applied. The Z boson mass constraint is applied to the
leptons from the leading lepton pair. A kinematic fit is performed with the knowledge of
the Z boson line shape and the momentum resolution of the leptons, correcting the lepton

transverse momentum and therefore improving the four-lepton invariant mass resolution

by about 15% [49)].
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In the analysis performed with the 36.1 fb~! data set, the Higgs boson candidates are
required to have the invariant mass within a mass window of 118 GeV < myy < 129 GeV,
a wider mass range of 115 GeV < myy < 130 GeV is used for the two other analyses
(79.8 fb~! and 139 tb—1).

4.4 Background Estimation

The above selection criteria define the signal region (SR) in which the background con-
tributions have to be estimated. The irreducible background from processes with four
prompt and isolated leptons, ZZ*, ttZ and VV'V, can be reliably estimated from Monte
Carlo simulation. This is not the case for the reducible Z+jets, tt and W Z background
processes with non-prompt or misidentified leptons.

The simulation of these processes is subject to substantial modelling uncertainties. In
addition, the rate of misidentified leptons is very low, such that the number of simulated
events would have to be very large. The contribution of reducible backgrounds is therefore
estimated from data-driven methods, i.e. from the measurements in background-enriched

while signal-depleted control regions (CR) of data.

4.4.1 Irreducible Background Estimation

The contribution of SM ZZ* production, which is the main background in the
H — ZZ* — 4l decay channel, is estimated from simulation as described in Section [4.2.2.3]
The NNLO QCD and NLO EW corrections are applied on the cross section from simu-
lation. The normalisation and the shape of the four-lepton invariant mass distribution
are validated in the signal depleted sideband region with 105 GeV < myy < 115 GeV and
130 GeV < myy < 350 GeV. The minor backgrounds with prompt leptons such as decays
VVV and ttZ are also estimated from simulation.

For the analysis of the 139 fb~! data set the statistics is large enough to obtain the
normalisation for some or all of these processes, in particular the dominant ZZ* pro-
duction, using a data-driven approach. This method involves adding a normalisation
factor for the estimation of the ZZ* processes to the fit. The sideband region with
105 GeV < myy < 115 GeV and 130 GeV < myp < 160 GeV is simultaneously fitted with
the signal region (115 GeV < myy < 130 GeV) within N;-bins (0, 1 and > 2 jets) to obtain
the normalisation from data. The advantage of this method is that theoretical system-
atic uncertainties on the normalisation of the ZZ* background, as well as luminosity
systematic uncertainty on the background are removed. Also the tVV background is es-
timated with this method using a wider sideband region of 105 GeV < myy < 115 GeV
and 130 GeV < myy < 350 GeV. Other triboson backgrounds (ZZZW ZZ, and WW Z)
are taken directly from Monte Carlo simulation.
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4.4.2 Data-Driven Reducible Background Estimation

The contribution of reducible backgrounds is estimated by means of a data-driven method
in control regions (CR) of data with enhanced background and suppressed signal contri-
butions. The control regions are constructed by relaxing or inverting the lepton selection
criteria for one or two of the four-final state leptons. For each of the background compon-
ents a dedicated control region is built. The higher amount of data in the control regions
compared to the signal region allows for a good precision of the background estimate.

The expected yields of the different background components in the control regions are ob-
tained from a simultaneous fit of the background normalisation in all control regions. The
resulting yields are then extrapolated to the signal region by means of so-called transfer
factors which are calculated by dividing the signal lepton efficiency by the efficiency of the
relaxed or inverted selection requirements. The transfer factors are determined both in
data and Monte Carlo simulation. The difference of the two measurements is accounted

for as a systematic uncertainty on the transfer factors.

Non-prompt or misidentified leptons have usually a low transverse momenta. Thus, they
are mostly assigned to the subleading lepton pair representing the off-shell Z boson can-
didate. The sources of such leptons are different for electrons and muons. Therefore, the
estimation of the background contribution is performed separately for events with two
different flavour of the subleading lepton pair, i.e. £+ ee and €0+ pu events. The €0+ pu
background events originate form decays of heavy-flavour hadrons, which are present in
Z+jets and tt production. The muons from such decays are surrounded by a hadron jet.
The ¢+ ee background mainly originates from light-flavour jets (u, d, s) and gluon jets
misidentified as electrons. The background estimation methods for the ¢4+ ee and €0+ up
classes of reducible background are described in the following.

4.4.2.1 Reducible £¢ + ee Background

The electrons in the £+ ee background from Z+jets, tt and W Z processes can be clas-
sified into three different types according to the source of the background electron. The
largest fraction are misidentified electrons from light-flavour jets with energy deposits in
the calorimeter, referred as fake electrons (f). Smaller contributions come from photon
conversions () and electrons from semi-leptonic decays of heavy-flavour quarks (¢). The
background contribution of the first two types of electrons is estimated with the method
described below, while the latter is taken from simulation.

The ¢¢+ ee background contribution is estimated in the 3¢+ e control region. The lead-
ing three leptons have to pass the lepton selection criteria of the full inclusive analysis
described in Section The selection and identification criteria are relaxed only for
the lowest Er electron from the subleading lepton pair. Instead of the full identification
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criteria only the basic track quality criteria are applied for that electron, i.e. require-
ments on the number total number of silicon and pixel hits. In addition, no isolation
requirements are applied. All selected quadruplets from the control region have to satisfy
the common vertex criteria. To suppress the contribution from heavy-flavour hadron
decays in this control region the dy significance requirement is used. The contribution
from the ZZ* production is suppressed by requiring that the electrons in the subleading
lepton pair have a same-sign charge instead of the opposite-sign. The contribution of the
7 7Z* background after this requirement is still 5-10% and has to be subtracted from the
total yield in the control region before extrapolating to the signal region. The subtraction
is based on simulated ZZ* events. The criteria defining the 3¢+ e control region are sum-
marised in Table [£.4] The resulting control region after applying the above requirements,
is enriched in f and v background components which can therefore be constrained by a
fit to data. The small contribution of ¢ is estimated from simulation.

Table 4.4: Selection criteria defining the control region for the estimation of the reducible
£l + ee background in the H — ZZ* — 4{ analysis. SF SS denotes a same-flavour same-
sign lepton pair, the check mark (v) indicates that a given lepton selection requirement
is applied and the cross (X) that this requirement is not applied.

Control region Vertex selection  msy Requirements on the electron e

Identification dy sig. cut Isolation

3l+e v SEF SS relaxed v X

20+e X - relaxed v X

The background yields in the 3¢+ e control region are constrained by data using a tem-
plate fit based on the distribution of the number of hits ny,perpir in the insertable b-layer
of the pixel detector. Beyond the coverage of the insertable b-layer the number of hits in
the next-to-innermost pixel layer is fitted instead. This observable discriminates between
the f+ ¢ and v background components, since photons leave no hits in the insertable
b-layer, while f 4 g electron candidates leave at least one hit. The ZZ* contribution
from simulation is taken into account in the fit and finally subtracted from the fitted yield.

The templates for the fit are taken from Monte Carlos simulation in a separate 2¢+e
control region (see Table with a larger amount of data. In this region, only one
electron is required in addition to the leading lepton pair. The additional electron can-
didate has to satisfy the same criteria as in the 3¢+ e control region. Only the common

vertex requirement is not imposed, since there are less than four leptons in the final state.
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A separate template from the 2¢+ e control region is used for each of the background
components (f, v and ¢). Since the nyynerpir distribution is similar for electrons from
q and ZZ* background a combined template is used whose normalisation is determined
from simulation and set constant in the fit. The contribution of each of the background
sources (f and «) is obtained by fitting the nyunerpip distribution to the data in bins
of the electron pr and number of jets in the final state. In this way, the fit assigns to
each a probability of being an f or v background component. The final yield for each
background component in the 3¢+ e control region is obtained by summing up these

probabilities for all events.

The transfer factor to extrapolate the yields of the f and v background component from
the 3¢+ e control region to the signal region corresponds to the efficiency that the f or
v electron pass the nominal selection criteria (full electron identification and isolation
criteria), relative to the efficiency of passing relaxed criteria form Table These effi-
ciencies are calculated from simulation in the 2¢+ e control region separately for f and
components as a function of pr and the number of jets in the final state. An additional
correction factor is applied on these measurements to take into account the differences
to the efficiency measurement in data. The correction factors are calculated in data in f
enriched (nrpnerpiz >0 ) and v enriched (nrpnerpiz = 0) samples only in bins of electron
pr since the data show only a little dependence on the number of jets in the final state.
The number of background events in the signal region for the f and ~ background is

therefore given as

Nsp=Y_ci Y eijwi, (4.1)
( J

where the index 7 runs over the pp-bins and j over the Nj-bins. ¢ corresponds to the
correction factor estimated in data, € is the electron efficiency measured in simulation
and w is the probability being f or v background obtained from the fit.

The results of the ¢¢ + ee background estimation for all analysed data sets are shown
in Table The yields in the control and signal regions are shown together with the
estimated ZZ* background and the transfer factors. The transfer factors are in the same
order for all analysed data sets.

4.4.2.2 Reducible £¢ + pp Background

The reducible £¢ + pp background with non-prompt muons originating from the Z boson
production with additional muons from semi-leptonic decays of heavy-flavour hadrons
(Z4+HF) and from the Z boson production accompanied by muons from in-flight decays
of /K in light jets (Z+LF). Additional contributions come from the ¢t and W Z produc-
tion. The Z+HF, Z+LF and the tt background are estimated from control data, while
the W Z contribution is predicted by Monte Carlo simulation.
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4.4 Background Estimation

Table 4.5: Results of the reducible ¢¢ + ee background estimation for the inclusive H —
Z Z* — 40 analyses with the different analysed data sets taken from 2015-2016 (36.1 fb=1),
2015-2017 (79.8 fb~!) and 2015-2018 (139 fb=1). The quoted uncertainty corresponds to
the combined statistical and systematic uncertainty.

Background Total event yield in Z7* Transfer factor  ¢¢+ ee event yield

type 3¢+ e control region in the signal region

2015-2016 data set (36.1 fo=1)

f 3075+56 280 +6 0.0020 4+0.0004 5.68+1.24
v 208 +17 19.44+0.5 0.007140.0014 1.344+0.44
q Monte Carlo based estimation 6.344+1.93

2015-2017 data set (79.8 fo 1)

f 6620 £ 83 567 +9 0.0021 £0.0005 12.32+1.84
~y 480+ 27 49.9+1.2 0.0070£0.0025 3.02+0.75
q Monte Carlo based estimation 14.094+3.03

2015-2018 data set (139 fb=1)

f 10352+ 104 1455 +£7 0.0017 £ 0.0004 15.6 = 3.55
y 753+ 34 122+0.84 0.0068+0.0014 4.31+1.18
q Monte Carlo based estimation 12.15£3.65

There are four dedicated control regions (CR) enhanced in different types of ¢+ pu
background and depleted in signal are used for the estimation. Table [4.6] summarises the
requirements defining different control regions.

1. Inverted dg CR:

This control region is enhanced in Z+HF and in ¢t processes. The leading lepton pair is
required to pass the full signal lepton selection criteria, while no common vertex require-
ment is applied. Leptons from heavy-flavour hadron decays in Z+HF and tt processes
are characterised by a large dy significance. This requirement is therefore inverted for at
least one of the leptons in the subleading lepton pair. In addition, no isolation criteria
are applied on the leptons in the subleading pair.

2. ep+pp CR:

The e+ pp CR is enriched in tt production. In order to ensure that the leading lepton
pair does not originate from a Z boson decay, the leading lepton pair is required to have
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two opposite-charge different-flavour leptons (ep) passing the full signal lepton selection
of the inclusive analysis. The common vertex cut is not applied. The dy significance cut
and the isolation criteria are not applied on the two leptons from the subleading lepton
pair (uu). For the latter, both same-charge and opposite-charge lepton pairs are selected.

3. Inverted isolation CR:

The third control region is employed to constrain the Z+4LF component of the reducible
¢+ pup background. The full lepton selection criteria are applied on the leptons from the
leading lepton pair including the common vertex requirement on the lepton quadruplet
to reduce the contributions from heavy-flavour decays. At least one of the leptons in
the subleading pair is not allowed to pass the isolation criteria, while the dy significance

requirement has to be satisfied.

4. Same-sign (SS) CR:

The same-sign (SS) control region is depleted in signal, while enhanced in all rather than
a specific background component. The standard four-lepton event selection is applied on
leptons from the leading lepton pair. The leptons of the second pair in the quadruplet
are required to have the same-sign charge, while no requirements are applied on the dy
significance and the isolation criteria.

Table 4.6: Requirements defining the control (CR) and validation (VR) regions for the
estimation of the reducible #¢+ pu background in the H — ZZ* — 44 analysis. The check
mark (v) and crosses (X) indicate whether a specific requirement is applied or not. SF
OS, SF SS and OF OS, stand for the lepton pairs with same-flavour leptons with opposite-
sign charge, same-flavour leptons with same-sign charge and opposite-flavour leptons with

opposite-sign charge, respectively.

Control region Vertex selection mio X X requirements

™3y dy sig. cut Isolation
Inverted dyg CR X - — inverted X
e+ pp CR X OF OS SF OS + SF SS X X
Inverted isolation CR v — — v inverted
SS CR X - SF SS X X
Relaxzed VR X — . X X
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4.4 Background Estimation

In order to verify the background normalisation obtained by a global fit to the above
four control regions, a fifth validation region with larger amount of data (Relazed VR) is
used (see Table . This validation region is not orthogonal to the other control regions
nor to the signal region and contains all three types of backgrounds. The quadruplet
is required to satisfy the signal event selection, except of the common vertex cut. The
isolation and dy significance criteria are not applied on the leptons in the subleading
lepton pair.

The discriminating variable used for the fit in all orthogonal control regions is the distri-
bution of the invariant mass mqo of the leading lepton pair. It provides a good separation
between the Z+jets and tt production. In the Inverted isolation CR and SS CR an addi-
tional discriminant is introduced in order to enhance the Z+LF component to improve its
estimate. As stated above, the Z+LF contribution originates from Z boson production
accompanied by muons from in-flight decays of 7/K in light jets. Muons from in-flight
decays are detected only in the muon spectrometer, while the original © or K is detected
in the inner detector. Therefore, the corresponding muon momentum balance defined as

Apr  phP —phts

- , (4.2)
pr piP
ID(MS) . . .
where pr, is the transverse momentum measured in the inner detector (muon spec-

trometer), is expected to be on average larger than zero, because the 7 or K is decaying
only after the inner detector. In order to enhance the Z+LF background at least one of
the muons from the subleading lepton pair has to satisfy App/pr > 0.2.

In the combined fit, the mjo distribution for each of the background components is
modelled with an analytical function. The non-resonant t contribution is described with
a second order Chebyshev polynomial in all control regions. Except for the eu + pu
CR, the Z+jets background is described with a Breit-Wigner function convoluted with
a Crystal Ball function in order to model the resonant shape. In the eu+ up CR the
leading lepton pair does not originate from the Z decay, therefore a first order polynomial
is used instead. For the diboson (WZ and ZZ*) and Higgs boson processes the shape
of the mys distribution is assumed to be the same as for Z+jets in every control region,
while the normalisation is taken from simulation. For the 139 fb~! analysis also the
tail of the diboson contribution is modelled, while it is not taken into account in the
analyses performed with the 36.1 fb~! and 79.8 fb~! data sets. The analysis done on the
79.8 fb~! and 139 fb~! data sets take also into account the ¢tV and VVV contributions,
which are combined with the diboson sample with the prediction of the Monte Carlo

simulation.

For the 79.8 fb~! and 139 fb~! analyses, the expected yields are obtained by a simultan-
eous fit of all four orthogonal control regions. In the early Run 2 analysis difficulties have
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occurred in simulating the Z+LF production. A generator level filter was applied on the
Z+jets sample, which lead to a large Z4+HF contribution and less Z+4LF. Therefore, a
slightly different approach is used for the 36.1 fb~lanalysis. The Z+HF and tt contri-
butions are first estimated from the global fit only in the Inverted dy CR and eu+ uu
CR. The Z+LF yield is retrieved from the fit in the Inverted isolation CR by fixing the
Z+HF and tt contribution to the values from the global fit. The requirement on the

muon momentum balance is not applied.

The normalisation obtained from the global fit is tested with data in the Relazed VR and
extrapolated to the signal region using simulation-based transfer factors. The transfer
factors are defined for each background component as the ratio of the corresponding yields
in the signal region and Relaxed VR. Due to a small number of simulated Z+LF events
that satisfy the selection criteria the transfer factors for the Z+LF component are taken
from the Z+HF sample in case of the 36.1 fb~'and 79.8 fb~! analyses. This is valid,
because both components have similar isolation cut efficiencies. To take into account
differences observed between data and simulation for the isolation and dy significance
distributions in the 79.8 fb~! analysis, the transfer factor is doubled for that analysis.
For the analysis with the 139 fb~! data set, the transfer factor for the Z+LF contribution
is delivered from data in the same way as for the simulation.

In addition to the statistical uncertainty of transfer factors due to limited size of the
Monte Carlo samples, the differences between data and simulation are assigned as a
systematic uncertainty. The latter is delivered in a separate control region with only one
additional muon in the final state instead of two, ¢+ u, where the leading lepton pair
has to pass the standard four-lepton event selection. This control region is also used to
derive uncertainties for the Z4+HF transfer factor. The Z+HF and Z+LF component are
separated by a requirement on the muon momentum balance.

The results of the ¢¢ + up background estimation for all analysed data sets are shown
in Table The yields in the control and signal regions are shown for the different
background contributions together with the corresponding transfer factors. The transfer
factors for the tt production are similar for all data sets. The transfer factor for Z+HF is
the same for 79.8 fb~land 139 fb~! data sets, while it is larger in the 36.1 fb~! data set.
The transfer factor for Z4+LF is different in every data sets, because of the changes in

the simulation for each data set.
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4.5 Results

Table 4.7: Result of the reducible #¢+ pu background estimation for the inclusive H —
ZZ* — 4f analyses. The different analysed data sets are shown: 2015-2016 (36.1 fb=1),
2015-2017 (79.8 tb=1) and 2015-2018 (139 fb~!). The total uncertainty corresponds to
the combined statistical and systematic uncertainty.

Background type Event yield in Relazed VR Transfer factor Event yield in signal region

2015-2016 data set (36.1 fb=1)

tt 917.57+22.92 0.0025 £ 0.0003 2.29+0.26
Z+HF 908.38 £ 52.37 0.0075 =+ 0.0009 6.82+£0.90
Z+LF 50.10+21.31 0.0075+0.0075 0.38+£0.41
Wz Monte Carlo based estimation 0.91+£0.50

2015-2017 data, set (79.8 fb=")

tt 1878.9+34.5 0.0027 £ 0.0004 5.00+0.65
Z+HF 1624.6 £75.4 0.0043 £ 0.0005 7.01+0.62
Z+LF 149.4+40.2 0.0086 +0.0044 1.31+£0.58
WZ Monte Carlo based estimation 2.14+£0.20

2015-2018 data set (139 fb=1)

tt 3118+ 47 0.0025 4 0.0003 7.65+0.85
Z+HF 2905+113 0.0043 £ 0.0004 12.47+1.27
Z+LF 299+ 68 0.0100£0.0010 3.10£0.75
Wz Monte Carlo based estimation 4.5240.32
4.5 Results

The measured and expected four-lepton invariant mass (mge) distributions after the
inclusive event selection are shown in Figure for the three data sets corresponding to
36.1 fb=1, 79.8 fb~! and 139 fb~!. The Higgs boson resonance is clearly visible at a mass
of about 125 GeV. The peak at the Z boson resonance mass of 91 GeV corresponds to
resonant qq — Z/v* — 4¢ production where the additional lepton pair is radiated from
one of the two Z decay leptons as shown in Figure 4.2(b)|

The measured and expected number of events are summarised in Table For the
36.1 tb~! data set a mass window of 118 GeV < myy < 129 GeV and for the other
two sets a wider window of 115 GeV < myy < 130 GeV has been used. Therefore, the
signal-to-background ratio is 2.3 for the former and 1.9 for the latter.
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Figure 4.5: The expected and observed four-lepton invariant mass distribution @ for the
36.1 fb 1, @ 79.8 fb~ ! and 139 fb~! data sets after applying the H — ZZ* — 4/ event
selection criteria of the inclusive analysis [182-{184].
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4.5 Results

In the 36.1 fb~! and 79.8 fb~!'data sets a slight excess of Higgs boson candidates with
respected to the SM prediction is observed. This excess disappears for the full Run 2 data
set which is in very good agreement with the SM prediction. The measured signal strength
parameters u, defined as the measured Higgs boson production rate in the 4¢ decay channel
relative to the SM prediction are 1.287028 [182] for the 36.1 fb~! data set, 1.1970 1% [183]
for the 79.8 fb~! data set and 1.0470 12 [184] for the full Run 2 data set corresponding to

139 fb~!. All measurements are in agreement with the the SM prediction.
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Table 4.8: Expected and observed number of events after the inclusive H — ZZ* — 44 se-
lection for the data sets corresponding to integrated luminosities of 36.1 fb=!, 79.8 fb~land
139 fb~lin the 4¢ invariant mass ranges of 118 GeV < my, < 129 GeV (36.1 fb~!) and
115 GeV < myp < 130 GeV (79.8 and 139 fb~1) [182H184]. Statistical and systematic

uncertainties have been added in quadrature.

SM Higgs boson 47"

Other Total

signal backgrounds  expected

2015-2016 data set (36.1 fb=1), 118 GeV < mpy < 129 GeV

Observed

4 19.7+£1.6 7.5 +£0.6 1.00+0.21 28.14+1.7 32
2e2u 13.5+£1.0 54 £04 0.78£0.17 19.7+1.1 30
2u2e 10.4+£1.0 3.57+£0.35 1.09+£0.19 15.1+£1.0 18
de 9.94+1.0 3.35+£0.32 1.01+£0.17 14.3+1.0 15
Total 54 +4 19.7 £1.5 3.9 £0.5 77T x4 95
2015-2017 data set (79.8 fb~1), 115 GeV < mpy < 130 GeV
dn 40.5£1.7 19.0+1.1 1.71£0.10 61.2+2.0 64
2e2u 28.24+1.2 13.3£0.8 1.38+0.10 42.8+1.4 64
2u2e 22.14+14 9.2£0.9 2.99+0.09 343+£1.7 39
4e 21.14+14 8.6+0.8 2.90£0.09 32.5+1.6 28
Total 112 +5 50 +4 8.961+0.12 171 +6 195
2015-2018 data set (139 fb=1), 115 GeV < my < 130 GeV
4n 78 £ 5 38.1+2.2 2.87+£0.18 119 +£ 5 118
2e2u 52.84+ 3.1 26.1+14 3.01+0.19 81.9+ 34 98
2u2e 40.0£ 2.9 17.44+1.3 3.5 £0.5 609+ 3.2 57
4e 35.3+ 2.6 15.1+£1.5 29 £04 53.3+ 3.1 43
Total 206 +13 97 £6 12.3 £0.9 315 +14 316
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Measurement of Higgs Boson Production
Cross Sections

In this chapter, the measurements of the Higgs boson production cross section in several
exclusive phase space regions is described. The measurements have been performed for all
data sets corresponding to integrated luminosities of 36.1 fb~!, 79.8 fb=! and 139 fb~! as
specified in Section [£.2.1] The input for the analyses are the Higgs boson candidates
selected by the inclusive H — ZZ* — 4(¢ analysis as described in Section

The focus of this thesis was especially the evaluation of the theoretical uncertainties for
the main Higgs boson production modes. For the 139 fb~! data set, also the parton
shower uncertainties in the qqZZ background estimation were evaluated. In addition,
dedicated multivariate discriminants have been designed for the event categorisation in
the analysis of the 79.8 fb~! data set.

The measured cross sections in this chapter provide input to the measurements presented
in the next chapters. The extrapolation of the Higgs boson production cross section
measurements to predictions for high-luminosity LHC, described in detail in Chapter [6]
is based on the analysis of the 79.8 fb~! data set, while the two EFT interpretations in
Chapter [7] are based on results of the 36.1 fb~! and 139 fb~! analyses. The analyses of
the three data sets differ slightly, but only the 79.8 fb~! analysis is described in detail.
The differences for other data sets are described in the relevant subsequent chapters.

This chapter is structured as follows. First the exclusive phase space regions for the
production cross section measurement are described, followed by the criteria for the
categorisation of the reconstructed Higgs boson candidates and the introduction of
discriminants used in different categories to distinguish between the different signal
production modes and between signal and background processes. The categories and dis-
criminants are chosen such as to provide the optimal sensitivity based on the production
phase space bins defined at particle level in Section in the simplified template cross
sections (STXS). The statistical model and the results of the measurement are outlined
after describing the evaluation of the systematic uncertainties.

97
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5.1 Dedicated Regions for the Measurement of Production
Cross Sections

In the Run 1 analysis, the Higgs boson couplings to SM particles have been determined
from measurements of the signal strength ,ulf = (0;-By)/(0s-By)sm in the various pro-
duction and decay modes by using multiplicative coupling modifiers « [44]. In order to
reduce the dependence on uncertainties in the SM predictions and to allow for a combin-
ation of the different production and decay channels, the so-called Simplified Template
Cross Section (STXS) framework has been introduced which is described below. In the
STXS framework cross section measurements in dedicated regions of the phase space are
implemented for the coupling measurements. In addition it simplifies the use of analysis
techniques like event categorisation and multivariate selection methods which improve
the sensitivity.

The dedicated phase space regions in which the cross sections are measured are called
“production bins” are defined at particle level for each production mode. The definition
of the bins is guided by several aspects. The first is to minimise the theory dependence on
uncertainties by avoiding extrapolation of the measurement from a certain phase space
region to the full phase space. The bins are chosen such that there are only small vari-
ations of the experimental acceptance within a bin. Another aspect is the optimisation
of the sensitivity of the coupling measurement by combining all decay channels and by
using dedicated event categories. A final goal is the isolation of BSM effects in certain
phase space bins where they are relatively large. At the same time the number of bins
must not become to large to limit the complexity.

The simplest implementation, called STXS Stage-0, the bins only separate the different
production modes of the Higgs boson. At the next stage, STXS Stage-1, the production
bins are further divided into exclusive phase space regions. In practice not all analyses are
able to set constraints on all defined particle level production bins at STXS Stage-1 due
to statistical limitations, as it is the case in the H — ZZ* — 4¢ decay channel. In these
cases, several particle level production bins are merged in order to achieve the necessary
statistics. The merged scheme is called STXS Reduced-Stage-1.

To allow for comparisons between the measured cross section in the particle level pro-
duction bins and theoretical predictions from analytic calculations or Monte Carlo sim-
ulations, a well-defined definition of the particle level final state is necessary. The final
state particles are leptons, jets and the Higgs boson. Electrons and muons are defined
as dressed leptons, i.e. the definition includes photons around charged leptons. The 7
leptons are defined as the sum of all decay products. No kinematic constraints and no
thresholds on the phase space are employed. Particle level jets are defined as described
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in Section and the transverse momentum pjf is required to be larger than 30 GeV.
The Higgs boson is defined as off-shell particle and required to be within |yx| < 2.5.

5.1.1 Stage-0 Regions

The particle level production bins of STXS Stage-0 (see Figure separate the dif-
ferent production modes of the Higgs boson. The VBF and the VH production, with
hadronically vector boson decays (V H-Had) are denoted as electroweak qqH (EW qqH)
production. The V H production with leptonically decaying vector boson (V H-Lep) is
split into three bins distinguishing the production mechanism and the final state vector
boson, qq - WH, qq — ZH and g9 — ZH.

gef | | EWaaH | | VHLlep | uH bbH tH

VBF | aq — WH |

VH-Had | qa - ZH |

Figure 5.1: Particle level production bins of STXS Stage-0.

5.1.2 Stage-1 Regions

Figure [5.2 shows the particle level production bins of STXS Stage-1 for ggF production.
The first classification is according the number of jets IN; in the final state: N; =0,
N; =1, Nj > 2 and N; > 2 with VBF cuts, motivated by the NV; splitting in experimental
analyses. The N; = 0 bin is not divided further, while the N; =1 and N; > 2 bins are
split according to the transverse momentum of the Higgs boson p? into a low—p¥ bin
(pHf < 60 GeV), two medium bins (60 GeV < pif < 120 GeV and 60 GeV < pif <120 GeV)
and a BSM sensitive bin (p¥ > 200 GeV). The N; > 2 bin with VBF cuts is used to
estimate the gluon fusion contamination in the VBF selection. The cuts are chosen
to target the VBF signature (two high-energetic jets in the forward region). A large
invariant mass (mj; > 400 GeV) and a good separation (An;; > 2.8) of the two leading jets
is required. This category is further divided according to pgj 7 with a threshold of 25 GeV.

Figureshows the particle level production bins of STXS Stage-1 for EW ¢¢H (VBF and
V H-Had) production. BSM effects are separated with cut on the transverse momentum
of the leading jet, pjfl > 200 GeV. Events with VBF topology (N; > 2, m;; > 400 GeV
and Anj;; > 2.8) are divided according to p?jj with a threshold of 25 GeV, providing
a good separation between ggF and VBF production. V H-Had production is targeted
by requiring at least two jets in the final state with an invariant mass of 60 GeV <
m;j < 120 GeV. Remaining events are assigned to the so-called “Rest” bin.
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> 2 jet

> 2 jet, VBF cuts

i
i

Figure 5.2: Particle level production bins of STXS Stage-1 for ggF production.

= e

> 2 jet VBF cuts

Figure 5.3: Particle level production bins of STXS Stage-1 for EW gqH production.
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The STXS Stage-1 particle level production bins for V H-Lep production are shown in
Figure 5.4l At first g¢ and gg initial states are separated. qqg — V H processes are split
according to the weak gauge boson in the final state, W — fv or Z — ¢{+vv. These
production bins are divided with thresholds on the transverse momentum of the weak
boson pY. into a low (p¥ < 150 GeV), a medium (150 GeV < pH < 20 GeV) and a high
(p¥ > 250 GeV) bin. The medium bin is split further into final states with N; =0 and
N; > 1. For gg — ZH processes the same splitting is used, except of the p¥-high bin
which is merge into the medium bin.

The remaining production modes, ttH, bbH and tH are defined as in STXS Stage-0.

qq — VH gg — ZH

W — fv Z >+ vv
pY [150,250] pY [150,250] pY [150,00]

il

Figure 5.4: Particle level production bins of STXS Stage-1 for V H-Lep production.

5.1.3 Reduced-Stage-1 Regions

In the H — ZZ* — 44 decay channel the available amount of data does not allow for
a measurement in all production bins defined at STXS Stage-1. Production bins are
merged till a sufficient statistics is reached. The production bins are chosen to maxim-
ise the measurement precision and to isolate possible BSM contributions. The studies
presented in this thesis use two different types of merged schemes. The production cross
section measurement described in this chapter is performed within the so-called STXS
Reduced-Stage-1 shown in Figure and the EFT interpretation (Section within
the STXS Reduced-Stage-1.1 shown in Figure [5.6
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For the STXS Stage-0 production cross section measurement in H — ZZ* — 4¢ decays
only four particle level production bins are used. The bbH production bin is not accessible
with current statistics. Its contributions is measured together with the ggF production
since both have a similar acceptance. Similarly, the tH production is considered together
with the ttH production, referred as ttH in the following. In contrast to the STXS
Stage-0 scheme introduced in Section [5.1.1] the V H-Had production is not combined with
the VBF production. At Stage-0 it is merged with the V H-Lep production in a combined
V H production bin.

In the STXS Reduced-Stage-1 five production bins for the ggF production are defined.
The first split is according to the number of jets, N; =0, N; =1 and N; > 2. The
zero jet bin is denoted as ggF-0j. The one jet bin is divided further in bins of p¥ ,
one low with p < 60 GeV (ggF-1j-p2-Low), a medium with 60 GeV < pZ < 120 GeV
(ggF-1j-pH-Med) and a high bin with p4 > 120 GeV (ggF-1j-p4-High). The two jet bin
is not split further and is denoted as ggF-2j. For the VBF production only the first split
of STXS Stage-1 is used, the cut on the transverse momentum of the leading jet p%‘} )
separating SM and potential BSM contributions. The two bins are denoted as VBF—p%ﬂ—
Low and VBF—p%w—High. The V H production is separated according to the hadronically
or leptonically decays of the associated vector boson, denoted as V H-Had and V H-Lep,
respectively. The ttH production mode remains the same as for STXS Stage-0.

Stage-0 ttH

Reduced-Stage-1 ttH

Figure 5.5: Particle level production bins of STXS Reduced-Stage-1.

The main difference of the STXS Reduced-Stage-1.1 compared to STXS Reduced-Stage-1
is that more production bins are defined due to the larger available amount of data. The
99 — Z(27)+ H and ggF production are combined into the gg2H production bin, which is
further divided into seven exclusive bins. First a high p¥ bin is split targeting BSM physics
with p¥ > 200 GeV denoted as gg2H—p¥ -High production bin. The remaining events are
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5.2 Event Categorisation

split in a similar way as in the STXS Reduced-Stage-1, according to the number of jets
(N; =0, N; =1 and N; > 2) and the transverse momenta of the Higgs boson. The zero
jet bin has an additional split at qu =10 GeV defining the gg2H—0j—p¥ -Low and gg2H-05-
p¥ -High production bin. One jet events are split with the same cuts on pg into the gg2H-
1j-pX-Low, gg2H-1j-pH-Med and gg2H-1;j-pX-High production bins. Final states with at
least two jets are collected into the gg2H-24 production bin. In order to have a definition of
productions bins closer to the Stage-1 described in Section[5.1.2]the VBF production mode
is considered together with the V H-Had production. First the V H-Had production is
separated with a cut on the invariant mass of the two leading jet, 60 GeV < m;; <120 GeV
defining the qq2Hqq-V H-Like bin. The production bin qq2Hqq-BSM sensitive to BSM
contributions is defined as m;; > 350 GeV and p¥ > 200 GeV. The remaining events
are collected in the qq2Hqq-Rest production bin. The V H-Lep (qq/gg2HLep) and the

ttH production are not divided further.
Stage-0 gg2H qq/gg2HLep ttH

Reduced-Stage-1.1 —»{ pi [0,200]

Figure 5.6: Particle level production bins of STXS Reduced-Stage-1.1.

5.2 Event Categorisation

The Higgs boson candidates selected by the inclusive H — ZZ* — 4¢ analysis in a mass
range of 115 GeV < mys < 130 GeV, as described in Section are classified into nine
categories in order to provide sensitivity to different Higgs boson production modes and
more specifically to the more exclusive particle level production bins defined within the
STXS framework. The production cross sections for each production mode are measured
in the particle level production bins of STXS Stage-0. Additional exclusive regions of
the production phase space are explored with the STXS Reduced-Stage-1 particle level
production bins.
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Chapter 5 Measurement of Higgs Boson Production Cross Sections

The ggF, VBF, VH and ttH production modes of the Higgs boson are disentangled
according to their specific final state topology. The bbH production is measured together
with the ggF production in the ggF production bin, since it is difficult to distinguish
between the two.

The event classification starts with the selection of the ttH event candidates. The top
quark almost always decays via the electroweak interaction into a W boson and a bottom
quark. Therefore, at least one b-tagged jet is required in the final state. The selected
event candidates are then distinguished according to the decay mode of the W boson.
Events with fully hadronic decays of the both W bosons are collected in the ttH-Had-
enriched category, requiring at least four additional jets in the final state. Events with
at least one leptonic W boson decay are identified by requiring at least one additional
lepton with pr > 12 GeV and at least two jets in the final state and are collected in the
ttH-Lep-enriched event category.

The V H production with leptonically decaying vector boson (V' — fv/¢¢) is also charac-
terised by at least one additional lepton in the final state. Events with additional leptons
in the final state which do not fulfil the jet requirements of the ttH selection are assigned
to the V H-Lep-enriched category.

Events which do not fall into one of the categories described above are further sub-divided
according to the number of jets in the final state. The VBF and the V H production
with hadronically decaying vector boson (V H-Had) are targeted by requiring at least
two jets in the final state. Even through there are no jets emitted for the tree-level
ggF production, this production mode still significantly contaminates the 2-jet final
state due to initial state radiation. The VBF and V H-Had production are separated
by the requirement on the invariant mass m;; of the two leading jets. The mj; dis-
tribution from the V H-Had production peaks around the mass of the decaying vector
boson, while for the VBF production larger values are expected due to the characteristic
signature of two high-energy jets. Events with m;; < 120 GeV are therefore collected
in the VH-Had-enriched category. The events with m;; > 120 GeV are further di-
vided into two categories, VBF: —enriched-p]f-[/ow and VBF -enriched-p%—High, separated
by the 200 GeV threshold on the transverse momentum pjfl of the highest pr (leading) jet.

The ggF production mode is expected to be dominant in final states with 0-jet or 1-jet. In
the 1-jet category, there is also a non-negligible contribution from the VBF production,
processes in which one of the two jets is not reconstructed. Motivated by the STXS
particle level production bins, the 1-jet events are split into three categories. Events
with the four-lepton transverse momentum pf}e smaller than 60 GeV are assigned to the
1j—p4TZ—Low category, while events with 60 GeV < p4T€ < 120 GeV and p4T£ > 120 GeV are
collected in the 1 j—p4T€—Med and I j—p4Tg—High categories, respectively.
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Chapter 5 Measurement of Higgs Boson Production Cross Sections

The remaining event with no reconstructed jets in the final state are collected in the
0j—p4TZ—L0w and 0j—p4T€—Hz'gh categories. A threshold on the pﬁ}e value is applied at 100 GeV
to discriminate between the ggF and V H production with leptonic V' boson decays.

The event categorisation scheme with the corresponding particle level STXS production
bins is shown in Figure

The expected number of events from the key production modes of the SM Higgs boson
are shown in Table for each of the reconstructed event categories. The expected
yields for the ggF and bbH signal are shown separately, while in the fit of the Stage-0
prediction to data, the two contributions are combined into the same production bin
(ggF). Jets produced in bbH processes tend to be more forward than the one produced
in ttH, therefore escaping the acceptance of the ttH selection and contributing mostly
to the Oj—p4TZ—Low category. The expectations for the WH and ZH contributions, as
well as ttH and tH processes are also shown separately, while they are merged due to
low statistics into a single VH and ttH production bin, respectively, when performing
the Stage-0 measurement. The table includes the expected statistical and systematic
uncertainties which are added in quadrature. The sources and the evaluation of the
systematic uncertainties are discussed in detail in Section

Table 5.1: The expected number of events from the production of the SM Higgs bo-
son with a mass of mpy = 125 GeV via different production modes in the mass range of
115 GeV < myp < 130 GeV and an integrated luminosity of 79.8 fb~! separately for each
of the reconstructed event categories. Statistical and systematic uncertainties are added
in quadrature |183].

Reconstructed SM Higgs boson production mode

event category ggF VBF WH ZH ttH bbH tH
0j-p4-Low 54 +5 0.64 +£0.12 0.213 £0.032  0.199 40.030 - 0.56 +£0.28 —
1j-p4f-Low 16.1 +2.2 1.05 +0.06 0.291 £0.035  0.173 £0.021  0.001740.0010 0.23 +0.12 0.00140 £ 0.00030
1j-p4¢-Med 9.6 +1.5 1.38 +0.15 0.292 £0.033  0.194 £0.022  0.001840.0011 0.049 +0.025  0.0021 =0.0004
1j-p§’-High 24 £0.5 0.60 +0.07 0.115 £0.014  0.106 £0.013  0.001840.0006 0.009 #0.004  0.0017 =0.0004

VBF—enriched—p%;—Low 78 +£1.6 41 £04 0.35 £0.05 029 +£0.04 0.124 £0.013  0.10 +0.05 0.055 £0.007
VBF—enriched—p%—High 55 =£1.1 0.43 +£0.04 0.68 £0.07 0.52 £0.05 0.051 £0.008  0.053 £0.027  0.0169 £0.0022

V H-Had-enriched 0.70 £0.20 0.38 +£0.04 0.062 £0.010  0.050 £0.008  0.038 +0.005  0.0014+0.0007 0.0119 +0.0013
V H-Lep-enriched 0.030£0.004 0.0084+£0.0004 0.44 £0.04 0.116 £0.011  0.083 £0.011  0.0028+£0.0014 0.0172 £0.0018
0j-p4-High 0.05940.022  0.0096 £0.0017 0.030 £0.004  0.085 £0.010 - - -

tt H-Had-enriched 0.09 £0.09 0.020 £0.004  0.0130£0.0027 0.028 +0.006 0.38 £0.04 0.012 £0.006  0.054 +£0.006
tt H-Lep-enriched — - 0.0026 £0.0006 0.001840.0004 0.212 £0.025 - 0.0204 £0.0022
Total 97 +8 8.6 +£04 249 +0.25 1.76  +0.17 0.90 £0.09 1.0  +05 0.181  £0.020
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5.3 Multivariate Production Mode Discriminants

5.3 Multivariate Production Mode Discriminants

The expected relative fractions of SM Higgs boson signal contributions from each produc-
tion bin of the Reduced-Stage-1 are shown in Figure separately for each reconstructed
event category. Reconstructed event categories with high purity in a single production
mode are the 0j and ¢tH-Lep-enriched, with more than 90% of the respective signal
component. Also in the V H-Lep-enriched event category there is a large fraction of
about 85% from the targeted V H-Lep production mode. In other categories, the frac-
tion of the respective targeted signal mode is visibly smaller. For example, in the
VBF-enriched reconstructed event categories with at least two jets in the final state,
the fraction of the VBF component is only about 40%, with large contamination from
ggF-27 production. Therefore, in a number of categories there are further multivariate
discriminants introduced to improve the separation of the different signal components
and in case of the 0j categories, to distinguish the ZZ* background from the ggF signal.

VBF—enriched—pi -Low
VBF-enriched—p’T—High
VH-Had-enriched
VH-Lep-enriched

of -pf-High
ttH-Had-enriched
ttH-Lep-enriched

g W 9gF-0j ’
. " . ggF-0j VBF-p. -Low
o) ATLAS Simulation Preliminary g v\, B VBFp High
o T VH-Had
b H—ZZ* - 4l I ggF-1j-p!-Med = VH-Lep
9 13 TeV, 79.8 b I goF-4j-pi-High g tHetH
o I ooF-2j B bbH
lJ>J 0jf -pi'-Low
L o) 1j -p“T'-Low
£ 1j-p-Med
g 1) —pf—High
(2]
C
o
(&)
@
(a

0 01 02 03 04 05 06 07 08 09 1

Expected Composition

Figure 5.8: Expected signal composition of the SM Higgs boson signal for the Reduced-
Stage-1 particle level production bins in each of the reconstructed event categories. The
contribution of the ggF and bbH production are shown separately, while they both con-
tribute to the same production bin (ggF) .

The discriminating observables based on boosted decision trees (BDT) are developed
with the Toolkit for Multivariate Data Analysis with the ROOT framework [187].
Boosted decision trees are a machine learning method for classification of different pro-
cesses. The classification is based on Monte Carlo events. The simulated samples are
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Chapter 5 Measurement of Higgs Boson Production Cross Sections

split into two half, one for training the algorithm (training sample) and the other for
testing its performance (test sample). The trained algorithm is then applied to the data.

A decision tree performs the classification by means of a tree-structured decision making.
Starting from the topmost decision node (root node), the data set is split into two
smaller one based on criteria imposed on an input variable. Subsequently, the two subsets
are further split based on further input variables. The procedure is repeated until the
algorithm reaches the final node (leave node) with which the trained events are classified
into signal or background processes. In order to enhance the classification performance
of such single trees, so-called boosting is employed by building several trees which form
a forest. All trees are derived from the same training samples by reweighting events.
Finally, the output of each tree is combined into a single classifier. The training procedure
is described in more detail in the following.

The training of a decision tree starts with the root node at which an initial splitting cri-
terion i.e. the input variables and the corresponding threshold values for the full training
sample is determined. This split leads to two subsets of training samples. Each of these
subsets is processed by the same algorithm to determine the next iteration of the splitting
criteria. There are several types of splitting criteria that can be employed to provide the
best separation between signal and background processes. For this analysis the default
separation quantifier of the TMVA framework was used, the Gini Index defined as

G=p-(1-p), (5.1)

where p corresponds to the purity of the training sample defined as the number of signal
events in the samples divided by the total number of events. The Gini Index reaches
a maximum value of p = 0.5 for a fully mixed sample with both signal and background
contributions and is zero in case of only signal or only background contributions. The
splitting criterion i.e. a threshold on a single input variable, is defined as the input
variable that maximises the difference between the separation G of the parent node and
the sum of the separations of the two daughter nodes weighted by their relative event
fraction. The optimal threshold value is obtained by scanning over the input variable
values with a specific scan granularity defined by the TMVA parameter nCuts. The
performance of the classifier can in some cases be enhanced by using randomised trees
(TMVA parameter UseRandomisedTrees), i.e. by considering only a random subset of
all input variables for the splitting. The number of such random variables can be set with
the UseNvars options. The iterative process of the node splitting ends once a minimum
number of events is reached, defined by the parameter nEventsMin. The corresponding
leaf node is then classified as signal or background depending on which type of events
dominates. It is also possible to terminate the splitting process by setting the limit on
the fraction of all training events that reach the leaf node (MinNodeSize) or by fixing the
depth of the decision tree, i.e. the length of the longest path from the tree root to a leaf
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5.3 Multivariate Production Mode Discriminants

(MaxDepth). The number of trees used for the training can be adjusted with the NTrees

parameter.

The procedure of combining the trees into a single classifier is called the boosting method.
There are two types of boosting that can be applied in the TMVA framework, the gradi-
ent boost and the adaptive boost. For the production cross section measurement in this
thesis the former one is used as described in the following.

Each trained decision tree m is assigned to a parametrised base function (so-called weak
learner) f,,(x), where x correspond to the input variables. A weighted sum of the weak
learners defines the function

M
F(z)=Y_ Bmfm(z), (5.2)
m=0

where M corresponds to the number of trees and 5, to the weight of each tree. The
gradient boost method tries to find in accordance with the empirical risk minimisation
principle an approximation of F(z) that minimises the averaged value of the loss function
L(F(x),y), which is defined as the deviation between the model response and the output
value y. In case of the gradient boosting the loss function is a binomial log-likelihood

function

L(F(x),y) =In (1427 w). (5.3)

The minimum of this loss function is obtained with a steepest-descent approach. The
current gradient of the loss function is calculated and a new growing regression tree h(zx)
is fitted to the gradient values with the condition
OL (F(x;),y

o = -PLAE) o
The new tree h(z) is added to the function F'(z) multiplied by a step-size which controls
the learning rate of the algorithm. This procedure is repeated till the minimum of the loss
function is reached. The learning rate is steered with the Shrinkage parameter, which
controls the weight of the individual trees. Small parameters (0.1-0.3) allow for more
trees to be grown enhancing the robustness of the training procedure. In some cases the
algorithm benefits from the introduction of a resampling procedure which uses random
subsamples of the training sample in order to build the tree (stochastic gradient boost-
ing, enabled with the UseBaggedGrad option). The fraction of the training sample used
for the random subsamples can be adjusted with the BaggingSampleFraction parameter.

The final classifier obtained by the above minimisation procedure is the BDT response

for each event with values inside an interval from —1 to 1. The larger the value of the
BDT response, the more likely the event is a signal event.
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One of the most important requirements on the machine learning procedure is to avoid
overtraining. For example, it is in principle possible to generate a tree which provides
a full separation between the signal and the background. However, such a tree could in
general be strongly overtrained. Overtraining refers to the adaptation of the training
procedure to statistical variations in the trained sample, which thus no longer corres-
ponds to a representation of the underlying characteristics. Small trees (smaller depth)
are less prone to overtraining, but due to the small size the classification performance
is smaller and vice versa. Since gradient boosting provides the best performance with
several small decision trees, this algorithm is less prone to overtraining compared to a
single decision tree. Overtraining can be detected by comparing the BDT response from
the trained sample with the response obtained with a test sample. A boosted decision
tree is overtrained if the shapes of the BDT distributions for signal or background in the

training sample differ from those in the test sample.

The different options which can be used to train the boosted decision trees and their
short description are summarised in Table If the option is not set in the setting, the
default value is used.

The boosted decision tree observables are build in six reconstructed event categor-
ies: Oj—p4T£—Low, 1j-p§l~£—Low, 1j—p§£-Med, V H-Had-enriched, VBF—enriched—pJf—Low and
ttH-enriched. Except for the latter category, the training is based on the previous
Run 2 analysis performed on the 36.1 fb~! data set [182]. The boosted decision tree
observable for the ttH-enriched category has been introduced only for data sets with
79.8 fb~! or more, after sufficient amount of expected events was reached for this category.
There are no boosted decision tree observables employed in other reconstructed event

categories due to a very small corresponding number of expected events.

The setting for the training for the different categories is summarised in Table 5.3 while
the training samples, the input variables (see Table [5.4)) used in the training, the final
BDT classifier and the performance of the algorithm are discussed for each reconstructed

event category in the following.

The performance of the boosted decision tree classification can be estimated with the
so-called Receiver Operating Characteristic (ROC) curve, which is obtained on the test
samples. It corresponds to the background rejection in dependence on the signal efficiency
for different values of BDT thresholds. In general, an algorithm performs better than
another one if its associated ROC curve reaches higher background rejection for the
same signal efficiency. Therefore, the area under the ROC curve is suitable to compare
various configurations. The larger the area under the ROC curve, the better the BDT

performance.
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Table 5.2: Configuration options for the training of boosted decision trees within the
TMVA framework |186]

Option Default Description

Options for growing the decision tree

nCuts 20 Number of grid points in the range of the
variable used to find the optimal cut for the
node splitting

UseRandomisedTrees False = Determine at each node splitting the cut
variable only as the best out of a random
subset of variables

UseNvars 2 Size of the subset of variables used with

RandomisedTree option
nEventsMin 0 Minimum events in the leaf node

MinNodeSize 5% Minimum percentage of training events
required in a leaf node

MaxDepth 3 Maximum allowed depth of the decision tree

Options for gradient boosting

NTrees 800 Number of trees in the forest
Shrinkage 1 Learning rate of the gradient boost algorithm
UseBaggedGrad False  Use only a random subsample of all events for

growing the trees in each iteration

BaggingSampleFraction 0.6 Relative size of bagged event sample to original
size of the data sample (only if stochastic
gradient boosting is used)
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Table 5.3: Settings to train the of boosted decision trees within the TMVA framework [186]
for the different reconstructed event categories

Option 0j-p#-Low  1j-pi-Low 1j-p4-Med V H-Had-enriched VBF—enriched—p?-Low tt H-enriched
nCuts 20 20 20 20 20 20
UseRandomisedTrees False False False False False True
UseNvars — — — — — 9
nEventsMin — — — — 1000 -
MinNodeSize 2.5% 8.0% 5.0% 5.0% - 2.5%
MaxDepth 2 3 3 5 5 3
NTrees 1000 400 150 100 50 1300
Shrinkage 0.10 0.03 0.06 0.275 0.275 0.03
UseBaggedGrad True True True True True True
BaggingSampleFraction 0.5 0.5 0.5 0.6 0.6 0.5

Table 5.4: The BDT discriminants and their corresponding input variables used for the

measurement of the cross sections per particle level production bin

Reconstructed event Input variables Processes BDT discriminant
category
0j-p7-Low P 0, KD (Z2*) geF, 27" BD Ty
14 40 i . 1j—pﬁ1r£—L0w
J-pr-Low Prmi, AR(j,40) ggF VBF BD Ty
: A0 i . 1j—p4—Med
1j-p-Med Pronjs AR(5,40) ggF VBF BDT gy

. m]j7A77jj7p%“17p%“2777j13
V H-Had-enriched geF VBF,VH BDTvH_Had
A ;_77,27,77,7772[
m]j7A77]j7p%“17p%“2777]17

min 4057
A 37 Pr

VBF-enriched-pJf-LOW geF VBF BDTvgr

myj, Anj, AR(j,40), ARTS",

tt H-enriched ggF . VBF.VH itV BDTyn_Had

UZZ:E}MSSvp%g:Nj7Nb7j7msz‘g7HT
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5.3.1 The 0-Jet Categories

The dominant Higgs boson signal production mode in the 0j categories is ggF'. Since,
similarly as the LO ggF production, the irreducible ZZ* background production also
leaves no additional jets in the final state it has a relatively large contribution of about
35% of all events in this category. In order to distinguish the ggF signal from the
Z7Z* background a boosted decision tree is trained based on kinematic properties of the
four-lepton events. Due to the slight differences of these properties for different types of
lepton quadruplets, the training is performed separately for 4y /4e and 2e2u/2pu2e events.
Since only a very small fraction of events falls into the 0j-p3'-High category, the training
is performed with events in both 0j categories combined.

The input variables which provide a good discrimination between the signal and the
background are the transverse momentum and the pseudorapidity of the four lepton final

state, p%f and n4¢, respectively. In addition a matrix element based observable is used,
defined as
KD (22*) =1og (|Muzz: /[ Mzz-I*), (5.5)

where ymHZZ*\Q and |M ZZ*\Q correspond to the matrix elements calculated at LO with
the MADGRAPH5__AMC@NLO generator [181] for ggF and ZZ* production, respect-
ively. The matrix element calculation is based on the four-momenta of four leptons in
the final state. The expected signal and background distributions of the discriminating
variables used for training are shown in Figure separately for 4u/4e and 2e2pu/2u2e
final states. For both final states, the p%? distribution is harder and 74 more central in
case of the ggF production. The matrix element based observable KD (ZZ*) tends to

smaller values for the ZZ* continuum.

Figure5.10(a){and Figure[5.10(b)[show the classifier output distributions (BDT response)
of the training and testing sample for signal (ggF) and background (ZZ*) separately in

the 4p/4e and 2e2pu/2p2e final states. A good separation between the signal and the
background is obtained. The shapes of the BDT response distributions agree rather
well for testing and training sample, indicates that no significant overtraining is expected.
The corresponding ROC curves are shown in Figure and Figure The BDT
selection for the 2e2u/2u2e states with an integral of the ROC curve of Igroc = 0.7820
has a slightly better performance than for the 44 /4e final states with Iroc = 0.7647.
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Figure 5.9:

Distributions of the discriminating variables used as an input for the boos-

ted decision tree training: and m p%wg, and Nae, and KD(ZZ*) in

the 0j reconstructed event category. The signal (ggF) distributions are shown in blue

and background (ZZ*) in red. The training is performed with samples in the combined

07 category, separately for 4u/4e and 2e2p/2u2e final states.
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Figure 5.10: Classifier output distributions (BDT response) of the training and testing
sample for signal (ggF') and background (ZZ*) processes in the 0j category for 4p/4e
and @ 2e2pu/2p2e final states and and @ the corresponding ROC curves.

5.3.2 The 1-Jet Categories

The VBF production has a characteristic signature of two high-energy forward jets in
the final state. However, it is possible that one of these jets is not reconstructed in the
detector. Hence, about 10% of the VBF events fall into one of the 15 categories contam-
inating the dominant ggF contribution. To separate the Higgs boson events produced
via the VBF from the ggF production, a boosted decision tree is trained separately for
events in the lj—p%f—Low and 1 j—p‘jlf{—Med category. Since the same input variables are
used in both categories, the same description of the procedure applies for both. In the
1j-p#-High category no boosted decision tree discriminant is used due to a small expected

number of events.

Three input variables are used: the transverse momentum of the leading jet (p{ﬁ ), its
pseudorapidity (7;1) and the angular separation between the reconstructed jet and the
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Figure 5.11: Distributions of the discriminating variables used as an input for the boosted

decision tree training: and Mp’;, (c)|and |(d)[ nj1, and m AR(j,40) in the 1j-

p‘jlwé—Low and 1 j—p%f—Med reconstructed event category. The signal (VBF) distributions are

shown in green and background (ggF') in blue. The training is done separately in each of

the categories.
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40 system (AR(j,4¢)). The expected signal (VBF) and background (ggF) distributions of
discriminating input variables are shown in Figure separately for the 1 j—p4Tz—Low and
1 j—pﬁ}e—Med category. The jet from the VBF process tend to have a larger pr compared to
the jet from the initial state radiation in the case of the ggF production. The VBF jets
are emitted in the forward region, which is clearly visible in the pseudorapidity dis-
tribution peaking at around |nj1| = 3. The ggF jets, on the other hand, are produced
more centrally. The 7;; distribution from ggF has a slight double peak structure similar
to VBF. This is due to the contamination of pile-up jets. At least, the jets from the
VBF production have a larger angular separation from the 4¢ system compared to ggF jets.
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Figure 5.12: Classifier output distributions (BDT response) of the training and testing
sample for signal (VBF) and background (ggF') processes in the 1j-p¥-Low and
1 j—p‘#—Med category and [(c) and the corresponding ROC curves.

The boosted decision tree output distributions for the testing and training samples, as
well as the corresponding ROC curves are shown in Figure [5.12] separately for each event
category. In both cases, the boosted decision tree output distributions show a good sep-
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aration between the VBF signal and the ggF background. The shapes of the distributions
from testing and training samples agree very well, therefore no overtraining is expected.
The integral of the ROC curve for the 1 j—p%,!—Low category is Iroc = 0.6989, indicating a
slightly worse performance than for the 1 j—p4T€—Med category with Iroc = 0.7202.

5.3.3 The V H-Hadronic Enriched Category

The V H-Had-enriched category is designed to provide sensitivity to V H production with
hadronic V' boson decays, but is highly contaminated with ggF events comprising 70%
of the Higgs signal in this category. Also events from the VBF production contribute
but with a smaller fraction of about 6%. In order to increase the sensitivity to the
V H-Had production mode in this category, a boosted decision tree is used to separate
the signal (V H-Had) from the contaminating background production modes (ggF and
VBF).

Seven observables are employed to provide the separation between signal and background
processes: the invariant mass of the dijet system (mj;), its pseudorapidity difference
(Anjj), the transverse momenta of the two leading jets (p]T1 and p%? ), the pseudorapidity
of the leading jet (n;1), the minimal angular separation between the jets and two Z boson
candidates (A ;”Z’") and a variable describing the pseudorapidity difference between the
4¢ and dijet system, n;, defined as 1}, = na¢ — (n;1,mj2). The expected distributions of
discriminating observables used for the training are shown in Figure and Figure [5.14]
A very good separation is obtained with the m;; distribution. The distribution from the
V H-Had production peaks at the mass of the vector boson resonance, while ggF and
VBF events produce a flat distribution in the considered mass range. The difference
in pseudorapidity of the dijet system An;; has a rather small separation power, with
background processes tending to slightly larger values. The spectra of p]fl and pij are
harder for the V H-Had process, since the main background originates from initial state
radiation jets in the ggF production. The leading jet from the decaying vector boson is
produced more centrally as in the case of the ggF and VBF production. The minimal
angular between the jets and Z bosons tends to be smaller for signal process. A very good
discrimination is provided by the 7}, observable. In case of the targeted V H-Had signal
process the four leptons and the two jets are produced close to each other leading to
smaller 73, values compared to the ggF and VBF production.

The BDT response distributions for signal (V H-Had) and background (ggF and VBF),
as well the corresponding ROC curve are shown in Figure [5.15| In the V H-Had-
enriched category a separation is achieved with no overtraining expected. The ROC
integral of Irpoc = 0.8164 indicates a better boosted decision tree performance compared
to the 05 and 15 categories.
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Figure 5.13: Distributions of the discriminating variables used as an input for the boosted

decision tree training: - )| mjij, |( . )| Anjj, |( . pT, . p7T in the V H-Had-enriched re-
constructed event category. The signal (V H-Had) distributions are shown in orange and

background (ggF and VBF) in blue.
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Figure 5.15: @ Classifier output distributions (BDT response) of the training and testing
sample for signal (V H-Had) and background (ggF and VBF) processes in the V H-Had-
enriched category and @ the corresponding ROC curve.

5.3.4 The VBF Enriched Category

Similar as in the case of the V H-Had-enriched category, the VBF-enriched category
is also contaminated by the ggF production with a fraction of up to 50%. Therefore,
the VBF production is further discriminated from ggF by means of a boosted decision
tree discriminant. In order to enhance the number of events for the training, the two
VBF-enriched categories are used together, i.e. no threshold is imposed on p%} .

Input observables which provide a good separation between the VBF and ggF production
are the invariant mass of the dijet system (mj;), the difference of jet pseudorapidities
(Anjj), the transverse momenta of the two leading jets (p{ﬁ and p]T2 ), the minimal angular
separation between the two jets and Z boson candidates (A ;an) and the distance in the
pseudorapidity between the four lepton and dijet system 7;,. In addition, the transverse
momentum of the Higgs-dijet system pl}wjj is used. To avoid large theoretical uncertainties
for small values of the Higgs-dijet system transverse momentum, the observable is defined
as

‘aejj p%fjj if p#jj > 50 GeV

Al . (5.6)
50 GeV if pp77 <50 GeV

The expected distributions of input variables used for boosted decision tree training are
shown in Figure and Due to the characteristic VBF final state of two forward
high-energy jets, the m;; distribution is harder and the two jets are more separated in
pseudorapidity as in the case of the ggF production. Also the transverse momenta of the
two leading jets tend to be larger for the targeted VBF signal. A good separation is also
provided by the 7], observable, whose values are smaller for the VBF production than for
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ggF. In addition, the minimal angular separation AR;”Zi” is larger and the transverse
momentum of the Higgs-dijet system production is smaller for the considered VBF signal

process compared to the ggF background.

The BDT response distribution for signal (VBF) and background (ggF), as well as the
ROC curve are shown in Figure A good separation of the two production modes is
expected with no significant overtraining. The integral of the ROC curve Igxoc = 0.8274,
showing the best performance compared to previously introduced boosted decision tree

discriminants in other reconstructed event categories.
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Figure 5.18: Classifier output distributions (BDT response) of the training and testing
sample for signal (VBF) and background (ggF') processes in the VBF-enriched category
and @ the corresponding ROC curve.

5.3.5 The tt H-Hadronic Enriched Category

Unlike the very pure ttH-Lep-enriched category, the contamination from other Higgs
boson signal processes as well as from ¢tV production is about 30% in the ¢tH-Had-
enriched category. To distinguish the ttH signal from ggF, VBF, VH and ¢tV processes
a boosted decision tree is trained, with the t¢H process treated as background and the
sum of ggF, VBF, V H and ¢tV as signal.

As it is difficult to distinguish the ¢tH signal from the other processes contributing in
the ttH-Had-enriched category, a large set of discriminating input variables is chosen:
the invariant mass of the two leading jets (mj;), the difference in jet pseudorapidity
(An;;), the dijet transverse momentum (p7?), the number of jets (N;) and b-tagged jets
(Np—j), the minimal angular separation between the two jets and Z boson candidates
(A ;-”Zm), the angular separation between the reconstructed leading jet and the 44 system
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(AR(j,40)), as well as n},. Further input variables are the scalar sum of transverse mo-
menta of the four leptons and the jets (Hr), the computed matrix element for the lepton
pairing (114, see Section and the missing transverse energy (E7**%). The expected
distributions of discriminating observables with largest separation power used for the
training are shown in Figure A good separation is provided by the number of jets
and b-tagged jets in the final state, which tend to be larger in case of the ttH production
compared to the others. The difference in jet pseudorapidity is larger in case of the
targeted ttH production, while the scalar sum the of transverse momenta of the four

leptons and the jets is smaller.
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Figure 5.19: Distributions of the discriminating variables with largest separation power

used as an input for the boosted decision tree training;: Anjj, @ Nj, Ny_j, @ Hrp
in the ttH-Had-enriched reconstructed event category. The signal (ggF, VBF, VH and
ttV') distributions are shown in blue and background (t¢H) in violet.
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The BDT response distribution for signal (ggF, VBF, V H and ¢tV') and background (ttH),
as well as the corresponding ROC curve shown in Figure [5.20] A good separation of the
ttH production from ggF, VBF, V H and ttV processes is expected with a little amount of
overtraining. The integral of the ROC curve Iroc = 0.8248 showing a similar performance
as the boosted decision tree discriminant in the VBF—enriched—p%ﬂ—Low category.
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Figure 5.20: @ Classifier output distributions (BDT response) of the training and testing
sample for signal (ggF, VBF, VH and ttV') and background (ttH) processes in the ttH-
Had-enriched category and @ the corresponding ROC curve.

5.4 Systematic Uncertainties

In addition to the statistical uncertainty of the data and simulated samples, systematic
uncertainties associated to limitations of the experimental equipment or theory modelling
are taken into account in the analysis. The systematic uncertainties can have an impact
on the expected signal and background yields as well as the signal acceptance and recon-

struction efficiency. The distributions of multivariate discriminants can also be affected.

The experimental uncertainties originate from uncertainties on the reconstruction of
leptons and jets, their identification, isolation and trigger efficiencies, as well as on their
energy scale and resolution measurement. Uncertainty on the measurement of the total
integrated luminosity and uncertainty on the data-driven background estimates also
contribute to the total experimental uncertainty.

Theory uncertainties account for the uncertainty on theoretical modelling of signal and
background processes, such as the choice of renormalisation and factorisation scales (QCD
scale), migration of events between different jet and py bins, PDF and as, as well as

parton shower uncertainties.
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The experimental and theoretical uncertainties are described in the following. Since, the
main contribution for this thesis was the evaluation of the impact of theoretical uncertain-
ties on the signal, this is described in more detail in Section For the final statistical
interpretation of the data, only systematic uncertainties which have an impact larger than
1% are taken into account. The impact of the dominant systematic uncertainties on the
cross section measurement in the Stage-0 production bins (see Section is summarised

in Table [5.51

Table 5.5: Impact of the dominant systematic uncertainties on the cross section meas-
urement in Stage-0 production bins for 79.8 fb~! of data at /s = 13 TeV. Systematic
uncertainties from similar sources are grouped together. Luminosity, electron and muon
reconstruction and identification efficiencies and pile-up (e,u, pile-up), jet energy scale,
energy resolution and b-tagging efficiencies (jets, flavour tagging), uncertainties on the
reducible background (reducible background), theoretical uncertainties on the ZZ* back-
ground (ZZ* background), and theoretical uncertainties on the signal due to parton
density function (PDF), QCD scale and showering algorithm (Parton shower) uncertain-
ties [183].

Experimental uncertainties [%)] Theoretical uncertainties [%]
Luminosity e, Jets, flavour  Reducible Z7* PDF QCD Signal
pile-up tagging background background scale parton shower
geF 2.9 3.9 1.3 0.7 2.3 0.4 21 0.7
VBF 1.7 1.5 10.5 0.5 2.3 2.3 9.5 5.1
VH 2.0 1.7 7.8 1.8 5.6 21 149 3.1
ttH 2.5 1.9 3.9 1.5 1.9 0.3 8.8 9.6

5.4.1 Experimental Uncertainties

The integrated luminosity is measured with a precision of 2%. This uncertainty affects
the predicted number of simulated signal and background events resulting in cross section

uncertainties.

The uncertainty on pile-up modelling introduce an uncertainty on simulated event yields
in the range from 2% and 5%.

The size of uncertainties on the lepton identification, isolation and reconstruction efficien-
cies, as well as on the energy and momentum scale and resolution depends on the detector
region. The uncertainty on muon reconstruction efficiencies are in the order of 1 — 2%,
while they are in the range of 1 —4% for electrons. The lepton identification uncertainty
is 2%. Uncertainties on the lepton momentum scale and resolution are smaller than 1%
and are, therefore, not considered for the final result.
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The uncertainties on the jet energy scale and resolution affect the predicted event yields
by 3 —7% and 2 — 4%, respectively. The uncertainty on the efficiency on the b-tagging
algorithm is relevant for the t¢tH-enriched category, impacting the predicted yields by
approximately 5%. The uncertainty related to the EZJ** reconstruction has a negligible
impact on the t¢H cross section measurement.

The uncertainties affecting the data-driven estimation of the reducible background can
be classified into three sources. The smallest uncertainty originates from the statistical
uncertainty of the fit in the control data which affects the background normalisation by
about 4%. As described in Section the identification, isolation and impact parameter
efficiencies defining the transfer factors are evaluated in data and simulation in Z + X
control regions. The difference between data and simulation is assigned as an uncertainty
on the transfer factor extrapolation from the control to the signal region. The uncertainty
is about 6%. The largest source of uncertainty is the determination of the fractions of the
reducible background in each experimental category, which is limited by the statistical
precision of the simulated samples. This uncertainty ranges from 8 — 70% depending on
the reconstructed event category.

5.4.2 Theoretical Uncertainties

The dominant sources of theoretical uncertainties are the choice of the renormalisation
and factorisation scales (QCD scale), the PDF and «; uncertainties, as well as the
modelling of the parton showers and underlying events.

In general, these uncertainties are evaluated with the help of event generators. The
QCD scale uncertainties are evaluated with generated events which are reweighted by
varying values of renormalisation and factorisation scales. The PDF and «; uncertainties
are evaluated by considering all internal variations (eigenvectors) in the employed PDF
set [188]. The parton shower uncertainties are obtained by varying the nominal values
of the parton shower generator tune and by using additional generated samples with a

different choice of the parton shower generator. In all cases the sum of event weights

var

related to a given variation w;*" is than compared to the sum of nominal event weights

wi™ to compute the corresponding resulting uncertainty ¢,

6 B ZZ w;}ar
TS wrom
(3 (]

The signal uncertainty defined in Equation [5.7] takes into account both the uncertainty on

(5.7)

the cross section o for a given signal process, as well as the acceptance (A X €) uncertainty
introduced by the event selection and categorisation criteria. Both have to be taken into
account for the measurement of the signal strength, i.e. of the ratios of the measured
cross sections and their SM predictions. In case that the absolute value of the signal cross
section is fitted to data, rather than the ratio with respect to the SM, only the uncertainty
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on the signal acceptance needs to be taken into account. Theory uncertainties, therefore,
have to be evaluated such that the cross section variations cancel out. For a given particle
level bin & in each of the reconstructed event categories j the uncertainty on the acceptance

is given as

var ki,
(ﬂ X E)k:j gkmom ( Zz wi] var ) - Zn wfl,nom(S (5.8)

= kj,nom kvar 7
ZZ wljv )

(A x €)Zjom  ghkwar wk
where index 4 runs over all events of a particle level bin in a given reconstructed category
and n runs over all events in the same particle level bin in all reconstructed categories.
The factor in front of the variation § cancels the contributions of the cross section vari-
ation. It is calculated in particle level samples, prior to the event selection, separately for

each of the particle level bin.

The determination of theoretical uncertainties on the Higgs boson signal is described in
more detail in the following. The impact of theoretical uncertainties on the shape of the
boosted decision tree discriminants has been also evaluated as a part of this thesis. Since
the same methodology is used as for the Higgs boson signal yields, this is not described
in detail. The impact of the QCD scale and PDF+a; uncertainties on the shapes of the
boosted decision tree discriminants is approximately 1—2%. In the 1 j—p%?—Low, 1 j—p‘%‘]—
Med, V H-Had-enriched and VBF—enriched—p%ﬂ—Low reconstructed event categories, the
statistical uncertainties are of the same size as the calculated parton shower uncertainties.
Therefore, no additional shape uncertainty is included. The uncertainty on the shape of
the boosted decision tree response distribution in the ¢t¢H-Had-enriched category due to
parton shower variations is about 25% for the bin with the largest boosted decision tree

score and only 5% for the other one.

The uncertainties on the background yields are also derived in a similar way. The QCD
scale uncertainty affects the expected ZZ* background yield by about 4% for the inclusive
analysis, increasing to up to 30% in reconstructed categories with additional jets. For
the irreducible background the impact of PDF and «g uncertainties is approximately
1—2% and the parton shower uncertainties are estimated to contribute with approximately
1—5%. The impact of QCD scale and PDF uncertainties on ¢tV and VV'V processes is
estimated to be 10% and 4%, respectively.

5.4.2.1 QCD Scale and Jet Reconstruction

One of the dominant systematic uncertainties is the uncertainty on the ggF production
cross section due to missing higher-order calculation terms in QCD. In general, these un-
certainties are evaluated by varying the QCD renormalisation (ur) and the factorisation
(1) scales. However, in case of the ggF production mode this procedure would lead to an
underestimated uncertainty. In the reconstructed 1-jet and 2-jet event categories, there is
a large contribution from the ggF production mode. This splitting in jet multiplicity (IV;)
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may induce additional uncertainties on the fixed order cross section predictions for the
ggF production which contains no jets at tree-level [189]. More precisely, predictions of
the QCD scale variation uncertainties in NNLO or NLO fixed order can be unrealistic for
the ggF production mode due to the presence of unresummed Sudakov logarithms in the
perturbative expansion. These terms occur by including soft, virtual and collinear gluon
effects for the cross section calculation by performing a threshold next-to-next-to-next-
to-leading logarithmic (N3LL) resummation. In general, the presence of higher-order real
emission terms offsets the unresummed Sudakov logarithms terms. However, by applying
an exclusive cut on the number of jets effectively cuts out these corrective emission terms
from the perturbative expansion, which leads to an unrealistically small error when up
and pp are varied.

Therefore, when performing an analysis with exclusive jet multiplicity categories, the
choice of the resummation scale and the migrations between the N; bins, i.e. in this
case migrations between 0O-jet and 1-jet bins and between 1-jet and > 2-jets bins, have to
be taken into account simultaneously in addition to the choice of the factorisation and

renormalisation scale.

In order to estimate the scale variation and the migration effects the uncertainties from
Boughezal-Liu-Petriello-Tackmann-Walsh (BLPTW) approach are used [189]. They are
propagated through the SM ggF sample by randomly shifting the event weights with
different smearing factors depending on the particle level jet multiplicity.

Similarly, the classification of events into exclusive regions of Higgs boson transverse
momentum p¥ also induces non-trivial migration effects affecting the cross section pre-
diction. Therefore, additional uncertainties on the yields are taken into account to reflect
the migration of events between the 1j—p‘¥—LOW and 1j—pﬁ}e—Med, as well as between
the 1 j—p4Tf—Med and 1j—pﬁ}£—High categories. These are accounted for by introducing an
additional uncertainty on the shape of the p¥ distribution, which is derived using in-
ternal QCD scale variations in a ggF POWHEG sample generated with NNLOPS [126, [127].

An additional uncertainty is assigned for the ggF production mode to account for the
heavy top quark approximation used in cross section calculation. The ggF Higgs boson
production mainly takes place through top and bottom quark loops. The exact calcula-
tion of this process, accounting the loops with finite quark masses, are computationally
intensive. The calculation can be simplified by assuming that the masses of top and
bottom quark are infinitely large, m;,my — oo, due to which the loop is replaced by
an effective Higgs gluon coupling. The two approaches are in good agreement for the
majority of the p¥ spectra of the Higgs boson. However, for highly boosted Higgs bosons
significant differences are observed. Therefore, an additional systematic uncertainty is
assigned to account for the differences with respect to the exact calculation. The uncer-
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tainty is derived in a similar way as in the case of the p¥ bin migration uncertainties by
comparing the NNLOPS samples with and without the finite quark mass effects.

Finally, an additional uncertainty is assigned to account for the uncertainties in the
migration of ggF events from the 0-jet into the V H-Had-enriched or VBF-enriched cat-
egories with 2-jet or 3-jets due to missing higher order in QCD. The uncertainties are
estimated by variations of the renormalisation and factorisation scales using fixed-order
calculations with MCFM [190].

The uncertainties on the signal yields for the inclusive signal strength measurement are
calculated in each reconstructed event category using Equation [5.7] The uncertainties on
the signal acceptance in cross section measurements are determined for each particle level
bin of Stage-0 and Reduced-Stage-1 using Equation [5.8] The resulting ggF uncertainties
from QCD scale variations are shown in Figure and Figurefor the inclusive
signal strength measurement and the Stage-0 cross section measurement, respectively.
The impact of all scale variations is symmetric around the nominal value of 1. The up
variations of signal predictions are obtained by 1+ 4 (solid lines), while down variation
are given by 1—¢ (dashed lines). In general, the uncertainties for the cross section meas-
urement in the particle level bins are smaller than for the signal strength measurement,
since the signal yield uncertainty cancel out. For the signal strength measurement the
size of uncertainties is up to 15%. The largest contribution come from the N; and p? bin
migration in the corresponding reconstructed event categories. The VH and VBF mi-
gration uncertainties have a small impact of less than 2%. Due to the small number of
events, no systematic uncertainties are assigned in the t¢t H-Had-enriched category.

In case of the production cross section measurement in particle level bins, the largest un-
certainties also originate from N; and p¥ bin migration uncertainties with contributions
of up to 14%. Minor impact have the QCD scale and V H and VBF migration uncertain-
ties. As for the signal strength measurement no systematic uncertainty is assigned in the
tt H-Had-enriched category.

For the other production modes, i.e. VBF, VH and ttH production, the uncertainties
due to missing higher-order calculations can be simply evaluated by varying the QCD
renormalisation and factorisation scales. To calculate the uncertainty, the nominal choice
of the scale po.r and p r is compared to different pairs of QCD renormalisation and
factorisation variations of p=#o/2 or p = 2-pug. Eight combinations are considered in
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Figure 5.21: Systematic uncertainties from QCD scale variations in each of the reconstruc-
ted event categories for the @ signal strength and @ Stage-0 cross section measurement
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for ggF production. Up (down) variations are shown as solid (dashed) lines.
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Figure 5.22: Systematic uncertainties from QCD scale variations in each of the reconstruc-
ted event categories for the @ signal strength and @ Stage-0 cross section measurement
for VBF production. Up (down) variations are shown as solid (dashed) lines.
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Figure 5.23: Systematic uncertainties from QCD scale variations in each of the reconstruc-
ted event categories for the @ signal strength and Stage-0 cross section measurement
for VH production. Up (down) variations are shown as solid (dashed) lines.
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Figure 5.24: Systematic uncertainties from QCD scale variations in each of the reconstruc-

ted event categories for the @ signal strength and @ Stage-0 cross section measurement

for ttH production. Up (down) variations are shown as solid (dashed) lines.
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total:
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0.5 po,r,2.0- po, r

2.0+ po,R,0.5 po,F
2.0 po,r, 2.0 po,p

( ) ( )
( ) ( )
(1.0- po,r,0.5 - 1o, ) (0.5 po,r, 1.0 1o, )
( ) ( )

1.0+ po,r,2.0 - po,F 2.0 po,r, 1.0+ po,

The final assigned uncertainty in each of the reconstructed event categories corresponds
to the envelope of the uncertainties from all variations, i.e. the contribution with the
largest uncertainty of all up and down variations. By definition such uncertainties are in

general not symmetric.

The resulting VBF uncertainties from QCD scale variations are shown in Figure
and Figure for the signal strength and the Stage-0 cross section measurement,
respectively. Corresponding results for the V H production are shown in Figure |5.23(a)|
and Figure and for ttH production in Figure and Figure The
QCD scale uncertainty in the VBF production mode is in the order of 2% and is dom-
inated by the yield uncertainties. The uncertainty on the V H production corresponding
to the up variations are about 5% (3%) for the signal strength (production cross section)
measurement in the categories with larger amount of data, while they reach up to 10%
(7%) in categories with fewer events. The down variations have a stronger impact on
the signal strength measurement and are in the order of 10% even in high-statistics 0-jet
and 1-jet categories, as well as in the V H-Had-enriched category. The impact of QCD
scale uncertainties on the ttH signal yield in the signal strength measurement is up to
10%, while the acceptance uncertainties for the Stage-0 cross section measurement are

significantly smaller with values up to 2%.

5.4.2.2 PDF and Strong Coupling Constant

The choice of the PDF set has non-trivial effects on the calculations of cross sections and

the kinematic properties of the final state produced in proton-proton collisions.

There are two approaches to evaluate the impact of the systematic uncertainties related
to the choice of the PDF set: using internal variations (eigenvectors) of a given PDF
set, or event generation with different choices of PDFs which is then compared to the
sample with the nominal PDF set. The PDF uncertainties on the cross sections for the
inclusive signal production from the latter approach are reported in Ref. [189]. The first
approach is used in this analysis due to the splitting of events in exclusive jet and p¥
event categories. The uncertainties are evaluated from the set of PDF eigenvectors within
the nominal PDF set, which are orthogonal to each other and spam the PDF parameter
space |188]. To allow for a combination with other Higgs boson decay channels, which are
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more sensitive to the effects of PDF variations, a consistent set of nuisance parameters
(see Section is needed. Therefore, the individual uncertainties from each eigenvector
are propagated as a separate systematic uncertainty, rather than using an envelope of all
individual uncertainties. The uncertainties are evaluated with the PDF4LHC nlo 30
PDF set [8§]. In total 30 eigenvector variations are available. The PDF set additionally
contains two variations of the strong coupling constant, as = 0.1180+ 0.0015, which are
also taken into account.

The PDF uncertainties from individual eigenvectors, as well as the uncertainties from
the variation of the strong coupling constant are shown in Figure [5.25][5.26]5.27 and [5.28
separately for the signal strength and the Stage-0 production cross section measurement.

Since only systematic uncertainties larger than 1% are propagated through the analysis,
the variations having smaller effects are not displayed. The variations of the individual
PDF eigenvectors are treated as symmetric uncertainties, i.e. up variations are defined as
1+ (solid lines) and down variations as 1 —9 (dashed lines). The variation of the strong
coupling constant ag = 0.1180+ 0.0015 corresponds to the up and as = 0.1180—0.0015 to
the down variation.

The PDF+a; uncertainties in the ggF production mode amount up to 4% (3%) for the
signal strength (production cross section) measurement. The variations with the largest
impact on the signal strength measurement is the a; uncertainty (except in the 0j—p4Té—
Low category), while for the cross section measurement the major uncertainty originates
from one of the individual PDF eigenvector variations. No uncertainty is assigned for the
tt H-Had-enriched category due to a small number of expected ggF events in this category.

The impact of the PDF+a; uncertainty on the VBF production mode is smaller compared
to ggF. For the signal strength measurement the largest uncertainty is 3% in the recon-
structed Oj—p‘jlf—High category. In some of the categories the uncertainties are smaller than
1% and therefore not propagated through the analysis. For the cross section measurement
only the uncertainties in the Oj—p%?—High, tt H-Had-enriched and ttH-Lep-enriched which
are in the order of 2% are taken into account. In the other categories the variations are
smaller than 1%.

The size of the PDF+a; uncertainties in the V. H and ttH production mode is about 2%
and 1% for the signal strength and cross section measurement, respectively.
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Figure 5.25: Systematic uncertainties from PDF+ag variations (> 1%) in each of the
reconstructed event categories for the @ signal strength and @ Stage-0 cross section
measurement for ggF production. Up (down) variations are shown as solid (dashed) lines.
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Figure 5.26: Systematic uncertainties from PDF+qg variations (> 1%) in each of the
reconstructed event categories for the @ signal strength and @ Stage-0 cross section
measurement for VBF production. Up (down) variations are shown as solid (dashed)

lines.
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Figure 5.27: Systematic uncertainties from PDF+ag variations (> 1%) in each of the
reconstructed event categories for the @ signal strength and @ Stage-0 cross section
measurement for VH production. Up (down) variations are shown as solid (dashed) lines.
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Figure 5.28: Systematic uncertainties from PDF+ag variations (> 1%) in each of the
reconstructed event categories for the @ signal strength and @ Stage-0 cross section
measurement for t¢H production. Up (down) variations are shown as solid (dashed) lines.
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5.4.2.3 Parton Shower Simulation

The impact of parton shower uncertainties can be evaluated with two possible approaches,
using internal parameter variations within the nominal parton shower generator tune, or
using an alternative parton shower generator. Since it is not expected that a different
generator configuration or the choice of the generator systematically shift the total cross
section of the process, the per-category uncertainties are assumed to emerge entirely due
to acceptance effects for both the signal strength and the cross section measurement.
Since tune variations were not available in the reconstructed signal samples, particle level
samples are used instead for the evaluation.

The uncertainties from the parton shower tune in the nominal generator are estimated

using the automated shower variations in PYTHIA8 [191]. These include the variation

of the renormalisation scales MESR and ,u%SR for QCD emissions in final and initial

state radiations, respectively. In total 20 combinations of the renormalisation scales

fFSR‘Mg'SR,f]SR‘M%SR fFSR and fISR are
varied in the range between 0.5 and 2.0. In addition variations of non-singular terms for
QCD emissions in final and initial state radiations (cigR/ ISR) are taken into account.

The up variation of the nominal parameters is given by the combination (2 . CE‘%R, 2. c{\%ﬁ),

the corresponding down variation is (—2-0%‘2}%,—2-0{\7@?). Furthermore, the variations

) are considered. The multiplicative factors

accounting for the tt gap, dijet decorrelations and the Z boson pr are taken into account

ISR ISR

s 5~ =0.140 for the down variation.

by using, « = 0.155 for the up variation and «
Each of the variations is treated as an individual uncertainty. The uncertainties of the

renormalisation scale are implemented as symmetric variations.

The parton shower uncertainties, which affect only the acceptance in the reconstruc-
ted event categories are shown in Figure and Figure separately for the ggF,
VBF, VH and ttH production mode. The uncertainties are relatively large compared
to the QCD scale and PDF uncertainties. Therefore, for presentation properties only
uncertainties with an impact larger than 10% are shown. For the ggF production mode,
the uncertainties reach up to 70% in the Oj—pffpe—High category, while they are in the
order of 10% for the remaining categories. For the VBF, VH and ttH production mode,
the impact is smaller, reaching 5 — 10% except for the categories with low number of events.

The parton shower uncertainties have also been evaluated with an alternative approach
using a different parton shower generator. The same generated parton-level events are
showered using two different parton shower generators. As described in Section the
default SM signal samples are showered with PyTHIA8 [131]. For the ggF, VBF and
V H production modes the alternative generator used for the comparison is HERWIG7 [192].
For the ttH production mode HERWIGH+ |134] is used.
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Figure 5.29: Systematic uncertainties from parton shower variations (> 10%) in each of
the reconstructed event categories for the @ ggF and @ VBF production. Up (down)

variations are shown as solid (dashed) lines.
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Figure 5.30: Systematic uncertainties from parton shower variations (> 10%) in each of
the reconstructed event categories for the @ VH and @ ttH production. Up (down)
variations are shown as solid (dashed) lines.
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Figure 5.31: Systematic uncertainties from alternate parton shower variations in each of
the reconstructed event categories for the @ ggF and @ VBF production. Up (down)
variations are shown as solid (dashed) lines.
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Figure 5.32: Systematic uncertainties from alternate parton shower variations in each of
the reconstructed event categories for the @ VH and @ ttH production. Up (down)
variations are shown as solid (dashed) lines.
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5.5 Statistical Analysis Model

In this approach of comparing different generators one difficulty arises. There is a
possibility that one and the same event will enter a different particle level or reconstruc-
ted bin after it is showered by two different generators. Therefore, the change of the
generator can cause events to migrate between different particle level or reconstruction
categories, which can lead to uncertainties of up to £100% in depopulated bins, when
the uncertainty for a given category is defined as the ratio of the number of events
from HERWIG and PYTHIA8 generators in each of the particle level bins. In order to
avoid such large uncertainties due to statistical fluctuations and to derive a more reliable
estimate of the alternate parton shower generator uncertainty, a particle level reweighting
of PYTHIA8 events to the HERWIG prediction is used. The reweighting is performed
with two-dimensional histograms (T]4g, p4T£) in particle level bins of the Reduced-Stage-1
derived separately for each of the two parton shower generators. Scale factors are derived
in each histogram bin to reweight the particle level Higgs boson pr and 74, distributions
from PYTHIA8 to match the ones from HERwWIG. The scale factors are then applied to
events in the corresponding nominal SM reconstruction-level samples. In this way, the
impact of the described statistical fluctuations is mitigated.

The uncertainties obtained from alternate parton shower generator are Figure and
Figure for both the signal strength and Stage-O0 production cross section measure-
ment. On average, the uncertainties amount to about 5% for all production modes. For
the VBF and ttH processes these uncertainties reach up to 30% in categories with a small

number of events from these process.

5.5 Statistical Analysis Model

The measurement of production cross sections in particle level bins, as well as the
measurement of the corresponding signal strengths is performed via a binned maximum-
likelihood fit to the data using the profiled likelihood ratio method [193].

The likelihood function is a product of Poisson distributions P corresponding to the
observed number of events n;; in each bin i of the discriminant observable in a given

reconstructed category j, for a given signal s; ;(0) = o-B-A; j (0) and background b; ;(0)

expectation,
NCategories NBins NnNuisance
L(o,0)= J[ I PrislLo-B-Ai;0)+bi;0)x [[ Cn(6). (5.9)
j i m
The vector o = {01,02,...,0n} represents the Higgs boson production cross sections in

different particle level bins, which are treated as independent parameters of interest and
correlated among the different reconstructed event categories. @B is the branching ratio
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and the vector A;; corresponds to the signal acceptance in each reconstructed event
category j and particle level production bin i. The vector @ = {01,602,...,0n} represents
the nuisance parameters corresponding to the systematic uncertainties described in Sec-
tion The nuisance parameters are constrained by a Gaussian constraint term C,, ()

which represents an external measurement of the corresponding parameter.

The test statistic ¢ used for the comparison of different fitted hypotheses is the ratio of

profiled likelihoods,
L <a, 0 (a’))

W = —2In(\). (5.10)

q=—2In

L(6,0) is the maximum-likelihood estimator of an unconditional fit in which both ¢ and
6 parameters are free parameters of the fit. £ (o,6(c)) is the likelihood estimator of a
conditional fit with profiled parameters of interest o, i.e. with parameters o fixed to a
given value in the fit. The nuisance parameters 0 (o) denote the free-floating parameters
in such a conditional fit. The best-fit values of parameters o are obtained from the
scan of the test statistic ¢ over a range of these parameters of interest, assuming that
the asymptotic approximation [193] is valid. The smaller the value g, the better the
agreement of the data with the tested hypotheses of parameter values o is expected. The
best-fit result corresponds to the minimal value of the test statistic q.

Alternatively, the parameter of interest in each particle level production bin i, oy, is
replaced by 11,05 9m (0), allowing for the measurement of the signal strength p; relative to
the SM prediction o; gp (@). In this case, the measurement includes the uncertainties on
the signal yield, while in the former case only the uncertainty on the signal acceptance is

relevant.

5.6 Results

The observed and expected numbers of events after the full H — ZZ* — 4¢ event selec-
tion (Section and classification into the reconstructed event categories are shown
in Table As discussed in Section a slight excess of Higgs boson candidates
is observed compared to the SM prediction. The largest excess is observed in the two
VBF-enriched categories. No events are observed in the Oj—p‘qlf—High and in the two

tt H-enriched categories.
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5.6 Results

Table 5.6: Expected and observed number of events per reconstructed H — ZZ* — 4¢ event
category for an integrated luminosity of 79.8 fb~! at /s = 13 TeV after the inclusive event
selection in the mass range of 115 GeV < myy < 130 GeV assuming the SM Higgs boson
signal with a mass mg = 125 GeV. Statistical and systematic uncertainties are added in
quadrature [183].

Reconstructed SM Higgs boson 77 Other Total Observed
event category signal backgrounds expected

0j-p3-Low 56  +5 35.2  £25 41  +04 95 £ 6 112
lj—palvz—LOW 179 +£2.2 7.6 +1.1 1.36 £0.14 269 £ 2.5 25
lj-p%f{-l\/led 11,5 £1.5 2.25 +0.32 0.72 +0.08 145 +£ 15 14
1j-p-High 3.3 105 0.31 =+0.05 0.198 +£0.028 38 =+ 0.5 4
VBF-enriched-péw-Low 128 +£1.6 2.8 +0.7 1.04 +£0.10 16.6 £ 0.8 24
VBF—enriched—p{f—High 1.25 £0.20 0.28 =+0.09 0.155 £0.025 1.68 + 0.23 4
V H-Had-enriched 72 +£1.1 1.6 +0.4 0.59 +0.07 94 + 1.2 11
V H-Lep-enriched 0.70 +0.05 0.068 £0.013  0.035 £0.008 0.80 £+ 0.05 1
0j-p3-High 0.183+0.025 0.0082+0.0027 0.164 +0.023 0.355+ 0.034 0
tt H-Had-enriched 0.60 +0.05 0.035 £0.016 0.194 £0.030 0.83 + 0.06 0
tt H-Lep-enriched 0.238 £0.026 0.0005+0.0005 0.0144+0.0034 0.253+ 0.026 0
Total 112 +5 50 +4 8.96 +0.12 171 +61 195

The expected and observed distributions of the number of jets in the final state (V)
and the transverse momentum of the four leptons in the final state (p4) used for the
classification in reconstructed categories are shown in Figure [5.33] Both are in good

agreement with the data.

The expected and observed distributions of the BDT are shown in Figure and
Figure m The small excess of observed events in the VBF—enriched—p{f—Low categories
is observed at larger values of the BDT response in which the highest contribution of
VBF production is expected. All other distributions are in good agreement with the data.

The inclusive H — Z Z* production cross section within the Higgs boson rapidity |yg| < 2.5
is measured under the assumption that the relative signal fractions in each particle level
bin are given by the SM prediction, yielding

o-B=157+0.15 (stat.) 0.08 (exp.) £0.04 (th.) pb=1.57+0.18 pb. (5.11)

This is in good agreement with the SM prediction (¢ -B)gy; = 1.33£0.09 pb.
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Figure 5.33: The observed and expected distribution of the @ number of jets in the
final state and p4TZ for an integrated luminosity of 79.8 fb~! at /s = 13 TeV in the
mass range of 115 GeV < myy < 130 GeV assuming a Higgs boson signal with a mass of

mpy =125 GeV .

In a similar way, the global signal strength is measured to be

p=1.19+40.12 (stat.) £0.06 (exp.) 7302 (th.) = 1.197015. (5.12)

The measured signal strength and the inclusive production cross section agree within the
SM prediction at a level of 1.4 and 1.5 standard deviations, respectively.

The corresponding observed and expected distributions of the test statistics (likelihood
scans) for the signal strength and cross section measurement are shown in Figure
and Figure respectively. The likelihood scans are shown before and after in-
cluding systematic uncertainties. The signal strength measurement is equally affected
by the experimental and theoretical systematic uncertainties, while for the cross section
measurement the experimental uncertainties are dominant, since the uncertainty is on

the signal yield.
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Figure 5.34: The observed and expected BDT output distributions in the Oj—p%«e—
Low, |(b) lj-p%!—Low and lj—p‘%ﬁ—Med reconstructed event category for an integrated
luminosity of 79.8 fb=! at /s = 13 TeV in the mass range of 115 GeV < myy < 130 GeV

assuming a Higgs boson signal with a mass of my =125 GeV [183].
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Figure 5.35: The observed and expected BDT output distributions in the @ VBF-
enriched—pz_'p—Low, V H-Had-enriched and tt H-Had-enriched reconstructed event
category for an integrated luminosity of 79.8 fb~! at /s = 13 TeV in the mass range
of 115 GeV < myy < 130 GeV assuming a Higgs boson signal with a mass of myg =

125 GeV .
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Figure 5.36: The expected (blue) and observed (black) test statistic ¢ = —21In(A) for the
@ inclusive signal strength p and @ the o-B(H — ZZ*) measurement. The scans are
shown both with (solid line) and without (dashed line) systematic uncertainties [183].

The expected and observed cross sections o -®, as well as their ratio to the SM pre-
diction are shown in Table and in Figure for the inclusive, Stage-0 and in
Figure for Reduced-Stage-1 particle level production bins. The ratio with respect
to the SM prediction is calculated without the uncertainties on the SM prediction. Due
to an excess of observed events compared to the expectation in the reconstructed event
categories sensitive to the VBF production mode, a slight deviation of more than two
standard deviations is observed for the VBF production cross section in the Stage-0 and
Reduced-Stage-1 particle level production bins. All other production cross sections agree
with the SM prediction within two standard deviations. Since no events are observed
in the ttH-enriched categories, only upper limits are set on the cross section for the
ttH production. To avoid negative total event yields in the ttH-enriched categories
after the fit, the parameter of interest is constrained to be positive. The impact of this

constraint on the final fit results is negligible.
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Table 5.7: The expected SM cross section (o -B)q), the observed cross section (o -®B) and
their ratio (o-®B)/(0-B)gy for the inclusive production, for the Stage-0 and Reduced-
Stage-1 production bin for the H — ZZ* decay for an integrated luminosity of 79.8 fb~! at
/s =13 TeV. The upper limits correspond to the 95% CL. The uncertainties are given as
(stat.)+(exp.)+(th.) for the inclusive cross section and Stage-0, while they are given as
(stat.)+(syst.) for Reduced-Stage-1, since the actual impact of theory uncertainties are

smaller than the rounding.

Production bin Cross section (o -®B) [pb] (0-B)/(c-B)sm
SM expected Observed Observed

Inclusive production, |ym| <2.5

Inclusive 1.33 =£0.09 1.57+0.16£0.07+£0.04 1.18+0.12£0.05+0.03

Stage-0 production bins, |yg| <2.5

ggF 117 +£0.08  1.2240.1740.0740.04 1.04+0.1440.0640.03
VBF 0.0917+40.0028 0.25+0.08+0.02+0.01 2.8 +0.9 +0.2 £0.2
VH 0.05247099%%  0.0540.0540.01+0.01 0.9 +£1.0 +£0.1 +0.1
ttH 0.015415:005% <0.07 <4.04

Reduced-Stage-1 production bins, |yg| <2.5

geF-0j 0.72 +0.05 0.87 +0.14 +0.08 1.20+0.20£0.10
geF-1j-pH-Low 0.170 £0.020  0.10 £0.10 £0.05 0.5940.55+0.27
ggF-1j-p-Med  0.120 +£0.020  0.08 +0.06 £0.02 0.704+0.48+0.13
ggF-1j-pf-High 0.024 +£0.005  0.007+0.026 +0.006 0.3 £1.1 +0.3
ggF-2j 0.140 £0.030  0.16 +0.10 +0.03 1.19+0.76+£0.26
VBF-pj-Low  0.087240.0027  0.24 £0.09 +0.02 2.8 £1.0 +0.2
VBF-p/-High 0.0041700%5  0.03 £0.02 +0.01 7.5 +£6.0 £0.7
V H-Had 0.03597000a3  0.02 £0.10 +0.01 0.6 £2.9 £0.3
V H-Lep 0.016510 007 0.02 +0.03 +0.01 1.2 +1.5 £0.1
ttH 0.015410 0005 <0.06 < 4.02
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Figure 5.37: The observed and expected SM values of the cross section rations o - B norm-

alised to the SM prediction (o -®B)g), for the inclusive production and Stage-0 production
bins for an integrated luminosity of 79.8 fb~! at /s = 13 TeV. The different colours of the
observed results indicate different Higgs boson production modes. Hatched area indicates

that the ttH parameter of interest is constrained to positive values. For visualisation

purposes, the VBF—p{f—High value is divided by a factor of three. Yellow vertical bands

represent theory uncertainty in the signal prediction, while horizontal grey bands represent

the expected measurement uncertainty [183].
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Figure 5.38: The observed and expected SM values of the cross section rations o -®
normalised to the SM prediction (o - B)g), for the Reduced-Stage-1 production bins for an
integrated luminosity of 79.8 fb~! at /s = 13 TeV. The different colours of the observed
results indicate different Higgs boson production modes. Hatched area indicates that the
ttH parameter of interest is constrained to positive values. For visualisation purposes, the
VBF—in,—High value is divided by a factor of three. Yellow vertical bands represent theory
uncertainty in the signal prediction, while horizontal grey bands represent the expected
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Projection of Higgs Cross Section
Measurement to HL-LHC

One of the main goals of the high-luminosity upgrade of the LHC (HL-LHC) is the
precision measurement of the Higgs boson properties. In order to estimate the expected
precision of the measurement of the Higgs boson production cross sections and couplings,
a comprehensive projection study has been performed by the ATLAS Collaboration in
2014 based on the extrapolation of the Run 1 results to an integrated luminosity of
3000 fb~! expected at the HL-LHC [57]. Since, several analyses have been improved with
Run 2 data, the extrapolation is updated based on most recent analyses using Run 2
data sets of 36.1 fb=! or 79.8 fb~! collected at /s = 13 TeV. In addition, to the increase
in integrated luminosity, the extrapolation accounts for the increase in the total cross
section due to an increase of the centre-of-mass energy from 13 to 14 TeV [194]. The
corresponding results serve as an input for the long-term planning of the research strategy
in particle physics being prepared by the European Strategy [195].

The extrapolation for the H — ZZ* — 4¢ decay channel was performed as a part of this
thesis and is presented in this chapter. A detailed description of the extrapolation is
given followed by the discussion of the results. The projected results are obtained based
on the results of the Stage-0 Higgs boson cross section measurements with 79.8 fb~! of
data as described in Chapter

6.1 Extrapolation Procedure

The high-luminosity LHC machine is expected to start in 2026 and operate at a centre-of-
mass energy of \/s = 14 TeV with a baseline instantaneous luminosity of 5-103* cm=2s~1.

It should deliver a total luminosity of about 3000 fb~! over about 10 years of operation.

In order to account for the higher centre-of-mass energy, the signal expected yields from
the Run 2 analysis (Chapter |5)) are scaled according to the ratio of Higgs boson production
cross sections at 14 and 13 TeV [189], as summarised in Table The increase of the
background yields is also taken into account. Processes which are predominantly quark
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pair initiated are scaled by a factor of 1.08, while gluon pair initiated processes are scaled
by 1.12 [29].

Table 6.1: Cross sections for the production of the SM Higgs boson with mp = 125 GeV at
a centre-of-mass energy of 13 TeV and 14 TeV [189], as well as their ratio corresponding

to the scale factor applied on the expected signal yields for the projection from Run 2 to
HL-LHC

Higgs boson production mode

geF  VBF WH qq—ZH g9—ZH #H  bH tHq/b tHW

o (14 TeV) [pb] 54.67 4.278 1.513  0.8418 0.1443  0.6137 0.5529 0.0935 0.0186
o (13 TeV) [pb] 48.58 3.782 1.373  0.7620 0.1227  0.5071 0.4880 0.0771 0.0151

Scale factor 1.125 1.131 1.102 1.105 1.176 1.121 1.133  1.210 1.224

It is expected that the systematic uncertainties described in Section [5.4] can be reduced
for the HL-LHC program as described later on. In order to show the impact of this
reduction of systematic uncertainties two extrapolation scenarios are considered. In the
first scenario (HL-LHC S1), systematic uncertainties from the current Run 2 analysis
are kept, while the event yields are extrapolated to higher luminosity and cross sections.
The second scenario (HL-LHC S2) takes into account the reduction of the systematic
uncertainties. It is assumed that the improved performance of the ATLAS detector will
compensate for the performance degradation due to higher pile-up. Therefore, to simplify
the extrapolation, the reconstruction efficiency, resolution and fake rate for some of the
final state particles are assumed to be the same as in the baseline Run 2 analysis used
for the projection. In addition, it is assumed that uncertainties related to the limited
size of the simulated samples will become negligible. The systematic uncertainties from
Section [5.4] are separated into the individual components for the extrapolation. Their
values are reduced such to reflect the improvements reachable at the end of the HL-LHC
area [196]. The sources of uncertainties with the corresponding reduction scale factors
are summarised in Table [6.21

The expected uncertainty on the integrated luminosity for the full HL-LHC data set is
reduced by a factor of two down to 1% due to an increased statistical precision of the
measurement [196]. All sources of uncertainties that are measured with calibrated data
and thus driven by statistical precision are assumed to scale by a factor of VL. In an
optimistic case the uncertainty on the scale factor applied in the pile-up reweighting
would scale with v/L since it is measured in data. However, for the extrapolation a more
conservative case is assumed. It is assumed that this uncertainty reduces by a factor
of two. Uncertainties on the energy scale and resolution, as well as reconstruction and
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identification efficiency uncertainties of electrons, muons and photons are kept unchanged
for the extrapolation. This is also the case for the jet energy scale uncertainties, while
uncertainties related to the jet energy resolution are reduced by a factor of two. The
uncertainties on the light flavour, b- and c-tagging efficiencies are scaled by a factor of 1/3.

The theoretical systematic uncertainties for the signal and background processes are
in general reduced by a factor of two, except for the PDF+q, uncertainties. In the
latter case, the reduction factor depends on the quark/gluon initial states as well as the
energy scale at which the collision takes place [197]. Since the initial state cannot be
distinguished for the extrapolation an averaged scale factor of 0.45 is applied.

Table 6.2: Reduction scale factor applied to the systematic uncertainties in the H —
ZZ* — A€ analysis of 79.8 fb~! Run 2 data (see Section to extrapolate to 3000 fb~1 at
HL-LHC [196, 197]

Source of systematic uncertainty Reduction scale factor
Integrated luminosity 0.5
Sources with data-based uncertainty measurement VL
Scale factor applied in the pile-up reweighting 0.5
Lepton energy scale and resolution 1
Lepton reconstruction and identification efficiency 1
Jet energy scale 1
Jet energy resolution 0.5
Light flavour, b- and c-tagging efficiencies 0.33
Theory predictions for signal and background (except of PDF+ay) 0.5
Theory predictions for signal and background (PDF+ay) 0.45
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6.2 Results

The expected results are obtained using the same statistical framework with binned
maximum-likelihood fits as described in Section The HL-LHC S1 (S2) projection of
the cross section measurement for SM Higgs boson production in the Stage-0 gives [194]

0.057
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The corresponding scans of the expected test statistic per production mode are shown in
Figure [6.1] For comparison, the results of the Run 2 analysis are shown together with
both extrapolation results of the HL-LHC S1 and HL-LHC S2 scenarios in Table
Their cross section uncertainties are shown per particle level production bin relative to

the corresponding SM cross section.

For all production modes the statistical uncertainties Agiar approximately scale with the
factor luminosity, i.e. by a factor (3000 fb~!/80 fb~1)"/2 ~ 6.3. Small differences are due to
the expected higher centre-of-mass energy. The reduction of the systematic uncertainties
in scenario HL-LHC S2 improves the precision of the measurement (Ay) by a factor of
about 1.2 for all production modes compared to HL-LHC S1. The Stage-0 ggF production
bin is dominated by the systematic uncertainties for both the HL-LHC S1 and HL-LHC S2
scenario, whereas the measurements from the 79.8 fb~! data set are still statistically dom-
inated. The systematic uncertainties with the largest impact are the experimental ones.
The measurement of the cross sections of other Stage-0 production modes (VBF, V H and
ttH) is statistically dominated for all considered scenarios. Among the systematic uncer-
tainties the experimental uncertainties dominate in the current Run 2 measurement of
the VBF production cross section. In scenario HL-LHC S1 the theoretical uncertainties
on the signal are the most important, while the experimental ones are again dominant in
scenario HL-LHC S2. The measurement of the production cross section of the V. H and
ttH production mode is strongly limited by statistical uncertainties, while the largest

contribution of systematic uncertainties in all scenarios are the experimental uncertainties.

160



6.2 Results

(/<\ 16i‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\i 2 167\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\\:
R T N R 1 € YHoszzr 54 —sa .
N [ 14Tev,3000f" 7 HL-LHC S1 ] o [ 14Tev,3000f" HL-LHC S1 ]
14 14
C — HL-LHC S2 ] L — HL-LHC S2 ]
12 stat.: 13102 HL-LHC S2: 1.3170 % - 12F stat.: 010722 HL-LHC S2: 0.10%%% -
[ HL-LHG S1: 1.31°% ] [ HL-LHC §1:0.10)5 ¢ ]
105 = 10 -
8 - 8" -
6 . 6 ]
4:~ ............................................................. 20 1 4:~ .............................................................. 20 1
S I N W 1] S\
o R U L A0 Ommumm‘('ﬁ I P
1.11.151.21.251.31.351.41.451.5 0.070.080.09 0.1 0.110.120.130.140.15
e B [PD] Oyge B [PD]
(a) (b)
2 16;‘ L ‘ L ‘ T T ‘ T T ‘ LI ‘ T T ‘ T \: (’<\ 16i T T ‘ T T T T ‘ T T T ‘ T T T T ‘ T :
£ tH-ZZr -4  —Sa 1 £ tH-HZZr -4  —s& 1
N [ 14Tev,3000f" HL-LHC S1 = o [ 14Tev,3000 " = HL-LHC S1 ]
14 14
C — HL-LHC S2 ] — HL-LHC S2 ]
12/ stat.: 0067 HL-LHC S2: 0.06% - 12 stat.: 0.027°% HL-LHC S2:0.0210% -
[ HL-LHC S1:0.06%0) ] HL-LHC S1: 0.0270% ]
10 ¥ 10

(2]
\‘\H!\H‘M“\_J__L-»-‘H\‘H\‘

8
6 6
4} ............................................................ '2"6*, 7 T S 7SS
2 N e . ]
oty ] ‘ R B W oL L. . N
0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.01 0.015
Gy B [pb]
(c) (d)

Figure 6.1: The expected test statistic ¢ = —2In(\) at an integrated luminosity of
3000 fb~! and a centre-of-mass energy of 14 TeV for the cross section measurement for
the@ geF, @VBF, VH and@ttH production mode. The scenario "stat" without
systematic uncertainties (blue line) is shown, as well as the scenario HL-LHC S1 with
systematic uncertainties as applied in the Run 2 analysis (black dashed line) and the
scenario HL-LHC S2 with reduced systematic uncertainties (black solid line).
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Table 6.3: Expected results of the Stage-0 production cross section measurements in the
H — ZZ* — 4¢ decay channel with 79.8 fb~! of Run 2 data and at HL-LHC. Uncertainties
(A) are reported relative to the SM cross section ogy at the corresponding centre-of-mass
energy. Two HL-LHC scenarios, S1 and S2, with different assumptions on the systematic
uncertainties are shown for the HL-LHC extrapolation. The upper limit on the cross

section for t¢tH production in the Run 2 analysis is given at 95% CL [194].

Analysis Agot/osm  Astat/0sm Aexp/0sm Asig/osm Apkg/TsM

Stage-0 ggF production bin

—1 +0.160 10.143 +0.053 +0.043 +0.011
Run 2 79.8 fb —0.152 —0.136 —0.052 —0.036 —0.014
+0.056 +0.020 1+0.042 +0.026 +0.007
HL-LHC 51 —0.055 —0.020 —0.043 —0.024 —0.007
+0.043 +0.020 40.035 +0.016 +0.006
HL-LHC 52 ~0.043 ~0.020 ~0.035 ~0.015 ~0.006

Stage-0 VBF production bin

-1 +0.782 +0.753 +0.157 +0.136 +0.014

Run 2 79.8 tb —0.598 —0.583 —0.095 —0.074 —0.029
+0.147 +0.097 +0.059 +0.088 +0.007

HL-LHC S1 —0.135 —0.094 —0.054 —0.078 —0.008
+0.125 +0.097 +0.057 +0.051 +0.007

HL-LHC 52 —0.117 —0.094 —0.052 —0.047 —0.006

Stage-0 VH production bin

-1 +1.410 +1.381 +0.155 +0.228 +0.012

Run 2 79.8 tb —0.959 —0.946 —0.075 —0.137 —0.008
+0.200 +0.176 +0.051 +0.082 +0.002

HL-LHC 51 —0.185 —0.167 —0.042 —0.070 —0.001
+0.190 +0.176 +0.043 +0.064 <0.001

HL-LHC 52 —0.178 —0.167 —0.033 —0.056 <0.001

Stage-0 ttH production bin
Run 2 79.8 fb~! < 5.75 -

+0.246 +0.217 +0.056 +0.100 +0.020
HL-LHC 51 —-0.213 —0.195 —0.042 —0.074 —0.026
+0.226 +0.217 +0.042 +0.047 +0.010
HL-LHC 52 —0.202 —0.195 —0.032 —0.037 —0.015
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6.2 Results

The expected evolution of different sources of systematic uncertainties with integrated
luminosity is shown in Figure [6.2] for all four production modes assuming the scenario
HL-LHC S2 at a centre-of-mass energy of 14 TeV. It is assumed, that the systematic
uncertainties scale with v/L until they reach the value from the HL-LHC S2 scenario at
3000 fb~! (compare Table .

For the ggF production, the statistical uncertainties are dominant up to a luminosity of
1000 fb~!, after which the experimental uncertainties become dominant. At 3000 fb~! the
statistical uncertainties are of the similar size as the theoretical systematic uncertainties.
For other Stage-0 production modes, the statistical uncertainties are clearly dominant.
Much smaller impact have the experimental systematic uncertainties, followed by the
theoretical uncertainties on the signal and background.

In order to understand in more detail the impact of each individual source of systematic
uncertainty, a so-called ranking of nuisance parameters is performed. The impact of each
source of systematic uncertainty on the cross section measurement is computed by fitting
the statistical model described in Section on the pseudo data E| corresponding to the
SM hypothesis.

As a first step, the variations of each of the nuisance parameters corresponding to one
standard deviations (+1 o) are determined from an unconditional likelihood fit. Sub-
sequently, the value of a given nuisance parameter is fixed (pulled) to £1 o away from the
nominal value and the minimisation is performed again with this fixed value. This is done
for each source of systematic uncertainties. The impact of a given source corresponds to
the difference between the value of the fitted cross section from the unconditional fit and

from the fit with the nuisance parameters pulled to 1 o.

The respective nuisance parameter ranking for the ten dominant sources of systematic
uncertainties is shown in Figure and Figure for the cross sections of the Stage-0
gelF, VBF, VH and ttH production modes in the HL-LHC S2.

In the Run 2 cross section measurement, the dominant systematic uncertainties for
the ggF production are the electron and muon reconstruction as well as identification
efficiency and pile-up modelling uncertainties (Table . For the extrapolation to
HL-LHC, these still have a large impact. In addition, the uncertainty on the luminosity
measurement and theory uncertainties related to the irreducible ZZ* background become
important, as well as the uncertainty on ggF production from alternative parton shower

generators.

IPseudo data sets are defined in such way that, if they are used to evaluate the estimators for all
parameters, one obtains the true parameter values [193]. 163
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Figure 6.2: Expected statistical (grey line), experimental (blue line) and theoretical signal
(green line) and background (pink line) uncertainties on the production cross section
measurement in the HL-LHC S2 scenario as a function of the integrated luminosity at a
centre-of-mass energy of 14 TeV for @ geF, @ VBF, VH and @ ttH production
mode. The total uncertainty, given by the squared sum of all sources of uncertainties, is
shown as black line. The systematic uncertainties scale with /L until the values from
Table are reached.
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Major sources of systematic uncertainties for the VBF production mode in the Run 2 ana-
lysis are the jet energy scale and resolution, as well as QCD scale uncertainties related
to jet and pg bin migrations. For the HL-LHC S2 scenario these uncertainties are still
dominant. In addition the alternative parton shower generator uncertainty is one of the

ten dominant sources.

Dominant systematic uncertainties for the V H production mode in the Run 2 analysis
are the same as for the VBF production. In the HL-LHC S2 scenario some of them are
still dominant ones, but the uncertainty on the luminosity measurement, parton shower

uncertainties and on electron reconstruction and identification become important.

In case of the ttH production mode, the largest uncertainty in the Run 2 analysis origin-
ates from the theory uncertainties related to parton shower and to the heavy flavour quark
production modelling for the ggF background contribution. These are still dominant in
the HL-LHC S2 scenario. Additional, systematic uncertainties with large impact are the

uncertainties on electron and muon reconstruction efficiencies as well as on jet energy scale.
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Figure 6.3: Nuisance parameter ranking for the ten dominant sources of systematic uncertainties on the Stage-0 production cross section
measurement for _mM_mmﬂ and _HMM_/\wm production modes, as obtained for the HL-LHC S2 scenario in the H — ZZ* — 4/¢ decay channel.
The upper axis belongs to the impact on the cross section with fixed nuisance to +1 o, while the lower axis belongs to the pull, i.e.
value of a given nuisance parameter fixed to +1 ¢ away from the nominal value.
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Measurement of the Tensor Structure of
Higgs Boson Couplings

The studies presented in this chapter probe the tensor structure of the Higgs boson coup-
lings to weak vector bosons, gluons and top quarks in search for new physics phenomena
beyond the SM (BSM). In general, there are two types of observables sensitive to the
tensor structure: the total production and decay rates in different Higgs boson production
modes in exclusive phase space regions and the shape of the distributions related to the
kinematic properties of final state particles.

The latter case is discussed in Chapter [8| while the studies presented in this chapter are
based on the former one. The production and decay rates are in most cases more strongly
affected by the BSM effects as compared to the kinematic properties. However, these
observables cannot directly probe the CP-violation in the Higgs sector, i.e. they cannot
distinguish between CP-even and CP-odd BSM contributions. CP-violating effects can
only be measured through interference effects in SM and BSM interactions, which mani-
fest themselves in modified distributions of the kinematic properties of final state particles.

Two separate analyses were performed to probe the tensor structure of the Higgs boson
couplings by means of measured production and decay rates in the H — ZZ* — 4/ decay
channel. Both analyses have been introduced and performed almost entirely as a part of
this thesis work.

The first analysis is performed with the first 36.1 fb~! of Run 2 data and starts with the
Higgs boson candidates selected by the full reconstruction chain of the inclusive analysis
described in Section These events are classified into categories of reconstructed
events similar to those in Chapter [5| and the observed number of events in all categories
is interpreted in terms of additional BSM Higgs boson couplings to vector bosons (HVV
interaction vertex) and to gluons (Hgg interaction vertex). Both, CP-even and CP-odd
BSM contributions are considered and are modelled by the Higgs Characterisation (HC)
framework introduced in Section In the following, this study will be referred to
as the HC analysis and is described in the first part of this chapter (Section [7.2)).
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Chapter 7 Measurement of the Tensor Structure of Higgs Boson Couplings

The second analysis, the so-called EFT interpretation is performed with 139 fb~—! of
data. Rather than interpreting directly the event yields of fully reconstructed events,
constraints on CP-even and CP-odd BSM coupling parameter are set by interpreting the
cross section measurements in the Reduced-Stage-1.1 scheme (see Section in terms
of BSM couplings with the Standard Model Effective Field Theory (SMEFT) introduced
in Section The cross sections expected in each particle level production bin are
parametrised as functions of BSM coupling parameters. In addition to the HV'V and Hgg
interaction vertex, also the top Yukawa interaction vertex ¢tH is probed. The analysis
of the full Run 2 data set is quite similar to the one described in Chapter [5| with small
changes introduced to further improve the sensitivity. Theses changes and the results of
the EFT interpretation are described in detail in Section [7.3]

7.1 Observables Sensitive to BSM Contributions

The presence of BSM contributions in Higgs boson interactions with SM particles can
significantly enhance the cross sections of different Higgs boson production modes and
change the relative production mode contributions compared to the SM prediction.

The expected cross section dependence in the H — ZZ* — 4¢ decay channel on differ-
ent BSM couplings of the HC framework is shown in Figure [7.I] and Figure [7.2] The
impact of CP-even (corpyy) and CP-odd (sqkavy) BSM contributions in the HVV
vertex is shown in Figure and Figure respectively, separately for the ggF,
VBF+V H-Had and VH-Lep production. As described in Section VBF and
V H-Had processes both have the same initial and final state particles, gq¢ — Hqq and are
generated simultaneously in order to take possible interference effects into account.

The BSM coupling parameter xxyy, where X = H, A, affect the production rates of all
production modes. VBF and V H production rates are changing more steeply (o I{%(VV)
than the ggF rate (oc k%), since in the former case the BSM coupling contributes to
both production and decay interaction vertex, while it affects only the decay vertex in the
latter case. The dependence of production rates on the CP-odd BSM coupling parameter is
symmetric with respect to the SM point at sk = 0 providing no sensitivity to the sign
of the coupling parameter. In contrast, the sign of the CP-even BSM coupling parameter
cokgyYy can be probed due to interference with the CP-even coupling term of the SM
interaction. Due to the interference effects, the minimal Higgs boson production cross
section is expected at a non-zero value of the BSM coupling parameter. For the VBF and
ggF (V H) production modes this minima are located at negative (positive) values of BSM
coupling parameters. The combination of the VBF process with V H-Had contribution in
Figure shifts the minimum to the positive values.
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Figure 7.1: The expected Higgs boson production cross section times branching ratio nor-
malised to the SM prediction of the branching ratio at a centre-of-mass energy of 13 TeV
for ggF (blue), VBF+V H-Had (green) and V H-Lep (orange) Higgs boson production in
dependence on the BSM coupling parameters@ca KHVYV and@ SakAvv [198]. The cross
sections are calculated at next-to-leading-order for ggF and leading-order for VBF and
V H using MADGRAPH5__ AMC@NLO. Horizontal dashed lines indicate the value of the

predicted SM production cross section for a given production mode.
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Figure 7.2: The expected Higgs boson production cross section times branching ratio
normalised to the SM prediction of the branching ratio at a centre-of-mass energy of
13 TeV for ggF Higgs boson production in dependence on the BSM coupling parameter
SakAgg [198]. The cross sections are calculated at next-to-leading-order using MAD-
GrAPHS__AMCQNLO. Horizontal dashed lines indicate the value of the predicted SM

production cross section for a given production mode.
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Figure [7.2] shows the expected ggF production cross section in dependence on the CP-odd
BSM coupling parameter (sqka49) related to the couplings of the Higgs boson to gluons.
The dependence is quadratic (o ﬁigg), since the BSM coupling contributes only in the
production vertex. In general, a similar impact on the expected cross section is also seen
for the BSM coupling parameters of the SMEFT model.

As stated previously the distributions of kinematic properties of the final state particles
are also sensitive to CP-even and CP-odd BSM contributions. An example of such ob-
servables which are related to the Higgs boson decay system are illustrated in Figure
In addition, to the decay observables, also the distributions of the transverse momentum
of the final state jets, the transverse momentum of the Higgs boson and the mass of
subleading lepton pair mg4 can be modified by the presence of BSM contributions. As an
example, theses distributions are shown for the VBF+V H-Had production mode for the
SM and selected BSM Higgs boson signals in Figure [7.5] and Figure [7.4]

Figure 7.3: Definition of the decay angles in the four-lepton final state from H — ZZ* — 4/
decays shown in the Higgs boson (X)) rest frame [28]. 6; (f2) is the angle between the
negatively charged lepton from the decay of the on-shell (off-shell) Z boson in the direction
of flight of the respective Z boson, ® is the angle between the two decay planes spanned by
the di-lepton pairs in the four-lepton rest frame, ® is the angle between the direction of
the momentum of the on-shell Z boson and the decay plane spanned by its decay products
and #* is the production angle of the on-shell Z boson.
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Chapter 7 Measurement of the Tensor Structure of Higgs Boson Couplings

The Higgs boson candidates on which the HC analysis is performed are classified into
several reconstructed categories targeting different production modes. The categorisation
is based on the kinematic properties of final state particles. Therefore, both the produc-
tion rates as well as the shape of distributions of kinematic properties are employed for
the measurement of the tensor coupling structure. Similarly, the EFT interpretation is
based on cross sections in exclusive phase space regions of particle level production bins
(Section . Thus, also here the kinematic properties of the final state products are

employed in addition to the total production rate.

The BSM contributions can also be probed by a complementary approach with inclusive
differential distributions of kinematic properties without classification into event categor-
ies or particle level production bins. This approach is not covered by this thesis.

o
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Figure 7.4: The distribution of pji,l for N; > 2 in the mass range of 118 GeV < my <
129 GeV for SM and selected BSM Higgs boson signals in the H — ZZ* — 4¢ decay
channel. The distributions are normalised to unit area. The last bin is an overflow bin

collecting all events beyond the plotted x-axis range.
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Figure 7.5: The distribution of p]fl and mj; in the mass range of 118 GeV <
my < 129 GeV for SM and selected BSM Higgs boson signals in the H — ZZ* — 4/ decay
channel. The distributions are normalised to unit area. The last bin is an overflow bin

collecting all events beyond the plotted z-axis range.
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Chapter 7 Measurement of the Tensor Structure of Higgs Boson Couplings

7.2 Tensor Structure Measurement in the Higgs
Characterisation Framework

The CP-even and CP-odd BSM contributions to the Higgs boson interactions introduced
within the Higgs Characterisation (HC) model, are probed with the first Run 2 data of
36.1 b1

The contributions to Higgs boson couplings to weak vector bosons in the XV'V effective
interaction vertex and to gluons in the Xgg effective interaction vertex are probed sep-
arately. It is assumed that the CP-even and CP-odd BSM coupling parameters to the Z
bosons are directly correlated to the couplings to the W bosons, kxvy = kxzz = Kxww-
The cross section times branching ratio dependence on different BSM couplings is sum-
marised in Table separately for the XV'V and Xgg interaction vertices.

Table 7.1: Dependence of the production cross section times branching ratio o-B(H —
ZZ*) in different Higgs boson production modes on the BSM coupling contributions to
the effective XVV and Xgg interaction vertices. The BSM couplings are defined in the

Higgs Characterisation framework.

Interaction Dependence on the BSM coupling

vertex ggF VBF VH ttH bbH
HVV x (Caﬁva)z x (camva)4 x (camva)4 o (CQKHVV)2 x (CQKHVV)2
AVV x (sa/<e,41/v)2 x (saﬁAvv)4 x (saﬁAvv)4 o (sa/<e,41/v)2 o (sa/<e,41/v)2
Agg x (sa/ngg)2 const. const. const. const.

In the XVV interaction vertex, the parameters cokgyy and sgkayy of the CP-even
and CP-odd BSM couplings to vectors bosons, respectively, are probed. In the VBF and
V H production modes they are contributing both to the production as well as to the
decay vertex such that the production rates are proportional to the corresponding BSM
coupling parameter to the power of four. In case of ggF, t¢tH and bbH production modes,
the coupling parameters appear only in the decay leading to a quadratic dependence of
production rates. The measurement of the VBF and V H production process therefore
provides the highest sensitivity to BSM contributions in the X V'V vertex.

In the effective X gg interaction vertex, the parameter s~ 444 of the CP-odd BSM coupling
to gluons is probed. This coupling affects only the ggF production vertex resulting in a
quadratic dependence of the ggF production rate on the BSM coupling. The analysis
is not sensitive to the parameter cokpgy of the CP-even Higgs boson coupling. This

parameter is therefore assumed to be equal to the SM value of cokpgg = 1.
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7.2 Tensor Structure Measurement in the Higgs Characterisation Framework

7.2.1 Event Categorisation

In order to measure the signal production rates in different production modes, the re-
constructed Higgs boson candidates selected by the inclusive H — ZZ* — 4/ analysis
(Section in a mass window of 118 GeV < myy < 129 GeV in the 36.1 fb~! data set are
classified into several categories based on the properties of final state products related to
the production vertex. In addition, some of the categories are subdivided according to
the transverse momentum of the four-lepton final state or the leading jet ppr to provide
an additional sensitivity to BSM couplings.

To be consistent with the cross section measurement (see Chapter , the categorisation
scheme is closely following the one described in Section [5.2] There are small differences
since the categorisation in Chapter is optimised for the larger data set of 79.8 fb=!. One
additional category is added to increase the sensitivity to BSM couplings. The differences

and the expected BSM sensitivity in the relevant categories is discussed in the following.

The schematic overview of the categorisation scheme for the HC analysis is summarised
in Figure As for the scheme used in the cross section measurement (Section
the ttH-enriched events are selected first, by requiring at least one b-tagged jet tag and
either more than four additional reconstructed jets or at least two jets and at least one
additional lepton in the final state. The former requirement targets the fully hadronic
decay of the top quark pair, while the latter one selects the semi-leptonic ¢t decays. Due
to a very small number of events in this category for 36.1 fb—!, the tt H-enriched category
is not further subdivided according to hadronic and semi-leptonic ¢t final states as it was
the case for the scheme in Section [5.2]

Events with additional leptons in the final state (N, > 5) which do not enter the
tt H-enriched category are assigned to the V H-Lep-enriched category targeting the Higgs
boson production in association with leptonically decaying vector bosons. This category
provides sensitivity to the measurement of BSM couplings in the X V'V interaction vertex.

The remaining production modes are again selected according to the number of jets in
the final state. VBF and V H-Had production are separated from the ggF production by
requiring at least two jets in the final state, N; > 2. The former two production modes are
further disentangled by the threshold on the invariant mass m; of the two leading jets res-
ulting in the VBF-enriched (m;; > 120 GeV) and the V H-Had-enriched (m;; < 120 GeV)

categories.
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Figure 7.6: Overview of the event categories employed for the HC analysis of the Higgs

boson couplings tensor structure.
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The presence of non-vanishing BSM couplings in the XVV vertex is expected to lead
to a harder distribution of the Higgs boson and leading jet transverse momenta, pf}e
and p]fl , respectively. To further increase the sensitivity to BSM contributions, the
V H-Had-enriched category is therefore split according to the p‘# into the V H-Had-
enriched-ph-Low (p4 < 150 GeV) and the V H-Had-enriched-p’-High (p4 > 150 GeV)
category. The expected distributions in the events with N; > 2 and m;; < 120 GeV are
shown in Figure for SM and several BSM Higgs boson signals. BSM contributions
to the XV'V vertex lead to higher population of bins with higher p%? values.

Similarly, to gain additional BSM sensitivity in the VBF-enriched category a threshold
on the transverse momentum of the leading jet is applied at p%,l =200 GeV. In the case
of the SM hypotheses the Higgs boson candidates tend to populate the VBF-enriched-
p]f—Low category (p]T1 < 200 GeV), while in the case of BSM contributions they mainly
contribute to the VBF—enriChed—p]f—High category (p]T1 > 200 GeV). The expected pjfl dis-
tribution in the VBF-enriched category is shown in Figure |7.7(b)]

The ggF, VBF and V H-Had production processes contribute to the category with one
additional jet in the final state. In order to distinguish the different production modes
and to isolate BSM effects, this category is split according to the four-lepton transverse
momentum as in the case of cross section measurements. Events with p‘}g smaller than
60 GeV are assigned to the 1 j—p4T€—L0W category, while events with 60 GeV < p%vg <120 GeV
and p%? > 120 GeV are collected in the 1j—p¥—Med and lj—p%z—High categories, respect-
ively. The expected pf_,{g distribution in the combined 15 category is shown is Figure
separately for ggF and VBF+V H-Had production modes. While no differences between
SM and BSM hypotheses are visible for the ggF production, a harder spectrum is expec-
ted for the VBF+V H-Had production in case of BSM contributions. In addition, the
VBF+V H-Had spectra are harder than the ggF spectra independent of BSM contribu-
tions. Therefore, the categorisation according to p4T€ in the 15 category provides at the
same time discrimination between the two production modes and the sensitivity to BSM
contributions in the XVV vertex in the 1 j—p‘#—High category.

The 05 category is almost pure in ggF contribution and therefore provides the largest
sensitivity to BSM contributions in the X gg interaction vertex.
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Figure 7.7: The distribution of p4T€ in the V H-Had-enriched category with N; > 2 and
mj; <120 GeV and|(b) p]fl in the VBF-enriched category with N; > 2 and m;; > 120 GeV
for SM and selected BSM Higgs boson signals in the H — ZZ* — 4¢ decay channel. The
distributions are normalised to unit area. The last bin is an overflow bin collecting all
events beyond the plotted x-axis range.
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The expected number of events in each of the reconstructed event categories are shown in
Table [7.2] for the different Higgs boson production modes assuming the SM hypotheses.
The corresponding expected signal composition in each category is shown in Figure [7.9
The V H-Lep-enriched and ttH-Had-enriched reconstructed event categories are very
pure with about 80% contribution of the respective production mode. However, the
tt H-Had-enriched category plays only a minor role in the measurement for the tensor
structure of Higgs boson couplings, providing no sensitivity to the X gg production vertex.

Table 7.2: The expected number of SM Higgs boson events with a mass of mpy =125 GeV in
the mass range of 118 GeV < mye < 129 GeV for an integrated luminosity of 36.1 fb~! at
a centre-of-mass energy of 13 TeV in each of the reconstructed event category, shown
separately for the different Higgs boson production modes. The ggF and bbH contributions
are shown separately but they are merged into a single production bin (ggF') for the final
result. Statistical and systematic uncertainties are added in quadrature [182].

Reconstructed SM Higgs boson production mode

event category ggF VBF VH ttH bbH

05 259 +£25 029  £0.09 0.253 £0.025  0.00025+0.00019 0.29 +0.14
1j-p¥-Low 8.0 =£1.1 0.514 =£0.034 0.230 £0.018  0.0007 £0.0005 0.09  £0.05
1j-pht-Med 45 £0.7 0.64 £0.09 0.227 £0.019  0.0010 £0.0005 0.026 =+£0.013
1j-p¥-High 1.10 +0.24 0.27  £0.04 0.095 £0.007  0.00080=+0.00024 0.0036 +0.0018
VBF—enriched—p{f-Low 39 +0.8 2.03  +£0.19 0.285 £0.024  0.065 =+0.009 0.045 =£0.023
VBF—enriched—pJf-High 0.33  £0.09 0.185 =£0.024 0.050 £0.004  0.0159 £0.0027  0.00058 +0.00029
V H-Had-enriched-p#*-Low 2.3 405 0.169 =+0.014 0.418 +0.023 0.022 +0.004 0.025 =£0.013
V H-Had-enriched-p#-High ~ 0.42 40.09 0.048 £0.008 0.162 £0.005  0.0090 =+0.0015 < 0.0001

V H-Lep-enriched 0.012940.0018  0.0031040.00021  0.263 +0.018 0.038 +0.005 0.0009 =+0.0005
ttH-enriched 0.050 £0.016  0.010 £0.006 0.0196+0.0031  0.301 +0.032 0.0064 =+0.0035
Total 47 +4 4.16 +0.23 2.00 +£0.11 0.48 +£0.05 0.48 +0.24

The ggF production contributes with a larger fraction in almost all categories. Its
largest contribution with a purity of 97% is in the 0j category. With increasing p‘zlf the
ggF fraction in 1j categories decreases from 90% to 75%. In the 2j categories, the relative
ggF contribution is still quite high with about 60% purity.

The VBF production mode is targeted in the VBF—enriChed—p]f—Low and VBF-enriched-
pr-High categories with purities of 58% and 75%, respectively. There is also a substantial
VBF contribution in the three 15 categories, with purities between 5% and 18%.

The V H-Had production mode is targeted by the VH —Had—enriched—p%f-Low and VH-
Had—enriched—p%é—High categories with corresponding signal purities of 14% and 25%, re-
spectively. Smaller V H-Had contributions are also expected in the VBF-enriched and
15 categories.
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Figure 7.9: Expected signal composition of the SM Higgs boson signal in each of the
reconstructed event category.

7.2.2 Signal Modelling

To study the tensor structure of the Higgs boson couplings to vector bosons and gluons,
a dedicated signal model is needed which predicts the event yields from the different
production modes in each reconstructed event category as a function of the BSM coupling
parameters. The signal model is based on the so-called morphing method which al-
lows for a signal prediction in an arbitrary point of the multi-dimensional BSM parameter
space by means of interpolation between the cross section predictions at discrete points of
this space, obtained from dedicated samples. In order to take into account higher-order
cross section calculations, which are not implemented in generated signal samples, a
further correction is applied on the predicted signal yields taking into account highest-
order prediction of the inclusive cross sections as listed in Table £.2] As described in
Section [4.2.2.2] the BSM signal samples are simulated with MADGRAPH5 AMC@NLO.
The presence of BSM coupling contributions affects also the total width of the Higgs
boson decay, which is not taken during the simulation. Therefore, the signal model
is additionally corrected to take these effects into account. Each of the three signal
modelling steps are described in more detail in the following subsections.

Examples of the resulting signal model are shown in Figure for the ggF production
in the 05 category and for VBF+V H production in the VBF—enriched—p%q—Low category.
The former is sensitive to the Higgs boson couplings to gluons, the latter to couplings to
vector bosons.
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Figure 7.10: The signal model describing the expected event yield as a function of the BSM
coupling parameter SakAgg for the ggF production in the 05 event category, [(b)cak vy
and Sak vy for the VBF+V H production in the VBF—enriched—pZ_'p—LOW category. The
signal models include the signal morphing via simulated samples, the scaling to the best-
prediction cross sections and the scaling corrections accounting for BSM effects on the
total Higgs boson decay width.
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7.2 Tensor Structure Measurement in the Higgs Characterisation Framework

7.2.2.1 The Morphing Method

The tensor structure of the Higgs boson couplings is probed separately for the effective
Xgg and XVV interaction vertices, using separate signal models. Each signal production
mode is modelled on its own, using the BSM signal samples described in Section [£.2.2.2]
The samples of ggF, VBF+V H-Had and V H-Lep events are simulated with different
values of BSM coupling parameters, sakagg, Cakgvy and sqxavy. No BSM samples are
generated for the ttH and bbH processes, since there is no significant BSM sensitivity
expected from the corresponding production vertices. The coupling parameters x4, and
KAgg include the Higgs boson coupling to top or bottom quarks in the effective coupling
to gluons, but the sensitivity to t¢tH production in the H — ZZ* — 4¢ decay is very
small and there is no sensitivity to the bbH production mode. The production vertex of
the t¢H and bbH processes is therefore assumed to be described by the SM. The BSM
contributions in the decay vertex (XV'V) are taken into account by assuming that the
production rates scale by the same amount as for the ggF production with no BSM

contributions in the X gg vertex.

Three signal models with different sets of coupling parameters are constructed for the
gegF, VBF+V H-Had and V H-Lep production using the morphing method. The first is
the Xgg model employed for the study of the tensor structure of Higgs boson couplings
to gluons. Since the presence of BSM contributions in the X gg vertex only affects the
gegF production and not the decays, the other production modes are modelled by the SM
prediction. The CP-even ggF production and decay contributions with SM-like tensor
structure are fixed to the SM prediction with cokpgg =1 and coksy = 1. The expected
number of events in each reconstructed category is therefore modelled only in dependence
on the CP-odd coupling parameter,

X
Ne%%; = Sgg%‘g (SaﬁAgg)' (71)

For the study of the X V'V interaction vertex a three-dimensional (3D XV'V') signal model
is used, describing CP-even and CP-odd BSM coupling contributions simultaneously. In
addition, the parameter cokgys of the CP-even coupling contribution with the SM-like
structure in the XV'V vertex is taken into account, while the cok gy contributions in the
ggl' production vertex is fixed to the SM prediction, cokpggg = 1. The expected signal
yield is modelled separately for each of the production modes,

F 3D XVV
NES, = SgeF (CakSM,CakHVV s SaKAVY ) 5
VBF+VH—-Had _ 3D XVV
Neap = SUBF4VH—Had (CakSM,CakHVV,Sakavy) and (7.2)
VH-Le 3D XVV
Newp P = SVH-Lep (CaksM,CaKHVV ,SaKAVY ) .
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Chapter 7 Measurement of the Tensor Structure of Higgs Boson Couplings

The introduced three-dimensional signal model is employed for the simultaneous measure-
ment of the BSM parameters cokpyy and sqrayy from CP-even and CP-odd couplings
and for the measurement of the BSM CP-even coupling parameter c,kpyy with the
CP-odd coupling sk Ayy set to zero.

In general, this model can also be employed for the measurement of the CP-odd BSM coup-
ling parameter sqkayy with corpgyy = 0. However, statistical fluctuations in this model
cause asymmetric predictions with respect to the sign, i.e. introduce a small artificial
sensitivity to the sign of the CP-odd BSM coupling parameter. To avoid this the CP-odd
BSM coupling contribution to the XVV vertex is modelled with a two-dimensional (2D
XVV) signal model, with cokgyy set to zero:

F 2D XVV
Neg:gp = SggF (COJKSM7 SOcK;AVV) )
VBF+VH-Had _ 2D XVV
Neap = SVBF+V H—Had (CakSM,Sakavy) and (7.3)
VH-L 2D XVV
Nerp v = SVH-Lep (CaHSM7 SaHAVV) .

The SM-like coupling contributing in the Xgg vertex is set to the SM prediction,
CakHgg = 1 and the corresponding CP-odd BSM contribution s,k 444 is set to zero.

To avoid artificial sensitivity to the sign of the CP-odd BSM coupling parameter in the
signal models from Equation the input samples with opposite signs of the coupling
parameters sqkayy are combined together and averaged. Similar procedure is applied to

the signal model of Equation

The input samples for the three described signal models obtained via the morphing
technique are summarised in Tables [7.3] [7.4] and [7.5] The values of BSM parameters are
chosen such to cover most of the BSM parameter space to which the measurement is

sensitive.

The signal models described above are obtained with the morphing technique [199]. The
model provides a continuous multi-dimensional description of the BSM parameter space,
by describing simultaneously the production rates and the distributions of the kinematical
variables in dependence on the BSM coupling parameters.

The target value T; of the physical quantity 7', which is related to the cross section
whether inclusive or in a given bin of a differential distribution, at an arbitrary point ¢
in the coupling parameter space g, can be described as a linear combination of a fixed
number N of the corresponding input quantities (cross sections) T;(g;) obtained from the
simulation for a given set of parameters g,,

N
Ti(g) =Y wi(g.9:) T (g;)- (7.4)
=1
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7.2 Tensor Structure Measurement in the Higgs Characterisation Framework

Table 7.3: List of simulated input samples employed for the one-dimensional X gg signal
model of the ggF production and the corresponding production cross section (o) times
the branching ratio B (H — ZZ* — 4/)

BSM parameters
Input sample o-B [fh]

Ca KHgg KSM KAgg

ggF SM 1 1 1 0 4.1
geF Mixture P 1/v2 1 1 0.5 1.6
ggF Mixture N 1/v2 1 1 -0.5 1.6

Table 7.4: List of simulated input samples employed for 2D XVV signal models of the
ggF and VBF+V H productions and the corresponding production cross section (o) times
the branching ratio B (H — ZZ* — 4¢)

BSM parameters
Input sample o-B [tb]

Ca KHgg KSM KHVV KAVV

ggF production
ggF SM 1 1 1 0 0 4.1
ggF Mixture P Yvz 1 1 0 6 1.1
ggF Mixture N Yva 1 1 0 —6 1.1
VBF+VH production
VBF+VH SM 1 - 1 0 0 0.62
VBF+V H Mixture. P1 1,2 — 1 0 -2.5 0.25
VBF+V H Mixture_ N1 14z  — 1 0 2.5 0.25
VBF+V H Mixture_ P2 1//2 — 1 0 5 0.53
VBF+V H Mixture_ N2 1/ - 1 0 -5 0.53
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Table 7.5: List of simulated input samples employed for 3D XVV signal models of the
ggF and VBF+V H productions and the corresponding production cross section (o) times
the branching ratio B(H — ZZ* — 4¢)

BSM parameters
Input sample o-B [tb]

Ca KHgg KSM KHVV KAVV

ggF production
ggF SM 1 1 1 0 0 4.1
ggF Pure BSM (H) 1 1 0 1 0 5.4-1073
geF Pure BSM (A) a1 0 0 1 05-1073
ggF Mixture_ P (A/H) 1 1 1 —6 0 2.8
ggF Mixture_1 (A/H) 12 1 1 6 6 1.5
ggF Mixture 2 (A/H) vz 1 1 —6 -6 0.7
VBF+VH production

VBF+VH SM 1 — 1 0 0 0.62
VBF+V H Pure BSM (H) 1 - 0 10 0 112
VBF+V H Pure BSM (A) e — 0 0 15 1.29
VBF+VH Mixture_P1 (A) 142 — 1 0 5 0.53
VBF+V H Mixture_ N1 (A) /2  — 1 0 -5 0.53
VBF+V H Mixture_P2 (A) 12— 1 0 25 025
VBF+VH Mixture P1 (H) 1  — 1 5 0 276
VBF+V H Mixture N1 (H) 1 - 1 -5 0 2.57
VBF+V H Mixture P2 (H) 1 - 1 2.5 0 0.92
VBF+VH Mixture_1 (A/H) 1Az — 1 25 -5 0.66
VBF+V H Mixture_2 (A/H) /2  — 1 5 5 1.19
VBF+V H Mixture 3 (A/H) 1/vz — 1 5 6 1.42
VBF+V H Mixture_4 (A/H) 1z  — 1 -25 =5 0.65
VBF+V H Mixture_5 (A/H) A2 — 1  —5 5 0.93
VBF+V H Mixture 6 (A/H) 1/v2  — 1 -5 -6 1.05
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7.2 Tensor Structure Measurement in the Higgs Characterisation Framework

The weight function w;(g,g;) depends on the targeted and input values of the coupling
parameters, g, and g;, respectively, determining relative contribution of each sample. This
holds under the assumption that the physical quantity T is proportional to the squared
matrix element of the underlying process

T(g) o< M (g)[*. (7.5)

The matrix element 7171 (g) can be written as a linear sum of products of the coupling

parameters g, and the corresponding operator O (g,),

2 2

2

‘m (g)’ = Z 920 (goz) ) Z 920 (goz) ’ (76)
aEp,s aEd,s

with p,d and s running over couplings appear only in production, only in decay and in

both production and decay vertices, respectively. The weights w; are functions of the

targeted coupling parameters (ga,93, 9, 9s), defined as

N

wi= Y Coprs9a9p9+9s (7.7)
a,B,7v,0=1

where the values of the coefficients C, g, s are obtained by requiring that for the target
points which are equal to one of the input points T; the corresponding weight w; must
satisfy

w; (9 =9:,9;) =1, (7.8)

while the weights of other input samples T} for the same target point 7T} ;; must be zero,

Wij (gt = givgj) =0. (7.9)

The resulting linear system of equations, is called a morphing matrix and the coefficients
Ca 8+, are calculated by inverting the morphing matrix.

The minimal number of input samples N(ns,n,,n,) needed for the morphing method
procedure is dependent on the number of coupling parameters in the production and

decay vertices [199],

N =

np(np+1) na(na+1) N 4+mns—1
2 2 4

_|_

1 1
np.ns+ns(ns+ )) .nd(nd“‘ )

( )
( ns(ns+1)\ np(np+1)

ng-Ng+ > 9

* 2

(7.10)

n ns(ns+1)

3+ns—1
2 )

-np'nd+(np+nd)< 3
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Chapter 7 Measurement of the Tensor Structure of Higgs Boson Couplings

where n,, corresponds to the number of coupling parameters appearing only in the pro-
duction vertex, ng only in the decay and ng in both the production and decay vertex. The
number of input samples needed to construct the signal models for the measurement of
the effective Xgg and XV'V couplings is shown in Table

Table 7.6: Number of input samples needed to construct the signal model in a given BSM
coupling parameter space, shown separately for the ggF and VBF+V H Higgs boson
production modes

Model Production couplings Decay couplings n, ng ns N
ggF production
1D Xgg CaKHggs SakAgg CaksSM 2 1 0 3
2D XVV CaKHgg CakSMs SaKAVY 1 2 0 3
3D XVV CakHgg CakSM, CaKHVYV s SakAavy 1 3 0 6
VBF+VH production
2D XVV CakSMy SaKAVV CaRSMs SaKAVY O 0 2 5

3D XVV  coksm, CabHVV,8akAVYV  CakSM, CaKHVV,Sakavy 0 0 3 16

The complete set of N input samples can in general be chosen arbitrarily, as long as it
provides an independent set of linear equations defining the morphing matrix. However,
the statistical accuracy of the target quantity depends on position of the target couplings
in the coupling parameter space covered by the input samples. The statistical error
increases if the target coupling is outside of the spanned parameter space. Therefore, the
values of the BSM parameters input samples are chosen such to span the range which can
be probed by data and provide sufficiently small errors in the studied parameter range.

7.2.2.2 Best-Prediction-Scaling of the Signal Model

The ggF and VBF+V H input samples for the signal modelling are generated at NLO
and LO, respectively, with the MADGRAPH5 AMCQ@NLO generator. As outlined
in Section the corresponding nominal SM signal samples are simulated with
PowHEG which includes the higher-order effects. Furthermore, the inclusive SM cross
section in each production mode is normalised by the factor k& to the highest-order
inclusive SM cross section calculation available.

In order to take these best-predictions of the cross sections into account, the expected

number of events (N*P+*) predicted by the signal model in each of the categories is scaled
by a scale factor (K) defined as the ratio of the highest-order SM prediction and the
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7.2 Tensor Structure Measurement in the Higgs Characterisation Framework

SM prediction from MADGRAPH5__AMC@NLO. Since the SM signal samples with the
highest-order corrections do not distinguish between hadronically and leptonically decays
of the vector boson in V H production, the signal model for the VBF+V H-Had and V H-
Lep production is combined to apply best-prediction-scaling. This is possible, because
the input samples are generated with the same BSM coupling values. It is assumed,
that the same scale factor is valid for all BSM samples, i.e. that the impact of the
higher-order corrections under a SM hypothesis is not affected by the presence of BSM

coupling parameters.

The scale factors are calculated separately for the ggF and VBF+V H processes. For each
reconstructed event category %, the scale factor for the ggF production is given as
o kggr IV, g%eg,SM(ggF)

K;(ggF) = ; : 7.11
i(ggF) Nyi&s sni(geF) (7.11)

and for the combined VBF+V H process

erp,i exp,i erp,i
SFy(VBF+V H) = kVBF Npowheg sn (VBE) +kw i Npoheg s (W H) +kZHNPowheg,SM(ZH).

N&x§g7SM(VBF+VH-Had) + Nﬁfggst (V H-Lep)
(7.12)

The calculated scale factors for each reconstructed event category are shown in Table [7.7]

Table 7.7: Best-prediction scale factors K in each reconstructed event category, shown
separately for the ggF and VBF+V H production modes

Event Best-prediction scale factor
category ggF VBF+VH
0j 1.6 1.4
1j-p¥*-Low 1.4 1.3
1j-p¥-Med 1.5 1.4
1j-p¥-High 1.2 1.5
VBF—enriched—p%—Low 1.2 1.0
VBF-enriched-p)-High 1.0 1.0

V H-Had-enriched-p}*-Low 1.4 1.3

V H-Had-enriched-p3*-High 0.9 1.4

V H-Lep-enriched 1.2 1.3

tt H-enriched 0.9 1.9
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7.2.2.3 Scaling of the Total Decay Width

The branching ratio (B) is defined as the ratio of the partial and the total decay width.
Both of these change in the presence of BSM couplings in the decay vertex. While the
change of the partial decay width is taken into account in MADGRAPHS__AMCQNLO,
the total decay width is kept at its SM value. Therefore, the event yield predicted from
the simulated samples has to be corrected to take into account the dependence of the
total decay width on BSM contributions.

The event yield is proportional to the inverse of total Higgs boson decay width I'gyg.
Accordingly, the correction function fr(g) applied on the event yield for a given set of
BSM couplings g is

I'sm I'sm 1

Jrig)= Tosv Lilhsu  2iBi fi(9)

(7.13)

where 4 corresponds to a particular Higgs boson decay channel, @éM = F%M /Tsm is the
SM branching ratio and f(g) are polynomials of BSM coupling parameters in the decay
vertex, which are derived from the matrix element morphing method of the correspond-
ing process. In the case of the SM, the correction factor for the total decay width is
fr(SM)=1.

The modification of the total decay width due to BSM effects are taken into account
for the measurement of the tensor structure of the Higgs boson couplings in H — WW,
H — ZZ and H — gg decays. Although loop-induced H — Z~v and H — 7y decays are also
affected by the BSM contributions through the effective X WW vertex, the corresponding
branching ratios are small compared to other decays and their values are kept at the SM
prediction. The correction function applied on the total decay width is, therefore, for the
presented analysis given as

fr(9) = (B, 122() + BEY 1YV () +BEE - 17 () 1) (74

with the values of the SM branching ratios summarised in Table The branching
ratio BQPE = 0.67 corresponds to the sum of the branching ratios of all other decay modes.

The correction functions are f99 for the H — gg decays,

J9 (cakimgg, Sakagg) =

=1+c9- (SaI{Agg)2 + 3 - caSakHggh Aggs (7.15)
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and fWW/2Z for the H — WW and H — ZZ decays

YA
FVWIZZ (coksnr, Cab BV SakAvY) =

WW/ZZ 2 WW/zZ 2
=1+¢ /%2, (cakmVV)” +0C4 /%2, (sakavv)
WW/zZZ 2
+c3 / “CoRSMKHVV
WW/ZZ
+cy “CaSaRSMKAVV

WW/z2
+cy 122 CoSaRHVVEAVY, (7.16)

99 VW
1 7

spective SM terms, i.e. the terms (cakmgy) 2 and (caksnr)
WW/ZZ

i

where ¢ and ciZZ are constant coefficients, which are given relative to the re-

~2 are absorbed into the
factors ngg and c , respectively, and set to one. Therefore, if cokrgg Or caksy are
free parameters in the fit, the branching ratio has to be corrected with (ca/‘mqgg)2 and
(carisnr)?, respectively. The coefficients are derived using the morphing method, similarly
as deriving the signal model. To evaluate the f99 correction function, the cross section
times the branching ratio is calculated for the ggF production with different values for
Kagg and the cross section dependence on k444 is modelled to obtain the dependence of
9%, with the assumption that it has the same dependence as the cross section since
the respective coupling does not contribute to the H — ZZ* decay. For the fWW/2Z
correction functions ggF samples with H — ZZ* — 40 ({ =e,pu) and H - WW* — (vlv
(¢ = e,u,7) decays are produced with different values of kpyy and kayy. Since these
couplings are contributing only in the decay, the dependence of F]‘;VS%/ ZZ is obtained
directly without any assumption. The input samples used for the derivation of the
constant coefficients ¢; are summarised in Table As for the signal modelling with
the morphing method, the inputs for the calculation of the f9%9 correction function are
symmetrised. Three input samples are used for the f99 correction function and six for
fWWIZZ  The obtained values of the coefficients ¢?, ¢V and ¢4 are summarised in

70 )
Table [7.00

The resulting final correction fr of the total decay width is shown in Figure in
dependence on the BSM coupling parameters sqakagg, Cakgvy and sqkayvy. In the pres-
ence of non-vanishing CP-odd BSM coupling parameter the correction of the total decay
width amounts up to —9% for the sensitive range sqragy = £0.7 and up to —1% for
Sakayy = £6. Due to the quadratic dependence on the CP-odd BSM contributions, the
correction functions are symmetric around the SM value. Since the CP-even BSM inter-
actions interfere with the SM ones the corresponding correction function is not symmetric
around the SM point. The expected event yield is scaled up by +11% for cokgyy = —6
and down by —13% for cokpgyvy = +6 after applying the described corrections.
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Table 7.8: List of input samples and their respective cross section times branching ratio
employed for the calculation correction functions 99, f"W and 4% with the morphing
method

BSM parameters o-B [fb]
Input sample

Ca  KHgg kKSM Kagg HKHVV Kavvy H—Z7Z* H—WW*

f99 correction function

SM 1 1 1 0 0 0 4.1 -
Mixture e 1 1 0.5 0 0 1.6 -
Mixture vz 1 1 =05 0 0 1.6 -
YW and f%2 correction function
SM 1 1 1 0 0 0 4.1 745
BSM CP-even 1 1 0 0 1 0 531073 2
Mixture 1 1 1 0 —6 0 2.8 418
BSM CP-odd 1/vz 1 0 0 0 1 0.5-1073 0.2
Mixture 1/v2 1 1 0 6 6 1.5 317
Mixture 1/v2 1 1 0 —6 —6 0.7 120

Table 7.9: Values of the coefficients in the functions fX¥ (XX = g,W,Z) correcting the
decay width of the Higgs boson in presence of BSM contributions

Correction Coeflicients

function XX ey X X XX XX
f99 2.3 0 — — —
frw 3.0-107% 1.3-100% 0.09 —-3.2-107® 0.5-1073
%% 1.2-1073 0.5-1073 0.06 —0.4-10"% 0.02-1073
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7.2.3 Systematic Uncertainties

The HC analysis of the coupling tensor structure is affected by the same sources of
experimental and theoretical systematic uncertainties as in the case of the cross section
measurements described in Section[5.4] Since this analysis is performed on a smaller data
set, the size of the systematic uncertainties is in general slightly larger. However, the
analysis of the 36.1 fb~! is dominated by the statistical error, such that the systematic

uncertainties have a small impact on the results.

The uncertainty on the integrated luminosity is measured with a precision of 3%. A 2%
uncertainty is assigned on the event yields due to the uncertainties on the modelling of
the pile-up. Uncertainties on the lepton identification efficiencies are from 0.5% — 1.0%
for muons and from 1% — 1.3% for electrons. The uncertainty on the lepton isolation
efficiency is about 2%, while uncertainties on lepton energy scale and resolution are small
and have a negligible impact on the final state result. Jet energy scale and resolution
uncertainties are in the range from 3% — 7% and 2% — 4%, respectively. Flavour tagging
uncertainties due to the efficiency of the b-tagging algorithm are in the order of a few
percent over most of the jet pr range. Three sources of uncertainties associated with the
data-driven estimation of the reducible background are taken into account. The first is the
uncertainty of about 6% on the inclusive background estimation from the determination
of the event selection efficiencies related to the lepton identification, isolation and impact
parameter significance. The second source of uncertainty with the size of about 4% is
also assigned to the inclusive background estimation and corresponds to the statistical
uncertainty of the control data sample. It is in the order of 4%. The last and the largest
uncertainty of up to 13% is due to the modelling and statistical uncertainties after the

classification into the reconstructed event categories.

The theoretical uncertainties are derived using the same methods described in Sec-
tion As in the case of the signal strength measurement the impact of both the
uncertainties on the acceptance and on the prediction of the SM cross sections is taken
into account. QCD scale uncertainties affect the ggF signal prediction by up to 18%
and VBF and V H production modes by up to 10%. For all production modes the PDF
uncertainties are in the order of 2%. Uncertainties related to the parton shower amount
to about 5%.

In addition, further uncertainties are assigned specifically for the HC analysis of the
coupling tensor structure. An uncertainty on the VBF+V H signal is assigned to account
for the uncertainty of the assumption of the best-prediction-scaling that higher-order
scale factors K are the same for the SM and the BSM signal hypotheses. In order to
qualify this uncertainty, additional reconstructed BSM VBF+V H samples are generated
at NLO QCD accuracy with MADGRAPH5__AMCQNLO for the same values of BSM
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coupling parameters as for the nominal LO BSM samples. The expected number of events
predicted by these LO and NLO samples is compared in each reconstructed category and
the relative difference is assigned as uncertainty. Since the best-prediction scale factors
are derived at the SM point, no such uncertainty is assigned on the SM hypothesis.
Figure shows the best-prediction uncertainties in each reconstructed event category
for the five BSM samples with largest uncertainty. Depending on the reconstructed event
category and the point in the BSM parameter space, the systematic uncertainties on the
best-prediction-scaling range from 10% to 40%. The total impact of this uncertainty on
the final measurement is less than 1%.
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Figure 7.12: Systematic uncertainty on the best-prediction-scaling for the VBF+V H BSM
signal model in each reconstructed event category.

The experimental and best-prediction systematic uncertainties on the VBF+V H signal
yield are evaluated for the SM and all BSM signal samples and interpolated to an ar-
bitrary point in the BSM parameter space using the morphing method. The theoretical
signal uncertainties are only determined with the SM sample. It is assumed that they are
of the same size also for all BSM signals.
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In addition to the signal uncertainties, also the background uncertainties are taken into
account. The largest uncertainty impacting the irreducible ZZ* background is the QCD
scale uncertainty. It affects the total event yield by 4% and the yields in the reconstructed
event categories with additional jets by up to 30%. PDF and parton shower uncertainties
affect the ZZ* event yields by 1% — 2% and 1% — 5%, respectively.

7.2.4 Statistical Analysis Model

As for the production cross section measurement (Section [5.5), the constraints on the
BSM couplings within the HC framework are obtained from binned maximum likelihood
fits to the data using the profiled likelihood ratio method.

The likelihood function is constructed as a product of Poisson distributions P correspond-
ing to the observed number of events n; in each of the reconstructed categories i for a

given signal s;(k,0) and background b;(0) expectation,

NCategories NNuisancc
L(k,0)= [ Pilsi(r0)+b0)x [[ Cu(6), (7.17)

with the vector of coupling parameters k = {Ca/ﬁ‘/Hgg,Sa/{Agg,CaK,SM,Ca/-iva,SaliAvv}.
The vector @ = {61,0,,...,0n} represents the set nuisance parameters corresponding to
the systematic uncertainties. The nuisance parameters are constraint by a Gaussian
constrained term Cp, (@) which reflects the constraints from external measurement.

The constraints on the BSM coupling parameters are set by using a test statistic g similar
L (m,

GC(,%,@) =—2In(\), (7.18)

as the one in Equation [5.10

D

q=—-2In

based on a ratio of profiled likelihoods [193] of the conditional and the unconditional
maximume-likelihood estimators in the numerator and the denominator, respectively,
which is tested of the cross section o in Equation the BSM parameters k are fitted

as parameter of interest instead.

7.2.5 Results

The expected number of events from the SM signal and the background as well as the
observed number of events are shown in Table separately in each reconstructed
category resulting from the HC Analysis of the data set with an integrated luminosity of
36.1 fb~! at \/s =13 TeV. The data and the SM prediction are in a reasonable agreement.
A slight excess of events above the SM prediction is observed. The largest deviation
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from the SM prediction is observed in the VBF—enriChed—ng—Low and VBF-enriched-
p]f—High categories, with respectively about two and four times more observed events
than expected. The expected and the observed distributions of observables used for
the classification of events into reconstructed event categories are shown in Figure [7.13]
and Figure the number of jets N; in the final state, the invariant mass m;; of
the two leading jets, the transverse momentum pjfl of the leading jet and the transverse
momentum p%f of the four-lepton final state. An excess of events is observed for the dijet
invariant mass distribution in events with N; > 2 and for the jet pJT1 distribution in the
subset of events with mj; > 120 GeV (see Figure and Figure . All other
distributions are in a good agreement with the SM expectation. The measurement of the
Higgs boson tensor coupling structure is performed based on these results.

Table 7.10: Expected and observed number of events at an integrated luminosity of
36.1 fb~! after the full event selection in the mass range of 118 GeV < my, < 129 GeV
at /s =13 TeV in each reconstructed event category assuming the SM Higgs boson sig-
nal with a mass my = 125 GeV. Statistical and systematic uncertainties are added in
quadrature [182].

Reconstructed SM Higgs boson Z7* Other Total Observed
event category signal backgrounds expected

geF-0y 26.8 £2.5 13.7 +1.0 223 £0.31 42,7 +2.7 49
1j-p¥-L0W 8.8 =£1.1 3.1 £04 0.53 +0.07 125 +£1.2 12
1j-p3¥-Med 54 £0.7 0.88 £0.12 0.38 =£0.05 6.7 =£0.7 9
1j-p¥¥-High 1.47 +0.24 0.139£0.022 0.045 +0.007 1.65 +0.24 3
VBF—enriched—p]f—Low 6.3 0.8 1.08 £0.32 0.40 =£0.04 7.7 +£09 16
VBF—enriched—p;—High 0.58 +0.10 0.093+0.032 0.054 +0.006 0.72 £0.10 3
V H-Had-enriched-p¥-Low 29 £05 0.63 £0.16 0.169 +0.021 3.7 £05 3
V H-Had-enriched-p¥-High 0.64 +0.09 0.0294+0.008 0.0182+0.0022  0.69 +0.09 0
V H-Lep-enriched 0.318+£0.019 0.0494+0.008 0.01374+0.0019  0.38040.020 0
tt H-enriched 0.39 £0.04 0.014£0.006 0.07 =+0.04 0.47 £0.05 0
Total 54 +4 19.7 £1.5 39 +05 r +4 95

Constraints on BSM coupling parameters are obtained with different set of assumptions.
Firstly each coupling parameter sqragq, Cakmvy and sarayy is fitted separately as-
suming that all other BSM parameters are equal to zero. The parameters related to the
SM-like tensor structure are set to the SM predictions, cokrgg =1 and corgy = 1. In
addition, the two BSM coupling parameters contributing to the XV'V interaction vertex,
cakgyvy and sqkayy are probed also with a free-floating value of the SM-like coupling
parameter cokgps. In this way, it can be studied which fraction of the observed deviations
from the SM can be absorbed in the SM-like coupling contribution related to the coupling

strength modifiers of the x framework.
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Figure 7.13: The observed and expected distributions of m N; after the inclusive selection,
(b) p%! in the 1j categories and mj; in the 2j categories for an integrated luminosity
of 36.1 fb~! in the mass range of 118 GeV < myy, < 129 GeV at a centre-of-mass energy
of v/s =13 TeV assuming a Higgs boson signal with a mass the SM mpy =125 GeV .
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Figure 7.14: The observed and expected distributions of p]fl in the VBF-enriched cat-
egories and p4T€ in the V H-Had-enriched categories for an integrated luminosity of
36.1 fb~! in the mass range of 118 GeV < my, < 129 GeV at a centre-of-mass energy of
Vs =13 TeV assuming a Higgs boson signal with a mass the SM my = 125 GeV [182].

Table summarises the resulting constraints on BSM parameters obtained from the
one-dimensional likelihood scans. The observed and expected values of the test statistics
from the scan over the s,k444 parameter is shown in Figure The excess observed
in data in the 0j and VBF-enriched categories results in a non-zero best-fit value of
this parameter soka49 = £0.43, which corresponds to a small deviation from the SM
expectation at the level of 1.8 ¢. Since the size of the CP-odd BSM coupling contributions
are not sensitive to the sign of the coupling parameter, the presented likelihood scan is
symmetric around the SM value of syk 449 = 0.

Figure [7.16] shows the observed and expected values of the test statistics from the scans
of BSM coupling parameters cokpgyy and sqakayy with fixed parameter cokgyr of the
SM-like coupling. The observed excess of data in the VBF-enriched categories leads to a
non-zero best-fit value of corpyy = 2.9 and sokayvy = £2.9. By allowing the parameter
cakisy of the SM-like coupling to be free-floating in the fit (Figure , the excess
observed in data is partially absorbed leading to a best-fit value of cokgas = 1.2, while
the best-fit values of BSM coupling parameters move closer to the SM expectation. The
corresponding deviation from the SM prediction also decreases from 2.3 o (1.4 o) to 1.7 ¢
(0.5 o) for cakuvy (Sakavy) parameters. Due to the interference of the BSM CP-even
and the SM-like interactions, the data is sensitive to the sign of the c,kpgyy parameter.
The fit to the data prefers the positive value. The CP-odd BSM coupling parameter in
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the XV'V vertex has no sign sensitivity. The deviations from the SM prediction for all
one-dimensional scans of BSM coupling parameters are at most 2.3 o, thus indicates no

evidence of new couplings.

Table 7.11: The expected and observed 95% confidence level (CL) intervals from the one-
dimensional likelihood scans over the BSM coupling parameters sqokaqq, Cakpvy and
SakAVVY, together with the corresponding best-fit values and the deviation from the SM
expectation. The results are obtained from the HC analysis using 36.1 fb~! of data at a
centre-of-mass energy of 13 TeV. The parameter related to the SM-like coupling to the
gluons is fixed to the SM value, corpgg =1 [182].

BSM coupling Fit 95% CL interval Observed best-fit value Deviation
KBSM configuration  Expected Observed RBSM CaRSM from SM
SakAgg caksm =1 [-0.47,0.47] [-0.68,0.68] +0.43 — 1.8 ¢
CaRHVV CakRSM — 1 [—2.9,3.2] [—0.8,4.5} 2.9 - 230
CaRHVV CakRSM free [—3 1,4.0] [—0.6,4.2] 2.2 1.2 1.7 0
SaKAVY caksm =1 [—3.5,3.5] [-5.2,5.2] +2.9 — l4 o
SaKAVV cakgm free [—4.0,4.0] [—4.4,44] +£15 1.2 050

The CP-even (CP-odd) BSM coupling parameter corpyy (Sakavy) is also probed
in a two-dimensional fit together with the parameter c,rxgps of the SM-like coupling.
One BSM coupling is probed at a time with the other BSM coupling parameter set to
zero. The corresponding best-fit values and the deviations from the SM expectation are
summarised in Table [T.12] The corresponding observed and expected two-dimensional
contours of the test statistics at 95% CL for the likelihood scans of the (cokmgvv,caksir)
and (cokHVV,Caksy) parameter space are shown in Figure Values of BSM coup-
ling parameters inside the contours surrounding the SM point are allowed at 95% CL,
while values outside are excluded. The best-fit values for the BSM coupling parameters,
cakpvy = 2.1 and squkayy = £1.5 from the two-dimensional scans are very similar to
those obtained from one-dimensional scans with a free-floating SM-like coupling para-
meter (Table [7.11)). The data prefer positive values of the SM-like coupling parameter,
again cokgy = 1.2 for both scans. As in the case of one-dimensional scans, there is no
sign sensitivity to the BSM CP-odd coupling. The deviation from the SM expectation
are at most 2.1 o, providing no evidence for new BSM couplings contributions.
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Figure 7.15: The observed (solid black line) and SM expected (dashed blue line) test stat-
istic g = —2In(\) from the scan of the BSM coupling parameter sy k444 using 36.1 fb~! of
data at a centre-of-mass energy of 13 TeV. The horizontal lines indicate the value of the
test statistic corresponding to the 68% CL and 95% CL intervals for the parameter of
interest, assuming the asymptotic y? distribution of the test statistic.
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Figure 7.16: The observed (solid black line) and SM expected (dashed blue line) test
statistic ¢ = —2In(\) from scans of the BSM coupling parameters @ cokpyy and
SakAvy with parameters of the SM-like couplings fixed to c,kg3r = 1. Results are obtained
with 36.1 fb~! data at a centre-of-mass energy of 13 TeV. The horizontal lines indicate
the value of the test statistic corresponding to the 68% CL and 95% CL intervals for the
parameter of interest, assuming the asymptotic x? distribution of the test statistic.
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Figure 7.17: The observed (solid black line) and SM expected (dashed blue line) test
statistic ¢ = —2In(\) from scans of the BSM coupling parameters @ cokpyy and
SakAvy with parameter of the SM-like coupling cokgsys as free parameter of the fit.
Results are obtained with 36.1 fb~! data at a centre-of-mass energy of 13 TeV. The
horizontal lines indicate the value of the test statistic corresponding to the 68% CL and
95% CL intervals for the parameter of interest, assuming the asymptotic x? distribution
of the test statistic.
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Figure 7.18: The observed (black solid line) and SM expected (dashed blue line) contours
of the two-dimensional negative log-likelihood at 95% CL for the @ Caksy and coKgvy
and @ caksyr and sqk vy BSM coupling parameters using 36.1 fb~! data at a centre-
of-mass energy of 13 TeV.
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Table 7.12: The best-fit values and the corresponding deviation from the SM prediction
obtained from the two-dimensional likelihood scans of the (kxvv,ksa) parameter space
performed with 36.1 fb~!data at a centre-of-mass energy of 13 TeV. The parameter of the
SM-like coupling gluons is kept at the SM value, cokmgg = 1 in the fits.

Fit Observed best-fit value Deviation
configuration CaRHVV SakAvv Caksy  from SM
(CakHVV,CaksM), Sakavy =0 2.1 — 1.2 210
(Ca/ﬁ}va,CaIigM), CaRAVYV = 0 - +1.5 1.2 150

Finally, the constraints on the BSM contributions in the XV'V vertex are set simultan-
eously on the cokgyy and syakayy coupling parameters, assuming either cokgpyr =1 or
letting cokgpr as free-floating in the fit. The corresponding two-dimensional likelihoods
are symmetrised with respect to the sign of the CP-odd BSM coupling parameter to avoid
nonphysical results due statistical fluctuations. A more direct approach of symmetrising
the input samples for the two-dimensional signal modelling was not possible with the
available simulated input samples. The best-fit values of fitted parameters and the
deviation from the SM prediction are summarised in Table The respective observed
and expected two-dimensional contours of the test statistics at 95% CL for the likelihood
scans of the (cokpgyv,Sakavy) parameter space are shown in Figure The best-fit
value coRpyy = 2.9 in the scan with a fixed SM-like coupling parameter is similar to the
one obtained from the one-dimensional scan, while value sokayy = £0.5 is closer to the
SM point. The respective deviation from the SM prediction is 1.9 o.

Table 7.13: The best-fit parameter values and the corresponding deviation from the SM
prediction obtained from the two-dimensional likelihood scans in the (cqokpvyv,SakAvy)
parameter space or a free-floating value of the SM-like coupling parameter performed
with 36.1 fb~! of data at a centre-of-mass energy of 13 TeV. The parameter of the SM-
like coupling to gluons is fixed to the SM value, cokpgg =1 [182].

Fit Observed best-fit Deviation

configuration cokgyvy SakAvy Caksy  from SM

caksypy =1 2.9 +0.5 — 190
Ccaksy Iree 2.1 +0.3 1.7 1.2 ¢
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By letting cokgns be free-floating parameter in the fit, the coupling parameter phase
space is expected to become less constrained. However, this is not fully the case for
the observed test statistics. The excess in data is partially absorbed by the SM-like
coupling parameter (coksy = 1.7), reducing also the deviation from the SM prediction
to 1.2 0. Therefore, a larger region of the phase space can be excluded for the BSM
CP-odd coupling parameter compared to the fit with c,ksy; = 1. For the CP-even BSM
parameter the excluded area is similar to the one with fixed value corgy = 1, except
for negative values close to the SM point. In this region, the interference with the SM
CP-even coupling is the strongest, corresponding to a minimum value of the predicted
event yield. The observed excess of data can in this region only be compensated by the
free-floating of the SM-like coupling in the fit. The different behaviour of the observed
test statistics compared to the expected one is caused by the fact, that the observed
excess in data is more consistent with a modification of the SM-like coupling, than with
a non-zero value of the BSM CP-odd coupling.
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Figure 7.19: The observed (black solid line) and SM expected (dashed blue line) contours
of the two-dimensional negative log-likelihood at 95% CL for the BSM coupling parameter
space (SakAVV,Cakmyvy) with the SM coupling parameter cqokgnr @ fixed to the SM value
of one and @ free floating in the fit, obtained with 36.1 fb~! of data at a centre-of-mass
energy of 13 TeV.
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7.3 Interpretation within the Standard Model Effective Field
Theory

In the second approach that probes the tensor structure of the Higgs boson couplings
to weak vector bosons, gluons and top quarks, in this thesis, the results of the cross
section measurements in particle level production bins are interpreted in terms of the
parameters of the SMEFT model (see Section [2.5.2.1). The main difference of this
so-called EFT interpretation compared to the study presented in Section are the
observables used in the fit to data. While in the HC analysis (Section [7.2), the BSM
predictions are fitted to event yields in each reconstructed event category, the study
presented in this section interprets the measured particle level cross sections in each
bin of the STXS framework in terms of EFT parameters. In the former approach,
the BSM contributions are fully parametrised up to the reconstruction level, including
production cross sections, branching ratio, detector acceptance as well as the signal
reconstruction efficiency. In the latter approach, the cross sections, branching ratio and
acceptance are parametrised, while the reconstruction efficiency is assumed not to be
affected by BSM contributions. This assumption should be valid for the studied decay
channel as presented later on. It allows for an EFT interpretation at particle level, instead

of relying on the resources consuming full detector simulation for the BSM signal samples.

The interpretation is based on the results of the SM production cross section measure-
ment obtained with the full Run 2 data set, which is similar to one performed with the
79.8 fb~! data as presented in Chapter [5| Differences between the cross section measure-
ments with the two data sets are described in the next subsection. The production cross
sections, the branching ratio as well as the acceptance in each particle level production
bin are parametrised as functions of BSM coupling parameters (Wilson coefficients) using
particle level event generation. These predictions are then fitted to the corresponding

measurement.

With the described EFT interpretation, constraints are set on ten CP-even and CP-odd
BSM coupling parameters of the SMEFT model (summarised in Table . The entire
analysis was developed as a part of this thesis, together with the derivation and imple-
mentation of the signal parametrisation for the CP-even BSM coupling parameters. The
parametrisation for the CP-odd BSM coupling parameters has been performed elsewhere
following the same approach. Therefore, the evaluation of the parametrisation and the
validation with fully reconstructed signal samples are discussed in detail for the CP-even
BSM coupling parameters in the following. The corresponding studies for the CP-odd
BSM coupling parameters are very similar and summarised in Appendix [C|
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In general, if the Wilson coefficients are small enough, the so-called linear approximation
holds, in which only terms with linear dependence on Wilson coefficients are significant,
while the quadratic terms can be neglected. Taking into account only the dimension-six
terms and neglecting higher dimensions, these interference terms between the SM and the
introduced BSM physics are suppressed by a factor 1/a2. However, in the H — ZZ* — 4¢
decay channel, the linear approximation is not valid for the VBF+V H-Had, V H-Lep and
ttH+tH production modes. As discussed later, the sensitivity to the corresponding BSM
parameters is in the range of parameter values for which also quadratic terms have a
significant impact. Therefore, the dimension-six quadratic terms suppressed by a factor
1/a% are also taken into account for the presented study. The linear terms from the
CP-odd operators do not contribute to the total production cross section. The sensitivity
to CP-odd BSM parameters is only reached when taking into account the dimension-six
quadratic terms suppressed by a factor 1/a*. Linear terms from dimension-eight operators
are also suppressed by a factor 1/a* and can therefore in general contribute by a similar
amount as the quadratic dimension-six terms. These dimension-eight terms are currently
not available in the SMEFT model and are neglected in the following.

The following Wilson coefficients are probed (see Section : caw,cap and cgwB
related to the Higgs boson couplings to vector bosons, cy¢ for the Higgs boson coupling
to gluons and ¢,y for the top Yukawa coupling. With the current amount of data it is
only possible to measure one or two BSM couplings at a time, while others have to be
fixed to a constant value (zero for the SM). Some of the SMEFT Wilson coefficients are
already constrained using the LEP and LHC data [200]. Therefore, contributions from
these BSM coupling parameters are neglected in the presented analysis, including their
contribution to the total Higgs boson decay width. No constraints are evaluated for the
mixtures of CP-even and CP-odd BSM contributions, since it is difficult to model the
BSM dependence of the detector acceptance in multi-dimensional phase space with such
a high number of free parameters as discussed later.

7.3.1 Higgs Boson Cross Section Measurements for Full Run 2

For the measurement of the Higgs boson cross section in particle level production bins
using the full Run 2 data set [201] with an integrated luminosity of 139 fb=!, the Higgs
boson candidates are reconstructed by the inclusive analysis described in Section
Only the candidates in the mass window of 115 GeV < myy < 130 GeV are considered.

The analysis follows closely the previous one with 79.8 fb~! of data (see Chapter [5)).
However, the definition of reconstructed event categories and the discriminating variables
used to improve the background rejection and to distinguish between different Higgs
boson production modes have been optimised for the larger data set to improve the
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measurement sensitivity. In addition, the larger amount of data allows to constrain the
normalisation of the ZZ* and ¢tV background with dedicated samples of control data
from side-bands of the my, distribution. Systematic uncertainties are calculated in a
similar way as described in Section A detailed description is given in [201].

The definition of particle level bins for the production cross section measurement in
exclusive phase space regions has also been updated (see Figure compared to the
79.8 fb~! analysis (Figure [5.7)). The larger amount of data allows for a finer granularity
of the production bins. In addition, the definition of several production bins is adjusted
to better fit the full STXS Stage-1 scheme (see Section . A detailed description
of the updated scheme, the so-called Reduced-Stage-1.1, is given in Section The
99 — Z(— jj) + H production process is now considered as a part of the gluon fusion
production, rather than of the VH production. The corresponding production bin is
therefore renamed from ggF to gg2H. Instead of the five ggF production bins, there
are new seven gg2H bins. Before any classification according to the number of jets, a
high-p2 bin (p4 > 200 GeV) is split targeting the BSM contributions. The remaining
events are then split into categories with 0, 1 and > 2 jets. A threshold of p¥ =10 GeV
is introduced in the 0j gg2H bin, defining the two gg2H-05 categories. The remaining
gg2H production bins remain the same. Compared to the previous STXS scheme, the
VBF and V H-Had production modes are combined into a single qq2Hqq production
bin, which is further divided into three exclusive production bins. The production bins
for the VH-Lep and ttH production mode are unchanged. To be consistent with the
qq2Hqq production bin, the V H-Lep bin is referred as qq/gg2HLep production bin the
following.

The redefinition of the particle level production bins calls also for an adjusted definition
of the reconstructed event categories. An overview of the reconstructed event categories
as well as the new introduced side-band categories is shown in Figure [7.20] together with
production bins of the Reduced-Stage-1.1 scheme.

The ttH production mode is targeted by means of requirements on the number of b-jets
with a certain b-jet selection efficiency n% (Nl:’%). Events are collected in the ttH-Lep-
enriched category, requiring at least one additional lepton in the final state and one of
the following requirements: Nl§5% > 2, NEB% >1and N; > 5 or NbGO% > 1. Remaining
events satisfying N; > 5 and N£5% >2 or Nj >4 and N§5% > 2 are assigned to the
tt H-Had-enriched event category. Events with one additional lepton which do not fulfil
the t¢tH requirements are classified into the V H-Lep-enriched event category.

The remaining events are categorised according to the jet multiplicity. Higgs boson

candidates produced via VBF or V H-Had production are targeted by requiring at least
two jets in the final state. Events with a dijet invariant mass larger than 120 GeV and
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Chapter 7 Measurement of the Tensor Structure of Higgs Boson Couplings

p4T£ > 200 GeV are assigned to the 2j-BSM-Like reconstructed category which is expected
to be sensitive to BSM contributions. Events failing these requirements are collected in
the 2j category.

Events with one additional jet in the final state are enriched in both ggF and VBF con-
tributions. Motivated by the particle level production bins they are divided into four
categories with different requirements on the four-lepton transverse momentum: smaller
than 60 GeV (1j-p¥-Low); between 60 and 120 GeV (1j-p3-Med); between 120 and
200 GeV (1j-p#-High); and larger than 200 GeV (1j-p¥-BSM).

Finally, the three categories with no jets in the final state are the Oj—p%f—LOW (p%f <
10 GeV), 0j-p¥-Med (10 GeV< p¥ < 100 GeV) and 0j-pa-High (p3* > 100 GeV), motiv-
ated by the corresponding particle level production bins. The requirement p4TZ > 100 GeV
enhances the contribution of the V' (— ¢v/¢¢) H process.

Additional side-band categories are introduced to constrain the background contri-
butions, selecting events in the mass windows of 105 GeV < my < 115 GeV and
130 GeV < myp < 350 GeV. Side-band events with at least two jets in the final state,
including at least one b-tagged jet with 60% b-tagging efficiency and E’Tniss > 100 GeV are
assigned to the SB-ttV-enriched category. The larger side-band mass range introduced
above is only used in this category, to improve the statistical precision. For the remaining
events, the upper mass window is reduced to 130 GeV < myy < 160 GeV. Events in this
mass window with an additional lepton in the final state are assigned to the SB-V H-Lep-
enriched category. The remaining events are split according to the number of jets into
the SB-25, SB-1j and SB-0j categories.

The numbers of expected and observed events in each reconstructed event category
are shown in Table together with the number of events in the side-band regions.
The expected event yields are in a reasonable agreement with the observed ones. A
small excess of about two times more observed than expected events is observed in the
()j—p4T€—High and in the 2j-BSM-Like reconstructed event categories. A deficit of events
is observed in the 1j—p4T€—Low category. The event yields in the side-band categories
constraining the ZZ* contributions are in good agreement with the SM prediction, while
a small excess is observed in the SB-V H-Lep-enriched and SB-ttV-enriched categories.

As for the previous analysis of the 79.8 fb~! data set, the separation of contributions from
different production modes in each reconstructed event category is improved by means
of multivariate discriminating observables. Neural network (NN) discriminants [202} 203]
are used, instead of the BDT discriminants (Section , improving the measurement
sensitivity by up to 20% in several particle level production bins.
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7.3 Interpretation within the Standard Model Effective Field Theory

Table 7.14: Expected and observed number of events after the full event selection at an
integrated luminosity of 139 fb~! and /s = 13 TeV in each reconstructed event category
assuming the SM Higgs boson signal with a mass my = 125 GeV. Statistical and system-
atic uncertainties are added in quadrature [201].

Reconstructed SM Higgs boson Z7* ttV Other Total Observed

event category signal background background backgrounds expected

Signal region: 115 GeV < my < 130 GeV

0j-pht-Low 242 £35 30 + 4 - 0.75 +0.10 55 £ 5 56
05-pt-Med 76 £8 37 + 4 0.039 £0.007 48 £04 118 £ 9 117
0j-pa!-High 0.3554+0.031 0.020+ 0.012  0.0094+0.0027  0.187 +0.029 0.58+ 0.04 1
1j-p3-Low 34 +4 155 £ 2.7 0.082 +0.009 142 +£0.20 51 £ 5 41
lj—p%,é—Med 20.8 +2.8 4.0 =+ 0.7 0.114 +0.013 0.73 +0.12 25.7 £ 2.9 31
lj-pfjé—High 4.7 +08 048 £ 0.10 0.043 +0.008 0.178 +0.027 54 £ 0.8 4
lj-pffé—BSM 1.23 £0.23 0.069+ 0.031  0.0067£0.0031  0.036 40.007 1.35+ 0.23 2
2j 38 +5 9.1 £ 2.7 0.95 =+0.08 1.56 =£0.21 50 £ 6 48
2j-BSM-Like 3.3 +0.6 0.18 + 0.06 0.032 +0.005 0.052 £0.010 3.6 £ 0.6 6
V H-Lep-enriched 1.29 £0.07 0.156£ 0.025  0.039 £0.009 0.002540.0018 1.50£ 0.08 1
tt H-Had-enriched 1.02 £0.18 0.058+ 0.025  0.252 £0.032 0.093 +0.031 1.42+ 0.18 2
tt H-Lep-enriched 0.42 £0.04 0.00240.005 0.0157+0.0023 — 0.44+ 0.04 1

Side-band region: 105 GeV < mpyg < 115 GeV or 130 GeV < mpy < 160 GeV

SB-0j 4.5 £0.5 150 +13 0.22 +0.04 120  £1.5 167 £13 183
SB-1j 2.80 £0.30 51 + 7 1.29 +£0.16 6.1 £08 61 £ 7 64
SB-2j 2.02 +£0.27 25 + 7 44 05 43 £06 36 £+ 7 41
SB-V H-Lep-enriched 0.2734+0.015 0.48 + 0.06 0.125 +£0.018 0.019 +£0.015 1.00£ 0.07 3

Side-band region: 105 GeV < myg < 115 GeV or 130 GeV < mpy < 350 GeV
SB-ttV-enriched 0.071£0.012 0.32 £ 0.12 12.1 +1.3 0.64 =+0.31 13.2 + 14 19

As in the case of BDT discriminants the NN discriminants are also trained in each
reconstructed event category using several discriminating input distributions in simulated
SM Higgs boson signal and background samples. Two types of neural networks are
combined to define the final discriminant: one multilayer perceptron (MLP); and two
recurrent neural networks (rNN), one for the four-momenta of the four leptons and one
the four-momenta for up to three jets. These three components are chained into another
MLP to obtain the final NN discriminants. In each reconstructed category, one or two
NN discriminants are used to distinguish between two or three signals (ggF, VBF, VH or
ttH production) or between signal and background (ZZ* or ¢tV production) processes.
The input variables employed for the MLP and the two rNN are shown in Table [7.15]
together with the targeted processes. The definition of the input variables is given in

Section [5.3
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Chapter 7 Measurement of the Tensor Structure of Higgs Boson Couplings

Depending on the reconstructed event category and the number of targeted signal and
background processes the neural network processing results in two or three output quant-
ities, corresponding to probabilities for the event to originate from the given process. For
example, in the 0j category two probabilities are given, NNg,r for the ggF production
mode and NNygp for the VBF production. Since these values are linearly correlated to
each other, only one of them (NNger) is used as discriminant. In case of three output
values, two of them are independent. In this case, sub-categories of events are defined by
the threshold on one of the two independent NN discriminants and in each sub-category
only one of the two output discriminants is used. The final NN discriminants used in
the respective reconstructed event categories are also shown in Table together with
the definition of the related sub-categories. The expected and observed distributions of
the final NN discriminants are shown in Figures [7.21|[7.22][7.23 and [7.24] Figure [7.24] also
shows the expected and observed yields in the remaining reconstructed categories in which

no NN discriminant is used, including the side-band regions. All distributions are in good
agreement with the data.

Table 7.15: The input variables for the multilayer perceptron (MLP) and lepton and jet
recurrent neural networks (lepton rNN, jet rNN) chained into the final neural network
discriminant (NN) for each reconstructed event category. The corresponding targeted
processes, the final NN discriminants and the definition of the NN sub-categories are also
shown. The transverse momentum (pseudorapidity) of each of the four leptons and each
of the up to three jets is denoted as p4 (n¢) and pjf (n;) [201]. In addition, the final
discriminant used in the respective reconstructed event category as well as the definition

of the sub-category is shown.

Reconstructed MLP Lepton rNN  Jet rNN Processes Final NN Sub-category
event category Discriminant
Y P KD (ZZ7) ;maz,maa, ; «
0j-py-Low Ppse - gk, Z2Z NNggr -
cos@*,cosby, 077
A0 o AR(5.40 NNvygE NNzz <0.25
1j-pi-Low PL Py ARG A, R ~ P VBRZZ* “
KD (22%) NNz NNz > 0.25
4 bl i, AR(j,40 NNy NNzz < 0.25
1j-pY-Med br ’_piT /15> ARG, 46), Prone ~ @R VBRZZ® O “
Egﬂmssp(](@ (ZZ*) T NNyzz NNyzz > 0.25
40 j
. s p’]wl’é*ﬂ]j-, ¢
1j-pf-High , v 2 - ggF,VBF  NNygp -
AR(j,40), EF**, mae
. - . NNvygr NNvyg < 0.2
2j myj,pp? Phme v eeF,VBFVH
NNy NNvyg > 0.2
2j-BSM-Like Y ol Doy Phon; ggF ,VBF NNvgr -
V H-Lep-enriched Nj, N}ZO% Episs Hp P - VH{ttH NNty -
A0 o ARTUR ) NN, NNy < 0.4
tt H-Had-enriched promis 8847 P10 P, goF ttH, ttV it w
N;O% NNy NNy > 0.4
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Figure 7.21: The observed and expected neural network (NN) output distributions for
an integrated luminosity of 139 fb~! and at /s = 13 TeV in the different reconstructed
event categories, NNgr in 0j-pi-Low, |(b) NN in 0j-pht-Med, NNygr in 1j-pié-
Low with NNzz <0.25 and NNyzz in 1j—p4T£—Low with NNzz >0.25. The boundaries of
the bins are chosen to maximise the significance of the targeted signal in each category.
The hatched band shows the combined statistical and theoretical uncertainty .
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Figure 7.22: The observed and expected neural network (NN) output distributions for an
integrated luminosity of 139 fb~! and at /s = 13 TeV in the different reconstructed event
categories, NNypr in 1j-p#-Med with NNzz <0.25, |(b)| NNzz in 1j-p4-Med with
NNzz >0.25, [(c)] NNygp in 1j-p4-High and [(d)] NNypr in 2j with NNyy <0.2. The
boundaries of the bins are chosen to maximise the significance of the targeted signal in
each category. The hatched band shows the combined statistical and theoretical uncer-

tainty .

218



7.3 Interpretation within the Standard Model Effective Field Theory

ﬂ 25\\\\‘\\\\‘\\\\‘\\\\‘\;\5‘\\\\‘\\\\‘\\\\7 ﬂ 127\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\‘\\D‘\\\\‘\\\\‘\\\\‘\\\\7
S ATLAS Internal ata X : S L ATLAS Internal ata X i
2 H— 22" — 4l v omze S L7 4] ver mz ]
L 13 TeV, 139 fo! [ ggF+bbH XX, VW o w1 0 13 TeV, 139 fb! [ ggF+bbH XX, VW _]
20152 My <130 GeV VBF W Z+jets, [ 115 < m, < 130 GeV [ VH W Z+jets, tt
2] with NN,,,, > 0.2 MttH+H % Uncertainty | [ 2BSMLike WttH+H 7% Uncertainty ]
% : 8 | - —
5 ] : ]
] 6 .
10 5 i ]
S /%)) ] of {
—————____:::: 0 _________________________77777777777777777777777,
2 03 04 05 06 07 08 09 1 0 010203040506070809 1
2f 2j-BSM
NNVH NNVBF
(a) (b)

ﬂ 77\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\‘\\D‘\\\\‘\\\\‘\\\\‘\\\\7 ﬂ 1:\\\\‘\\\\‘\\\\‘\‘\D\\‘\\\\‘\\\\:
c r ata R st E ata B
Q L ﬂLLézs* I_r:tflmal W ggF+bbH W ZZ* ] Q 0.9 ff-?.'_z"zqzs* I_n)tflmal W goF+bbH W ZZ* -
m 6 L 13 TeV. 139 fo-! VBF XX, VW L F 13 TeV 139 b VBF XX, VW
[ 115 < m, <130 Gev [VH W Z+jets, 0.8 1554 My <130 Gev [VH W Z+jets, -
50 ttH-Had-enriched with NN, , < 0.4 WlttH+H 7 Uncertainty - 0.7 E ttH-Had-enriched with NN, > 0.4 WttH+tH 7% Uncertainty -
4 } { 0.6 ? E

3F 1

2 } . {

1= 1

‘ 9
0 010203040506070809 1 4 05 06 07 08 09 1
ttH-Had ttH-Had
NNy ™ NNy ™
(c) (d)

Figure 7.23: The observed and expected neural network (NN) output distributions for an
integrated luminosity of 139 fb~! and at /s = 13 TeV in the different reconstructed event
categories, [(a)) NNyy in 2j with NNyg >0.2 [(b)] NNygp in 2j-BSM-Like, NNy in
ttH-enriched with NNyyy <0.4 and @ NN;yv in ttH-enriched with NNyyy >0.4. The
boundaries of the bins are chosen to maximise the significance of the targeted signal in
each category. The hatched band shows the combined statistical and theoretical uncer-

tainty .
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Figure 7.24: The observed and expected neural network (NN) output distribution for an
integrated luminosity of 139 fb~! and at /s = 13 TeV in the @ V H-Lep-enriched re-
constructed event category NN g. The expected and observed number of events in the

reconstructed event categories and in the side-band regions are shown in @ and

respectively. The boundaries of the bins are chosen to maximise the significance of the

targeted signal in each category. The hatched band shows the combined statistical and
theoretical uncertainty [201].
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7.3 Interpretation within the Standard Model Effective Field Theory

The constraints on the production cross section measurement in exclusive regions of the
phase space as defined in Reduced-Stage-1.1 are obtained from a binned maximum likeli-
hood fits to the data using the profiled likelihood ratio method as described in Section [5.5]
The normalisation of the irreducible ZZ* and ¢tV background are included as additional

nuisance parameters in the fit. The respective likelihood function is given as

NCategories NBins NNuisance
GC(O',H) = H H P(TL@]' ‘ L-O’-@-ﬂid‘ (0)+bi7j (0)) X H Ch (0) (7.19)
i i m

The constraints on o - B are again obtained using a test statistic based on the ratio of
profiled likelihoods as given in Equation

The expected and the observed cross sections o - B, as well as their ratio to the SM predic-
tion are shown in Table for each particle level bin of the Reduced-Stage-1.1 scheme.
The results are summarised in Figure The uncertainties on the SM prediction are
not included in the uncertainties on the ratio (o-B) /(0 B)gy- The results agree with

the SM prediction within two standard deviations.

Table 7.16: The expected SM cross section (o - B)gy, the observed cross section (o -B) and
their ratio (o-®B) /(0 -B)gy measured in the Reduced-Stage-1.1 production bins with the
H — ZZ* decay for an integrated luminosity of 139 fb~! at \/s = 13 TeV. The uncertainties
on the observed values are given as (stat.)+(syst.). The impact of the theory uncertainties
is smaller than the rounding of the total uncertainty [201].

Production bin Cross section (o-®B) [pb] (0-B)/(0-B)gnm
SM expected Observed Observed

ge2H-0j-pH-Low  0.176 +0.025 0.174£0.05+0.02  0.9840.30£0.09
ge2H-0j-pH-High 0.55 40.04 0.63+£0.09+0.06  1.1540.17+0.11
gg2H-1j-p-Low  0.172 +0.025 0.05+0.07 *3%¢  0.30+0.40 32
ge2H-1j-pf-Med  0.119 40.018 0.1740.05 7002 1.4040.40+0.10

ge2H-1j-pH-High  0.020 £0.004  0.009709;% +£0.002 0.5705 £0.1

gg2H-2j 0.127 +£0.027  0.04%0.07+£0.04 0.34£0.5+0.3
gg2H-pH High  0.015 £0.004  0.038%9%2L +9.003 2.5118 102
qa2Hqq-VH-Like  0.0138%50005  0.02155:035 0006 L5431 104
qq2Hqq-Rest 0.107670- 0923 0.1540.05 7092 1.440.5 92
aq2Hqq-BSM 0.004240.0002  0.000579072+0.008  0.17}:7+0.2
qa/gg2HLep 0.0164£0.0003  0.022+3928 +0.003 1.35}7 02
ttH 0.0154%0505  0-02675037 “0603 LT 103
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Figure 7.25: The observed and expected values of the cross sections o - @B Reduced-Stage-
1.1 production bins, normalised to the SM prediction (o -B)gy; with the H — ZZ* decays
for an integrated luminosity of 139 fb~! at /s = 13 TeV. The fitted normalisation factors
for the ZZ* and tVV background are shown in the inserts. Different colours indicate
different Higgs boson production modes or background sources. The grey vertical band

represents the theory uncertainty on the signal prediction. [201].

The presented results of the cross section measurements in production bins of the Reduced-
Stage-1.1 scheme are interpreted in the framework of the SM Effective Field Theory
(SMEFT) as described in the following.

7.3.2 BSM Signal Modelling

The observables in each particle level production bins of the Reduced-Stage-1.1 scheme
are parametrised in terms of BSM parameters (SMEFT Wilson coefficients) within an
effective field theory. The parametrisation is determined separately for the production
cross sections, the branching ratio and the particle level acceptance of the H — ZZ* — 44
Higgs boson candidates. Each of these parametrisations is described in more detail in the
following.
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7.3 Interpretation within the Standard Model Effective Field Theory

7.3.2.1 Cross Section Parametrisation

First, the production cross section can be parametrised as a function of BSM coupling
parameters by employing the linear correlation of a production cross section to the squared
matrix element of the corresponding process. The matrix element including new physics
via Wilson coefficients C; is given as

Ci
Myt =M+ 1z M (7.20)

where A corresponds to the energy scale at which new physics is assumed to appear. The
squared matrix element is then

CiC,
4

o 2me (). (7.21)

Mix|” = Msu* + % -2Re (ML) +>

i ij

The first term corresponds to the cross section of the given SM process (SM term), the

second one to the interference between the SM and the introduced BSM interactions (INT

term) which is suppressed by a factor of 1/a2 and the last one describes the pure BSM

contributions (BSM term) suppressed by a factor of 1/a*. The production cross section
can, therefore, be separated into the corresponding three terms,

0 = 0SM + OINT + OBSM - (7.22)

The dependence of the Higgs boson production cross section o?(¢) in a given particle level

production bin p on a set of Wilson coefficient ¢ = €/A? can then be expressed as

a?(c)
@ =1 -|-ZAfci +ZBZ-CiCj, (7.23)

ij

where A? (ij) are the pre-factors of the linear interference (quadratic) terms that can
be obtained from simulation.

The considered BSM coupling parameters ¢; are summarised in Table The pre-factors
Af and ij are computed using the SMEFTsim_A_ U35 MwScheme_UFO_v2.1 UFO
model [32} 169] within the MADGRAPH5 AMC@NLO event generator. The currently
available implementation of the SMEFT model only provides the computation at LO
in QCD and SM EW processes with additional corrections introducing the LO effective
couplings of the Higgs boson to gluons and photons. It is assumed that the higher-order
corrections are the same for both the SM and the BSM LO predictions [204], such that the
parametrisation in Equation[7.23|can be used as a relative correction to the SM prediction
calculated at NLO or NNLO,

aP(e) = ogi\(/[N)NLO (1 + ZAfci + ZBZcicj) . (7.24)

]
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Chapter 7 Measurement of the Tensor Structure of Higgs Boson Couplings

The pre-factors AY and ij are computed with MADGRAPH5__ AMC@NLO generator by
calculating separately the SM, the interference and the BSM part of the total production

cross section for processes involving BSM physics. The input syntax used in the gener-
ator to obtain these fractions (SM term, INT term and BSM term) is shown in Table

For example, in the case of two BSM coupling parameters entering into the interaction
vertex, six Monte Carlo samples are required to calculate the parametrisation: one SM
sample; two BSM samples which include only the interference terms, with one BSM
coupling parameters c¢; set to one and the other to zero; two BSM samples with the
same configuration but including only the pure quadratic BSM terms |mi|2; and one
mixed BSM sample including the BSM terms with both BSM coupling parameters set to
one. The configuration of the Monte Carlo samples used for the pre-factor calculation is
summarised in Table together with the resulting six production cross sections oy,
where X indicates the type of the contribution (SM, INT or BSM). Each of these Monte
Carlo samples is analysed on particle level to obtain the fraction f, of events that fall into
a given particle level production bin p. Accordingly, the production cross section in the
particle level production bin corresponds to

ok = fp-ox. (7.25)

The pre-factors corresponding to the linear and quadratic term can be directly obtained
from the calculated production cross sections in the particle level production bin as follows

p p p p

g g ag ag
A= p oAb Do ogh = B anq gl = B2 (7.26)
1 p 2 p 11 P 22 p

OsMm oM osm Osm

Since the production cross sections agu and ngz are included in Ugm, they are subtracted

to determine the pre-factor B‘fz related to the mixed term cjcy

p p p
g — O — O
B B B
By = —* US; 2. (7.27)

Table 7.17: MADGRAPHS5__ AMC@NLO syntax to obtain the three different contributions
(SM, INT and BSM) of the production cross section with non-vanishing values of BSM
coupling parameters

Syntax Cross section BSM dependence

SM term: NP/\2==0 oSM —
INT term: NP"2== OINT linear
BSM term: NP/\2==2 OBSM quadratic
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7.3 Interpretation within the Standard Model Effective Field Theory

Table 7.18: Configuration of the Monte Carlo samples used for the cross section paramet-

risation in case two arbitrary BSM coupling parameters c; and ¢y

Sample Type Value ¢; Value ¢  Syntax  Cross section
SM 0 0 NP/ 2==(0 OSM
INT term ¢q 1 0 NP/\2== oA,
BSM term c? 1 0 NP/ \2==2 OBy,
INT term cp 0 1 NP\ 2== OA,
BSM term c? 0 1 NP/\2==2 OBy,
BSM term cycs 1 1 NP/ 2==2 OBy

To obtain the BSM parametrisation, several Monte Carlo samples are generated, with
100 000 events in each sample. Without the loss of generality, a massless version of the
SMEFT model is used, i.e. the mass of the light quarks and the mass of e, u and 7 leptons
is set to zero. A Higgs boson mass of my =125 GeV is assumed. The generated events are
showered with PYTHIAS8 using the CKKW-L matching scheme to match matrix element
and parton shower computations with different jet multiplicities [131]. The generator
level cuts pjT > 10 GeV and m;; > 3 GeV are applied. All processes are simulated within
the four-flavour scheme (4FS) apart from the ¢tHW production for which the five-flavour
scheme (5FS) is used [|167].

The MADGRAPH5  AMC@NLO input syntax for the simulation of a given Higgs boson
production process, the required number of simulated samples and the detailed config-
uration of each sample is shown in Appendix Since the bbH production mode is
treated as a part of the gg2H production bin, the ggF and bbH process are simulated in
the same sample (gg2H production). For each of the processes, the SM cross section, the
interference (linear) and pure BSM (quadratic) terms with the respective BSM coupling
parameters set to one is calculated.

In case of the gg2H (W H-Lep) production, only one of the considered BSM coupling
parameters enters into the interaction vertex, cya (cgw). Therefore, the corresponding
parametrisation is obtained with three Monte Carlo samples. The VBF+V H-Had and
Z H-Lep production modes depend on three BSM coupling parameters (cgw, cgp and
cawB), requiring ten Monte Carlo samples for the parametrisation. The ttH, tHjb and
tHW processes are affected by the ¢,z and cgg BSM coupling parameters correspond-
ing to six Monte Carlo samples. Contributions from the gg — Z(— ¢¢)H process are
assumed to have the same parametrisation like the g — Z(— ¢¢)H process such that no
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Chapter 7 Measurement of the Tensor Structure of Higgs Boson Couplings

corresponding BSM Monte Carlo samples are produced. The impact of BSM coupling
parameters on the background is assumed to be negligible.

The resulting total production cross sections for each generated SM and BSM process
are summarised in Appendix Similar parametrisation procedure is also used for
the CP-odd BSM coupling parameters, assuming that CP-even BSM parameters are
not contributing. Since the CP-odd interference term does not contribute to the total
cross section, a smaller number of samples is required in this case. The configuration
of the corresponding generated Monte Carlo samples and the resulting total inclusive
production cross sections can be found in Appendix [C.I] and [C.2] respectively.

As mentioned above, all simulated samples are analysed on particle level to obtain the
fraction of events falling into a particular particle level production bin. The gg2H pro-
duction bins are defined based on the pseudorapidity ng and the transverse momentum
pif of the Higgs boson, the pjf of the final state jets as well as the number of jets
with péﬂ > 30 GeV in the final state N;. The respective distributions from the SM, the
interference and the BSM terms with cyg =1 are shown in Figure In the SM case,
the Higgs boson is produced more centrally in the detector and with a larger transverse
momentum. The jets in the final state tend to have larger transverse momenta and a
higher jet multiplicity as expected for the SM.

The relevant observables for the production bins of the VBF+V H-Had production (re-
ferred as qq2Hqq production in the following), are 7y, p¥ and pg'p. In addition, the
invariant mass of the two leading jets m;; is used for the classification. As an example,
the kinematic distributions of these variables are shown for cyw = 1 in Figure [7.27]
The equivalent distributions with c¢yp =1 and cygwp =1 are shown in Appendix [B.3]
Compared to the SM, the ny distribution from the interference term is wider while it
is more central in the case of the BSM term. The Higgs boson has a larger transverse
momentum in case of the interference and BSM terms compared to the SM term. The
jet transverse momenta tend to have smaller values for the interference term, while the
spectra is harder for the BSM term. The invariant mass of the two leading jets tends to
have slightly higher values in case of the SM Higgs boson.

For the ZH-Lep, W H-Lep and ttH+tH production only the pseudorapidity of the Higgs
boson and the jet transverse momenta is used for the definition of the respective particle
level production bin. The corresponding distributions are shown in Figure [7.2§] for the
W H-Lep (tHjb) production for cgw =1 (cym = 1). The remaining distributions are
shown in Appendix [B:3] The interference term cgyw =1 in the W H-Lep production gives
similar distributions as the SM, while the Higgs boson is produced more central and the
jet transverse momenta are larger in case of the BSM term. In case of tH jb production
the Higgs boson and the jets tend to have smaller values of ng and p]f as compared to
the SM term.
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Figure 7.26: The expected distributions of N, p? pf_,, and N; with p?,, >

30 GeV in the gg2H production mode shown separately for the SM, the interference and
BSM term with the BSM coupling parameter cyg = 1.
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Figure 7.27: The expected distributions of N, p?, pzf and m mj; in the

qq2Hqq production mode shown separately for the SM, the interference and BSM term
with the BSM coupling parameter cyw = 1.
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Figure 7.28: The expected distributions of g and IN; shown separately for the SM, the
interference and BSM term with the BSM coupling parameter cgy =1 in @ and
W H-Lep and ¢,y =1 in and @ tH jb production.
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Chapter 7 Measurement of the Tensor Structure of Higgs Boson Couplings

The fractions of events in each particle level production bins of the Reduced-Stage-1.1
scheme are summarised in Appendix [B.4] and [C.3] for all considered Higgs boson pro-
duction modes with CP-even and CP-odd BSM coupling parameters, respectively. For
the EFT parametrisation of the qq/gg2HLep (ttH) production bin, the calculated cross
section in the production bin is summed up for ZH-Lep and W H-Lep (ttH, tHjb and
tHW) production. The resulting EFT parametrisation is summarised in Table [7.19] The
EFT parametrisation for CP-odd BSM coupling parameters is given in Appendix [C.4]

In order to validate the derived EFT parametrisation, dedicated validation Monte Carlo
samples are generated for each of the production modes including all three terms in a
single sample (SM, INT and BSM). The samples are produced for different values of BSM
coupling parameters. The production cross section is calculated in each particle level
production bin and is compared to the expected value from the EFT parametrisation.
The validation results are shown in Figure[7.29] Within the statistical errors all calculated

production cross sections agree with the predictions of the EFT parametrisation.

7.3.2.2 Branching Ratio Parametrisation

In addition to the cross section also the branching ratio of the H — ZZ* decay is affected
by the studied BSM coupling parameters. The parametrisation of the branching ratio is
obtained from the parametrisation of partial and total decay width, in a similar way as
for the cross sections. The partial and the total decay width can also be divided into the
SM, interference and BSM terms

F4£/tot _ Féﬁmt +F?1€1{120t +Pgs/ltfta (7.28)

where T'* is the partial width for the H — ZZ* — 4¢ decay and I'*°t = >f I'/ is the total
Higgs boson decay width, defined as the sum of all partial decay widths from all decays.
Therefore, the dependence of the branching ratio on the BSM coupling parameters can
be expressed as

B I'*(c) B &, . 1+, At +225 Bi‘f@q

BY¥(c) = = .

(7.29)
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Figure 7.29: Comparison of the relative cross section o/ogy per particle level production
bin as predicted by the EFT parametrisation for different BSM parameters (dotted lines)
and the production cross section of the validation points (VP) obtained from the Monte

Carlo samples (points) for @ gg2H, @ qq2Hqq, V H-Lep and @ ttH production.

The pre-factors A%, Bff, Azf and Bifj are computed at LO using MADGRAPH5__ AMC@NLO

samples with the Higgs boson decay alone. The branching ratio is expressed as a relative
correction to the SM prediction calculated at NLO

B (c) = By (7.30)

assuming that the higher-order corrections to the branching ratio are the same for the
SM and for the BSM samples.
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Chapter 7 Measurement of the Tensor Structure of Higgs Boson Couplings

Each Monte Carlo sample comprises 100 000 events generated with the massless version
of the SMEFT model. A cut is applied on the Breit-Wigner distribution of the resonance,
defining the Higgs boson to be on-shell if its invariant mass is within the mass window of

my £T%".15. In addition, an angular separation between leptons of AR(¢,£') > 0.05 is

required. For the generated Monte Carlo samples the obtained total Higgs boson decay

width at LO, Ftscl)\%LO =4.995 x 1073 GeV, is used. Only the dominant decay modes are

considered for the calculation.

Table 7.19: EFT parametrisation of the cross section ratio o/ogy for each particle level

production bin of the Reduced-Stage-1.1 scheme and of the ratio of decay widths I'/T'gy

in dependence on the CP-even BSM coupling parameters

Production bin

Cross section parametrisation, o/ogy

gg2H-05-pH -Low
gg2H-0j-p7/-High
gg2H- 1j—p¥—L0w
gg2H- 1j—p¥—Med
gg2H-1j-pf-High
gg2H-2j
gg2H-pf-High
qq2Hqq-V H-Like

qq2Hqq-BSM
qq2Hqq-Rest

qq/gg2HLep

ttH/tH

14 35.80chc + 326.23c%;
1+35.33cuc +319.05¢k g
1+31.27cyg +264.44¢%
1+29.55c¢ 4 236.09¢%;
1428.00ck ¢ +225.53c%¢;
1+17.62cy¢ +118.92¢%
1+17.77Tcpe + 162.65¢%;

1+ 0.593cyw + 0.258¢2% + 0.019¢cyp + 0.014¢%5 + 0.088cywp
0.023¢%y 5 +0.005¢gwen g +0.034cawenw g +0.005cH perw B

1 + 0.190cgw + 0.506¢%, — 0.002cyp + 0.057c% 5 + 0.042cywp
0.0480%[WB +0.012cgwcecrp —0.059cywcegwn — 0.028cypcuw B
1 + 0.059cgw + 0.092¢%y, + 0.002cyp + 0.027¢% 5 + 0.037cyws

O.OISC%JWB + 0-015CHWCHB - 0~016CHWCHWB - 0'024CHBCHWB

1 + 0.828cyw + 0.321c¢%y, + 0.035cyp + 0.013¢% 5 + 0.127cyws
0.026C%WB —0.218cywengp —0.155cgwegwp +0.020cg secgw B

140.483c 6 +0.590¢% ¢ — 0.108¢,1 +0.009¢2 5, — 0.015¢ g cun

Decay process

Decay width parametrisation, T'/T'sy

P/,

Ftot/l’*gi\t;[

1 — 0.199cyw + 0.753c% — 0.112cyp + 2.665¢% 5 + 0.181lcywn
0.7600%”/1/3 - 0~0430HWCHB - 1-2880HWCHWB - 1~397CHBCHWB

1 — 0.054cqw + 0.162¢%y, — 0.076cup + 1.209¢% 5 + 0.062ckw s

+

+

0.357¢%y g +1.519ckG +14.922¢%,+0.518cgwen g —0.441cpwenw s —

1-132CHBCHWB
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The MADGRAPH5 AMCQ@NLO syntax for all considered decays is shown in Ap-
pendix [B:I] The total decay width depends on four BSM coupling parameters: cp¢,
ciaw, cgp and cgwp. Since cya does not contribute to the decay vertex, twelve simu-
lated samples are required. The HV'V interaction vertex depends on three BSM coupling
parameters (cgw, cgp and cgwp) leading to ten simulated Monte Carlo samples. The
values of the partial and total decay width for each of the simulated samples are sum-
marised in Appendix and for CP-even and CP-odd BSM coupling parameters,
respectively. The resulting EFT parametrisation for CP-even (CP-odd) BSM coupling

parameters is shown in Table (Appendix |C.3)).

7.3.2.3 Detector Acceptance Parametrisation

The selection criteria of the Higgs boson candidates in the H — ZZ* — 4¢ decay channel
(see Section introduce an additional dependence on the BSM coupling parameters.
The largest impact of BSM contributions is expected on the invariant mass ms4 of the
subleading lepton pair as shown in Figure for the gg2H production. The larger
the absolute value of the BSM coupling parameter (cyw, cgp and cgwp) the smaller
the invariant mass of the subleading lepton pair. Therefore, the four-lepton selection
criteria reject more events in case of BSM hypotheses as compared to the SM. In order
to take this effect into account, the signal acceptance is parametrised in dependence on
the Wilson coefficients cpw, cgp and cgwp assuming vanishing CP-odd BSM coupling

parameters values.

A common acceptance parametrisation is used, since the modifications introduced by the
different production bins are shown to be very small. The parametrisation is derived
using the dominant gg2H production mode, while the same parametrisation is expected
also for other production modes.

The acceptance correction relative to the SM prediction is described by a three-
dimensional Lorentzian function with free acceptance parameters og,o1,a2, 3, 0i, 0;
and (5i,j,k:7
—1
Ale) _ 2 5 (e 2 P VPP o 1
Asm1 —050+(041) : OCQ"’Z 2'(@"’5@) + Z z,j'czcj+ i,5,k " CiCiCk > (7'3 )
i#]

where indices ¢, j and k run over HW, HB and HW B. In addition, a quadratic modelling
of the detector acceptance has been implemented. However, in the expected sensitivity
range this approximation is not valid. In order to determine the values of the accept-
ance parameters in Equation [7.31], a three-dimensional fit of the signal acceptance ratio
A Ay is performed. For this purpose, 117 Monte Carlo samples with different values
of BSM coupling values and including all contributing terms (SM, INT and BSM ) are
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generated for the Higgs boson production via gg2Hand the H — ZZ* — 4¢ decay. The
simulated events are fed through the event selection of the inclusive analysis and the signal

acceptance defined as,
Nafter 44 selection
N total

is calculated for each of the samples. The ratio to the corresponding SM prediction Agy

A = (7.32)

is used as input for the fit. The configuration of the generated Monte Carlo samples, as
well as the calculated ratio of acceptances is shown in Appendix

The fit result, i.e. the values of the acceptance parameters are summarised in Table [7.20]
The EFT parametrisation of the signal acceptance is visualised by means of one-
dimensional projections for cgyw, cyp and cgwp shown Figure [7.31] Each projections
agrees well with a one-dimensional Lorentzian function. The signal acceptance para-
metrisation for the CP-odd BSM coupling parameters is derived in the same way, by
assuming vanishing CP-even BSM coupling parameters values. The fit result is shown in

Appendix

For the modelling of the detector acceptance with mixtures of CP-even and CP-odd BSM
contributions a description with a six-dimensional Lorentzian function is required. Since
for the three-dimensional case already a very large number of generated Monte Carlo
samples is required and the number of free acceptance parameters in the fit is large, the
detector acceptance is not modelled for both CP-even and CP-odd BSM contributions at

the same time.

Table 7.20: Values of acceptance parameters obtained from the fit of the three-dimensional
Lorentzian function (Equation [7.31])

Acceptance Fit result Acceptance Fit result
parameter parameter
o 0.153+0.003 ogw 0.614+0.027
a1 0.874+£0.010 OHB 2.2944+0.033
a9 0.881+0.019 dgwB 0.703£0.029
Baw —0.1334£0.012 SHW.HW B —1.21040.040
BuB 0.005+0.005 OHB HWB —1.220+£0.060
Bawn 0.120£0.011 OHW.HB 0.080£0.070
OHW,HB,HW B 0.050 £0.060
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Figure 7.30: Particle level distribution of the invariant mass ms4 of the subleading lepton
pair for different values of BSM coupling parameters @ CHW @ cgp and CHWB-
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7.3 Interpretation within the Standard Model Effective Field Theory

7.3.2.4 Full Signal Model

The expected number of events in each particle level production bin p of Reduced-Stage-1.1
scheme is parametrised as a product of the cross section, branching ratio and acceptance.
The final signal parametrisation is, therefore, given as

o?(c)-BY(c)- AP (c) =

p(N)NLO 4¢NLO p
T8M By - Asu

. (lﬁLZA?CiJrZB%CiCj) (7.33)

-1
o+ (a1)2 - oo+ Z(Si . (Ci +/8i)2 + Zé@j cicj + 5i,j,k CiCiCk,
i ij i#jFk

i#]
The expected event yields relative to the SM prediction are shown in Figure for a
given Wilson coefficient after setting all other coefficients to zero. Only particle level
production bins with the highest sensitivity to the corresponding BSM coupling paramet-
ers are shown, in addition as an example the production bin with the lowest sensitivity
(gg2H-pi-High) is shown for the gg2H production. The BSM dependence of expected
event yields in all remaining production bins is given in Appendix For comparison,
also the predictions without the acceptance (o -®), and without both acceptance and
branching ratio corrections (o) are shown. In addition, the grey bands indicate the
prediction of the SM production cross section measurement at 1 o level, closely related

to the measurement sensitivity in the corresponding production bin.

The BSM coupling parameter cpg contributes only to the effective Higgs boson coupling
to gluons. Therefore, the largest sensitivity is expected in the gg2H production bins. In
the most sensitive production bin (gg2H—Oj—p¥ -High) a linear EF'T approximation is valid,
while in production bins with ten times smaller sensitivity also the quadratic term contrib-
utes. In the expected sensitivity, range the impact of non-vanishing values of cgg on the
total Higgs boson decay width is small, and there is no impact on the partial decay width.
The BSM coupling parameters cgw,cywp and cyp contribute to the qq2Hqq produc-
tion and to the H — ZZ* — 4/ decay. The particle level production bin with the largest
sensitivity to VBF or V H production is qq2Hqq-Rest. The parametrisation of the pro-
duction cross section has a strong quadratic dependence in the expected sensitivity range,
such that the contributions from the BSM term (suppressed by 1/a4) of the EFT para-
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metrisation cannot be neglected. Adding the parametrisation of the branching ratio the
sensitivity is improved. However, this improvement is lost for the BSM coupling para-
meter cyw after accounting for the signal acceptance. On the other hand, the expected
sensitivity remains approximately the same for cywp and cyp, because the parametrisa-
tion of the signal acceptance for these two parameters flops the sign compared to the one
for the cpw parameter. Since the BSM coupling parameters cyw,cgwp and cgp enter in
the decay vertex, they are measured in all Higgs boson production modes, including the
dominant gg2H production. The largest sensitivity for these BSM coupling parameters
comes from the gg2H production bins due to the largest expected number of events in that
bins. There is also a non-negligible sensitivity in qq2Hqq bins since the Wilson coefficient
appear in the corresponding production vertex. The effective top Yukawa interaction is
measured in the ttH production bin. Also here the quadratic terms cannot be neglected
in the expected sensitivity range.

7.3.3 Validation with Simulated Data

In order to validate the EFT parametrisation several fully reconstructed BSM signal
samples (see Section are used. The configuration of the samples and the corres-
ponding cross sections times branching ratios are summarised in Table The values
of the BSM coupling parameters are chosen such to cover the expected sensitivity range
at the 1 o level.

As an example the comparison of the p# distribution obtained with the SM (N)NLO
validation samples and with the SMEFT LO Monte Carlo samples are shown Figure
for the different Higgs boson production modes. Further distributions are shown in
Appendix [B7]  Since the VBF and V H-Had production mode are simulated as one
sample in case of the BSM signal process, the corresponding EFT prediction is combined
with the one for the V H-Lep production in order to compare with the best-prediction
from the SM VBF and V H signal samples. In case of the gg2H production mode, the
shape of the p%f distribution of the SMEFT LO sample differs from the SM higher-order
predication (NNLO)sample. For the gg2H production the higher-order corrections have
a larger impact on the cross section and the expected kinematic distributions compared
to the other production modes. However, the distribution matches the LO expectation.
Other distributions agree well with the NLO prediction.

Similarly, the pf_,{g distributions for the reconstructed validation samples with the BSM
signal are compared to the respective SM sample in Figure [7.36] separately for the gg2H,
qq2Hqq, VH-Lep and ttH production mode. Further distributions are shown in Ap-
pendix [B7} Non-vanishing BSM coupling values lead to a slightly harder spectra of the
four-lepton transverse momentum.
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Table 7.21: Configuration of the fully simulated and reconstructed BSM signal samples
used for the validation of the EFT parametrisation at reconstructed level. The corres-
ponding cross sections times branching ratio (o -B) are shown in addition.

BSM coupling o-®B [fb] BSM coupling o-®B [fb]
parameter parameter

g92H production qq2Hqq production
SM 2.44 SM 0.41
cgg = 0.005 2.82 cgw = 0.5 0.48
cagw = 0.50 2.64 cup = 0.5 0.55
cyp = 0.5 3.32 cgwp = 0.5 0.53
cawp = 0.5 3.12

VH-Lep production ttH production

SM 0.038 SM 0.040
chw = 0.5 0.061 cug = 0.5 0.011

The EFT parametrisation of the production bins is performed on particle level. However,
as described in Section the measurement of the production cross sections is per-
formed simultaneously in several event categories designed to target the different Higgs
boson production bins. Since some of the observables used for the categorisation are
in general sensitive to BSM physics, non-vanishing BSM coupling parameters could lead
to the BSM dependence of the reconstruction efficiency in each category. In this case,
the EFT parametrisation could only be done at reconstructed level, i.e. with a large set
of fully simulated samples. To investigate whether such a BSM dependence exists, the
selection efficiency € in each of the reconstructed event categories 4, defined as

N;

)
Nafter 44 selection

(7.34)

€ =

is calculated for each of the BSM signal samples, see Figure[7.37} N; is the total number of
events in a given reconstructed category and Nafier 4¢ selection 1S the total number of events
after the inclusive 4¢ selection. Within the statistical uncertainties a good agreement is
observed between the SM and various BSM hypotheses. Therefore, no additional EFT
parametrisation of the event reconstructed efficiency is needed.
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Figure 7.35: Expected distribution of p3 for the SM (N)NLO and SM SMEFT LO sample
for @ gg?2H, @ VBF+V H and ttH production.

243



Chapter 7 Measurement of the Tensor Structure of Higgs Boson Couplings

Normalised to unit area

Normalised to unit area

0.4:\ T ‘ UL ‘ TTT ‘ T UL ‘ TTT ‘ TTT ‘ TTT ‘ TT \:
r HoZZx- 4l gg2H SM LO ]
0'35; 13 Tev Boo2H ¢ =0.005
0 3i 115 GeV < m, < 130 GeV gg2H CHW_Os 7:
L gg2H ¢ =0.4 1
0.25F fggoH ¢ =05
0.2F E
0.15 =
0.1k =
0.05F E
O:\ L1 ‘ Ll ‘ L1 ‘ L1l ‘ Ll ‘ L1 ‘ L1 ‘ Ll L1 \:

0 20 40 60 80 100 120 140 160 180

41
Py [GeV]
(a)

0.4:\ T ‘ UL ‘ TTT ‘ T UL ‘ TTT ‘ TTT ‘ TTT ‘ TT \:
0.355 H-Zzz*- 4| VH-Lep LO E
U 183 Tev VH-lep ¢ =05
F 115GeV < m, < 130 GeV w ]
0.3 -
0.25F E
0.2F =
0.15 E
0.1 =
0.05F E
OT\ L1 ‘ Ll ‘ L1 ‘ L1l ‘ Ll ‘ L1 ‘ L1 ‘ Ll ‘ L1 \:

0 20 40 60 80 100 120 140 160 180

41
p? [GeV]

(©)

Normalised to unit area

Normalised to unit area

0.47\ T ‘ UL ‘ TTT ‘ TTT UL ‘ UL ‘ T 1T ‘ T 1T ‘ TT \7
F HozZ*- 4 ]
L qq2Hqq LO i
0-35; 13 Tev £ qaoH 05 B
F 115GeV < m, < 130 GeV £ 407G €, = B
0.3 {7 qg2Hag ¢ 04
0.25; qq2Haqq cHWE=O.5 é
0.2 =
0.15\ [
0.1+ =
0050 e SR =
ool e pnd ]
u\‘“ ‘ L1 ‘ L1 ‘ L1 ‘ Ll ‘ Ll ‘ L1 ‘ L1l ‘ L1 \7

OO 20 40 60 80 100 120 140 160 180

41
P [Gev]
(b)

0.47\ T ‘ UL ‘ TTT ‘ TTT UL ‘ UL ‘ T 1T ‘ T 1T TT \:
0 35; H-ZzZ*- 4l DHH Lo 7:
UYp 137Tev % H ¢ =8 ol
[ 115GeV < m, < 130 GeV " —
0.3 -
0.25F E
0.2F E
0.15F =
0.1 =
0.05F E
O: L ‘ Ll ‘ L1 ‘ L1 ‘ Ll ‘ Ll ‘ L1 ‘ L1l ‘ L1 \:

0 20 40 60 80 100 120 140 160 180

41
p? [GeV]

(d)

Figure 7.36: Expected distribution of p#f ! for SM and selected BSM Higgs boson signals
for @ gg?2H, @ qq2qu, ﬂ V H-Lep and ttH production.
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Figure 7.37: Event reconstruction efficiency in each event category, shown for different
values of BSM coupling parameters and for the SM point, separately for the @ gg2H,

@ qq2Hqq, V H-Lep and @ ttH production.

In order to increase the sensitivity of the cross section measurements, NN discriminants
(Section are employed in the reconstructed event categories. However, the BSM
contributions can modify the distribution of a given variable which is used for the neutral
network. If this BSM dependence is not taken into account for the signal parametrisation,
the measurement results may be biased. The distributions of the NN discriminants in
reconstructed event categories with large sensitivity to a given production bin are shown
in Figure[7.38 For all NN discriminants, a small BSM dependence is observed, which can
be neglected with the current statistical precision of the measurement.
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Figure 7.38: Expected distributions of NN discriminants NNggr in the Oj—p%f—Med,
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egory.
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7.3.4 Systematic Uncertainties

The impact of the QCD scale and PDF variations is computed using the MAD-
GRrAPHS__AMCQNLO generator and evaluated in a similar way as described in Sec-
tion The QCD scale uncertainties are evaluated by varying the renormalisation and
factorisation scale and by comparing the nominal choice (uo, g and po r) to different pairs
of QCD renormalisation and factorisation variations of © =#o/2 or =2 ug. The impact
of the PDF uncertainties is calculated using the internal variations of the NNPDF23lo
PDF set.

As an example, the evaluated uncertainties on the event yield for the gg2H production
in the production bin with largest sensitivity (gg?H—Oj—p¥ -High) for each of the recon-
structed samples are shown in Figure The impact of the QCD scale and PDF
uncertainties is very large (in the order of 10-20%) and the size of the variations is
approximately the same for different values of Wilson coefficients. This holds also for the

other particle level production bins.

The size of the calculated systematic uncertainties is large, because the Monte Carlo
samples are generated at LO accuracy. Since there is only a negligible dependence on the
value of the BSM coupling parameter and the BSM parametrisation is introduced as a
relative correction to the best-prediction of the SM, the theoretical uncertainties assigned
on the SM best-prediction are used. In addition, it is assumed that there is no BSM
dependence of the experimental systematics. They are also taken from the production

cross section measurement.

7.3.5 Statistical Analysis Model

The signal EFT parametrisation is implemented in the likelihood function of Equation[7.19]
by means of the BSM dependent signal strength parameters u?(c) for each given produc-
tion bin p,

a(c) B*(c) Alc)

osm B Asm
This is then fitted to the observed event yields. Default SM predictions at the highest
available order are employed for the cross sections and the branching ratio multiplying the
signal strengths in the likelihood function from Equation Constraints on the Wilson
coefficients are obtained using a test statistic based on the ratio of profiled likelihoods as

given in Equation

WP(e) = (7.35)
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Figure 7.39: The impact of @ QCD scale and@PDF variations on the event yield in the
gg2H-05-pX-High production bin for gg2H production with different BSM coupling values.
For visualisation, only a subset of PDF uncertainties is shown. Up (down) variations are
shown as solid (dashed) lines.
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7.3.6 Results

The observed cross section times branching ratio normalised to the SM prediction
(0-B)/(0-B)sm measured in the Reduced-Stage-1.1 production bins is shown in Fig-
ure [7.40] In all particle level production bins the measured value is in a good agreement
with the SM prediction of one. A small excess is observed in the gg2H—p¥ -High produc-
tion bin which originates from the about two times more events observed than expected
in the 1 j—p4T£—BSM reconstructed event category. A small deficit is measured in the gg2H-
1 j—p:,f! -Low production bin due to less events observed than expected in the corresponding
1 j—pf}e—Low event category.

The observed (o-B)/(0-B)sm ratio is compared to the prediction of the signal model in
each production bin. The values of the Wilson coefficients are chosen to be within the
quoted 68% CL of the cross section measurement (Section . All Wilson coefficients,
except cyw,cun and cgy, affect the cross section times branching ratio by 10 — 20%
in the gg2H production bins. Although the effective coupling to the gluons (c¢y¢g and
CHG) contributes in the gg2H and ¢tH production bins, but it is mainly measured in
the gg2H bins due to a larger number of expected events. Deviations from the SM
prediction in the qq2Hqq production bins can be mostly described by the Wilson coeffi-
cient cgw or ¢y ,. The sensitivity for these Wilson coefficients originates mainly from
BSM contributions to the production vertex, since modifications in the decay vertex
are compensated by considering the BSM dependence of the detector acceptance. The
BSM couplings ¢,z and czg can only be constraint in the ¢¢tH production bin. The
sensitivity to cyp, Cri:CHWB and CyivE is mainly obtained from the H — ZZ* — 4¢ de-
cay predominantly measured in the gg2H production bins. The prediction of the BSM
parametrisation in each of the particle level production bins does not match the quoted

error of the cross section measurement, since all production bins are fitted simultaneously.

Due to the limited number of observed events, at most two BSM coupling parameter are
fitted at a time while the others are set to zero. Firstly, each individual BSM coupling
parameter is fitted by assuming that all other BSM coupling parameters are zero. The
respective fit results are summarised in Figure [7.41] The observed and expected values
of the test statistics from scans over the CP-even and CP-odd Wilson coefficients are

shown in Figure [7.42] [7.43] [7.44] [7.45] and [7.46] respectively. Table [7:22] shows the

corresponding observed and expected 95% CL interval, the best-fit parameter values and

the corresponding deviation from the SM expectation. The strongest constraints are
obtained on the cyp and CHivE BSM coupling parameters which are mostly affect the
H — ZZ* decays. The corresponding 95% CL intervals are [—0.61,0.58] and [—1.03,1.03],
respectively. The constraints obtained on cyw and ¢, are weaker ([—3.40,2.12] and
[—2.32,2.32] at 95% CL), since they are mainly determined from the VBF and V H pro-
duction vertices. However, the largest deviation from the SM is observed for these Wilson

coeflicients corresponding to 0.4 ¢ and 0.2 ¢ deviation from the SM, respectively.
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Figure 7.40: Observed cross section times branching ratio normalised to the SM prediction

(0-B)/(0-B)sm measured in the Reduced-Stage-1.1 production bins compared to the
prediction in each production bin derived from the @ CP-even and @ CP-odd BSM
parametrisation. The error on the cross section measurement is given at 68% CL interval.
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Figure 7.41: The observed and expected values of BSM coupling parameters from @
CP-even and CP-odd operators obtained for an integrated luminosity of 139 fb~! at
/s =13 TeV. Only one BSM coupling parameter is fitted at a time while all others are
set to zero.
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Table 7.22: The expected and observed confidence intervals at 95% CL on the BSM
coupling parameters of the SMEFT model for an integrated luminosity of 139 fb~! at
/s =13 TeV. The limits are computed using the confidence level interval method. Ounly
one BSM coupling parameter is fitted at a time with all others set to zero.

BSM coupling 95% CL interval Observed Deviation
parameter Expected Observed best-fit from SM

CP-even BSM coupling parameter

cre [—0.007,0.008] [—0.008,0.007]  —0.001 030
Cutt [—14,26] [—18,30] ~6,18 0.6 o
caw [—2.9,1.6] [—3.4,2.1] 05 04 o
cuB [~0.62,0.60]  [-0.62,0.59]  —0.03 0.0 o
cHWB [~1.09,0.99]  [—1.06,0.99] 0.1 01c

CP-odd BSM coupling parameter

Cp [~0.031,0.031] [—0.029,0.029]  0.000 0.0 o
Cam [—40,40] [—50,50] +21 0.7 o
Coriir [—2.1,2.1] [—2.4,2.4] +0.6 020
Cui [~0.57,0.57]  [—0.56,0.56] 0.00 0.0 o
Civp [~1.05,1.05]  [~1.03,1.03] 0.0 0.0 o

The observed 95% CL intervals for the top Yukawa coupling are [—18,30] ([-50,50]) for
the CP-even (CP-odd) BSM coupling parameter c,m (cazp). The best-fit values are in
agreement with the SM prediction within 0.6 o (0.7 ) deviation from the SM.

For the Wilson coefficients where the linear approximation is not valid, i.e. the quadratic
terms are not negligible, the constraints of the CP-even Wilson coefficients are in the
same order as for the corresponding CP-odd Wilson coefficients. This is not the case for
the effective Higgs boson coupling to the gluons. More stringent constraints can be set on
the CP-even BSM coupling parameter cpg corresponding to [—0.0074,0.0080] at 95% CL
compared to [—0.029,0.029] for Cus The reason is, that for ¢y the linear approximation
is valid and the linear terms from the CP- odd operators do not contribute to the total
production cross section. Therefore, the slightly smaller measured cross section times
branching ratio in the gg2H-1 j—p¥ -Low, gg2H-1 j—pzlg -High and gg2H-2j is assigned to the
CP-even BSM coupling parameter with a best-fit value of ¢ = —0.0002 corresponding
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7.3 Interpretation within the Standard Model Effective Field Theory

to a deviation from the SM prediction of 0.3 . The deviations from the SM prediction
for all one-dimensional scans of BSM coupling parameter are at most 0.7, thus indicates

no evidence for new couplings.

In addition, two-dimensional scans of several combination of the BSM coupling para-
meters are performed. All other BSM coupling parameters are set to zero in the fit,
except the two fitted ones. No mixtures of CP-even and CP-odd BSM contributions are
probed. The observed and expected two-dimensional contours of the test statistics at
95% CL intervals are shown in Figure and for the CP-even and in Figure [7.49
and for the CP-odd BSM coupling parameters. The values inside the shown contours
surrounding the SM point are allowed at 95% CL interval, while the values outside are
excluded. Table and summarises the best-fit values of the two-dimensional
scans and the corresponding deviations from the SM. All such possible combinations are
in good agreement with the SM predictions. The observed best-fit values agree well with
the one obtained in the one-dimensional scans.

Table 7.23: The best-fit values and the corresponding deviation from the SM prediction
obtained from the two-dimensional likelihood scans of the CP-even BSM coupling para-
meters performed with 139 fb~! data at a centre-of-mass energy of /s = 13 TeV. The
limits are computed using the confidence level interval method. Except for the two fitted

BSM coupling parameters, all others are set to zero.

BSM coupling Observed best-fit Deviation
parameter from SM
CHW,CHB ¢gw = 0.57 ¢gp=0.05 0.15 ¢
CHW ,CHW B caw = 0.59 cpwp = —0.14 0.15 ¢
CHB,CHWRB cpp=1.74 CHwB = 2.24 0.23 o
CHG,CHW ¢éga=—0.001 égw =0.54 0.20 o
CHGCHB ¢gg=-—0.001 ¢égp=-0.04 0.51 ¢
CHG,CHWB ¢gg =—0.001 égwp=—0.02 0.00 o
CHGCuH ¢yg=—0.001 ¢ypg =457 0.29 o

The shape of the contours of the two-dimensional scans originates from taking into ac-
count the detector acceptance. Around the SM point the parametrisation of the cross
sections times branching ratio is quite flat which leads by constraining the parameter
space to an elliptical contour. However, by introducing the BSM dependence of the de-
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Table 7.24: The best-fit values and the corresponding deviation from the SM prediction
obtained from the two-dimensional likelihood scans of the CP-odd BSM coupling para-
meters performed with 139 fb~! data at a centre-of-mass energy of /s = 13 TeV. The
limits are computed using the confidence level interval method. Except for the two fitted

BSM coupling parameters, all others are set to zero.

BSM coupling Observed best-fit Deviation
parameter from SM
Sy CuB éHﬁ/::I:IJZ éHEZZFO.Ql 0.11 0
Coiv v B éHVT/:il'lg éHVT/B:iOBQ 0.11 o
CuE CHi B ¢yp=0.00 i = 0.00 0.00 o
Cuc S ¢y =0.000 ¢, ==+0.56 0.02 o
e CuB ¢y =0.000  ¢,5=0.00 0.00 o
Cue e ¢y =0.000 ¢, ,=0.00 0.00
CpehCaH ¢y =0.000  éay =421 0.27 o

tector acceptance a larger BSM dependence appears around the SM point and in addition
the sensitivity decreases. Therefore, by constraining the parameter space the mixed terms
between the two Wilson coefficients gets more important, which introduce the shape of the
contours of the two-dimensional scans. The largest deviations from the SM are observed
for cgg vs. cyp and CyG VS. CaH corresponding to 0.51 ¢ and 0.3 0. All results are
in a very good agreement with the SM predictions, therefore no evidence for new BSM

coupling contributions.
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Figure 7.42: The observed (solid black line) and SM expected (dashed blue line) test
statistic from scans of the BSM coupling parameters @ cgw and @ Caiir Results are
obtained with 139 fb~! data at /s = 13 TeV. The horizontal lines indicate the value of
the test statistic corresponding to the 68% CL and 95% CL intervals for the parameter
of interest, assuming the asymptotic x? distribution of the test statistic. Except for the
fitted BSM coupling parameter, all others are set to zero.
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Figure 7.43: The observed (solid black line) and SM expected (dashed blue line) test
statistic from scans of the BSM coupling parameters @ cyp and ¢y~ Results are
obtained with 139 fb~! data at /s = 13 TeV. The horizontal lines indicate the value of
the test statistic corresponding to the 68% CL and 95% CL intervals for the parameter
of interest, assuming the asymptotic x? distribution of the test statistic. Except for the
fitted BSM coupling parameter, all others are set to zero.
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Figure 7.44: The observed (solid black line) and SM expected (dashed blue line) test
statistic from scans of the BSM coupling parameters @ cgwp and @ Cyivp- Results
are obtained with 139 fb~! data at /s = 13 TeV. The horizontal lines indicate the value
of the test statistic corresponding to the 68% CL and 95% CL intervals for the parameter
of interest, assuming the asymptotic x? distribution of the test statistic. Except for the
fitted BSM coupling parameter, all others are set to zero.
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Figure 7.45: The observed (solid black line) and SM expected (dashed blue line) test
statistic from scans of the BSM coupling parameters @ cre and @ Cya Results are
obtained with 139 fb~! data at /s = 13 TeV. The horizontal lines indicate the value of
the test statistic corresponding to the 68% CL and 95% CL intervals for the parameter
of interest, assuming the asymptotic x? distribution of the test statistic. Except for the
fitted BSM coupling parameter, all others are set to zero.
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Figure 7.46: The observed (solid black line) and SM expected (dashed blue line) test
statistic from scans of the BSM coupling parameters @ cyH and czH. Results are
obtained with 139 fb~! data at /s = 13 TeV. The horizontal lines indicate the value of
the test statistic corresponding to the 68% CL and 95% CL intervals for the parameter
of interest, assuming the asymptotic x? distribution of the test statistic. Except for the
fitted BSM coupling parameter, all others are set to zero.
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Figure 7.47: Expected and observed likelihood contours for the two-dimensional fit of the

CP-even BSM coupling parameters of the SMEFT model for an integrated luminosity of
139 fb~! and /s = 13 TeV. The values of the Wilson coefficients, which are not among
the two parameters of interest, are set to zero.
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Figure 7.48: Expected and observed likelihood contours for the two-dimensional fit of the
CP-even BSM coupling parameters of the SMEFT model for an integrated luminosity of
139 fb~! and /s = 13 TeV. The values of the Wilson coefficients, which are not among
the two parameters of interest, are set to zero.
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Figure 7.50: Expected and observed likelihood contours for the two-dimensional fit of the
CP-odd BSM coupling parameters of the SMEFT model for an integrated luminosity of

139 fb~! and /s = 13 TeV. The values of the Wilson coefficients, which are not among
the two parameters of interest, are set to zero.
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Chapter 7 Measurement of the Tensor Structure of Higgs Boson Couplings

7.4 Comparison with Previous Measurements

The two studies to probe the tensor structure of Higgs boson couplings presented in
this chapter, the HC analysis (Section and the interpretation within the SMEFT
(Section [7.3)), use different effective field theories to introduce the BSM contributions
to the Higgs boson interaction. The former one is formulated in mass eigenstates after
the electroweak symmetry breaking (HC framework), while the latter one is formulated
before the electroweak symmetry breaking (SMEFT framework). A direct comparison,
i.e. a translation between the SMEFT and the HC model, is only possible under cer-
tain assumptions. In the SMEFT model BSM contributions to the XVV vertex are
described by three coupling parameters (cgw,cup,cawp or cHﬁ/,cHg,chT/B), while
these correspond to one in the HC model (kgyy or kayy). 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. In
addition, with the assumption in the HC 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 = kxvv) 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.

However, the measurement of the tensor structure of Higgs boson couplings to weak
vector bosons and gluons has also been performed by several other analyses in different
Higgs boson decay channels with the ATLAS and CMS experiment (see Table [7.25)).
As mentioned in the beginning of this chapter, the BSM coupling contributions in the
interaction vertex can be probed with different approaches: using total production and
decay rates in different Higgs boson production modes, either by measuring directly the
event yields in reconstructed event categories (see Section or by interpreting the
measured cross sections in each bin of the STXS framework (see Section [7.3)); by means
of inclusive differential distributions of kinematic properties without classification into
event categories or particle level production bins; and from the shape of the distributions
related to the kinematic properties of final state particles (see Chapter . The analyses
summarised in Table [7.25] use one or more of these approaches to set constraints on BSM
coupling parameters. All Higgs boson tensor structure measurements are in agreement
with the SM expectation.

In the following, the constraints on BSM coupling parameters obtained in this thesis
are compared to those from other analyses which use a compatible EFT framework, i.e.
formulated either before or after the electroweak symmetry breaking. In some of the
decay channels the same analysis is performed with different data sets and the latest

measurement is used for the comparison.
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Table 7.25: Summary of the measurements of the tensor structure of Higgs boson couplings

in different analysis channels

Centre-of-mass Integrated
Decay mode Experiment Data set Observable Reference
energy luminosity
Run 1 7,8 TeV 4.5,20.3 th~1 Kinematic of decay 128
Production rate information 182
H— 272" =4 ATLAS 36.1 fb~!
Run 2 13 TeV Cross section in STXS production bins 182
139 fh~! Cross section in STXS production bins 201
H—WW* - evuv ATLAS Run 1 8 TeV 20.3 fb~1 Kinematic of decay 128]
36.1 ! 205
H — vy ATLAS Run 2 13 TeV Differential cross sections
139 fb~! 206
Run 1 8 TeV 20 fb! 207
H— 711 ATLAS Kinematic of production
Run 2 13 TeV 36.1 fb~! 208
Run 1 7,8 TeV 5.1,19.7 fb~! 127]
H—-VV >4 CMS 5.1,19.7,38.6 fb~1  Kinematic of production and decay 209
Run 1, Run 2 7,8,13 TeV
5.1,19.7,80.2 fb—! 210]
H—71 CMS Run 2 13 TeV 35.9 fb~! Kinematic of production and decay 211

7.4.1 Tensor Structure Measurements in the Higgs Characterisation
Framework

In the H — ZZ* — 4¢ decay channel, the tensor structure of the Higgs boson coupling
to weak vector bosons has already been probed with the Run 1 proton-proton collision
data recorded with the ATLAS detector at a centre-of-mass energy of 7 and 8 TeV
corresponding to 4.5 fb~! and 20.3 fb~!, respectively.

In contrast to the production rate information used in the HC analysis from Section [7.2)
only the kinematic properties of final state particles are used in the Run 1 study. Con-
straints on BSM coupling parameters are set by means of the first- and second-order
Optimal Observables similar to those as in Section [8.2.2l These matrix element based
observables combine the full information of the decay products into two variables and the
shapes of their distributions are used in the fit as final discriminants. To suppress the

large ZZ* background, a BDT discriminant is used as an additional observable in all fits.

Admixtures of BSM contributions to the X V'V vertex are described using the HC frame-
work as in Section [7.2] but the constraints are set relative to the SM-like coupling para-
meter Kgyr. The CP-even and CP-odd BSM coupling parameters are defined as

KHvv v KHVV KAVV Vo KAVV
= . d -t = -t 7.36
Pl v S an p— an () T A rsar an(a), ( )

respectively. When including the production rate information the xxyvv and kgas have to
be probed independently of each other, since the total cross section depends on both BSM
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Chapter 7 Measurement of the Tensor Structure of Higgs Boson Couplings

and SM coupling parameters. Therefore, the comparison with the results of this thesis is
only possible for a specific configuration with the SM coupling parameters fixed to their
SM values, i.e. corgy =1 and cokpgg = 1. To increase the sensitivity, the results of the
H — ZZ* — 4¢ Run 1 analysis are combined with those from the H - WW* — evuv
decay channel. This analysis is also based on kinematic properties of the final state
particles, while using BDT output instead of Optimal Observables as final discriminant.

Table summarises the observed and expected 95% CL intervals as well as the
best-fit values of BSM coupling parameters from both measurements. The Run 1 res-
ults are expressed in terms of the BSM coupling parameters used in the HC analysis
from Section [7.2] The shapes of kinematic distributions of final state particles in the
Run 1 analysis are sensitive to the sign of the CP-odd BSM coupling parameter sqkayv,
as opposed to the Run 2 analysis. Both analyses are sensitive to the sign of the CP-
even BSM coupling parameter c,kpgyy due to the interference of the SM and BSM
CP-even coupling contributions. Comparing the 95% CL intervals, the Run 1 analysis
is over an order of magnitude less sensitive. Both analyses are dominated by statistical
uncertainties and the sensitivity, therefore, increases with the fourth square root of the
integrated luminosity. In addition, in Run 2 the number of signal and background events
increases by a factor of two due to an increased centre-of-mass energy. After taking into
account both the increase of the integrated luminosity and the centre-of-mass energy, the
Run 2 analysis is still two times more sensitive than the combined Run 1 H — ZZ* — 4/
and H - WW* — evuv analysis, since the total production and decay rates are much
more sensitive to the presence of BSM coupling parameters. However, these observables
cannot be used for the direct test of CP-violation since they cannot distinguish between
the CP-even and CP-odd BSM contributions.

The XVV tensor structure is also studied with the ATLAS detector in VBF Higgs
boson production using the H — 77 decay channel. The last published analysis is per-
formed with proton-proton collision data corresponding to an integrated luminosity of
36.1 fb~! collected at /s = 13 TeV in the years 2015 and 2016.

The analysis employs a similar strategy as the Run 1 analysis in the H — ZZ* — 4/
decay channel based on the shape of distributions of an Optimal Observable calculated
from matrix elements (see Section . However, the study employs only the first-order
Optimal Observables defined by the four-momenta of the Higgs boson candidates and
of the two jets produced in the VBF, i.e. using only the production vertex. The BSM
dependence of the production rates is not considered. The background to the VBF signal
is suppressed by a threshold requirement on BDT discriminants trained separately for
each of the considered final states, with leptonic and hadronic 7 decays.
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7.4 Comparison with Previous Measurements

Table 7.26: Comparison of the expected and observed confidence intervals at 95% CL
for CP-even and CP-odd BSM coupling parameters cokgyy and sqkayy in the XVV
interaction vertex, as obtained from the Run 1 analysis in the H — ZZ2* — 4¢ and H —
WW?* — evur decay channel and from the Run 2 analysis in the H — ZZ* — 4¢ decay

channel
BSM coupling Fit 95% CL interval Observed
KBSM configuration = Expected Observed  best-fit value
H—Z7Z*— 40 and H - WW* — evpv
Run 1, 4.5 fb=% and 20.3 fo=! at \/s= 7 and 8 TeV
CaRHVV — [-8.9,77.9] [-11.9,10.2] - 79
SaKAVV — [—37.9,37.4] [-35.4,13.5] —11.0
H—Z7Z*— 4
Run 2, 36.1 b~ at \/s= 18 TeV

CakHVY Caksym =1 [—2.9,3.2] [—0.8,4.5] 2.9
SakAVY caksym =1 [—3.5,3.5] [—5.2,5.2] + 29

The effective Lagrangian is defined as the SM Lagrangian with CP-odd dimension-six
operators which involve the Higgs and the electroweak gauge fields. No BSM CP-even
dimension-six operators are taken into account since the final CP-sensitive observable is
shown not to be sensitive to such contributions. After the electroweak symmetry breaking

the Lagrangian can be written as [212]
GCeff = cESM + EHAAH/I;WAMV +§HAZHA,U,VZMV
+GuzzHZ0 2" + gHWWHW,ZW7HV7 (7.37)

in the mass basis of the Higgs boson H, the photon A and the weak gauge bosons W+
and Z. V* and f//“, =PV, (V. =W=, 7, A) denote the field strength and dual field
strength tensors, respectively. The couplings ggyvy can be expressed in terms of the two
dimensionless couplings d and dp [213} 214]

Gras= 52— (JSiHQ Ow + dp cos® 9W) . GHAZ——sin 20y (J— JB) ,
2mW 2mW

JHZZ = 9 ((iVVCOS2 Ow + dpsin’ 9W) , §HWWLCZ (7.38)
2mW mw

where g is the electroweak coupling and 6y the weak mixing angle. The arbitrary choice
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d=d, B leads to the relations

- - 1_ ~ -
Gran=gzz = =gaww = =~—d and Ggaz =0. (7.39)
2 2mW

With this assumption, the strength of CP-violation in the VBF production is described
by a single parameter d. The CP-odd BSM coupling parameter d can be translated into
the CP-odd parameter of the HC model via the relation

e V-KAVV

d= Ty tan(a). (7.40)

With the current available amount of data, no constraints can be set on d at 95% CL with
the observed data in the H — 77 channel. Therefore, the 68% CL intervals are compared
to those obtained for the CP-odd BSM coupling parameter cokx4yy in the HC analysis
with value of the SM-like coupling parameter fixed to one. The respective observed
and expected confidence intervals at 68% CL intervals are summarised in Table
for both analysis. The results of the H — 77 analysis are expressed in terms of the
parameters in the HC model. Although the H — 77 analysis uses only shape information
from kinematic distributions in the VBF Higgs boson production mode, while the HC
analysis employs the production rates in all production modes, the sensitivity of both
measurements is of the same order of magnitude. The largest sensitivity of the HC
analysis is reached in the VBF production mode. The number of selected VBF signal
events is however about ten times larger in the H — 77 decay channel, while the signal-to-
background ratio remains similar, such that a better constraint at 68% CL is achieved in
the H — 77 decay channel. With the H — 77 analysis, it is also possible to distinguish the
sign of the CP-odd BSM coupling, while no confidence intervals at 95% CL were obtained.

Several measurements were performed by the CMS collaboration to probe for anomalous
XVV couplings in H — ZZ/Z~v*/v*y* — 4¢ decays. The studies were continuously
updated using the increasing amount of available data. The latest published result is
obtained with the proton-proton collision data collected during Run 1 and Run 2 at
centre-of-mass energies of 7,8 and 13 TeV corresponding to 5.1 fb~!, 19.7 fb~land
80.2 fb~ !, respectively.

The analysis employs the full kinematic information for the Higgs boson production
and decay vertex without using the production rate information. The larger amount of
data in Run 2 allows for a discrimination between the VBF and V H production modes.
Therefore, the events collected in 2016 and 2017 are categorised into three categories:
VBF-tagged, V H-tagged and Untagged. The data collected during Run 1 and in 2015
are assigned to the Untagged category. For each of the coupling parameters in each
of the reconstructed categories a three-dimensional matrix element based discriminant
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7.4 Comparison with Previous Measurements

Table 7.27: Comparison of the expected and observed confidence intervals at 68% CL for
CP-odd couplings s,k vy in the X V'V interaction vertex from the Run 2 analysis in the
H — 77 decay channel and the H — ZZ* — 4f decay channel

BSM coupling Fit 68% CL interval Observed
KBSM configuration Expected Observed best-fit value
H—rr
Run 2, 36.1 fb~! at \/s= 13 TeV
SakAVV — [—0.6,0.5] [—1.5,0.6] -0.2

H—Z7Z"— 4L
Run 2, 36.1 fb~! at \/s= 18 TeV
SaKAVYV cakspy =1 [-2.3,2.3] [-4.0,—1.5]U[1.5,4.0] +2.9

is constructed (two dimensions for the signal process and one for the ZZ* background
suppression). The ratio of the observed and SM expected number of events is taken into
account by means of signal strength parameters which are left free in the fit: py is used
for VBF and V H production and pp for all other production modes.

Possible BSM contributions to the XVV vertex are described with a generic paramet-
risation of the scattering amplitude called the anomalous couplings approach [215]. The
general scattering amplitude including all possible tensor structures that are consistent
with gauge and Lorentz invariance is

1 ~
AKX oo = VV) = —(aimbeies +azfil!) fO s fi{0 O, (741)

describing the interactions of the Higgs boson (X) with a pair of gauge bosons (VV =
ZZ,WW,Z~,yy and gg). The field strength tensor is defined as f()# = el'g? — /gl
with the momentum vector ¢; and the polarisation vector ¢; of the gauge boson. The
corresponding conjugate is f (@) — 1jaetvels fap- The momentum dependent form factors
a; (i=1,2,3) denote the coupling strengths. The SM coupling of the Higgs boson to weak
bosons is described by the first term with vanishing couplings as and a3z. SM loop processes
and anomalous CP-even BSM couplings are introduced with the second term and CP-odd
BSM couplings with the third. In general, the coupling strength a; can be complex due to
contributions of new light particles. Since no new physics has been observed so far, a; are
assumed to be real and constant. With this assumption, the couplings can be expressed
in terms of the parameters of the HC model via the relations

Gz _ vV KHvv 4 93 _ U Ravv,

ar 4N ksm a1_4-A. KSM

tan (o), (7.42)

for the CP-even and CP-odd BSM coupling parameter, respectively.

269



Chapter 7 Measurement of the Tensor Structure of Higgs Boson Couplings

The results of the CMS analysis expressed in terms of the parameters of the HC model are
compared to the results of the HC analysis in Table [7.28] Since the CMS collaboration
measures the ratios of coupling parameters, a translation to the HC model is only possible
assuming the SM-like couplings in the HC analysis to be equal one. Despite the larger
amount of data analysed in the CMS measurement, tighter constraints on BSM coupling
parameters are set with the ATLAS HC analysis. The reason is that the HC analysis
employs mainly the production and decay rate information, while for the measurement
performed from the CMS collaboration the shapes of kinematic distributions defined by
the properties of final state particles are employed.

Table 7.28: Comparison of the expected and observed confidence intervals at 95% CL
for CP-even and CP-odd BSM couplings cokpgyy and sqakayvy in the XVV interaction
vertex from the CMS analysis and the ATLAS Run 2 analysis in the H — ZZ* — 4/ decay

channel

BSM coupling Fit 95% CL interval
KBSM configuration Expected Observed
CMS H — 44
Run 1 and Run 2, 5.1 fb=', 19.7 fb=' and 80.2 b~ at /s =7,8 and 13 TeV
CaRKHVV — [—3.9,5.0] [—1.9,4.2]
SakAVY - [~12.3,12.3] [~18.3,13.0]

ATLAS H — ZZ* — 4¢
Run 2, 36.1 fb=' at \/s= 13 TeV
CaKHVY Caksy =1 [—2.9,3.2] [—0.8,4.5]
SaKAVYV cakisy =1 [—3.5,3.5] [—5.2,5.2]

Anomalous X V'V interactions are also studied by the CMS collaboration in the H — 77
decay channel using proton-proton collision data collected in 2016 at a centre-of-mass
energy of 13 TeV corresponding to 35.9 fb~1.

The analysis employs the full kinematic information from the Higgs boson production
and decay without using the production rate information. The events selected in the
different final states (eu, ey, pur, and 7,7) are categorised into three event categories:
the 0-jet and VBF category, targeting the ggF and VBF production and remaining
events collected in the Boosted category. As in the case of the H — 4/ analysis, matrix

element based discriminants are used. In each of the categories two discriminants are
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used separating SM and BSM processes. As in the case of the CMS H — 4/ analysis, the
observed yield is absorbed by the free signal strength parameters (uy and pp) in the fit.

In the CMS H — 77 analysis, possible BSM contributions are introduced via the anom-
alous couplings approach introduced above (Equation [7.41]), which can be translated into
the HC model using Equation

With the available amount of data no constraints can be obtained at 95% CL in the
H — 77 channel for both the CP-even and CP-odd BSM coupling parameters. Therefore,
the results are combined with the CMS H — 4/ analysis described above. Table [7.29
shows the combined results translated into the ATLAS HC model as well as the results
of the HC analysis. Since the CMS results are reported as ratios of coupling parameters,
the SM-like coupling parameter in the HC analysis is set to one. Due to a larger amount
of data, the combined measurement in the H — 4¢ and H — 77 decay channels provides
a similar sensitivity as the ATLAS HC analysis, even through it employs the information
from the shapes of kinematic distributions.

Table 7.29: Comparison of the expected and observed confidence intervals at 95% CL for
CP-even and CP-odd BSM couplings cok vy and sqk vy in the X V'V interaction vertex
from the combined CMS analysis in the H — 4¢ and the H — 77 decay channel and the
ATLAS Run 2 analysis in the H — ZZ* — 4¢ decay channel

BSM coupling Fit 95% CL interval

KBSM configuration Expected Observed

CMS H— 4¢ and H — 77
Run 1 and Run 2, 5.1 fb=1, 19.7 fo=1 and 80.2 fb~! at /s =7,8 and 13 TeV
and Run 2, 35.9 o' at /s =13 TeV
CaKHVY — [—1.8,1.8] [—0.9,1.6]
SaKAVY — [—1.5,1.5] [—13.2,5.0]

ATLAS H — ZZ* — 44
Run 2, 36.1 fb=' at \/s= 13 TeV
CaKHVV cakspy =1 [-2.9,3.2] [—0.8,4.5]
SaKAVY caksy =1 [=3.5,3.5] [—5.2,5.2]
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7.4.2 Tensor Structure Measurements within the Standard Model Effective
Field Theory

The tensor structure of the Higgs boson interaction is also probed in H — 7 decays
using the framework of the standard model effective field theory (SMEFT). The latest
study is performed with the full Run 2 data set of proton-proton collision data (139 fb=1)
collected with the ATLAS detector at a centre-of-mass energy of 13 TeV.

The study uses a similar approach as the interpretation of the H — ZZ* — 4¢ within the
SMEFT (Section , but instead of employing the measured the cross sections in each
bin of the STXS framework, several measured differential cross section are employed. The
H — ~~ cross section is measured in bins of several kinematic variables: the transverse
momentum p,~ of the di-photon system, number of jets N; in the final state, the invariant
mass mj; of the two leading jets, the transverse momentum p%l of the leading jet and
the angular distance A¢;; between the two leading jets. The cross section in each of
these bins is parametrised as a function of BSM coupling parameters normalised to the

corresponding SM prediction.

As in the study presented in this thesis Section , the H — ~v analysis employs the
SMEFT framework including the quadratic matrix element terms. Constraints on each
individual BSM coupling parameter describing the Higgs boson interaction with the weak
vector bosons or gluons are obtained under the assumption that all other BSM coupling
parameters equal to zero. This allows for a direct comparison of the results. The effective
top Yukawa interaction is not probed in H — 7y decays.

The observed 95% CL intervals for both analysis are summarised in Table Expected
CL intervals are not shown, since they are not reported for the measurement in the
H — 77 decay channel. The measurement in H — v decays is about one order of
magnitude more sensitive for the Wilson coefficients describing the effective Higgs to
gluon coupling (cyg and CHé) compared to the interpretation performed in this thesis.
This is due to a larger amount of reconstructed Higgs boson candidates in H — - decays.
For the other probed Wilson coefficients, the measurement in H — ZZ* — 4¢ decays is
about four orders of magnitude less sensitive. This is on the one hand caused by the
strong BSM dependence of the detector acceptance in the H — ZZ* — 4/ decay channel
which decreases the sensitivity and on the other hand a smaller number of reconstructed

H — 40 Higgs boson candidate events.
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Table 7.30: The expected and observed confidence intervals at 95% CL for the BSM
coupling parameters of the SMEFT model for an integrated luminosity of 139 fb~! at
/s =13 TeV from the analyses of the H — vy and H — ZZ* — 4¢ decay channels

BSM coupling 95% CL interval BSM coupling  95% CL interval
parameter Observed parameter Observed
H =y

Run 2, 139 fo=' at \/s = 13 TeV
CHG [—6.1,4.7] x 1074 Cue [~1.5,1.4] x 1073
cHW [-8.3,8.3] x 1074 Coi [-3.7,3.7] x 1073
CHB [—2.4,2.4] x 1074 Cup [-1.2,1.1] x 1073
CHWB [—4.2,4.2] x 1074 i p [-2.0,2.0] x 1073

H—Z7Z*— 4

Run 2, 139 fo=' at \/s = 13 TeV
CHG [—83,68] x 1074 Cus [—29,29] x 1073
caw [—3.4,2.1] Crriv [—2.4,2.4]
cHB [—0.62,0.59] Cup [—0.56,0.56]
CHWB [—1.06,0.99] Cyiv s [—1.03,1.03]

The results of the STXS Stage-0 measurement in the ggF production bin obtained using
the H — ZZ* — 4¢ decay channel with the 36.1 fb~! of data are also interpreted within
the effective field theory approach using the HC model.

For this purpose, the cross section in the ggF production bin is parameterised as a function
of the CP-odd BSM coupling parameter s,raqq4. Since for this interaction vertex no
additional assumptions are made and since sqykag4 is the only parameter describing the
effective Higgs boson coupling to gluons, it can be translated into the SMEFT coupling

parameter ¢, ~ via the relation

Oé2

—ﬁ-sa/@;gg =Cua (7.43)

where ay corresponds to the strong coupling constant.
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The expected and observed 95% CL intervals obtained with the 36.1 fb~! and
139 fb~! data sets are shown in Table [7.31l The results obtained with the HC model
are expressed in terms of the coupling parameter Cyg in the SMEFT model. The inter-
pretation of the measured STXS cross sections within the SMEFT (Section [7.3]) is about
one order of magnitude more sensitive than the HC analysis. Since both measurements
are dominated by statistical uncertainties the exclusion limits improve with the fourth
squared of the integrated luminosity. Taking this into account, the 95% CL intervals
obtained with the 36.1 fb~! data set improve by a factor of two, which is still about one
order of magnitude less sensitive compared to the constraints obtained with the 139 fb=1.
This is because there is only one production bin (ggF) employed with 36.1 fb~! of data,
while seven ggF production bins are employed in the interpretation of the 139 fb~! data
set within the SMEFT. The larger amount of production bins defined by the range of the
Higgs boson transverse momentum p¥ increases the sensitivity to BSM physics in the

X gg interaction vertex.

Table 7.31: Comparison of the expected and observed confidence intervals at 95% CL for
the CP-odd BSM couplings ¢, = in the Xgg interaction vertex from the measurement in
the H — ZZ* — 4¢ decay channel with the 36.1 fb~! and 139 fb~! data sets

BSM coupling 95% CL interval
Expected Observed

Run 2, 36.1 b~ at \/s= 18 TeV

Cua [—0.41,0.41] [—0.56,0.56]
Run 2, 139 fb=% at \/s= 13 TeV
Cue [~0.031,0.031] [-0.029,0.029]
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Test of CP-Violation in Vector Boson Fusion
Production

In the previous chapter, the tensor structure of the Higgs boson couplings is mainly
probed by the event rates measured for different Higgs boson production modes. In
an alternative approach, the tensor structure can also be tested in a rate-independent
way, by relying only on the shapes of the distributions of kinematic variables of final
state particles. Such observables are in general less sensitive to BSM couplings than
the production rates. However, the shape observables can be chosen such that they are
insensitive to CP-even BSM couplings providing a direct probe of the CP-odd couplings
and, therefore, of CP-violation in the Higgs sector.

In this chapter, a sensitivity study for such a test for CP-violation at the XVV vertex
in H— ZZ* — 4¢ decays for the full Run 2 data set in VBF Higgs boson production is
performed.

8.1 Analysis Strategy

The BSM signal is modelled within the Higgs Characterisation (HC) framework and
the analysis is performed with the same CP-odd BSM signal and the same background
samples (see Section that were also used for the EFT-based HC analysis with
the 36.1 fb~!data set (Section . The signal events were generated with the MAD-
GrAPHS  AMCQNLO generator. The sensitivity of the CP-violation measurement is
evaluated for the integrated luminosity of 139 fb~! of the full Run 2 data set.

The Higgs boson candidates are selected as for inclusive analysis using the 36.1 fb~! data
set described in Section[4.3] The 4¢ mass window is adjusted to 115 GeV < my, < 130 GeV
to agree with the one used in the most recent coupling studies with 139 fb=! (Section .
The VBF Higgs boson production mode is targeted by selecting Higgs boson candidates
which fall into the VBF-enriched category requiring at least two jets in the final state
with an invariant mass of the two leading jets larger than 120 GeV.
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Chapter 8 Test of CP-Violation in Vector Boson Fusion Production

The signal in this event category is modelled with simulated BSM VBF+V H-Had samples
taking into account the contaminations from the background and the ggF Higgs boson
production. In order to apply the best-prediction-scaling on the VBF+V H-Had samples
simulated at LO in QCD (see Section , the samples are combined with the corres-
ponding V H-Lep samples and compared to the sum of the nominal VBF and W H and
Z H POWHEG samples. The signal event yield in the VBF-enriched category is then scaled
to the best-prediction according to Equation with a resulting scale factor of

SF(VBF+V H) = 1.044410. (8.1)

The observables sensitive to the CP-odd XV'V contributions are defined using only the
production vertex information (see Section . Thus, it can be assumed that there is
no impact of BSM contributions to the contaminating ggF production mode.

The distributions of CP-sensitive observables are modelled with the morphing method
as described in Section [7.2.2.1] with the difference that each bin of the observable dis-
tribution is modelled instead of just a single event yield value in the reconstructed
category. The same VBF+V H-Had and V H-Lep input samples are used as in the case of
the one-dimensional scan of the Higgs Characterisation parameter sy kv v (see Table.

The constraints on possible CP-violating contributions are obtained from the binned like-
lihood fit with a likelihood function «£ (data | k) constructed out of Poisson distributions
P for the observed distribution of the observable T in the VBF-enriched reconstructed
category given the signal and background expectations s (k) and b, respectively,

L(data | k) =P(T | s(k)+Db). (8.2)

The likelihood function depends on the parameter of interest kK = {cqksnr, Sakavy }- The
parameter cokgys is related to the SM-like CP-even interaction terms, while sqkAvy
represents the CP-odd ones. The sensitivity study is performed without taking systematic
uncertainties into account. Therefore, the nuisance parameters @ are not included into
the likelihood function. The exclusion limits on x are obtained from the x—scan of the
test statistic ¢ based on the ratio of likelihoods [193],

L (k)
L (k)

g=—2n =—2In(\). (8.3)

8.2 CP-Violating Observables

As mentioned previously, the production rates are sensitive to both CP-even and CP-odd
BSM contributions. Such variables, therefore, cannot be employed as an unambiguous
probe of CP-odd admixtures to the SM Higgs boson coupling. On the other hand,
the interference between the SM and BSM CP-odd interactions introduce modifications
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8.2 CP-Violating Observables

of certain kinematic distributions in the final state, while keeping the production rate
constant. The distributions of the corresponding CP-odd observables Ogp, therefore,
provide a direct test for CP-violation.

In order to remove any sensitivity on CP-even BSM interactions, only the shape and no
normalisation of a given Ocp distribution is considered. In case of the CP-invariance, the
mean value of the CP-odd observable vanishes, (Ocp) = 0, while a non-vanishing mean

value would be a clear sign of CP-violation.

Two CP-odd observables are discussed in the following: the azimuthal angle between the
two tagging jets in the final state (Agbj-i]gn) and the first-order Optimal Observable for
VBF production (OO ;;jg). The latter is based on a matrix element calculation which
combines the information of jet and Higgs boson four-momenta, thus providing a higher

sensitivity compared to the former one.

8.2.1 Azimuthal Angle Between Tagging Jets

A rather straightforward and model independent variable sensitive to CP-violation is the
signed difference of the azimuthal angle of the two leading jets Agbj-ijgn [216,, 217], defined
on particle level as,

ewpgb’ipib‘i 7 =2pr4+pr,—sin(¢4 — o) =2pr 1 pr,—sin (A(ﬁziqgn) ) (8.4)

where b/} and b correspond to the normalised four momenta of the two proton beams
and pY and p" to the four momenta of the two leading quarks, with p;(p_) pointing
into the same detector hemisphere as b (). Since this definition is invariant under the
interchange (by,py) <+ (b—,p—), Ag5S™ is a CP-odd observable.

sign

The corresponding A¢;

particles by rewriting Equation [8:4}

observable can be calculated from the reconstructed final state

AgE — { ¢j1— ¢j2 for y;1 > yj2 (8.5)

7 ¢j2—pj1 for yjo >y

where j1 and j2 are the leading (highest-pr) and the subleading (second-highest pr) jet,
respectively; y; is the jet rapidity and ¢; the jet azimuthal angle. The distributions of the

CP-odd observable Aqﬁjijgn in the VBF-enriched reconstructed event category are shown

in Figure 8] for the SM hypothesis and for CP-odd BSM admixtures to the SM. The
expected distributions for the SM hypothesis is symmetric around zero, i.e. the mean

value is vanishing (Ocp) = 0. In contrast to that, the Angj-ijgn
and sensitive to the sign of the CP-odd BSM coupling parameters. Positive (negative)

values of the CP-odd BSM coupling parameters induce shifts with Agbj-ijgn >0 (A(ﬁ;ijgn <0).

distribution is asymmetric
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Figure 8.1: The expected distributions of the CP-odd observable A(;Sj-i]gn in the VBF-
enriched reconstructed category (IN; > 2,m;; > 120 GeV) for the SM signal alone and
with CP-odd BSM admixture with positive and negative CP-odd couplings.

In order to set constraints on the CP-violating contributions, either the observed mean
value of the Ad);ijgn distribution is compared to data or a maximum likelihood fit to
the entire A(;S;ljgn distribution is performed. While the first approach is most model-
independent, the latter approach is used in this thesis since the full shape information

provides a better signal sensitivity.

8.2.2 First-Order Optimal Observable for VBF Production

Another CP-odd observable studied in this thesis is defined based on the concept of
Optimal Observables [218-222]. Assuming momentum conservation in the transverse
plane of the proton-proton collision and neglecting the jet mass, the final state with the
Higgs boson and two tagging jets can be fully described by seven phase space variables.
The concept of the Optimal Observable method combines in a well defined optimum way
the full information of this multi-dimensional phase space into one single variable, the
Optimal Observable (QO), which is calculated from the leading-order matrix elements
for the VBF production.

The leading-order matrix element 1y for the VBF production in the presence of CP-
odd BSM contributions can be written as the sum of the CP-even SM matrix element
Mgy and the CP-odd contribution Mcp_oqd,

v K ~
Mt = Myt + —— - tan(a) - 2V Mep_oad = Mam +d - Mep—odd, (8.6)
4-A KSM
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8.2 CP-Violating Observables

which leads to three components of the square of the matrix element:
[Mngix|® = [Misi|* + d - 2% (Mg Mep—oaa) +d - [Mep—oaal*- (8.7)

The two terms \m5M|2 and d2 - \777(31370(1(1]2 transform CP-even, while the interference
term d - 29Re (M Mcp—_oda) is CP-odd and, therefore, directly sensitive to CP-violation.
The integral of this term over a CP-symmetric part of the phase space vanishes yielding
to no contribution to the total cross section. The SM cross section is only modified by
the third term in Equation which increases it proportional to d2.

The second and third terms in Equation are used to compute the Optimal Observables.
In general, any value of d can be used for the construction. For simplification, the value
d=1is used, corresponding to a parameter configuration in the HC model of A =1 TeV,
v=246.22 GeV, ks = V2 and sqkavy = 22.975/./3. The first-order Optimal Observable

is defined as ) ) )
[Mhix|” — [Msm|” = [Mep—oadl

OO01,5jm = e , (8.8)
while the second-order Optimal Observable is
[Mep—oaal’

In the case of CP-invariance, the distribution of the first-order Optimal Observable
OO ;jm has mean zero, while the mean is shifted to positive (negative) values in the case
of CP-violation with the positive (negative) sign of the CP-odd BSM coupling parameter
sakavy. The second-order Optimal Observable OO, ;;p affects the total cross section
and is, therefore, not used in the present analysis in order to avoid sensitivity of the
analysis to CP-even BSM contributions.

The matrix elements for the ©O1 j; are calculated with MADGRAPHS__AMC@NLO us-
ing the NNPDF23lo PDF set as for the generation of the HC BSM signal samples (Sec-
tion . For each reconstructed event, the matrix element is calculated from the
four-momenta of the Higgs boson (from the four-momenta of the four leptons) and of
the two leading jets. Since in total 60 Feynman diagrams contribute to the VBF process
and because the flavour of the incoming and outgoing partons cannot be determined ex-
perimentally, the observable is summed over all possible flavour configurations 5 — kiH
weighted by the parton distribution functions f;(z). The SM matrix element is then given
by

Msnl* = >~ filwr) fi(w2) [Msna|? (i — KIH), (8.10)

1,7,k,1

and the interference term as

2%Re (mngcp_odd) = Z fl(l‘l)f] (x2)29%e (mngcp_odd) (Z] — k‘lH) y (8.11)
1,7,k,l
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Chapter 8 Test of CP-Violation in Vector Boson Fusion Production

with the Bjorken momentum fractions x1 and xo of the incoming partons. Due to energy-
momentum conservation, the Bjorken values can be reconstructed from the reconstructed

final state observables,

preco — I yiie 4 :Z;EECO:LQ YisH | (8.12)

1 S NE
where mj;y is the mass and y;; the rapidity of the vectorial sum of the four-momenta
of the Higgs boson and the two tagging jets. Figure shows the distribution of
©QO1 j;u for the SM hypothesis and for the CP-odd BSM admixtures to the SM in the
VBF-enriched event category from simulation. As for A(bj.ijgn, the distribution of the first-
order Optimal Observable for the SM CP-even hypothesis is symmetric around zero, while
the CP-odd observable is asymmetric and distinguishes between positive and negative CP-
odd BSM contributions. Positive coupling parameters induce a shift of the distribution

to positive values, while negative coupling parameters prefer negative values.

m 0.3 T 1T ‘ 1T ‘ 1T ‘ 1T 1T ‘ 1T ‘ 1T ‘ 1T ‘ 1T ‘ 1T
% T HoZz*- 4] VBF+VH SM, ¢ _Kg\=1 ]
= 0.25[ 13Tev ) i 5
2  N22,m >120Gev VBEAVH, €ky=L, S Kan =i ]
= C + C Ke=1,8 K =3 :
g 0-2} DVBF VH, ¢ Kg=1, “Awﬁj
= L ]
£ i ]
g 0.15+ e —
0.1
0.05
Ok\ L1 ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1 ‘ L1l ‘ L1l ‘ L1l ‘ L1 \A
-10 8 6 4 2 0 2 4 6 8 10
004,

Figure 8.2: The expected distributions of the CP-odd observable ©©1 ;g in the VBEF-
enriched reconstructed category (N; > 2,m;; > 120 GeV) for the SM signal alone and with
CP-odd BSM admixture with positive and negative CP-odd couplings.
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8.2.3 Validation of the CP-odd Observables

In order to verify that the CP-odd observables introduced above are not affected by
CP-even BSM contributions to the XVV interaction vertex, the limits on the CP-odd
sakAvy coupling parameter are evaluated for a CP-even BSM contribution to the interac-
tion in the Monte Carlo Simulation. The signal samples used are summarised in Table 8.1}

The distributions of the CP-odd observables Acbj.ijgn and OOy ;;p for the SM and different
BSM CP-even hypotheses are shown in Figure and Figure For both observ-
ables, the distributions from the different CP-even BSM hypotheses can be distinguished
from each other and also from the SM hypothesis. This dependence of the shape of
the CP-odd observables on the CP-even BSM coupling parameter is clearly visible in
the ratio to the SM (Figure and Figure . For the Agb;-ijgn observable, the
ratio on average increases for increasing absolute values of BSM coupling parameters.
In case of positive (negative) values of CP-even BSM coupling parameters, the ratio
increases (decreases) with increasing absolute value of Ag¥&"

Ji
observable, the ratio to the SM also increases with increasing absolute values of CP-even

In case of the OO j;u

BSM couplings. Different than for Aqﬁj-ijgn, the ratio increases with increasing OOy j;y
values for both the positive and negative BSM coupling parameters. Despite of this
dependence, the measurement of the CP-invariance is not expected to be significantly
biased by CP-even BSM contributions, because all distributions are symmetric around

zero with a vanishing mean value of (Ocp) = 0.

Table 8.1: The VBF+V H Monte Carlo samples with CP-even BSM admixtures to the SM,
used for the validation of the CP-odd observables Aqﬁ;ljgn and OOy j;y. The corresponding
cross section times branching ratio values are also shown. In the sample name, P (N)

denotes that positive (negative) coupling parameters were used for the generation.

Sample Ca Ksm kpvv o-B [fb]
Mixture 1P 1 1 5 2.76
Mixture 1IN 1 1 —2.5 1.31
Mixture 2P 1 1 2.5  0.92
Mixture 2N 1 1 -5 2.57
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Figure 8.3: The|(a)|expected distributions of the CP-odd observable Agb;ijgn as well as|(b)
their ratio to the SM in the VBF-enriched reconstructed category (N; >2,m;; > 120 GeV)

in case of the SM hypothesis and assuming CP-even BSM admixtures to the SM.
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Figure 8.4: The|(a)|expected distributions of the CP-odd observable ©O©1 ;;x as well as|(b)
their ratio to the SM in the VBF-enriched reconstructed category (N; >2,m;; > 120 GeV)
in case of the SM hypothesis and assuming CP-even BSM admixtures to the SM.
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Chapter 8 Test of CP-Violation in Vector Boson Fusion Production

In addition to the comparison of the shape of the distributions, a maximum likelihood
fit of the full distribution is performed to directly evaluate the impact on the CP-odd
BSM coupling sqkayy. For this purpose, pseudo-data are introduced corresponding
to the hypothesis with CP-even BSM admixtures and a scan of the test statistics ¢ is
performed over a range of the CP-odd BSM coupling parameter values s,k 4y using this

pseudo-data.

The expected values of the test statistics g of the scans are shown in Figure for the
SM hypothesis as well as for the four different CP-even BSM admixtures. The expected
best-fit results and the 68% and 95% CL are summarised in Table Within the
statistical precision, the best-fit values obtained with all tested CP-even BSM hypotheses
is zero for both CP-odd observables. Therefore, CP-even BSM contribution do not
bias the measurement of the CP-odd coupling parameter value, verifying the eligibility of

the Agbji]gn and OOy ;i observables for the study of the CP-invariance in the X V'V vertex.

Table 8.2: The expected 68% and 95% CL intervals and best-fit values from one-
dimensional likelihood scans of the test statistics ¢ over the CP-odd BSM coupling para-
meter for the SM and various CP-even BSM hypotheses. The scans are performed with
pseudo-data assuming an integrated luminosity of 139 fb~! at a centre-of-mass energy of
13 TeV. The value of the SM-like coupling parameter cokgps is set to one in all scans.

BSM coupling Confidence interval (CL)  Best-fit
KBSM 68% 95% CaRAvY
Observable: Agbj;g"

SM cakimyy =0 [~1.69,1.69] [~ —] 0.00
BSM coripyvy =—5  [~0.62,0.64] [~1.65,1.70]  0.00
BSM cqkpyy =—2.5 [—0.97,0.88] [—,—] —0.04
BSM cokpyy =2.5  [—0.77,0.74] [~ —] —0.01
BSM carimyvy =5 [—0.42,0.46] [—0.94,0.98]  0.02
Observable: OOy jin
SM carimyy =0 [—1.80,1.84] [~ ] 0.00
BSM cokpyy = —5  [~1.20,1.00] -, —] —0.05
BSM coripyy = —2.5 [—1.43,1.41] [—,—] —0.01
BSM corpyy =2.5  [—1.22,1.00] [—,—] —0.05
BSM cqkmyvy =5 [-0.77,0.79] [-2.17,2.25] 0.00
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Figure 8.5: Expected values of test statistic ¢ = —2In () in dependence on the CP-odd
coupling parameter sqokayy, for m the CP-odd observables A(bj-i]gn and OO jju
assuming a signal with CP-even BSM contributions in the pseudo-data at an integrated
luminosity of 139 fb~! at a centre-of-mass energy of 13 TeV. The horizontal lines indicate
the 68% and 95% CL intervals for the parameter of interest, assuming the asymptotic x?

distribution of the test statistic.
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Chapter 8 Test of CP-Violation in Vector Boson Fusion Production

Since the observables Acb;ijgn and OO ;g are symmetric around zero in case of CP-even
BSM contributions, it is expected that also the exclusion limits would be symmetric.
This is not fully the case in the presented study, due to fluctuations caused by the small
number of expected events in the VBF-enriched category.

The exclusion limits on s,k 4y obtained for different CP-even BSM hypotheses are more
stringent compared to those for the SM hypothesis. The limits are increasingly tighter
for the increasing ratio of the distributions from SM and CP-even BSM hypotheses (see
Figure and Figure . For both observables, the largest ratio is expected for
sakavy = b leading to the tightest confidence intervals of [—0.77,0.79] and [—2.17,2.25]
at 95% CL compared to the SM limits of [—-1.69,1.69] and [—1.80,1.84] for the observables
Agbj-ijgn and OOy j,m, respectively. Since in the case of the Agﬁji]gn observable, the ratio to
the SM is larger as for OOy j;g the corresponding difference in exclusion limits is also
larger. Thus, the presence of CP-even BSM admixtures to the SM XV V vertex lead to

tighter constraints on the CP-odd BSM parameters.

A more model independent measurement can be provided by a fit of the expected mean
value of the observable to data or by using a one-bin asymmetry value as the final
discriminant in the fit instead of the full distribution.

8.3 Expected Sensitivity for Full Run 2

The expected number of events after the inclusive analysis selection of Higgs boson
candidates in the mass range of 115 GeV < myy < 130 GeV and after the classification
into the reconstructed VBF-enriched category are shown in Table for an integrated
luminosity of 139 fb~! at y/s = 13 TeV . The numbers differ slightly from those quoted in
Section since they are obtained from simulated samples used in the analysis of the
36.1 fb~! data set. In addition, the inclusive event selection for the 139 fb~! data set has
been slightly changed compared to 36.1 fb~! as described in Section

The observables introduced for the test of CP-invariance are probing the VBF production
vertex. However, since the BSM HC Monte Carlo samples include in addition to the
VBF also V H-Had production mode, the VBF+V H-Had samples are combined with the
V H-Lep samples to build the VBF+V H signal model. Processes with no XVV vertex in
the production, such as the ggF, t¢tH and bbH production modes are taken into account
as background processes, since this contributions are not modified by CP-odd BSM
couplings. In addition, the SM ZZ* production is taken into account as the largest back-
ground contributions, while minor contributions from other backgrounds are neglected.

The expected distributions of the CP-odd observables Agbj-ijgn and OOy ;;jz and back-
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ground processes are shown in Figure [8.6] and Figure [8.0] respectively, assuming the SM
signal hypothesis. All distributions are symmetric around zero. The A¢}#"

of the background processes have a similar parabolic shape as the distribution from the

distributions

SM Higgs boson signal and in case of the OOy ;;y observable all of the background dis-
tributions peak at zero while for the VBF+V H signal a double peak structure is expected.

Table 8.3: Expected number of events at an integrated luminosity of 139 fb~! and
Vs =13 TeV after the H — ZZ* — 4¢ event selection in the mass range of 115 GeV <
myy < 130 GeV, as well as after the categorisation in the reconstructed VBF-enriched cat-
egory, assuming the SM Higgs boson signal with a mass mpy = 125 GeV. Only statistical

uncertainties are quoted.

Event selection stage VBF+VH ggF ttH+bbH z7* Total

115 GeV < myp < 130 GeV  24.53+0.05 186.9 £0.5 3.76 £0.05 100.4 £0.5 315.5 £0.7
VBF-enriched 10.10£0.03  16.83+0.12 0.507£0.015 5.98+0.11 33.41 £0.16

In order to estimate the sensitivity to CP-violation using the full Run 2 data set the
distribution of an CP-sensitive observable is fitted to the expected data using a binned
maximum likelihood fit. Only the shape and no rate information is employed. Two hypo-
theses are tested for the expected data: the SM hypothesis and a BSM hypothesis with
the CP-odd BSM coupling parameter set to sqaxayy = 0.43. To evaluate the influence of
the various background processes on the exclusion limits, the ggF', the t¢H+bbH and the
Z Z* background contributions are cumulatively taken into account.

The expected 68% CL intervals on the BSM parameter soxayy as well as the best-fit
values are shown in Table for both tested hypotheses. The corresponding distributions
of the test statistics are shown in Figure As expected stronger exclusion limits
are obtained with the ©Oq ;g observable, since this observable incorporates the full
sign

information on the kinematic properties of final state particles, while the A¢';

s observable

includes only the jet information.
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Figure 8.6: The expected distributions of the CP-odd observable Aqu-ijgn for H ggF, |(b)
ttH+bbH and 74 7* background. The SM expectation for the VBF+V H signal is

shown for comparison in all cases.

288



8.3 Expected Sensitivity for Full Run 2

8 0.5:\\\‘\\\‘\\\‘\\\‘\\\\\\\\\\\\\\\\\\\\\\: g 0-5:\\\‘\\\‘\\\‘\\\‘\\\\\\\\\\\\\\\\\\\\\\:
& 0.45- H-2Zz*- 4l DQQF - ® oust H-ZZ*- 4l bbH E
c E 13 TeVv E c F 13 TeVv ]
g 0.4 N =2,m >120 Gev - g 0.4 N 22,m >120Gev D“H -
= F VBF+VH SM, c kel 1 = F _ ]
B 0.35 ] S 0.35 VBF+VH SM, Ckgy=1
s E T2 ]
‘s 0.3F 4 ® 0.3F E
E g 1 E g 1
2 0.25? E g 0.25? E
0.2 H E 0.2 E
0.15- . - 0.15[ e
01 I . 01 ; = .
0.05] — = 3 0050 et 5=
PR Tl 7 T = =
7\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\7 Oﬂ.\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\W
-10 8 6 4 2 0 2 4 6 8 10 -10 8 6 4 2 0 2 4 6 10
oor,, oo,
(a) (b)

© OB e

S 0ac *_al ]

S o5 H-Z2"- I:IZZ 3

= F 13Tev 3

2 0.4F N=22,m >120Gev E

o C i |

= = VBF+VH SM, c k=1

2 035 .

@ E e

‘S 0.3F =

€ _F ]

2 0.25? E

0.15/- I g e

0.05- i = 3

P e AT T U TS PR S B Prn e

-10 8 6 4 2 0 2 4 6 8 10

oo,

(c)

Figure 8.7: The expected distributions of the CP-odd observable ©Oq ;;y for ggF,
@ ttH+bbH and Z 7" background. The SM expectation for the VBF+V H signal is

shown for comparison in all cases.
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Figure 8.8: Expected values of the test statistic ¢ = —2In(\) scanned over s,k 4y y using

the m and SM and H and pseudo-data for distributions A(;Sj-ijgn (left-hand-side)
and QO j;i (right-hand-side) for 139 fb~! at a centre-of-mass energy of 13 TeV. The
horizontal lines indicate the value of the profile likelihood ratio corresponding to the
68% and 95% CL intervals for the parameter of interest, assuming the asymptotic x?
distribution of the test statistic.
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Table 8.4: The expected confidence intervals at 68% CL and the best-fit values of the CP-
odd BSM coupling parameter s,k 4y for one-dimensional likelihood scans with the SM
and CP-odd BSM pseudo-data at an integrated luminosity of 139 fb~'at a centre-of-mass
energy of 13 TeV. The SM coupling parameter c,kgas is set to one in all scans.

Contributing SM pseudo-data BSM pseudo-data
processes 68% CL interval Best-fit 68% CL interval Best-fit
Observable: Agb;;gn
VBF+VH [—1.69,1.69] 0.00 [—1.02,—] 0.43
+ ggF [—,—] 0.00 [—,—] 0.43
+ ttH+bbH [—,—] 0.00 [—,—] 0.43
+ Z7* [—,—] 0.00 [—,—] 0.43
Observable: OOy jin
VBF+VH [—1.80,1.84] 0.00 [—1.27,2.52] 0.43
+ ggF [—3.65,3.80] 0.00 [—2.66,5.41] 0.43
+ ttH+bbH [—3.74,3.88] 0.00 [—2.72,5.56] 0.43
+ Z7* [—4.90,4.85] 0.00 [—3.30,—] 0.43

In the case of the Agb;ijgn observable the exclusion limits at 68% CL can only be obtained
for a pure VBF+V H signal and no background contributions. The corresponding 68% CL
interval is [—1.69,1.69]. By adding the ggF contribution or other background processes

no exclusion limits can be set, neither for the SM nor for the BSM hypothesis.

The expected 68% CL interval in case of the OO, ;i observable and by considering only
the VBF+V H signal is [—1.80,1.84] about 10% less significant than the one achieved
with the Aqﬁj»ijgn observable. However, the OO ;g observable provides in contrast to the
Agbj-ljgn observable a 68% CL interval even when all background processes are taken into
account. By including the ggF production mode the exclusion limit degrades by a factor
of two, due to a large ggF contribution of about 50% in the VBF-enriched category.
Since the ttH+bbH production have only a small contribution of about 1.5% to the
total signal yield only a slight degradation of the exclusion limit is expected from these
processes. The irreducible background contributes with 18% to the event yield, leading to
a further degradation of the exclusion limits by 30%. Finally, after taking all background

processes into account, the expected exclusion limit on s,k vy is [—4.90,4.85] at 68% CL.
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Chapter 8 Test of CP-Violation in Vector Boson Fusion Production

The maximum likelihood fit under the CP-odd BSM hypotheses always converges to the
correct value of the hypothesised signal parameter of s,k = 0.43. The values of the
test statistics are smaller for positive than for negative BSM coupling parameters, leading
to a one sided constrain on sok vy of [—3.30,—] at 68% CL from the OO j; observable
after accounting for all background contributions.

In order to further improve the measurement sensitivity, the relatively large contribu-
tion of the background of about 70% has to be suppressed and discriminated from the
VBF+V H signal. One possibility is to employ boosted decision trees as for the SM cross
section measurement described in Section This and other possible improvements are
discussed in the following section.

8.4 Optimisation of the Measurement

The major background contribution in the VBF-enriched category originates from the
ggF production mode with 50% of all events, followed by the irreducible ZZ* background
and the ttH+bbH production with 18% and 1.5%, respectively. As discussed in the
previous section, these background contributions decrease the analysis sensitivity.

In order to provide a discrimination between the VBF+V H signal and the background
processes, boosted decision trees introduced in Section [5.3] can be employed. A require-
ment on the BDT discriminant is optimised such to obtain the best signal enhancement.
The BDT discriminant (BDTypr) used in the VBF-enriched category in the SM cross
section measurement (Section is employed.

The expected distribution of the BDTygr output discriminant in the VBF-enriched cat-
egory is shown in Figure for the SM ggF and SM VBF+V H production, as well as
for VBF+V H signal with non-vanishing CP-odd BSM parameters. The distribution of
the VBF+V H signal is shifted to positive values, while negative values are preferred by
the ggF background. Thus, with a cut on BDTygpr the ggF background contamination
can be reduced.

However, the shape of the BDTygp discriminant for the VBF+V H processes is affected
by the size of the CP-odd BSM coupling parameter. The larger absolute value of the
CP-odd BSM coupling parameter, the stronger the shift of the distribution forwards to
negative values. This dependence reduces the separation between signal and ggF and is
due to the fact that some of the input variables used in the BDT training are dependent
on BSM couplings.
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Figure 8.9: The expected distribution of the BDT response in the VBF-enriched recon-
structed event category for the ggF and VBF+V H production predicted by the SM, as
well as for the signal with different values of BSM CP-odd coupling parameters.

The distributions of input variables with largest BSM dependence (pzfl , p7T2 , An;; and
A ;”Zm) are shown in Figure for the VBF+V H processes with the SM and CP-odd
BSM coupling parameters. The spectra of the transverse momentum of the two lead-
ing jets tend to be harder in the presence of BSM couplings (further away from ggF),
while the jets are less separated in pseudorapidity compared to the SM expectation
(i.e. closer to ggF). The minimal angle between the leading jet and the reconstructed

Z boson A ;an is also smaller in case of the BSM couplings, i.e. it becomes similar to ggF.
Therefore, the threshold on the BDTvygr response not only reduces the ggF background
contribution, but also the BSM signal contribution. In order to remove potential biases
of BDT discriminants on the final result, the final threshold value is chosen such to reject

a similar fraction of SM and BSM VBF+V H signal events.

The fraction of signal events in the VBF-enriched category surviving a given require-
ment on the BDTypp threshold is shown in Table 8.5l Since the minimal value of the
BDTygr is —0.8, the first cut is applied at BDTygrp = —0.6, rising in steps of 0.2 up
to BDTygp > 0.8.
BDTvygr > 0.8 while it is even smaller, down to 16.15% and 12.62% for sokavy = 2.5
and sqrAyy = 5, respectively. In order to optimise the threshold value, the sensitivity of

The fraction of SM signal events is 19.36% for a requirement of

the analysis is studied in dependence on the threshold. The threshold values up to 0.4
are considered, corresponding to a relative difference in the fraction with respect to the
SM of about 30% for the CP-odd BSM coupling parameter saxayvy = 5.
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Figure 8.10: The expected distributions of discriminating variables p]fl, p‘%? , |(c)
Anj; and|(d) AR}"Zm used as an input for the boosted decision tree discriminant BDTygp
in the VBF-enriched reconstructed event category for the VBF+V H SM expectation and
BSM CP-odd coupling parameters.
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8.4 Optimisation of the Measurement

The expected number of signal and background events in the VBF-enriched event cat-
egory are shown in Table [8.6] for several different thresholds on the BDTypp discriminant.
The corresponding signal composition in each of these categories is shown in Table
and visualised in Figure The number of SM VBF+V H signal events reduces by up
to a factor of two for a BDT threshold of 0.4. The ggF background decreases by a larger
factor of ten, and the ttH+bbH production and the ZZ* background by a factor of 30
and 20, respectively. Since the background is rejected more strongly compared to the
signal, the signal purity can be enhanced up to 72%.

For each of the tested BDT thresholds, a maximum likelihood fit of the Ad);ijgn and
©QO1 j;n distribution is performed for the SM hypothesis and for the BSM hypothesis
with the CP-odd BSM coupling parameter sy,kayy = 0.43. The result is shown in

Table [B.8] The respective values of the test statistic are shown in Figure [8:12]

Table 8.5: Expected fractions of VBF+V H signal events in the reconstructed VBF-
enriched category after applying a requirement on the BDTypp response after the full
event selection at an integrated luminosity of 139 fb=! at /s = 13 TeV for the SM and
CP-odd BSM admixtures with two different CP-odd BSM coupling parameters. In ad-
dition, the difference of the fraction ABSM — fractionsy —fractiongsy , the SM prediction is

rel fractiongpg

shown.
VBF-enriched VBF+VH SM  sqkavy =25 ASfAVVE20 s pavy =5 (%] Alefavv=5
category [%] [%] %] %] %]
No BDTypF cut 100.00 100.00 0 100.00 0
BDTypp > —0.6 92.57 90.64 2.08 89.06 3.79
BDTypr > —0.4 79.69 72.81 8.63 67.27 15.59
BDTypr > —0.2 71.95 63.35 11.95 56.07 22.07
BDTypp > 0.0 64.14 55.24 13.88 47.87 25.37
BDTygr > 0.2 55.38 46.51 16.02 39.77 28.19
BDTypr > 0.4 45.81 38.45 16.08 31.69 30.83
BDTypr > 0.6 34.39 28.56 16.93 22.53 34.48
BDTygr > 0.8 19.36 16.15 16.54 12.62 34.79
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Table 8.6: Expected number of VBF+V H signal and background events after the full event
selection in the reconstructed VBF-enriched event category at an integrated luminosity
of 139 fb~! at /s =13 TeV for different thresholds on the BDTypp response assuming
the SM Higgs boson signal with a mass mpg = 125 GeV. Only statistical uncertainties are

quoted.

VBF-enriched VBF+VH ggF ttH+bbH Z7* Total
category

No BDTypr cut  10.10£0.03 16.83£0.12 0.507£0.015 5.98 £0.11  33.41+0.16
BDTypr > —0.6 9.31£0.03 12.056+£0.10 0.375+£0.013 4.16 £0.09 25.89£0.14
BDTypr > —0.4 8.03+£0.03 7.43+£0.08 0.136+0.008 2.07 £0.06 17.66+0.11
BDTypr > —0.2 7.31+£0.02 5.24+0.07 0.081+0.007 1.26 £0.05 13.88+0.09
BDTygr > 0.0 6.62+£0.02 3.74+£0.06 0.049+0.005 0.802+£0.039 11.2240.07
BDTypr > 0.2 5.87+£0.02 257+£0.05 0.027+£0.004 0.503+£0.031 8.97£0.06
BDTypr > 0.4 5.06£0.02 1.69+£0.04 0.018+0.003 0.319+£0.025 7.07£0.05

Table 8.7: Expected VBF+V H signal and background fractions after the full event se-
lection in the reconstructed VBF-enriched event category at an integrated luminosity of
139 fb~! at /s =13 TeV for different thresholds on the BDTypp response assuming the
SM Higgs boson signal with a mass my = 125 GeV

VBF-enriched VBF+VH ggF ttH+bbH ZZ*
category (%] (%] [%] (%]

No BDTvygr cut 30.22 50.36 1.52 17.90
BDTvgr > —0.6 35.95 46.55 1.45 16.06
BDTvygr > —0.4 45.47 42.07 0.77 11.70
BDTypr > —0.2 52.65 37.72 0.58 9.05
BDTvgr > 0.0 59.06 33.35 0.44 7.15
BDTvygr > 0.2 65.45 28.65 0.30 5.60
BDTygr > 0.4 71.39 23.85 0.25 4.51
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Figure 8.11: Expected signal composition in the VBF-enriched reconstructed event cat-
egory with different thresholds on the BDTygp discriminant.

For both CP-odd observables the sensitivity is significantly improved by the BDT require-
ment. For the CP-violating observable Aqﬁjljgn, the SM hypothesis cannot be excluded
if no BDTygp cut is applied. The 68% CL interval for the CP-odd coupling parameter

improves to [—2.39,2.42] with a cut BDTypp > 0.4.

For the CP-odd observable OOy ;;jy the exclusion limits improve by a factor of two
from [—4.90,4.85] to [—2.47,2.58] after applying the cut BDTypp > 0.4. For BDTypp
cuts above —0.2 the sensitivity improves only slightly, since the statistical uncertainty

increases.

The fit performed for the hypothesis of a CP-odd BSM signal gives similar results as
the one obtained for the SM expectation. The limits improve with larger thresholds on
BDTygr and the relative improvement for thresholds above —0.2 is only minor. The
best-fit values of sok4yy obtained from the fits agree with the values assumed for the
BSM hypothesis, sqxayy —0.43.
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Table 8.8: The expected confidence intervals at 68% CL and best-fit values of the CP-odd
BSM parameter s,k 4y, obtained from the one-dimensional likelihood scan with the SM
and the CP-odd BSM hypotheses at an integrated luminosity of 139 fb~tat /s = 13 TeV.
The results are shown for different BDTygp cuts. In all scans the value of the SM coupling
parameter cokgps is set to the SM prediction of one.

Employed SM pseudo-data BSM pseudo-data
threshold 68% CL interval Best-fit 68% CL interval Best-fit

Observable: Agf)j;gn

No BDTypr cut [—,—] 0.00 [—,—] 0.43
BDTypp > —0.6 [~ ] 0.00 [~ ] 0.43
BDTygr > —0.4 [—3.56,4.65] 0.00 [—1.96,—] 0.43
BDTypp > —0.2 [—2.90,2.55] 0.00 [~1.73, -] 0.43
BDTygr > 0.0 [—2.51,2.47] 0.00 [—1.64,—] 0.43
BDTygr > 0.2 [—2.40,2.37 0.00 [—1.62,—] 0.43
BDTypr > 04 [—2.39,2.42] 0.00 [—1.61,4.36] 0.43

Observable: OOy jin

No BDTygy cut [—4.90,4.85] 0.00 [—3.30,—] 0.43
BDTypr > —0.6 [—3.52,3.75] 0.00 [—2.65,5.02] 0.43
BDTypr > —0.4 [—2.81,3.03] 0.00 [—2.18,3.92] 0.43
BDTvygr > —0.2 [-2.56,2.64]  0.00 [—1.96,3.39] 0.43
BDTygr > 0.0 [—2.46,2.59] 0.00 [—1.91,3.30] 0.43
BDTygr > 0.2 [—2.43,2.52] 0.00 [—1.90,3.19] 0.43
BDTygr > 0.4 [—2.47,2.58] 0.00 [—1.94,3.25] 0.43
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Figure 8.12: Expected values of the test statistic ¢ = —2In () for the SM (left-hand-side)
and BSM (right-hand-side) hypothesis, obtained from the scans over the CP-odd BSM
coupling parameter syk4yy at an integrated luminosity of 139 fb~! at a centre-of-mass
energy of 13 TeV. The likelihood curves are shown for different BDTvypr cuts, in @ and
using the Acf);ijgn observable and in and |(d)[the OO j; i observable. The horizontal
lines indicate the value of the profile likelihood ratio corresponding to the 68% CL interval
for the parameter of interest, assuming the asymptotic x? distribution of the test statistic.
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As a consequence of these optimisation studies a cut of BDTypr > —0.2 is employed.
The corresponding relative difference in the BSM signal fraction relative to the SM signal
is up to 20% (compare Table for the BSM coupling parameter sqxayy =5 and the
signal purity is 50%. The expected confidence intervals at 68% CL are [—2.90,2.55] and
[—2.56,2.64] for the Ad)j-ijgn and the OOy ;g observable, respectively.

To summarise, the use of BDT discriminants suppress the background contribution and
allows for an improvement of exclusion limits on the CP-odd BSM couplings. How-
ever, the currently used BDTygpr discriminant has a strong dependence on the size of
the BSM couplings, reducing the discrimination power for large BSM coupling values.
Possible solution is to train a new BDT discriminant dedicated for the measurement of
CP-violation. The input variables should be chosen such to provide a good separation
between the VBF+V H and ggF production mode, while at the same time minimising
the BSM dependence.

Another possibility of the background suppression is the employment of recurrent neural
network (rNN) [223] instead of BDTs. This deep learning method provides in general
a better separation of the signal from the background for the same input variables.
However, the training of the rNN requires larger input data sets.

Further improvements can be obtained by fitting the entire distribution of the multivari-
ate discriminating variable instead of selecting only events above a certain threshold. In
this way, the statistical precision is not reduced. The sensitivity can also be increased
by using a variable binning for the distributions of the CP-odd observables. In this way,
interesting structures in the shapes of the distribution can be resolved, while less sensitive
regions like the side-band regions can be combined into one single bin, thus increase the

statistical precision.

As discussed in Section BSM CP-even contributions can influence the results of
the CP-invariance measurement. To be agnostic against such contributions the amount
of asymmetry of the distribution could be used as a single parameter instead of the full
distribution. Another possibility is to take the shape information into account by using

a binned asymmetry.
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8.5 Comparison with Previous Measurements

The test of CP-invariance in the XVV vertex has been performed by several other
analysis summarised in Table No evidence for CP-violation has been found in any
of the mentioned measurements. In particular, the CP-invariance was probed in the
decay vertex of H — ZZ* — 40 and H - WW?* — evuv decays using the full set of
Run 1 data recorded with the ATLAS detector [28]. The XVV production vertex has
also been probed with Run 1 and first Run 2 data with the ATLAS experiment in the
VBF production mode using the similar Optimal Observable method in the H — 77
decay channel [207, [208].

Since the analyses in the H — 77 decay channel use the same approach to investigate

the CP-invariance as presented in this thesis, this study is described in more detail. The
results of each analysis are compared with the results obtained in this thesis.

Table 8.9: Summary of ATLAS analyses testing the CP-invariance in the XV'V vertex

Decay mode Data set Centre-of-mass energy Integrated luminosity Reference
H—Z7* =4l Run 1 7,8 TeV 24.8 fb~! [28]
H—-WW*—=evur Runl 8 TeV 20.3 fb! [28]
H—711 Run 1 8 TeV 20 fb~1 [207]
H— 7T Run 2 13 TeV 36.1 fb~! [208]

The test of the CP-invariance in the XVV decay vertex of H - ZZ* — 4¢ and H —
WW* — evuv decays is performed with proton-proton collision data of the full Run 1 data
set corresponding to an integrated luminosity of 24.3 fb~! collected with the ATLAS
detector at /s =7 and 8 TeV. Possible CP-violating contributions are modelled within
the HC framework. The CP-odd BSM coupling under study is defined relative to the
SM-like coupling parameter kgpy,

RAVYV v RAVV .

.t = .
KSM an (a) 4-N Ksu

tan (a) . (8.13)

The measurement is based on the shape of the CP-sensitive kinematic distributions of the
Higgs boson decay products. Constraints on the CP-odd BSM coupling are set separately
for H— Z7Z* — 4¢ and H - WW* — evur decays and their combination.

The expected confidence intervals at 68% and 95% CL for the combined measurement
are (RKavv/ksa) -tan(a) € [—1.2,1.2] and (Fayy/ksa) - tan(a) € [—2.33,2.30]. Assuming
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Chapter 8 Test of CP-Violation in Vector Boson Fusion Production

the SM prediction for the SM-like coupling parameter, coksyr = 1, the intervals translate
into sqkavy € [—19.5,19.5] at 68% CL and sqkavy € [—37.9,37.4] at 95% CL. The
limits improve by a factor v'L and v/2 due to the larger amount of data and increased
centre-of-mass energy, respectively, leading to an expected limit of [-8.9,8.9] at 68% CL
and [-17.4,17.2] at 95% CL for 139 fb~! and /s = 13 TeV.

The exclusion limit obtained with the study presented in this thesis is [-2.56,2.64] at
68% CL, which is about a factor of three better. The CP-invariance measurement in
H— Z7Z* - 40 and H - WW?* — evuv decays is also based on the concept of Optimal
Observables but employing only the measured four-momenta of the charged leptons
from the Higgs boson decay for the calculation of the matrix elements without taking
into account the information of the leading final state jets from the VBF production.
The decay vertex information and a better signal-to-background ratio allows to set the
exclusion limits at 95% CL, which is not possible in the study presented in this thesis,
which relies on the information from the VBF production vertex. Thus, the presented
study can be further improved by taking into account the information from the decay

vertex.

The CP-sensitive H — 77 analysis is performed with proton-proton collision data cor-
responding to an integrated luminosity of 36.1 fb~! collected with the ATLAS detector
at /s =13 TeV in the years 2015 and 2016. The effective Lagrangian considered in the
H — 771 decay channel is the SM Lagrangian augmented with CP-odd dimension-six oper-
ators, as introduced in Section The strength of CP-violation in the VBF production
is described by a single parameter d. The CP-odd coupling parameter d can be translated
into the HC model via the relation
7 V-KAVV

d= t . 8.14
Y fan(a) (8.14)
The CP-invariance measurement in the H — 77 decay channel employs the same defin-
ition of the first-order Optimal Observable for the VBF production as introduced in

Section allowing for a direct comparison of the two measurements.

The analysis in the H — 77 channel has a larger sensitivity to the VBF production.
Due to a larger number of events much stronger VBF selection criteria can be applied:
N; > 2, pJ? > 30 GeV, mj; > 300 GéV, |n;;| >3 and p} > 40 GeV. In addition, the
signal-to-background ratio in the signal regions is enhanced by means of dedicated BDT
discriminants. Furthermore, an optimised variable binning is used for the OO ;;g
observable.

The measurement in the H — 77 is performed with all possible combinations of final

states, with 7 leptons decaying either leptonically (7 — fvv with £ = e, ) or hadronically
(7 — v hadrons). Depending on the decay mode of the 7 lepton the events are separated
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8.5 Comparison with Previous Measurements

into four analysis channels, the dileptonic same-flavour (7;¢p7ep SF), the dileptonic dif-
ferent flavour (7¢,7ep DF), the semileptonic (7jepThad), and the fully hadronic (ThedThad)
channel. In each final state a BDT discriminant is trained using different discrimin-
ating input variables. The signal regions are built by a threshold requirement on the
corresponding BDT response. With the introduction of these criteria a similar signal-to-
background ratio of about 2 as in the presented study can be achieved.

The analysis results are obtained from a binned maximum-likelihood fit of the OO ;;y
distribution in the signal regions fitted simultaneously with dedicated discriminants in
the control regions, which are used to constrain the background normalisations and the

systematic uncertainties.

For an integrated luminosity of 36.1 fb~! the expected 68% CL interval for the para-
meter d after combining all analysis channels is d € [—0.035,0.033], which translates into
Sakavy € [—0.40,0.38] in the HC model. The limits scale with to an expected interval
of [—0.28,0.27] at 139 fb~!. The exclusion limit obtained with the study presented in
this thesis is [—2.56,2.64], which is worse by a factor of about ten. This is mainly due
to the larger number of signal events in the H — 77 decay channel. With more the pure
VBF category and the BDT observables a similar signal-to-background ratio is achieved
in the H — 77 as in the H — ZZ* — 4¢. However, the number of signal events is larger
by a factor of ten. Furthermore, the variable binning of the OO ;;x distribution also

increases the sensitivity.
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Summary

The Higgs boson as last missing particle predicted by the Standard Model has been
discovered in 2012 by the ATLAS and CMS experiments in proton-proton collisions
at the Large Hadron Collider (LHC). The measurements of the spin and CP quantum
numbers of the discovered particle confirmed that it is in deed the Standard Model Higgs
boson. So far, the measurements of cross sections for different Higgs boson production
modes and decay rates are well compatible with the Standard Model prediction. The
measurement precision still does not exclude the most favoured models of physics beyond
the Standard Model (BSM). For instance, it is still possible that the tensor structure of
the Higgs boson couplings is modified by small CP-even or CP-odd BSM admixtures to
the pure CP-even Higgs state of the Standard Model. Precise measurements of the Higgs
boson production cross sections and of the tensor structure of the Higgs boson couplings,
including the direct search for CP-violation in the Higgs sector, are very important as a

window to new physics.

In this thesis, such measurements have been performed in the H — ZZ* — 4 ({ = e, u)
decay channel to probe the Higgs boson coupling structure. The cross sections for the
main Higgs boson production modes have been measured inclusively in different phase
space regions. These measurements have also been extrapolated to 3000 fb~! of lumin-
osities to estimate the ultimate precision at the high-luminosity LHC (HL-LHC). The
tensor structure of the Higgs boson couplings to weak vector bosons, gluons and the
top quark have been probed using two different analysis approaches. The sensitivity
for CP-violation in the vector boson fusion production of the Higgs boson has been
evaluated. The measurements have been performed with Run 2 data sets of the ATLAS
detector at the LHC at a centre-of-mass energy of 13 TeV. The data sets used correspond
to integrated luminosities of 36.1 fb~!, 79.8 fb~! and 139 fb~!. The numbers of selec-
ted Higgs boson decays to four leptons in these data sets are 95, 195 and 316, respectively.

The Higgs boson production cross sections for the main production modes have been
measured with 79.8 fb~! of data. For this purpose, the selected Higgs boson decays have
been classified according to their production process. Multivariate discriminants were
employed to improve the sensitivity to the production modes in the different categories.
The measured cross sections times branching ratio for H — ZZ* — 4/ decays are in good
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Chapter 9 Summary

agreement with the Standard Model prediction. In the rapidity range |yg| < 2.5 the
measured value is 1.57 £0.18 pb which agrees within 1.5 standard deviations, with the
Standard Model prediction of 1.33 4+ 0.08 pb.

The above measurements have been extrapolated to the maximum integrated luminosity
of 3000 fb~! expected at the HL-LHC taking into account the increase in the centre-of-
mass energy to 14 TeV and a reduction of theoretical and experimental uncertainties.
The overall measurement precision is expected to improved by a factor of about four for
ggF production and by a factor of about six for VBF and V H production at the end of
the HL-LHC data taking. While with 79.8 fb~! of data only an upper limit could be set
on the ttH production cross section, it can be measured with a precision of 20% at the
end of the HL-LHC.

The tensor structure of the Higgs boson couplings have been probed using two different
effective field theory approaches in which deviations from the Standard Model predictions
are parametrised in terms of BSM coupling parameters. The first analysis, performed
with 36.1 fb~! of data, probed for the contributions of anomalous CP-even and CP-
odd contributions in the Higgs production and decay using the Higgs Characterisation
framework. Possible BSM contributions to the Higgs boson couplings to vector bosons
(HV'V interaction vertex) and to gluons (Hgg interaction vertex) have been studied
independently. Limits have been placed on CP-even (CP-odd) BSM coupling contribu-
tions to the HV'V interaction vertex described by the coupling parameter cosa - kpyy
(sina-kayvy) and on CP-odd BSM contributions to the Hgg interaction vertex described
by the parameter sina-k444. Input to the analysis are the reconstructed Higgs boson
candidates selected by the inclusive H — ZZ* — 4f analysis classified according to the
different production modes. The limits —0.6 < cosa-kgyy < 4.2, —4.4 <sina-kayy < 4.4
and —0.68 < sina- k444 < 0.68 have been set on the BSM coupling parameters at 95% CL.

The second analysis has been performed with the full Run 2 data set corresponding to
an integrated luminosity of 139 fb~!. In addition to the Higgs boson couplings to vector
bosons and gluons, also the top Yukawa interaction vertex t¢H has been probed in ttH
production for CP-even and CP-odd BSM contributions modelled using the Standard
Model Effective Field Theory (SMEFT). In the SMEFT, the CP-even (CP-odd) BSM
couplings at the Hgg interaction vertex are described by coupling parameters cyg (¢ H(NJ)'
The corresponding CP-even (CP-odd) SMEFT parameters for the HVV interaction
vertex are CHw,CHB,CHW B (CHW,CHE,CHWB) and ¢y, (cqpr) for the ttH vertex. Cross
sections have been measured in exclusive phase space regions defined at particle level and
fitted with the SMEFT prediction, rather than interpreting directly the observed event
yield as in the previous approach. The most stringent limits have been set on the CP-even
BSM coupling parameter to gluons, —0.0074 < cpg < 0.0080, and on the CP-odd BSM
coupling parameters to the weak vector bosons, —2.4 < Cyiv <24, —0.56 < cp 5 <0.56
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and —1.03 < Cyip < 1.03. The constraints on the CP-even BSM coupling parameters
are weaker, —3.4 < cygw < 2.1, —0.62 < cyp < 0.59 and —1.06 < cgwp < 0.99.

These are the first constraints on SMEFT coupling parameters in the H — ZZ* — 4/
channel. They will be combined with the measurements in other Higgs boson decay

channels.

The sensitivity to CP-violation in vector boson production of the Higgs boson has been
evaluated using fully simulated H — ZZ* — 4¢ candidates of the full Run 2 data set of
139 fb~!. The kinematic properties of the final state particles are combined into a single
discriminant in a well defined optimum way (Optimal Observable). Expected limits for the
full Run 2 data set from Monte Carlo simulation have been derived for the CP-odd BSM
coupling parameter sina - x4y y of the Higgs Characterisation framework. The expected
68% CL interval is —2.56 < sina - K g4y y < 2.64 while no limits can yet be set at 95% CL.
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Four-Lepton Triggers

A.1 Electron Trigger

Table A.1: Electron trigger requirements for the H — ZZ* — 4¢ analysis

Data Period

Single-electron

Tri-electron

2015
D,E,F,G,H,J

2016

2016
B-D3

2016
D4-E

2016
F-G2

2016
G3-13

2016
1L

2017

2018

HLT €24 Ihmedium_L1EMI8VH (D)
HLT e24 lhmedium_ LIEM20VH (E,F.G,H,J)

HLT e60_lhmedium e120_lhloose
HLT e24 Ihtight nod0_ivarloose
HLT__e60_ lhmedium_ nod0
HLT_e60_medium

HLT e140_lhloose_nod0
HLT__e300__etcut

HLT e24 Ihtight nod0_ivarloose
HLT_e60_Thmedium_nod0

HLT 60 _medium

HLT_e140_ lhloose_nod0

HLT _e300_etcut

HLT ¢26_lhtight nod0_ivarloose
HLT_e60_lhmedium_nod0
HLT_e60_medium
HLT_e140_lhloose_nod0
HLT_e300_etcut

HLT e26_lhtight nod0_ivarloose
HLT_e60_lhmedium_ nod0
HLT_e60_medium

HLT _e140_ lhloose_nod0
HLT_e300_etcut

HLT e26_lhtight nod0_ivarloose
HLT 60 lhmedium_nod0
HLT_e60_medium
HLT_e140_lhloose_nod0
HLT_e300_ etcut

HLT 26 lhtight nod0_ivarloose
HLT_e60_lhmedium_nod0
HLT__e60_medium

HLT_e140_ lhloose_nod0
HLT_e300_etcut

HLT e26_lhtight nod0_ivarloose
HLT_e60_lhmedium_ nod0
HLT_e140_lhloose_nod0
HLT_e300_etcut

HLT e26 lhtight nod0_ivarloose
HLT e26_lhtight nod0
HLT_e60_lhmedium_nod0

HLT _e140_lhloose_nod0
HLT_e300_etcut

HLT_2e12_lhloose_L12EM10VH

HLT_ 2el5_lhvloose_nod0_L12EM13VH

HLT_2e15_lhvloose_nod0_L12EM13VH

HLT_2e17_lhvloose_nod0

HLT_2e17_lhvloose_nod0

HLT_2e17_lhvloose_nod0

HLT 2e17 lhvloose nod0

HLT_2e17_lhvloose_nod0_L12EM15VHI

HLT_2e24_lhvloose_nod0

HLT 2e17_lhvloose_nod0_L12EM15VHI

HLT_2e24_lhvloose_nod0

HLT_el7_lhloose_2e9_lhloose

HLT__el7_lhloose_nod0_2e9_ lhloose_nod0

HLT _e17_lhloose_nod0_2e9_lhloose_nod0

HLT _e17_lhloose_nod0_2e9_lhloose nod0

HLT_el7_lhloose_nod0_ 2e9_ lhloose_nod0

HLT_el7_lhloose_nod0_2e9_lhloose_nod0

HLT 17 lhloose nod0_2e9 lhloose nod0

HLT_e24_lhvloose_nod0_2e12_lhvloose_nod0_L1EM20VH_3EM10VH

HLT e24 lhvloose_nod0_2e12_lhvloose nod0_LI1EM20VH_3EM10VH
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Appendix A Four-Lepton Triggers

A.2 Muon Trigger

Table A.2: Muon trigger requirements for the H — ZZ* — 4/ analysis

Data Period  Single-muon Di-muon Tri-muon

2015 HLT_mu20_iloose_ L1IMU15 HLT_ 2mul0 HLT_ 3mu6

D,E,F.G,H,J HLT_ mu40 HLT mul8 mu8noL1l HLT 3mu6_ msonly
HLT_mu60_Oetal05_msonly HLT_mul8_2mudnoLl

2016 HLT mu24_ivarloose. LIMU15 HLT 2mul0 HLT mu20_ 2mu4noL1

A HLT_mu24_iloose_ L1IMU15 HLT _2mul0_nomucomb HLT _3mu4
HLT mu40 HLT mu20_ mu8noL1 HLT mu6_ 2mu4
HLT_ mub0 HLT _mu20_nomucomb_ mu6noLl_nscan03 HLT_mu20_nomucomb_mu6noLl_nscan03

HLT mull nomucomb_ 2mu4noLl nscan03 LIMU11_ 2MU6

HLT mu20_msonly mulOnoLl_ msonly nscan05_noComb

2016 HLT mu24_ ivarmedium HLT 2mul4 HLT mu20_ 2mud4noL1
B-D3 HLT mu24 imedium HLT 2mul4 nomucomb HLT 3mu6
HLT _mub0 HLT_ mu20_mu8noL1 HLT_ mu6_ 2mu4

HLT mu20_nomucomb_mu6bnoLl nscan03 HLT mu20_nomucomb_mu6noLl nscan03
HLT_mull_nomucomb_2mudnoLl_nscan03_L1IMU11_2MUG6

HLT mu20_msonly mulOnoLl msonly nscan05 noComb

2016 HLT_mu24_ ivarmedium HLT 2mul4d HLT_mu20_ 2mu4noL1
D4-E HLT mu24 imedium HLT mu20_mu8noL1 HLT 3mu6_ msonly
HLT_mu26_ivarmedium HLT _mu22_mu8noLl

HLT mu26_ imedium
HLT _mub0

2016 HLT mu26_ ivarmedium HLT 2mul4 HLT_mu20_ 2mu4noL1
F-G2 HLT _mu26_imedium HLT mu22_ mu8noL1 HLT_3mu6__msonly
HLT__mub50
2016 HLT mu26_ivarmedium HLT 2mul4 HLT mu20_2mudnoL1
G3-13 HLT _mub0 HLT_ mu22_mu8noL1 HLT_3mu6_ msonly
2016 HLT mu26_ivarmedium HLT 2mul4 HLT mu20_2mu4noLl
I4-L HLT _mub0 HLT_ mu22_ mu8noL1l HLT_3mu6_ msonly
HLT 3mu4
2017 HLT_mu26_ ivarmedium HLT_2mul4 HLT__mu20_ 2mu4noL1
HLT mub50 HLT mu22 mu8noL1l HLT 3mu6_ msonly
HLT_mu60_0Oetal05_msonly HLT _mu22 mu8noL1_calotag 0Oeta010 HLT_3mu4
HLT 3mu6
HLT _4mu4
2018 HLT mu26_ ivarmedium HLT 2mul4 HLT mu20_ 2mu4noL1
HLT _mub0 HLT mu22_ mu8noL1 HLT_3mu6

HLT mu60_0Oetal05 msonly
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A.3 Electron-Muon Trigger

A.3 Electron-Muon Trigger

Table A.3: Electron-muon trigger

requirements for the H — ZZ* — 4 analysis

Data Period

Electron-muon

Data Period Electron-muon

2015
D,E,F,G,H,J]

2016

2016
B-D3

2016
DJ-E

2016
F-G2

HLT_el7 lhloose. mul4

HLT_ 2¢12_lhloose. mul0

HLT el2_lhloose 2mul0

HLT €24 medium L1IEM20VHI mu8noL1
HLT_e7 medium_mu24

HLT el7_lhloose nod0_ mul4

HLT €24 lhmedium nod0 LI1EM20VHI mu8noL1l
HLT_e7_ lhmedium_ nod0_mu24

HLT el2_lhloose nod0_2mul0

HLT _2e12_Ihloose_nod0_ mul0
HLT_e17_lhloose_nod0_mul4

HLT_e24 lhmedium_nod0_L1IEM20VHI_mu8noL1
HLT e7 lhmedium nod0 mu24

HLT el12 lhloose nod0 2mul0

HLT_ 2e12_ lhloose_ nod0_mul0

HLT el7 lhloose nod0 mul4
HLT_e26_lhmedium_nod0_ L1EM22VHI_mu8noL1
HLT_e7 lhmedium_nod0_mu24

HLT el12 lhloose nod0_ 2mulQ

HLT 2e12 lhloose_nod0_mul0

HLT €17 lhloose nod0 mul4

HLT_ 26 lhmedium_nod0_ L1EM22VHI_mu8noL1
HLT e7 lhmedium_ nod0 mu24

HLT _el2 lhloose nod0_2mul0

HLT_ 2e12_ lhloose_ nod0_mul0

2016
G3-13

2016
Ij-L

2017

2018

HLT el7 lhloose nod0_mul4

HLT e26_lhmedium_nod0_L1EM22VHI mu8noL1
HLT e7 lhmedium_nod0 mu24

HLT el2 lhloose nod0_ 2mul0

HLT_ 2e12 lhloose_ nod0_mul0Q

HLT el7 lhloose nod0 mul4

HLT €26 lhmedium nod0_L1EM22VHI mu8noL1l
HLT_ e7_lhmedium_nod0_mu24

HLT el12 lhloose nod0_2mulQ

HLT _2e12 Ihloose_nod0_mul0
HLT_el7_lhloose_nod0_mul4

HLT e26_lhmedium_nod0_ mu8noL1

HLT e7 lhmedium nod0 mu24

HLT el12 lhloose. nod0_ 2mul0

HLT_2el12 lhloose_ nod0_mul0Q

HLT el7 lhloose nod0 mul4
HLT_e26_lhmedium_nod0_mu8noL1

HLT e7_ lhmedium_ nod0_ mu24

HLT el2 lhloose_ nod0 2mul0

HLT 2e12_lhloose nod0_mulQ
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EFT Parametrisation with CP-even BSM
Coupling Parameters

B.1 Generated BSM Signal Samples

Table B.1: MADGRAPHS5__AMC@NLO syntax of the different Higgs boson production
processes used for the event generation. Where not otherwise stated the four flavour
scheme (4FS) is used for simulation of the Monte Carlo sample. 5FS denotes the five

flavour scheme.

Production process MADGRAPHS syntax Number of Monte Carlos samples

define jb = j b b~
enerate p p > h QED=1

ggF+bbH & 3
add process p p > h jb QED=1

add process p p > h jb jb QED=1

VBF+V H-Had generate p p > h j j QCD=0 10

ZHL generate p p > h 1+ 1- 10
-Lep
add process p p > h vl vl~

generate p p > h 1+ vl
W H-Lep 3
add process p p > h 1- vl~

ttH generate pp >h t t ~ 6

enerate >h t b~
tH jb & PP 6
add process p p > h t~ b j

define p =p b b ~
tHW generate pp > h t w - 6

add process p p > h t~ w+
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Table B.2: MADGRAPHS AMCQNLO syntax of the considered decay modes for the
parametrisation of the total decay width, as well as for the partial decay width in the
H — ZZ* — 4¢ decay. In addition, the number of required simulated samples is quoted.

Number of Monte

Decay process MADGRAPHS syntax
Carlos samples

H — vy generate h > a a

H— Zy add process h > z a

H —bb add process h > b b~

H — gg add process h > g g

H— Woy add process h > w+ 1- vl~ b
add process h > w- 1+ vl

H Wi add process h > w+ j j
add process h > w- j j

H— Zu add process h > z 1+ 1-

H—Zjj add process h > z j j

H— Zvv add process h > z vl vl~

H—-4 add process h > 1+ 1- 1+ 1- 9

314



B.1 Generated BSM Signal Samples

Table B.3: Configuration of the simulated BSM signal samples with MAD-
GRrAPH5__AMCQNLO for ggF+bbH, VBF+V H-Had and V H-Lep production

Monte Carlo sample type CHG CuH CHW CHB CHwB Syntax
SM 0 0 0 0 0 NP/ 2==0
ggF+bbH INT term cyq 1 0 0 0 0 NP/ 2==
BSM term cyg 1 0 0 0 0 NP\ 2==2
SM 0 0 0 0 0  NPM2==0
INT term cpw 0 0 1 0 0 NP/A2==
INT term cpyp 0 0 0 1 0 NP/2==
INT term cywp 0 0 0 0 1 NP/ 2==
VBF+V H-Had BSM term cpw 0 0 1 0 0 NP\ 2==2
and V H-Lep BSM term cyp 0 0 0 1 0 NPA2==2
BSM term cyw g 0 0 0 0 1 NP/ 2==2
BSM term cyw,cHB 0 0 1 1 0 NPA2==2
BSM term cyw,cuwp 0 0 1 0 1 NPA2==2
BSM term cyg,cuwB 0 0 0 1 1 NP\ 2==2

Table B.4: Configuration of the simulated BSM signal samples with MAD-
GRAPH5__AMCQNLO for WH-Lep, ttH, tHjb and tHW production

Monte Carlo sample type CHG CuH CHW CHB CHWwWB Syntax
SM 0 0 0 0 0 NP"2==0
W H-Lep INT term cyw 0 0 1 0 0 NP 2==
BSM term cyw 0 0 1 0 0 NP/ 2==2
SM 0 0 0 0 0 NP2==0
INT term cpg 1 0 0 0 0 NpP/\2==
ttH, tHjb INT term c,p 0 1 0 0 0 NP\ 2==
and tHW BSM term cya 1 0 0 0 0 NP/ 2==2
BSM term cy gt 0 1 0 0 0 NP/2==2
BSM term cya,cupr 1 1 0 0 0 NPA2==2
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B.2 Production Cross Sections, Partial Decay and Total Width
of the Higgs Boson

Table B.5: Inclusive cross section for all production modes as well as the total and par-

tial Higgs boson decay width for CP-even BSM coupling parameters. NP1 denote the
MADGRAPH5__ AMC@NLO syntax NP"2==1 and corresponds to the SM-BSM interfer-
ence term, while NP2 denotes NP"2==2 and corresponds to the pure BSM term.

ggF-+bbH SM cua =1, cng=1
NP1 NP2
Cross section [pb] 27.64 826.65 7077.00
caw =1, caw =1, cup=1,
VBF+V H-Had SM caw =1, caw =1, cup=1, cup=1, cuwp=1, cuwp=1, P cnwn=1.  cnwn=1
NP1 NP2 NP1 NP2 NP1 NP2 A GBS G
NP2 NP2 NP2
Cross section [pb] 4.14980 0.54030 0.53309 0.01442 0.11343 0.18065 0.08263 0.70511 0.56707 0.10768
caw =1, cagw =1, cup =1,
ZH-Lep SM cgw =1, cpw =1, cyp =1, cyp=1,  cuwp=1, cuwp=1, enn—1 enwn—=1.  emun—1
NP1 NP2 NP1 NP2 NP1 NP2 HB S CHWE S G
NP2 NP2 NP2
Crross section [pb] 0.1506 0.10958 0.03852 0.01327 0.00472 0.04880 0.00962 0.04351 0.07219 0.02207
WH-Lep M emw =1, cmw =1,
NP1 NP2
Cross section [pb] 0.23775 0.21016 0.08283
ey =1 cpg =1 cur =1 cum =1 ere =1
wH oM nG =1, HG = ulr =1, ulr =1, =1,
NP1 NP2 NP1 NP1
NP2
Cross section [pb] 0.41310 0.22906 0.28077 —0.04893 0.00145 0.27764
cug =1 cug =1 cur =1 cum =1 cwe =1
H b oM HG =1, HG = ul =1, ulr =1, =1,
NP1 NP2 NP1 NP1
NP2
Cross section [pb] 0.06476 0.00045 0.00268 —0.00199 0.00273 0.00273
cug =1 cug =1 cur =1 cum =1 ene =1,
(HW oM nG =1, CHG = ul =1, ulr =1, =1,
NP1 NP2 NP1 NP2
NP2
Cross section [pb] 0.01651 0.00814 0.00596 —0.00170 0.00016 0.00585
crw =1, caw =1, cyp =1,
) cgw =1, caw =1, cgp=1, cgp=1, cygwp=1, cpwp=1,
H = at SM “Ne1 "Npz NP1 NP2 e NP2 cus=1,  emws=1, exws=1,
NP2 NP2 NP2
Width [MeV] 5.02-100%  =1.00-107* 3.78-107* -5.62-107° 1.34-107*  9.07-107°  3.81-107*  1.69-107%  1.13-107*  1.02-1073
pw =1, gw =1, g =1
caw =1, caw =1, cup=1, cup=1, cuwp=1, cawp=1, cuc=1, cng =1, cHw cHw B
M= all SM NP1 NP2 NP1 NP2 NP1 NP2 NP1 NP2 cgs=1, epws=1, exws=1,
B B B B ) NP2 NP2 NP2
Width [MeV] 4.99 —0.269 0.809 —0.377 6.03 0.309 1.78 7.58 4.4 9.42 0.392 2.17
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Figure B.1: The expected distributions of N, p¥, p]T and m mj; in the

qq2Hqq production mode shown separately for the SM, the interference and BSM term

with the BSM coupling parameter cgp = 1.
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Figure B.2: The expected distributions of N, p?, pzf and m mj; in the

qq2Hqq production mode shown separately for the SM, the interference and BSM term
with the BSM coupling parameter cywp = 1.
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Figure B.3: The expected distributions of N, pg, p]T and m m;; in the

qq2Hqq production mode shown separately for the SM and the mixed BSM terms.
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Figure B.4: The expected distributions of and n ny and l@‘ and l@‘ in the ZH-Lep
production mode shown separately for the SM, the interference and BSM term with the

BSM coupling parameter cyw = 1 and cyp = 1, respectively.
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Figure B.5: The expected distributions of @ and ng and @ and @ in the ZH-
Lep production mode shown separately for the SM, the interference and BSM term with

the BSM coupling parameter cgwp = 1 and for the SM and the mixed BSM terms,

respectively.
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Figure B.6: The expected distributions of and N and and pz_'p in the

ttH production mode shown separately for the SM, the interference and BSM term with
the BSM coupling parameter ¢,y =1 and cyg = 1, respectively.
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Figure B.7: The expected distributions of and nyg and and pz_'p in the

tHW production mode shown separately for the SM, the interference and BSM term with

the BSM coupling parameter ¢,y =1 and cyg = 1, respectively.
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Figure B.8: The expected distributions of Ny and pgp in the tH B production mode
shown separately for the SM, the interference and BSM term with the BSM coupling

parameter cgg = 1.
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B.4 Calculated Fractions for the Cross Section Parametrisation

Table B.6: Fractions of the cross section in each STXS bins for CP-even BSM coupling
parameters. NP1 denote the MADGRAPH5__AMC@NLO syntax NP"2==1 and corres-
ponds to the SM-BSM interference term, while NP2 denotes NP"'2==2 and corresponds to
the pure BSM term.

=1 e ==1
STXS bin ggF M ‘g =" Ha
&8 S NP1 NP2
gg2H-0j-p}-Low 0.1182 0.1415 0.1506
gg2H-0j-p-High 0.3271 0.3864 0.4076
g2H-1j-pH-Low 0.1097 0.1147 0.1133
g2H-1j-pH-Med 0.0924 0.0913 0.0852
2g2H-1j-pf-High 0.0235 0.0220 0.0207
gg2H-2j 0.1927 0.1135 0.0895
ge2H-pH -High 0.0414 0.0246 0.0263
caw =1 cpw =1 cyp=1 cyp=1 cawp=1, cuwp=1 cnw =1, cuw =1, cnn =1,
STXS bin VBF+V H-Had SM HW =S CHW = " HE =5 s tHwBT S =1, wp=1 p=1,
NP1 NP2 NP1 NP2 NP1 NP2 e CHWE =1, CHWE
NP2 NP2 NP2
qa2Hqq-Rest 0.7769 0.3523 0.557 0.3493 0.77 0.6618 0.6987 0.6145 0.5373 0.6289
qq2Hqq-V H-Like 0.0996 0.4537 0.2004 0.5566 0.0522 0.2008 0.1141 0.1631 0.2301 0.1628
qq2Hqq-BSM 0.0393 0.0572 0.1547 —0.0245 0.0826 0.0376 0.0952 0.1331 0.1423 0.117
cpw =1 cpw =1 cup =1 cup =1 cuwp=1, cuwp=1 cnw =1, cw =1, cnn =1,
STXS bin ZH-Lej SM HW =S e =4 " HE =4 = wB=4 =1, we=1, cuwp=1,
P NP1 NP2 NP1 NP2 NP1 NP2 CHB CHwB =4 CHwWE
NP2 NP2 NP2
qa/gg2HLep 0.8768 0.8812 0.8997 0.8864 0.9084 0.881 0.8961 0.902 0.8972 0.8968
STXS bin W H-Lep SM eaw =1, oaw=1,
NP1 NP2
qq/gg2HLep 0.866 0.872 0.8929
.- N N N Cpg =1
STXS bin ttH SM cag =L egg=1em=ben=1 0L
NP1 NP2 NP1 NP1 '
NP2
ttH 0.9828 0.9784 0.9809 0.9842 0.9837 0.9816
STXS bin tHjb g =1 cpg=1 cunr =1 cunr =1 we=1b
in tHj SM ;o “ ’ “ ’ =1,
/ NP1 NP2 NP1 NP1 Cull =%
NP2
ttH 0.9059 1.0375 0.9574 1.0276 0.9789 0.9585
1 -1 1 1 cug =1,
STXS bin tHW SM enG =1l cHG= G =h AT =1,
NP1 NP2 NP1 NP2 '
NP2
ttH 0.9933 0.9872 0.9787 0.9931 0.9908 0.9795
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B.5 Simulated Monte Carlo Samples for the Parametrisation of
the Acceptance

Table B.7: Simulated truth level samples with different BSM values for parametrisation
of the acceptance with the corresponding value of the acceptance ratio Apgn/Asm-

caw cuB  cawB Asm/Asm caw  cgB  cHwB  ABsMm/Asm caw cuB cHwB Apsm/Asm
0.0 0.0 0.0 1.0 03 —0.3 0 0.838 10 —10 0 0.176
-3 0 0 0.270 0.8 —0.8 0 0.462 3 3 0 0.153
—2 0 0 0.367 0.3 0.3 0 0.843 10 10 0 0.136

—0.8 0 0 0.687 0.8 0.8 0 0.415 —10 0 —-10 0.334

—0.5 0 0 0.827 —-0.8 0 —0.8 0.925 -3 0 -3 0.543

—-0.3 0 0 0.912 —0.3 0 —0.3 0.990 —10 0 +10 0.148
0.3 0 0 0.999 —-0.8 0 +0.8 0.425 -3 0 +3 0.173
0.5 0 0 0.937 —-0.3 0 +0.3 0.780 3 0 -3 0.179
0.8 0 0 0.804 0.3 0 —-0.3 0.898 10 0 —10 0.147
2 0 0 0.400 0.8 0 —-0.8 0.488 3 0 3 0.530
3 0 0 0.288 0.3 0 0.3 0.991 10 0 10 0.328
5 0 0 0.214 0.8 0 0.8 0.920 0 —10 —10 0.158
10 0 0 0.183 0 -0.8 —-0.8 0.564 0 -3 -3 0.209
0 -3 0 0.192 0 —-0.3 —-0.3 0.914 0 —-10  +10 0.146
0 -2 0 0.236 0 —-0.8 +0.8 0.363 0 -3 +3 0.175
0 —0.8 0 0.490 0 -0.3 +40.3 0.732 0 3 -3 0.159
0 —0.5 0 0.677 0 0.3 —0.3 0.768 0 10 —10 0.147
0 —-0.3 0 0.844 0 0.8 —0.8 0.361 0 3 3 0.179
0 0.3 0 0.842 0 0.3 0.3 0.840 0 10 10 0.143
0 0.5 0 0.672 0 0.8 0.8 0.492 —10 -—10 —10 0.142
0 0.8 0 0.458 -0.8 —-0.8 —0.8 0.615 10 —10 —-10 0.168
0 2 0 0.215 0.8 —-0.8 —0.8 0.425 —10 10 —10 0.173
0 3 0 0.173 —-0.8 0.8 —0.8 0.391 —10 -—10 10 0.142
0 5 0 0.156 —-0.8 —-0.8 0.8 0.299 10 10 —10 0.134
0 10 0 0.150 0.8 0.8 —0.8 0.301 10 —10 10 0.168
0 0 -3 0.261 0.8 —0.8 0.8 0.404 —10 10 10 0.155
0 0 -2 0.381 —-0.8 0.8 0.8 0.360 10 10 10 0.139
0 0 —0.8 0.790 0.8 0.8 0.8 0.589 -3 -3 -3 0.220
0 0 —0.5 0.928 -03 —-03 -0.3 0.910 3 -3 -3 0.187
0 0 —0.3 0.988 0.3 —-0.3 —-0.3 0.831 -3 3 -3 0.185
0 0 0.3 0.908 -0.3 0.3 —0.3 0.776 -3 -3 3 0.152
0 0 0.5 0.815 —-0.3 -0.3 0.3 0.654 3 3 -3 0.145
0 0 0.8 0.671 0.3 0.3 —0.3 0.726 3 -3 3 0.195
0 0 2 0.337 03 —0.3 0.3 0.782 -3 3 3 0.178
0 0 3 0.238 -0.3 0.3 0.3 0.921 3 3 3 0.181
0 0 5 0.178 0.3 0.3 0.3 0.901
0 0 10 0.149 —-10 -10 0 0.142

—-0.8 -0.8 0 0.428 -3 -3 0 0.171

-0.3 —-0.3 0 0.784 —10  +10 0 0.172

—-0.8 +0.8 0 0.415 -3 +3 0 0.193

—-0.3 +0.3 0 0.782 3 -3 0 0.203

326



B.6 EFT Parametrisation

B.6 EFT Parametrisation

25

15

Normalised to SM prediction

T T T T ‘ T T
H-ZzZ*- 4l
13 TeV
ggZH-Oj-pT'H-Low

SM=1.0

—alag,

- (o B)/(c [B)

SM

Normalised to SM prediction

Normalised to SM prediction
N
ol

3.5

w

-0.04

T T T T T T T
H-Zz*- 4l

=
w
—
)
<

gg2H-1j-pT’H-Low -----

SM=1.0

olag,,

(o B)/(c [B)

SM

0.01 0.02
HG
(b)

3,57 T T T T T T T ]
r HoZZ*- 4l ]
3 13Tev 0logy N
[ 092H-1ip, -Med (o [B)/(o [B),, .
2.5 A
2r .
1.5 .
[ sm=1.0 ]
I a
0.5 .
- L | L L

-0.04 -0.02 0 0.02 0.04
CHG

()

0.04

Figure B.9: The expected dependence of the event yield relative to the SM prediction in
dependence on the BSM coupling parameter cp¢ in the (a)|gg2H-05-pX -Low, gg2H-17-
p¥ -Lowand gg2H-1 j—pg -Med production bin. The grey band indicates the expected
sensitivity at 1o level from the SM production cross section measurement.
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Figure B.10: The expected dependence of the event yield relative to the SM prediction
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the SM production cross section measurement.
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Figure B.11: The expected dependence of the event yield relative to the SM prediction
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qq2Hqq-V H-Like production bin. The grey band indicates the expected sensitivity at 1o
level from the SM production cross section measurement.
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Figure B.12: The expected dependence of the event yield relative to the SM prediction

in dependence on the BSM coupling parameter @ CHW , @ cyp and cHgwR in the
qq2Hqq-BSM production bin. The grey band indicates the expected sensitivity at 1o

level from the SM production cross section measurement.
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Figure B.13: The expected dependence of the event yield relative to the SM prediction

in dependence on the BSM coupling parameter @ CHW cyp and cHgwB in the
qq/gg2HLep production bin. The grey band indicates the expected sensitivity at 1o level

from the SM production cross section measurement.
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Figure B.14: Expected distribution Of mia, m msq, pjfl, (d) pjg, N4 and |(f)
mj; for the SM NNLO and SM SMEFT LO sample for gg2H production.
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Figure B.15: Expected distribution of mia, msq, p‘%l, pT , [(e)| nae and |(f)

mj; for the SM NLO and SM SMEFT LO sample for VBF+V H productlon.
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Figure B.16: Expected distribution of mia, msq, m p]fl, p%?, n4e and |(f)

mj; for the SM NLO and SM SMEFT LO sample for ttH production.
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Figure B.17: Expected distribution of mia, msq, p]fl, (d) p%?, (e)| nae and |(f)
mj; for SM and selected BSM Higgs boson signals for gg2H production.

336



B.7 SMEFT Signal Samples

Normalised to unit area Normalised to unit area

Normalised to unit area

o
0.0F H-ZZ* -4 S
£ 13Tev oHag ¢ =05 3
0.8F 115GeV < m, < 130 GeV 920 €, 70 E
E 2Haq ¢_=04 7
0.7F A8 G4 3
0 6; qq2Hqq ana:0'5 E
0.4 =
0.3 E
0.2- =
R e s s ST U Wl WO

%0 55 60 65 70 75 80 85 90 95 100
my, [GeV]

(a)

=

o
3
RRARRARRLARSEEER Rann Ry

A B
H-Zz*- 4

13 Tev

115 GeV < m, < 130 GeV

LA L
qq2Hqq LO

qgq2Hqq an:0'5

qq2Hqq cHB=0.4

q92Hqq cHWB=0.5

0. L.
) P I s =21 [
0 100 20 300 400 500 600
P} [GeV]
(c)
0.4:”“”“”‘H“H“H‘:
0 35i H-ZZ*- 4] qq2Hqq LO 7:
-S9L 13 Tev _ ]
[ 115GeV < m, < 130 GeV aeHaq ¢, =05 7
0-3f qq2Haqq CHB:0'4 -
O.25i qq2Hqq cHWB=0.5 7:
0.2 =
0.15 B
£ P __ B
0.1~ | e
0.05} =
P S IS L
-6 -4 -2 0 2 4 6
I’]4|

Figure B.18:

()

Normalised to unit area Normalised to unit area

Normalised to unit area

R e e R A R
oaat HoZZ~4 T
99 13 Tev ]
[ 115GeV < m, < 130 GeV ]
0.3 -
0_25:, q92Hag ¢, =0.5 E
02 E
0.15F " : E
0.1:j ium.E =
0.05} =
G:H\H‘wH‘wH‘wHmumuumum’u Lerred
15 20 25 30 35 40 45 50 55 60
m,, [GeV]
(b)
R R e O B
0.9 H-ZZ*- 4] qq2Hqg LO 3
P 18Tev 2Haq ©_=05 ]
0.8F 115GeV < m, < 130 GeV 9 0™ 4
E 2Hqq ¢ =0.4 3
0.7 e -
E q92Hqq cHWB=O.5 B
0.6 E
055 E
04- E
02k | ke =
0.1- =
P S P T A o S S IR
0 100 150 200 250
P? [GeV]
(d)
02
0.18F H-2zZ* -4 qu2Haq LO E
[ 13Tev g o =05 ]
0.16}- 115Gev < m,, < 130 GeV Toa
C 2Hqq ¢ =0.4 ]
0.14- e -
C qq2Hqq ¢ =05
0.12- -
0.1~ =
0.08F =
0.06f E
0.04F E
0.02 | et
GO’3H A T T B N NS

i
100 200 300 400 500 600 700
m; [GeV]

(f)

Expected distribution of mia, msq, p%‘}, p%?, n4e and |(f)

mj; for SM and selected BSM Higgs boson signals for qq2Hqq production.

337



Appendix B EFT Parametrisation with CP-even BSM Coupling Parameters

g 1:\\\\‘\\\\‘\\\\‘\\\\HH\H\‘HH‘HH‘HH‘HH: g 0.4:\\‘HH‘HH‘HH‘HH\H\‘HH‘HH‘HH‘HH:
& oof H-ZZ*-4 VHiep L0 E 5 g o224 VHep Lo ]
€ F 13Tev VH-lep ¢_=05 ] € UL 13Tev VH-lep c_=05
2 0.8F 115GeV < m, < 130 GeV w 3 2 [ 115GeV < m, < 130 GeV b ]
2 E 2 o03p E
3 o7t E 3 ]
2 E E 2 0250 E
< 0.6 - Iof £ |
E E - i
2 0.5? E 2 0.2; E
0.4 3 0151 E
0.3 E F E
F B 0.1 -
0.2; E F 1
0_1; é 0.05; E
A  aw mww marwr wrn FUWI FEVTR L = VO S T Y PR P P P P P s
%0 55 60 65 70 75 80 85 90 95 100 15 20 25 30 35 40 45 50 55 60
m,, [GeV] m,, [GeV]

(a) (b)
g T g T
& Qof H-2Z*-4l VH-Lep LO 3 & Qof H-ZZ*-4l VH-Lep LO E
c [ 13Tev VH-lep ¢ =05 3 c [ 13Tev VH-lep ¢ =05 ]
o 0.8F 115Gev < m, < 130Gev " E o 0.8F 115Gev < m, < 130Gev e E
% on % on
@ E ] @ E E
8 0.6 3 T 0.6 =
E 1 E i
g 0.5? E g 0.5? E
0.4F E 0.4F E
0.3t = 0.3F =
0.2 E 0.2 E
0.1- = 0.1- =
o) ST [ SR S Qb L Db Lo L]
0 100 200 300 400 500 600 0 50 100 150 200 250
P} [GeV] p? [GeV]

(c) (d)
s 0.4:”\‘\”‘\” A I I @ 0.2:\\\\‘\\\\‘\\\\\\\\‘\\\\‘\\\\‘\\\\:
] 0 35: H-2Z*-. 4 VH-Lep LO 1 & (18- H-Z2Z* -4 VH-Lep LO E
e TTp 13Tev VH-Lep ¢ =05 ] IS [ 13Tev VH-Lep ¢ =05 ]
> E 115GeV < m, < 130 GeV w E 2 0.16F 115Gev < m, < 130 GeV " -
2 o03- E 2 F ]
8 ] g 04 E
g 0.25- E ‘S 0.12- 3
£ r 1 £ r 1
2 0.2; E 2 O.l; E
0.15F 3 0.08; E
E 1 0.06[~ B
0.1~ = £ 1
0.05¢ E 0.02 =
P S v RN ANRNE EFRPRNIN BT o BT QE e Ly L Ly 1 T e

-6 -4 -2 0 2 4 6 0 100 200 300 400 500 600 700

n, m; [GeV]

(e) (f)

Figure B.19: Expected distribution of mia, msq, m p‘%l, (d) p%?, (e)| nae and |(f)
mj; for SM and selected BSM Higgs boson signals for V' H-Lep production.

338



B.7 SMEFT Signal Samples

g 1:\\\\‘\\\\‘\\\\‘\\\\HH‘HH‘HH‘HH‘HHHH: g 0.4:\\‘\\\\‘H\\‘HH‘HH‘HH‘HH‘HH‘HHHH:
& oo H-ZZ*-4 @ o E 8 F HoZzZe sl e o 1
£ E 13Tev PO B £ 0-35; 13 TeV P E
2 0.8F 115Gev < m, < 130 GeV E > [ 115GeV < m, < 130 GeV ]
e E B 2 03f ]
3 o7- E 3 ]
T O = E = 0.25 —
E ] E ]
g os: E CR S — E
0.4 E 0.15F E
0.3 E E ]
E E 0.1 E
0.2 = ]
0.1~ E 0.05 =
2 e e reva e /T == o ST Y P EEUE P R PN TR =
%O 55 60 65 70 75 80 85 90 95 100 15 20 25 30 35 40 45 50 55 60
m,, [GeV] m,, [GeV]
(a) (b)
§ §
& oo H-ZZ*-4 @+ o E & oo H-ZZ*-4 @ o E
= E 13Tev proess ] £ E 13Tev preess ]
; 0.8? 115GeV < m, < 130Gev  r E ; 0.8;* 115GeV < m, < 130Gev et E
3 o7 3 g o7 ]
o E E o E E
‘8 0.60 = ‘s 0.60 E
E 1 E E
2 0.5? E 2 0.5? E
0.4F = 0.4F =
0.3 = 0.3 =
02- | T E 0.2 E
0.1- = 0.1- =
o) T A AR L 5| okl L LT 3
0 100 200 300 400 500 600 0 50 100 150 200 250
Py [GeV] PZ [GeV]
(c) (d)
s 0.4:”\‘\”‘”\‘”\‘\” i 30.257\\\\‘\\\\‘\\\\\\\\‘\\\\‘\\\\\\\\7
5 F Hozz*-4l [ o k! ] r H-Zz* -4l [ o 1
= 0-35; 13 TeV E z [ 13Tev ]
> E 115GeV < m, < 130 GeV 1 2 0.2 115GeV < m, < 130 GeV B
2 o03f 3 2 L j
o C ] o r 7
3 F 3 3 [ ]
3 0250 E T 0.151 7
§ C ] § L ]
S o2f . s ]
0.15- s o ]
0.1~ E r ]
r 7 0.05? 7
0.05F - F ,
Qb e ] I T T O B e =
-6 -4 -2 0 2 4 6 G0 100 200 300 400 500 600 700
n, m; [GeV]
(e) (f)

Figure B.20: Expected distribution of mia, msq, m p]fl, p%?, n4e and |(f)

mj; for the SM and several BSM signal samples for ttH production.
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EFT Parametrisation with CP-odd BSM
Coupling Parameters

C.1 Generated BSM Signal Samples

Table C.1: Configuration of the simulated BSM samples with MAD-
GRAPHS5__ AMC@NLO for all production processes taken into account

Monte Carlo sample type Cya CuH  Cui CuE  Cmivs Syntax
e bbH SM 0 0 0 0 0  NPM2==0
BSM term ¢~ 1 0 0 0 0 NP/ 2==2
SM 0 0 0 0 0 NP/ 2==(
BSM term ¢, 0 0 1 0 0 NP/2==2
VBF+V H-Had BSM term ¢,z 0 0 0 1 0 NP/ 2==2
and BSM term ¢, 0 0 0 0 1 NP/2==2
V H-Lep BSM term ¢, . cp 5 0 0 1 1 0 NP/ 2==2
BSM term ¢,y 0 0 1 0 1 NP/ 2==2
BSM term ¢, 5,¢,5 5 0 0 0 1 1 NPA2==2
WH-Lep SM 0 0 NP"2==0
BSM term ¢, 0 1 0 0 NP/ 2==2
SM 0 0 0 0 0 NPA2==0
ttH, tHjb BSM term ¢, ~ 1 0 0 0 0 NP/ 2==2
and tHW BSM term cgy 0 1 0 0 0 NP/ 2==2
BSM term ¢, can 1 1 0 0 0 NPA2==2
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Appendix C EFT Parametrisation with CP-odd BSM Coupling Parameters

C.2 Production Cross Sections, Partial Decay and Total Width
of the Higgs Boson

Table C.2: Inclusive cross section for all production modes as well as the total and partial
Higgs boson decay width for BSM CP-odd coupling parameters. NP1 denote the MAD-
GRrAPH5__AMC@NLO syntax NP"2==1 and corresponds to the SM-BSM interference

term, while NP2 denotes NP"'2==2 and corresponds to the pure BSM term.

c,=x=1, cym=1
geF-+bbH SM HG HG
° NP1 NP2
Cross section [pb)] 27.6 <1073 7048.6
com =1, cym=1 ¢ =1,
VBF+V H-Had SM g =1 eyw=1  cyp=L =L cygp=1L cygp=1 (.ml ~1. ¢ o — c i -1
NP1 NP2 NP1 NP2 NP1 NP2 HB T THWB S THWB
NP2 NP2 NP2
Cross section [pb] 4.1503 <1074 0.3900 <107t 0.1068 <107 0.0673 0.5530 0.3821 0.0756
=1, ¢ ==1, ¢ z=1,
ZH-Lep SM =L ey =1 =1 =1 cywp=1 cyyp=h (H‘i — c Hf —1, ¢ H~B =1
NP1 NP2 NP1 NP2 NP1 NP2 HEB HwB S THWE
NP2 NP2 NP2
Cross section [pb]  0.1505 <107* 0.0247 <107 0.0050 <1074 0.0057 0.0294 0.0384 0.0139
WH-Lep sM e =L ey =1
NP1 NP2
Cross section [pb] 0.2382 <2.1074 0.0528
cpa=1
wH oM cpa=1 cpg=1 can =1, can =1, ({1071
NP1 NP2 NP1 NP1 e
NP2
Cross section [pb] 0.4128 <107* 0.2850 <107t 0.0006 0.3064
¢, ==1,
) a=1, e x=1 =1 cam =1, HG
tH jb SM ‘ng =" HG o @ on =1,
J NP1 NP2 NP1 NP1 cant
NP2
Cross section [pb]  0.06476 - 0.00268 - 0.00024 0.00292
c, =1,
HW oM cpa=1 cpg=1 cag =1, cap =1, p[.{G:I
’ NP1 NP2 NP1 NP2 =
NP2
Cross section [pb]  0.01651 - 0.00597 - 0.00012 0.00646
¢, =1, cpr =1, c,==1,
H— 40 SM ap =t egp =L =L =L =l ey =1 (.1”1 1. ¢ e c e 1
NP1 NP2 NP1 NP2 NP1 NP2 HB T THWB G THWE
NP2 NP2 NP2
Width [MeV] 5.02-1077 <1077 3.52.1077 <107? 1.30-10°6 <107? 4.07-10°7  1.68-107¢  9.43-107%  9.85.1077
- o=1,  c,n s = =1,
H —all SM =L ey =1 cyp =1L cup=L Cpip=L pp=1 cug=1h cug="1 i 1 i s 1
S . ; cug =Ly Cuiwp = b
NP1 NP2 NP1 NP2 NP1 NP2 NP1 NP2 HE HW HWE =7
NP2 NP2 NP2
Width [MeV] 5.00-1073 <107 8.07-107* <1079 6.03-107% <107 1.78.107% <107 7441072 9.42-107%  3.90-107* 2.17-107%
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C.3 Calculated Fractions for the Cross Section Parametrisation

C.3 Calculated Fractions for the Cross Section Parametrisation

Table C.3: Fractions of the cross section in each STXS bins for BSM CP-odd coupling
parameters. NP1 denote the MADGRAPH5__AMC@NLO syntax NP"2==1 and corres-
ponds to the SM-BSM interference term, while NP2 denotes NP"'2==2 and corresponds to
the pure BSM term.

o~ =1
STXS bin ggF SM °na
88 NP2
gg2H-0;-p}f-Low 0.1194 0.1488
gg2H-0j-pH-High 0.3255 0.4084
ge2H-1;j-pi-Low 0.1075 0.1148
gg2H-1j-pH -Med 0.0935 0.0874
gg2H-15-pH-High 0.0231 0.0212
gg2H-2; 0.1906 0.0852
ge2H-pf/-High 0.0434 0.0276
i Cry =1 cgg=1  chpp=1 Criv =1 Criv = 1 up =1
STXS bin VBF+V H-Had SM Np2 po po cps=1 cpivp =L Cgwp=1
NP2 NP2 NP2
qq2Hqq-Rest 0.7806 0.5127 0.7683 0.7138 0.5964 0.4874 0.6231
qq2Hqq-V H-Like 0.0975 0.1986 0.0475 0.0746 0.1507 0.2264 0.1325
qq2Hqq-BSM 0.0385 0.2107 0.0875 0.1241 0.1684 0.2089 0.1633
e, =1 e, =1 Cprn=1 Caiv =1 v =1 up ="
STXS bin ZH-Lep SM “HW ’ HB ’ HWB ’ ¢ ==1, co=n=1, ¢ =, =1,
NP2 NP2 NP2 HB HWB HWB
NP2 NP2 NP2
qq/gg2HLep 0.8763 0.9158 0.9512 0.9432 0.9219 0.9092 0.9313
. c, =1, c, =1,
STXS bin W H-Lep SM HW ’ HW
NP1 NP2
qq/gg2HLep 0.8689 0.9043
c,~=1
"= =1 HG—
STXS bin ttH SM Cna Catl =5 o =1,
NP2 NP2 Catl =%
NP2
ttH 0.9835 0.9822 0.9909 0.9821
o o Cys= 1,
STXS bin tHjb SM ng =1 cat =1, can =1,
NP2 NP2 '
NP2
ttH 0.9059 0.9582 0.9828 0.9608
o o Cus = 1,
STXS bin tHW SM ug =1 an=h =1,
NP2 NP2 '
NP2
ttH 0.9933 0.9791 0.9909 0.9797
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C.4 EFT Parametrisation

Table C.4: EFT parametrisation of the cross section ratio o/ogy for each of particle-level

production bin of the Reduced-Stage-1.1 scheme and of the ratio of decay widths I'/T'gy

in dependence on the CP-odd BSM coupling parameters

Production bin

Cross section parametrisation, o/ogy

ggQH—Oj—pg—Low
gg2H-0j-pf-High
gg2H- 1j—p¥—L0W
gg2H- 1j—p¥—Med
gg2H-1;-pH-High

gg2H-2j
gg2H-pi-High

qq2Hqq-V H-Like

1+317.690§{§
1+319.850§{(~;
1+272.23cha
1+238.29c§{5
1+233.95c§1§
1+113.95c§{5
1+162.11c§{5
1+ 0.1912¢}y, + 0.0125¢% = + 0.0124c7 - - + 0.0022chwe, 5 +

HWB
0'01016HWCHIX/B - O.OOOQCH'ECHWB
qa2Hqq-BSM 1 + 0.5138c}y, + 0.0585¢7 = + 0.0523c7 = = + 0.0105chwe, 5 —
0.0665CHWcHﬁ/B — 0'0334CH§CHVT/B
qq2Hqq-Rest 1 + 0.0617C%W + 0.0253ci[§ + 0'01486?%7/3 + 0.0148cawey, s —
O'OlgocHWCHﬁ/B — 0'02560H§CHWB
qq/gg2HLep 1 + 0.2075¢%y, + 0.0141@5 + 0.0158ciIV~VB — 0.0009chwe, 5 +
0'0203CHWCHIX/B + 0'00830H§CHIX/B
ttH/tH 140.599¢? ~+0.0020¢c ;; +0.043¢  scun
Decay process Decay width parametrisation, T'/T'sp
e 1+ 0.702¢ky, + 2.586c; ~ + 0811c2 = = + 0.050chweypz —
S ~ ~ ~
M 1'325CHWCHWB_1'434CHBCHWB
ot 1ot 1+ 0.161cqry + 1.206¢3 ~ + 0.357¢7 - 14.888c7 ~ + 0.518chwe, 5 —
r /FSM 0.440c Cc,.~—1.129¢c  ~c, ~
: HWChwp ™~ HB“HWB
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C.5 EFT Parametrisation of the Signal Acceptance

C.5 EFT Parametrisation of the Signal Acceptance

Table C.5: Values of acceptance parameters obtained from the fit of the three-dimensional
Lorentzian function (Equation } to the simulated BSM CP-odd predictions

Acceptance Fit result Acceptance Fit result
parameter parameter
Qg 0.118+0.001 5HV~V 0.57240.003
o 0.8534+0.001 5H§ 2.022 4+0.004
1o %} 0.826 +£0.002 6HIX/B 0.644 4+ 0.001
i —0.001+£0.001 5HI/T/,HVT/B —1.070£0.004
uE —0.001+£0.001 5H§?HV~VB —1.085+0.006
BHVT/B 0.001 4+0.001 6HV~V HE —0.010£0.008
(5HV~V’H§7HV~VB —0.060£0.088
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cross section measurement for ggF production. Up (down) variations are

shown as solid (dashed) lines.|. . . . ... ... ... ... .. .......

[5.26

Systematic uncertainties from PDF+a variations (> 1%) in each of the

reconstructed event categories for the [(a)|signal strength and |(b)[ Stage-0

cross section measurement for VBF production. Up (down) variations are

shown as solid (dashed) lines. | . . . . ... ... ... ... ... .. ..
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Systematic uncertainties from PDF+a, variations (> 1%) in each of the

reconstructed event categories for the [(a)| signal strength and |(b)| Stage-0

cross section measurement for V H production. Up (down) variations are

shown as solid (dashed) lines.|. . . . . ... ... ... ... ........

.23

Systematic uncertainties from PDF+« variations (> 1%) in each of the

reconstructed event categories for the [(a)[signal strength and |(b)[ Stage-0

cross section measurement for ¢t¢H production. Up (down) variations are

shown as solid (dashed) lines.|. . . . ... ... ... .. ... .......

[5.29

Systematic uncertainties from parton shower variations (> 10%) in each

of the reconstructed event categories for the|(a) ggF' and |(b)|

VBF production. Up (down) variations are shown as solid (dashed) lines.|

[5.30

Systematic uncertainties from parton shower variations (> 10%) in each

of the reconstructed event categories for the|(a)| V H and |(b)|

ttH production. Up (down) variations are shown as solid (dashed) lines. |

B.31

Systematic uncertainties from alternate parton shower variations in each

of the reconstructed event categories for the|(a) ggF and|(b)|

VBF production. Up (down) variations are shown as solid (dashed) lines.|
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oystematic uncertainties from alternate parton shower variations in each

of the reconstructed event categories for the|(a) V H and |(b)|

ttH production. Up (down) variations are shown as solid (dashed) lines.| .

.33

The observed and expected distribution of the |[(a){ number of jets in the

final state and |(b)| p4* for an integrated luminosity of 79.8 fb~! at

/s =13 TeV in the mass range of 115 GeV < myy < 130 GeV assuming a

Higgs boson signal with a mass of mpy =125 GeV [183].[ . . . . . . .. ..
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.34

The observed and expected BDT output distributions in the [(a)|

0j-p7-Low, |(b)[ 1j-p7*-Low and |(c)| 1j-p7°*-Med reconstructed event

category for an integrated luminosity of 79.8 fb~! at /s = 13 TeV in the

mass range of 115 GeV <'myy < 130 GeV assuming a Higgs boson signal

with a mass of my =125 GeV [183].| . . . . . . ... ... ... ... ..
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.35

The observed and expected BDT output distributions in the |(a)|

VBF-enriched-p/-Low, |(b)| V H-Had-enriched and |(c)|

tt H-Had-enriched reconstructed event category for an integrated

luminosity of 79.8 fb~! at /s = 13 TeV in the mass range of

115 GeV < myp < 130 GeV assuming a Higgs boson signal with a mass of

mg =125 GeV J183[]. . . . .

[5.36

The expected (blue) and observed (black) test statistic ¢ = —21In (\) for

the |(a)| inclusive signal strength p and |(b)|the o-B(H — ZZ*)

measurement. The scans are shown both with (solid line) and without

(dashed line) systematic uncertainties |[183[.|. . . . . . . ... .. ... ..

[5.37

The observed and expected SM values of the cross section rations o -®B

normalised to the SM prediction (o -B)q for the inclusive production

and Stage-0 production bins for an integrated luminosity of 79.8 fb~! at

/s =13 TeV. The different colours of the observed results indicate

ditferent Higgs boson production modes. Hatched area indicates that the

tt H parameter of interest is constrained to positive values. For

visualisation purposes, the VBF-p/.-High value is divided by a factor of

three. Yellow vertical bands represent theory uncertainty in the signal

prediction, while horizontal grey bands represent the expected

measurement uncertainty [183].]. . . . . . ... o 0oL
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[5.38

The observed and expected SM values of the cross section rations o -8

normalised to the SM prediction (o -B)qy, for the Reduced-Stage-1

production bins for an integrated luminosity of 79.8 fb~! at /s = 13 TeV.

The different colours of the observed results indicate difterent Higgs boson

production modes. Hatched area indicates that the t¢H parameter of

interest is constrained to positive values. For visualisation purposes, the

VBF-p/-High value is divided by a factor of three. Yellow vertical bands

represent theory uncertainty in the signal prediction, while horizontal

grey bands represent the expected measurement uncertainty [183]. . . . .
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6.1

The expected test statistic ¢ = —2In(\) at an integrated luminosity of

3000 fb~! and a centre-of-mass energy of 14 TeV for the cross section

measurement for the|(a)| ggF, |(b)| VBEF,|(c)| VH and|(d)[¢tH production

mode. The scenario "stat" without systematic uncertainties (blue line) is

shown, as well as the scenario HL-LHC 51 with systematic uncertainties

as applied in the Run 2 analysis (black dashed line) and the scenario

HL-LHC S2 with reduced systematic uncertainties (black solid line).| . . .

161
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6.2

Expected statistical (grey line), experimental (blue line) and theoretical

signal (green line) and background (pink line) uncertainties on the

production cross section measurement in the HL-LHC 52 scenario as a

function of the integrated luminosity at a centre-of-mass energy ot

14 TeV for |(a)[ ggF, |(b)] VBF, |(c)| V H and|(d)|t¢H production mode. The

total uncertainty, given by the squared sum of all sources of uncertainties,

is shown as black line. The systematic uncertainties scale with v/L until

164

6.3

Nuisance parameter ranking for the ten dominant sources of systematic

uncertainties on the Stage-0 production cross section measurement for|(a)|

ggl' and |(b)| VBF production modes, as obtained for the HL-LHC S2

scenario in the H — ZZ* — 4¢ decay channel. The upper axis belongs to

the impact on the cross section with fixed nuisance to +1 o, while the

lower axis belongs to the pull, i.e. value of a given nuisance parameter

fixed to =1 ¢ away from the nominal value.|. . . . . . . . ... ... ...
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6.4

Nuisance parameter ranking for the ten dominant sources of systematic

uncertainties on the Stage-0 production cross section measurement for |(a )

V' H and |(b)|ttH production modes, as obtained for the HL-LHC S2

scenario in the H — ZZ™ — 4¢ decay channel. The upper axis belongs to

the impact on the cross section with fixed nuisance to +1 o, while the

lower axis belongs to the pull, i.e. value of a given nuisance parameter

fixed to =1 o away from the nominal value). . . . . . . . ... ... ...
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71

The expected Higgs boson production cross section times branching ratio

normalised to the SM prediction of the branching ratio at a

centre-of-mass energy of 13 TeV for ggF (blue), VBF+V H-Had (green)

and V H-Lep (orange) Higgs boson production in dependence on the

BSM coupling parameters |[(a)| cor vy and |(b)| sax vy [198]. The cross

sections are calculated at next-to-leading-order for ggkF' and

leading-order for VBF and V' H using MADGRAPHS _AMCQNLO.

Horizontal dashed lines indicate the value of the predicted SM production

cross section for a given production mode.|. . . . . . . . . ... ... ...
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72

The expected Higgs boson production cross section times branching ratio

normalised to the SM prediction of the branching ratio at a

centre-of-mass energy ot 13 TeV for ggb' Higgs boson production in

dependence on the BSM coupling parameter s,k 444 [198]. The cross

sections are calculated at next-to-leading-order using

MADGRAPHS AMCQNLO. Horizontal dashed lines indicate the value

of the predicted SM production cross section tor a given production mode.| 172
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[7.3

Definition of the decay angles in the four-lepton final state trom

H — ZZ* — 4¢ decays shown in the Higgs boson (X) rest frame [28]. 6;

(62) is the angle between the negatively charged lepton from the decay of

the on-shell (off-shell) Z boson in the direction of flight of the respective

Z boson, ® is the angle between the two decay planes spanned by the

di-lepton pairs in the tfour-lepton rest frame, ®; is the angle between the

direction of the momentum of the on-shell Z boson and the decay plane

spanned by its decay products and 6™ is the production angle of the

on-shell Z boson.. . . . . . . . .

[7.4

The distribution of pQFl for N; > 2 in the mass range of

118 GeV <my <129 GeV tor SM and selected BSM Higgs boson signals

in the H — ZZ™ — 4¢ decay channel. The distributions are normalised to

unit area. The last bin is an overflow bin collecting all events beyond the

plotted z-axis range.| . . . . . . . ...

174

The distribution of|(a)| pJ> and |(b)| m;; in the mass range of

118 GeV < my < 129 GeV tor SM and selected BSM Higgs boson signals

in the H — ZZ™ — 40 decay channel. The distributions are normalised to

unit area. The last bin is an overflow bin collecting all events beyond the

plotted z-axis range.| . . . . . . . ... L.

175

[7.6

Overview of the event categories employed for the HC analysis of the

Higgs boson couplings tensor structure.| . . . . .. . ... ... ... ...

7.7

The distribution of |(a)| p7* in the V H-Had-enriched category with N; > 2

and m;; < 120 GeV and |(b)|p/, in the VBF-enriched category with

N; > 2 and mj; > 120 GeV for SM and selected BSM Higgs boson signals

in the H — ZZ™ — 4¢ decay channel. The distributions are normalised to

unit area. The last bin is an overflow bin collecting all events beyond the

plotted z-axis range. | . . . . . . . ...

[7.8

The distribution of p3* in the 1 category (N; = 1) for SM and selected

BSM Higgs boson signals in the H — ZZ* — 4¢ decay channel. The

| TSl Tsad . The Tast B Tow b |

collecting all events beyond the plotted x-axis range. | . . . . . . . .. ..

(7.9

Expected signal composition of the SM Higgs boson signal in each ot the

reconstructed event category.| . . . . . . ...

[7.10

The signal model describing the expected event yield as a function ot the

BSM coupling parameter |(a)| sqk 449 for the ggF production in the

07 event category, |(b) cor vy and|(c)[ sk 4y for the

VBF+V H production in the VBF-enriched-p/.-Low category. The signal

models include the signal morphing via simulated samples, the scaling to

the best-prediction cross sections and the scaling corrections accounting

for BSM effects on the total Higgs boson decay width. . . . . . . .. ...
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[7.11

Total width correction fr as a function of|(a)| sak a4, [(b)| cakmrVYV and

[(C) sSakAVY . - v o o

195

[7.12

Systematic uncertainty on the best-prediction-scaling for the

VBF+V H BSM signal model in each reconstructed event category.. . . .

197

713

The observed and expected distributions of |(a)[ N; after the inclusive

selection, [(b)[ p3* in the 1 categories and |(c)|m;; in the 2j categories for

an integrated luminosity of 36.1 fb~' in the mass range of

118 GeV < mys < 129 GeV at a centre-of-mass energy of /s = 13 TeV

assuming a Higgs boson signal with a mass the SM my = 125 GeV [182],

7.14

The observed and expected distributions of |(a) pJT1 in the

VBF-enriched categories and |(b)| p7* in the V H-Had-enriched categories

for an integrated luminosity of 36.1 fb~! in the mass range of

118 GeV < myy < 129 GeV at a centre-of-mass energy of /s = 13 TeV

assuming a Higgs boson signal with a mass the SM my = 125 GeV |182] |

201

715

The observed (solid black line) and SM expected (dashed blue line) test

statistic ¢ = —2In (\) from the scan of the BSM coupling parameter

SakAgq using 36.1 fb~! of data at a centre-of-mass energy of 13 TeV. The

horizontal lines indicate the value of the test statistic corresponding to

the 68% CL and 95% CL intervals for the parameter of interest, assuming

the asymptotic y* distribution of the test statistic.| . . . . . . . .. .. ..
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[7.16

The observed (solid black line) and SM expected (dashed blue line) test

statistic ¢ = —2In (\) from scans of the BSM coupling parameters |(a)|

cokpyy and|(b)[ sk 4y with parameters of the SM-like couplings fixed

to cukgy = 1. Results are obtained with 36.1 fb~* data at a

centre-of-mass energy ot 13 TeV. The horizontal lines indicate the value

of the test statistic corresponding to the 68% CL and 95% CL intervals

for the parameter of interest, assuming the asymptotic xy*? distribution of

the test statisticl . . . . . . . . ...
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717

The observed (solid black line) and SM expected (dashed blue line) test

statistic ¢ = —2In (\) from scans of the BSM coupling parameters |(a)|

cokpyvy and|(b)| sakavy with parameter of the SM-like coupling c,kgnr

as free parameter of the fit. Results are obtained with 36.1 fb~* data at a

centre-ot-mass energy ot 13 TeV. The horizontal lines indicate the value

of the test statistic corresponding to the 68% CL and 95% CL intervals

for the parameter of interest, assuming the asymptotic y* distribution of

the test statistic) . . . . . . . . .. e
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718

The observed (black solid line) and SM expected (dashed blue line)

contours of the two-dimensional negative log-likelihood at 95% CL for the

[(a)l coksnr and corpyy and |(b)| caksar and sk ayy BSM coupling

parameters using 36.1 fb~' data at a centre-of-mass energy of 13 TeV | . .
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[7.19

The observed (black solid line) and SM expected (dashed blue line)

contours of the two-dimensional negative log-likelihood at 95% CL for the

BSM coupling parameter space (sqkAvv,Cqkmgyy) with the SM coupling

parameter c,ks)s [(a) fixed to the SM value of one and |[(b)| free floating in

the fit, obtained with 36.1 fb~' of data at a centre-of-mass energy of 13 TeV.209

[7.20

The exclusive regions of the Higgs boson production phase space

(production bins) and the corresponding reconstructed event categories.

The regions for the measurement ot the Higgs boson production cross

sections are defined at the particle level in two stages, STXS Stage-0 and

Reduced-Stage-1.1.|. . . . . . . . . .o

213

721

The observed and expected neural network (NN) output distributions for

an integrated luminosity of 139 fb~' and at /s = 13 TeV in the different

reconstructed event categories, [(a)| NNggp in 0j-p3*-Low, |(b)| NNy in

0j-p5*-Med, |(c)| NNygF in 1j-p7*-Low with NNz <0.25 and |(d)| NNz in

1 j—p‘jlf—Low with NNzz >0.25. The boundaries of the bins are chosen to

maximise the significance of the targeted signal in each category. The

hatched band shows the combined statistical and theoretical

uncertainty [201].]. . . . ...

[7.22

The observed and expected neural network (NN) output distributions for

an integrated luminosity of 139 fb~" and at y/s = 13 TeV in the different

reconstructed event categories, [(a)] NNygr in 1j-p7°-Med with

NNzz <0.25, |(b)| NNzz in 1j-p7-Med with NNzz >0.25, |(c)| NNygF in

1j-p7-High and |(d)| NNygp in 2j with NNyy <0.2. The boundaries of

the bins are chosen to maximise the significance of the targeted signal in

each category. The hatched band shows the combined statistical and

theoretical uncertainty [201] . . . . .. . ... ... oo L

723

The observed and expected neural network (NN) output distributions for

an integrated luminosity of 139 fb~' and at /s = 13 TeV in the different

reconstructed event categories, [(a)l NNy in 27 with NNy >0.2|(b)|

NNvypr in 2j-BSM-Like, |(c)| NNyt in ¢t H-enriched with NNy <0.4 and

[(d)[ NNyyv in ¢t H-enriched with NNyyy >0.4. The boundaries of the bins

are chosen to maximise the significance of the targeted signal in each

category. The hatched band shows the combined statistical and

theoretical uncertainty [201].] . . . . . . . .. ... o Lo
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[7.24

The observed and expected neural network (NN) output distribution for

an integrated luminosity of 139 fb™* and at /s = 13 TeV in the|(a)|

V H-Lep-enriched reconstructed event category NNiy. The expected and

observed number of events in the reconstructed event categories and in

the side-band regions are shown in|(b) and |(c)| respectively. The

boundaries of the bins are chosen to maximise the significance of the

targeted signal in each category. The hatched band shows the combined

statistical and theoretical uncertainty [201].| . . . . . . . ... .. ... ..
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725

The observed and expected values of the cross sections o -8B

Reduced-Stage-1.1 production bins, normalised to the SM prediction

(0-B)gy with the H — ZZ* decays for an integrated luminosity of

139 fb~* at /s = 13 TeV. The fitted normalisation factors for the

22 and tV'V background are shown in the inserts. Different colours

indicate ditferent Higgs boson production modes or background sources.

'The grey vertical band represents the theory uncertainty on the signal

prediction. [201].] . . . . ...

222

7.26

The expected distributions of |(a)| 7z, [(b) p# |(¢)| p- and |(d)| N; with

p? > 30 GeV in the gg2H production mode shown separately for the SM,

the interference and BSM term with the BSM coupling parameter cyg = 1227

7.27

The expected distributions of |(a)| n, |(b)| p#, |(¢)| p/- and |(d)[m;; in the

qq2Hqq production mode shown separately for the SM, the interference

and BSM term with the BSM coupling parameter cyy =1.). . . . . . ..

[7.28

The expected distributions of ny and /N; shown separately for the SM,

the interterence and BSM term with the BSM coupling parameter

cayw =1 in|(a)land |(b)] W H-Lep and ¢,z =1 in|(c){and |(d)|

tHjb production.|. . . . . . . . ...

[7.29

Comparison of the relative cross section o/ogy per particle level

production bin as predicted by the EF'l" parametrisation for ditferent

BSM parameters (dotted lines) and the production cross section of the

validation points (VP) obtained from the Monte Carlo samples (points)

for |(a)[ gg2H, |(b) qq2Hqq, |(c)| V H-Lep and |(d)| t¢tH production. | . . . . .

[7.30

Particle level distribution ot the invariant mass ms4 of the subleading

lepton pair for different values of BSM coupling parameters |(a)| cyw, [(b)|

CHB and |(C)| CHWB-' ..............................

731

One-dimensional projections of the BSM parametrisation of the

acceptance ratio A / Agys for the|(a)| cy b)lcgp and |(c)| cgwp Wilson
P [As W W

coefficients. . . . . . . ...
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732

The expected dependence of the event yield relative to the SM prediction

in dependence on the BSM coupling parameter cp¢ in [(a)|

gg2H-0j-p7 -High and |(b)| gg2H-p# -High production bin and |(c)|in

dependence on ¢, 7 in the ttH production bin. The grey band indicates

the expected sensitivity at 1 o level from the SM production cross section

measurement.l. . . . . . L L e e e e e e e e e

[7.33

The expected dependence of the event yield relative to the SM prediction

in dependence on the BSM coupling parameter |(a){ cgw, |[(b)| czp and |(c)|

cywp in the gg2H-0j-pH -High production bin. The grey band indicates

the expected sensitivity at 1 o level from the SM production cross section

measurement. | . . . . . . L L e e e e e e e e e

[7.34

The expected dependence of the event yield relative to the SM prediction

in dependence on the BSM coupling parameter |(a){ crw, |(b)| cip and |(c)|

cgwp 1n the qq2Hqq-Rest production bin. The grey band indicates the

expected sensitivity at 1 o level from the SM production cross section

measurement. | . . . . . L L L e e e e

[7.35

Expected distribution of p# for the SM (N)NLO and SM SMEFT LO

sample for [(a)| gg2H, |[(b)] VBF+V H and |(c)| ¢t¢H production.| . . ... ..

[7.36

Expected distribution of p7* for SM and selected BSM Higgs boson

signals for |(a)| gg2H, |(b)| qq2Hqq, |(c)| V H-Lep and |(c)| ttH production.|. .

[7.37

Event reconstruction efficiency in each event category, shown for different

values of BSM coupling parameters and for the SM point, separately tor

the |(a)| gg2H, |(b), aq2Hqq, |(c)| V H-Lep and |(d)[ttH production.| . . . . .

[7.38

Expected distributions of NN discriminants |(a)| NNgep in the 0j-p7'-Med,

|(b) NNvypgr in the 27, |(c)| NNiiy in the Oj—p‘g—High and |(d)| NNiiy in the

tt H-Had-enriched category.| . . . . . . . . . . . .. ... ... ... ..

246

[7.39

The impact of [(a)| QCD scale and |(b)| PDF variations on the event yield

in the gg2H-0j-p7 -High production bin for gg2H production with

different BSM coupling values. For visualisation, only a subset of PDF

uncertainties is shown. Up (down) variations are shown as solid (dashed)

[7.40

Observed cross section times branching ratio normalised to the SM

prediction (o -B)/(o-B)sm measured in the Reduced-Stage-1.1

production bins compared to the prediction in each production bin

derived from the |(a)l CP-even and |(b)| CP-odd BSM parametrisation. The

error on the cross section measurement is given at 68% CL interval.| . . .

250

[741

The observed and expected values of BSM coupling parameters from |(a)|

CP-even and |(b)[ CP-odd operators obtained for an integrated luminosity

of 139 fb=' at /s = 13 TeV. Only one BSM coupling parameter is fitted
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[7.42

The observed (solid black line) and SM expected (dashed blue line) test

statistic from scans of the BSM coupling parameters [(a)| ¢y and |(b)|

¢, - Results are obtained with 139 fb~* data at /s =13 TeV. The

horizontal lines indicate the value of the test statistic corresponding to

the 68% CL and 95% CL intervals for the parameter of interest, assuming

the asymptotic y* distribution of the test statistic. Except for the fitted

BSM coupling parameter, all others are set to zero.| . . . ... ... ...

743

The observed (solid black line) and SM expected (dashed blue line) test

statistic from scans of the BSM coupling parameters |(a)| cyp and |(b)|

¢, Results are obtained with 139 fb~! data at \/s =13 TeV. The

horizontal lines indicate the value ot the test statistic corresponding to

the 68% CL and 95% CL intervals for the parameter of interest, assuming

the asymptotic y* distribution of the test statistic. Except for the fitted

BSM coupling parameter, all others are set to zerof . . . ... ... ...

256

[7.44

The observed (solid black line) and SM expected (dashed blue line) test

statistic from scans of the BSM coupling parameters |(a)| cyw g and |[(b)|

i - Results are obtained with 139 fb~! data at /s =13 TeV. The

horizontal lines indicate the value of the test statistic corresponding to

the 68% CL and 95% CL intervals for the parameter of interest, assuming

the asymptotic y* distribution of the test statistic. Except for the fitted

BSM coupling parameter, all others are set to zero.| . . . ... ... ...
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[7.45

The observed (solid black line) and SM expected (dashed blue line) test

statistic from scans of the BSM coupling parameters |(a){ ¢y and |(b)|

.5 Results are obtained with 139 fb~! data at \/s =13 TeV. The

horizontal lines indicate the value ot the test statistic corresponding to

the 68% CL and 95% CL intervals for the parameter of interest, assuming

the asymptotic y* distribution of the test statistic. Except for the fitted

BSM coupling parameter, all others are set to zero.| . . . .. ... .. ..

[7.46

The observed (solid black line) and SM expected (dashed blue line) test

statistic from scans of the BSM coupling parameters |(a)| ¢,z and |(b)| camr.

Results are obtained with 139 fb~! data at y/s = 13 TeV. The horizontal

lines indicate the value of the test statistic corresponding to the 68% CL

and 95% CL intervals for the parameter of interest, assuming the

asymptotic y* distribution of the test statistic. Except for the fitted

BSM coupling parameter, all others are set to zero.| . . . . ... ... ..

747

Expected and observed likelihood contours for the two-dimensional fit of

the CP-even BSM coupling parameters ot the SMEFT model for an

integrated luminosity of 139 fb~! and /s = 13 TeV. The values of the

Wilson coetficients, which are not among the two parameters of interest,

are set to zeroJd . . . . .. L L e e
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[7.48

Expected and observed likelihood contours for the two-dimensional fit of

the CP-even BSM coupling parameters of the SMEFT model for an

integrated luminosity of 139 fb~' and /s = 13 TeV. The values of the

Wilson coefficients, which are not among the two parameters of interest,

are set to zerod . . . . . L L e e e e e

[7.49

Expected and observed likelihood contours for the two-dimensional fit ot

the CP-odd BSM coupling parameters of the SMEFT model for an

integrated luminosity of 139 fb~! and /s = 13 TeV. The values of the

Wilson coetficients, which are not among the two parameters of interest,

are set t0 zero) . . . . . . e e e e e e e

[7.50

Expected and observed likelihood contours for the two-dimensional fit of

the CP-odd B5SM coupling parameters of the SMEFT model for an

integrated luminosity of 139 fb~! and /s = 13 TeV. The values of the

Wilson coetficients, which are not among the two parameters of interest,

are set to zerod . . . . .o e e

8.1

The expected distributions of the CP-odd observable A(ﬁ;fn in the

VBF-enriched reconstructed category (N; > 2,m;; > 120 GeV) for the SM

signal alone and with CP-odd BSM admixture with positive and negative

CP-odd couplings.| . . . . .. .. ..

B2

"The expected distributions of the CP-odd observable OO, ;5 in the

VBF-enriched reconstructed category (N; > 2,m;; > 120 GeV) for the SM

signal alone and with CP-odd BSM admixture with positive and negative

CP-odd couplings.| . . . . . . .. ...

8.3

The |(a)| expected distributions of the CP-odd observable Aqﬁjljgn as well as

[(b)| their ratio to the SM in the VBF-enriched reconstructed category

(N; >2,mj; > 120 GeV) in case of the SM hypothesis and assuming

[ CP-even BSM admixtures to the SM.J . . .. ... ... .. ... .....

The |(a)| expected distributions of the CP-odd observable OO ;i as well

as |(b)| their ratio to the SM in the VBF-enriched reconstructed category

(N; >2,mj; > 120 GeV) in case of the SM hypothesis and assuming

CP-even BSM admixtures to the SMJ . . . . .. ... ... ... ... ..

B5

Expected values of test statistic ¢ = —2In (\) in dependence on the

CP-odd coupling parameter s,k ayy, for|(a) the CP-odd observables

A¢ " and [(b){ OO ;i assuming a signal with CP-even BSM

contributions in the pseudo-data at an integrated luminosity of

139 fb~' at a centre-of-mass energy of 13 TeV. The horizontal lines

indicate the 68% and 95% CL intervals for the parameter of interest,

assuming the asymptotic y? distribution of the test statistic| . . . . . . .
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8.6
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