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Abstract

This thesis discusses the measurement of the Higgs boson production cross-sections
in the H - WW* — evuv decay channel and the Effective Field Theory (EFT)
interpretations of combined Higgs boson measurements. The results are obtained
using 36 fb~! proton-proton collision data produced at the Large Hadron Collider
at a centre-of-mass energy of 13 TeV, and recorded by the ATLAS detector in 2015
and 2016. The measured H — W W™ cross-sections are defined within the Simplified
Template Cross Sections (STXS) framework, where the gluon-gluon fusion (ggF) and
vector boson fusion production modes are studied. In the case of the ggF production
mode the cross-sections are measured as a function of transverse momentum and
number of jets. With the H — W W™ measurements high transverse momentum can
be accessed, which is sensitive to new physics. Seven cross-section measurements
with the STXS framework are perfomed using the H — WW™ decay. This thesis
also presents the first ATLAS EFT interpretation of combined Higgs boson data in
H — ~vy and H — ZZ* — 40 channels. Finally, the EFT interpretation is also
performed including measurements from the H — vy, H — ZZ* — 4¢, and H —
WW?* channels. The constraints are obtained on the EFT parameters sensitive to
modifications of the Higgs boson couplings to strong and electroweak gauge bosons,

and to the top quark.
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Preface

The examination regulations of the University of Oxford for the Degree of Doctor
of Philosophy state that the student is required to present “a significant and sub-
stantial piece of research” [1]. The primary reasons the research presented in this
thesis was performed are that the author becomes as close to independent researcher
as this study programme provides, acquires knowledge and skills meeting the qual-
ity expected by the University of Oxford, and produces original and intellectual

contribution to science.

The H — WW* measurement presented in chapters 3 and 4 was an excellent
project to learn the contemporary experimental particle physics analysis. It was
an honour to be supervised by and learn from Dr Kathrin Becker. The starting
point of the analysis was the inclusive measurements performed by the ATLAS
experiments. The dedicated analysis to measure transverse momentum of the Higgs
boson for different jet multiplicities was performed as part of this thesis. Two
original methods were developed by the author: the ranking method for a selection
of observables for the training of multivariate classifiers (section 3.4.2) and the fit-
driven binning method (section 4.2.1). The following work was also performed as
part of this thesis: event selection for the >2-jet category and a study on 1-jet
category, categorisation of signal regions of these jet categories, event classification
using multivariate classifiers, fit optimisation using binning methods. Almost all
theoretical uncertainties were calculated as part of this thesis (based on calculations

performed in [2]): all gluon-gluon fusion signal uncertainties; WW, top quark, and

Vil
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Z — 17 background uncertainties in 1-jet and >2-jet categories. The expected and
observed results were also obtained as part of this thesis. The project was initiated
by Chris Hays and mainly supervised by Kathrin Becker; the author of this thesis
was the only student working on this dedicated Simplified Template Cross Sections

analysis.

Chapters 5 and 6 present the second project of this thesis about Effective Field
Theory (EFT). Unlike the H — WW™* measurement case, the EFT analysis was
produced almost from scratch. This thesis presents the first ATLAS interpretation
of combined Higgs data, which was performed by the supervisor and initiator of
the project Chris Hays and by the author of this thesis. The work is made public
in [3]. The following work was performed as part of this thesis: dedicated analy-
sis design which was later followed by ATLAS [4] and CMS analyses; generation
of Monte Carlo (MC) samples and their translation into analytic EFT equations
(made public in [5]), constraints on EFT parameters. The second EFT interpreta-
tion was performed outside ATLAS on a public measurement and made public in [5].
The third EFT interpretation using a different EFT model was performed almost
without a supervision, and the final EFT interpretation, which includes the mea-
surement presented in chapters 3 and 4, is produced independently by the author of
this thesis. Two original methods were created independently by the author of this
thesis: the function-of-function method (section 5.3) and the “Wilsons as functions”
method (section 5.4). The function-of-function method improves the translation of
MC samples into analytic EFT equations, while the “Wilsons as functions” method
challenges the status quo of EFT analyses in this field. Most EFT analyses that con-
strain individual Wilson coefficients rather than their linear combinations typically
set the un-fitted coefficients to zero. This induces model dependence, while EFT is
designed to be model independent. The “Wilsons as functions” method proposes

a systematic way to account for the un-fitted coefficients. The publication of this
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method is in preparation.

This thesis does not present PHOTOS generator [6] validation, which was per-
formed as ATLAS qualification task, and evaluation of ggF signal theoretical uncer-
tainties for the H — WW* in [2].

Unless stated otherwise, the figures presented in this thesis are produced by the

author.
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Introduction

“Magic Theatre
For Madmen Only
Price of Admission — Your Mind”

— Hermann Hesse

Scientific curiosity of the physical world is a powerful force which has shaped the
evolution of human civilization. Although the past couple of millennia have been rich
in discoveries, fundamental questions about our Universe still remain unanswered:
what are the particles of which it consists, what is the form of the fundamental
forces, and there are observations which cannot be explained by current theories.

The best theory describing nature at the particle level is called the Standard
Model (SM) of particle physics. The last piece of it, the Higgs boson, was discovered
in 2012 by the ATLAS [7] and CMS [8, 9] experiments at the Large Hadron Collider
(LHC) at CERN. The Higgs boson is the integral part of spontaneous electroweak
symmetry breaking [10] which explains the origin of elementary particle masses
[11]. However, the SM is insufficient to explain certain phenomena in nature: dark
matter, matter-antimatter asymmetry, the cosmological constant and the hierarchy
problem. This indicates a need for Beyond Standard Model (BSM) physics.

There are two fundamentally different approaches to search for BSM physics:
observation of specific new particles, or interpretation of any deviations observed
in precise measurements of quantities predicted by the SM. So far there are no
observations of new fundamental particles; this motivates a program of precise mea-

surements of the SM, and Effective Field Theory (EFT) interpretations thereof. The

1



2 INTRODUCTION

EFT framework expands the effects of new high-scale perturbative physics in orders

of coupling/mass.

This thesis aims to contribute to the scientific knowledge with studies of the
Higgs boson. The measurements of Higgs boson properties are a promising probe
for new physics, since a new heavy particle that interacts with the Higgs boson
would affect its production cross-section and decay width. Deviations from the SM
predictions would be a clear indication of new physics. These measurements can be

interpreted with the EFT framework in a model independent way.

The first half of this thesis is dedicated to the study of the H — WW™* decay
channel, which provided the most precise Higgs boson cross-section measurements
in LHC Run 1 [12]. This thesis presents the measurements in the H — WW* —
epvy channel, where the Higgs boson is produced by gluon-gluon fusion (ggF') and
vector boson fusion (VBF) processes. The ggF process is the dominant Higgs boson
production mode, and probes Higgs boson couplings to gluons and heavy quarks.
VBF is the second-largest mode, and this probes Higgs boson couplings to the W
and Z bosons. The H — WW?* decay has the second-largest branching fraction
[13] and only leptonic W decays are considered due to the absence of a large QCD
multijet background process. The measurements are performed in the context of the
Simplified Template Cross Section (STXS) framework [14], which defines kinematic
regions for the Higgs boson cross-section measurements. The STXS framework
was designed to reduce theoretical dependencies in a systematic way and increase
sensitivity to new high-scale physics. The STXS framework is convenient for BSM
interpretations and allows the STXS measurements to be updated in the future by

combining all Higgs boson decay channels.

The second half of this thesis is dedicated to the analysis design and the interpre-
tation of the STXS measurements within the EFT framework. This thesis presents
the first ATLAS EFT interpretation of the combined Higgs data for the H — vy
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and H — ZZ* — 4 channels. It also provides novel analysis methods that aim to
contribute to the quality and robustness of future EFT analyses. The H — WW*
measurement is combined with the existing H — vy and H — ZZ* — 4{ channels,
and is then interpreted in the context of an EFT. All measurements presented here
are performed using 36.1 fb~! proton-proton collision data at a centre-of-mass energy
of 13 TeV, collected at the ATLAS detector in 2015 and 2016. The limits obtained
within the EFT interpretation enrich our knowledge about the model-independent
characteristics of new physics.

The theory regarding the SM, the Higgs boson, and EFT is explained in chapter
1. The description of the LHC and the ATLAS detector is presented in chapter 2.
The H — WW™ signal extraction is introduced in chapter 3, which is followed by
chapter 4 describing the STXS measurement in this channel. Chapter 5 is dedicated
to EFT methodology, while the EFT application to the combination of STXS mea-
surements in H — vy, H — ZZ* — 4, and H — WW?* channels is presented in

chapter 6. The thesis is closed by a discussion and conclusions in chapter 7.
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Chapter 1

Theory

This chapter discusses the theoretical background of experimental particle physics,
which covers particle physics theory (the Standard Model, Effective Field Theory),
a theoretical framework for experimental analyses (Simplified Template Cross Sec-
tions framework) and the machinery used for simulations. First, the Standard Model
(SM) is introduced in section 1.1. The Effective Field Theory (EFT) framework is
discussed in section 1.2 and the Simplified Template Cross Sections (STXS) frame-
work is introduced in section 1.3. Finally, Monte Carlo simulations are discussed in

section 1.4.

1.1 Standard Model

The quantum field theory was developed to describe relativistic and quantum phe-
nomena. One of the most successful quantum field theories is the Standard Model
of particle physics, which well explains the experimental observations. It describes
three fundamental forces: the electromagnetic, the weak and the strong interac-
tions. The SM consists of force carrier particles, matter particles and the Higgs
boson. Each force is mediated by gauge bosons. The electromagnetic interaction
acts between charged particles via the exchange of photons. The weak interaction

is mediated via the Z and W* bosons, where the mediation via the W¥ bosons is

>



6 THEORY

responsible for the change of flavour. The strong force is mediated by gluons and
is responsible for binding quarks into hadrons. The matter particles are fermions:
neutrinos, charged leptons and quarks. Neutrinos are neutral leptons that inter-
act via the weak force only. Charged leptons interact via the electromagnetic and
weak forces, while quarks interact via all three fundamental forces. The Higgs bo-
son generates mass for the W+ and Z bosons via the Brout-Englert-Higgs (BEH)
mechanism [15, 16]. The fundamental particles and the force carriers are illustrated

in Figure 1.1.

151 2"u 3"" ) electro-weak
generation symmetry breaking outside of
everyday matter exotic matter force particles (mass giving)  standard model
s N N N~
( @)
7 2.4M 127G a !
<— charge g
<— color charge {rgorb) @
l I mass (eV) £
— <— spin & 125-6G
T o up charm top 8
@ A\
-] g
1 :
E a 4.8M @ 104M 426G g
d S b |
3 o
down | strange bottorn gluon 2 ]
N A g
/ o
0.511M ‘ 106.7M 1.777G ',!;
g.
T
e . u T :
Te electron A uon tau i
i
3 k-] AL S ]
= -
] <22 <0A7M < 15.5M g . 3
= @ g : 5
g P E
V V 2 graviton : S
-] [ t S" -3
e-neu‘trin% H-neutrino t-neutrino 2 : E‘
\ \ / ............... o
S S
12 fermions (+12 anti-matter) 5 D0SONS (+1 opposite charged W)

increasing mass

Figure 1.1: Fundamental particles in the Standard Model. Figure is produced by
CERN.

The standard model gauge group is the direct product of SU(3)c x SU(2)p X
U(l)y. The electroweak theory (EW) is described by SU(2), x U(1l)y and the
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quantum chromodynamics (QCD) is descried by SU(3)¢.
The BEH mechanism and the electroweak theory are described in section 1.1.1.
It is followed by the Higgs boson characteristics discussed in section 1.1.2. The

introduction to QCD is presented in section 1.1.3.

1.1.1 Brout-Englert-Higgs mechanism and the electroweak
theory

This section explains the mathematics behind the Brout-Englert-Higgs (BEH) mech-
anism and the electroweak theory. It starts with the presentation of the idea of

spontaneous symmetry breaking, which is followed by an explanation of the BEH

mechanism. Finally, the electroweak theory is discussed.
Spontaneous symmetry breaking

Spontaneous symmetry breaking is a process through which a system in a symmetric
state, obeyed by the Lagrangian, transforms into a state in which the system’s
perturbations around the vacuum do not have the same symmetry.

Let us consider a Lagrangian with an N-component real scalar field ¢ = (¢, ..., on) %

L= 10,0 0% V(9 (1.1)

where the potential is:
L oo Ay
V(¢):§m(j§ —i—qu; A>0 (1.2)

The Lagrangian is invariant under O(/N) transformation. Let us consider the case

where m? < 0. Then the potential can be written as:

V() = é(gb2 —v?)? + const; v = —mTQ >0 (1.3)

where v is called the vacuum expectation value. The potential resembles a bottom

of a wine bottle (an example of it is illustrated in Figure 1.2). When the potential
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Figure 1.2: An example of V(¢) = 2(¢? — v?)? potential in two dimensions.

is written in this way, there is a continuum of vacua at ¢? = v2.

Without loss of generality let us choose the vacuum ¢q = (0,...,0,v)T. Let
mi(z) and o(x) be small fluctuations around this vacua. Then the scalar field is

¢ = (mi(x), mo(x), ..., mxy—1,v + o(x)). The Lagrangian then becomes:
1 1
L= §3M7T o'+ 5@0 -Oto —V(m, o) (1.4)
where
L 5 o 2 2 Al o oy
V(m,o) = 3Me0 + Mv(o* 4+ 7%)o + Z(O’ + 7%) (1.5)
where m, = vV2Mv?. Therefore, there is one massive field o(z) and N-1 massless
fields w(z). The o(z) corresponds to the radial excitation and thus has a potential

barrier. The 7(z) fields are excitations in the equipotential space, hence do not have

a potential barrier (in two dimensions the equipotentials are concentric rings).
Brout-Englert-Higgs mechanism

The Brout-Englert-Higgs mechanism explains how massive particles acquire mass.
It is based on the idea of spontaneous symmetry breaking and the mathematical

derivation is the following.
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Let us look at the complex scalar field’s ¢(x) interactions with a photon field

A, (z) and itself. The interactions are described with the following Lagrangian:
1 v * *
L= LB + (D6) (D) ~ V(6'6) (16)

where F,, = 0,A,—0, A, is afield strength tensor and D,, = 0,,+iqA, is a covariant
derivative. Let

V(6*0) = 126 + Algf*, with A > 0 (1.7)

If we consider the case u* < 0, the resulting potential is similar to the one that is

described in the previous section. It has the vacua at:

2 2
weov
which can be parameterised as:
bo = %e’@/“, with v > 0 and (h € R (1.9)

Let ¢(z) and n(z) be fluctuations around the vacuum configuration ¢y = 0, then

the field becomes:

(i) 0 ! |
P(z) = W(U +n(z)) ~ E(U + 1+ i¢) (1.10)

After the field is substituted into the Lagrangian, it shows that in this configuration
n and A, are massive fields and ( is a massless field.

When a unitary gauge transformation is made such that a(z) = —1((z), then
the quadratic part of the Lagrangian becomes:
v’

1 1
Louat = 500+ 23P17) = 3 Fyu P+ LA a0 (1.11)

Here ( is not a massless field anymore since it is absorbed into A,, and becomes the

longitudinal polarisation of A,,.
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Electroweak theory

The previous sections lead to the discussion about the electroweak theory. In the
SM, the electroweak symmetry breaking is responsible for generating masses for the
W= and Z bosons. The electroweak Lagrangian is invariant under SU(2) x U(1)

gauge symmetry and is constructed as:

1 1
L=~ TETFY — S EIPP 4 (D) (D) — o = Nol*  (112)

where F/ 35 , F ﬁ, are the field strength tensors and ¢ is a scalar field. The covariant

derivative is defined as:

i

Dy = (0 +igWit" + 3

9'Bu)o (1.13)

where W corresponds to three gauge bosons associated with SU (2), gauge sym-
metry and B, corresponds to U(1)y gauge boson. The 7% is an SU(2) generator

7% = Z°, where ¢ is a Pauli matrix. The SU(2) field strength tensor is:

Ept = 0,We — 0,W; — ge"™ W)Wy (1.14)

j%

and the U(1) field strength tensor is:
Fl =0,B, - 8,B, (1.15)

The scalar field ¢, or the Higgs field, is defined in the doublet representation of
SU(2), with U(1)y hypercharge of % As a result, the unbroken theory has 3+1

massless gauge bosons. As seen before, the vacua of the potential with A > 0 is:

2 2
9 W
= == 1.1

Without loss of generality, let us choose the following vacuum doublet:

do = % (g) (1.17)
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As a result, SM gauge symmetry SU(2), x U(1)y is broken into U(1).,,: the three
out of four generators of the SU(2), x U(1)y gauge group are spontaneously broken.
This results in three massless Goldstone bosons. The Higgs field couples to the W,

and B, gauge fields through the following covariant derivative:

102
(Dud) (D"6) = 5 g (W) + g(W?)* + (—gW* + g'B)’] (1.18)
In the unitary gauge the massless Goldstone bosons become the longitudinal com-
ponents of the Z and W* gauge bosons. The fields W? and B are redefined to

represent the physical gauge bosons:

1
+ 1 . 2
WH = —\/§<W# F ZW#>
1
o__ - 3
Z, = e (gW,; — g'By) (1.19)
1
Ay = ——=—==(g'W; +gB,)

The VVMjE fields have mass my = vg/2 and correspond to W+ bosons, the ZS field
has mass my = vm /2 and corresponds to the Z boson, while A, field is
massless and corresponds to the photon. The massless A, is a result of the fourth
unbroken generator associated with the U(1).,, gauge symmetry. The Weinberg

angle is defined to be
g

and the W* boson mass relates to the Z boson mass as my = my cos Oy .

cos Oy = (1.20)

1.1.2 Higgs boson

In 2012 the ATLAS and CMS experiments at the LHC discovered a particle compati-
ble with the SM Higgs boson. The particle was discovered using the H — ZZ* — 44
and H — ~v decay channels. The SM Higgs boson has a spin-parity of 0 and its
coupling to the fundamental particles depends on their masses: it couples weakly to

the light particles and strongly to the heavy particles, like the W and Z bosons and
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the top quark. The Higgs boson mass is measured to be 125.09 4 0.21 (stat)£0.11
(syst) GeV [17].
The Higgs boson properties are accessed by measuring its production and decay

modes, which are presented below.
Higgs boson production modes

The Higgs boson is produced via the main four production modes: the gluon-gluon
fusion (ggF'), the vector boson fusion (VBF), the associated production with vector
bosons (VH) and the associated production with top quarks (¢¢H) [18].

In the case of the ggF production mode, the Higgs boson is produced via a heavy
quarks’ (top or bottom) loop, which is generated by gluons. It is the largest Higgs
boson production cross-section at the LHC. This production process probes Higgs

boson couplings to heavy quarks. The ggF production is illustrated in Figure 1.3.

g

t,h 4 e - H
g

Figure 1.3: The ggF Higgs boson production mode. Figure is taken from [18].

In the case of the vector boson fusion mode, the Higgs boson is produced as
a result of a fusion of two W* or Z bosons. Effectively, it is a scattering of two
(anti)quarks that exchange W= or Z boson in ¢ or u channel with the Higgs boson
radiated off them. This production process probes Higgs boson couplings to W= or
Z bosons. The VBF production is illustrated in Figure 1.4.

In the case of the associated Higgs production with vector bosons, the Higgs
boson and Z or W boson are final state particles. This production probes Higgs

boson couplings to W and Z bosons. The associated Higgs boson production with
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Figure 1.4: The VBF Higgs boson production mode. Figure is taken from [18].

vector bosons is illustrated in Figure 1.5.

d/u q

u/d q
(a) (b)

©

Figure 1.5: The VH Higgs boson production mode. Figure is taken from [18].

In the case of the associated production with top quarks, the final state contains

the Higgs boson and a top anti-top pair. It provides a direct probe of the Higgs-

top Yukawa coupling. The associated production with top quarks is illustrated in

Figure 1.6.
q t g T ———
---H
- - - — - H
q t g TTTTTe——— &

Figure 1.6: The t¢H Higgs boson production mode. Figure is taken from [18].
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Higgs boson decay modes

The Higgs boson has a short life time (of order 10722 s [14]), so it is measured via
the particles it decays into. Since Higgs boson’s electric charge is zero, the total
charge of its decay products should be neutral. The predicted total width of the SM
Higgs boson with mass of my =125 GeV is 'y = 4.07 x 1072 GeV (with uncertainty

+4.0%
—3.9%

with a branching ratio (BR) of 58% and H — WW* with BR of 21% [14]. They are

) [14]. The leading Higgs boson decays are the decays into a pair of bb quarks

followed by H — gg with BR of 8.2%, H — 7t7~ with BR of 6.3%, H — c¢ with
BR of 2.9%, and H — ZZ* with BR of 2.6% [14]. The even smaller decay rates are
H — ~~ with BR of 0.23%, H — ~vZ with 0.15% BR, and H — p*p~ with 0.021%
BR [14]. The BRs are given for the SM Higgs of mass 125 GeV. The Higgs boson

BRs for the mass range around 125 GeV are illustrated in Figure 1.7.
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Figure 1.7: Higgs boson branching ratios and their uncertainties for the mass range
around 125 GeV. Figure is taken from [14].

The sensitivity of a channel depends on the production cross-section, the decay
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branching ratio, the reconstructed mass resolution, the selection efficiency and the
background composition. In case of H — vy and H — ZZ* — 4¢ decay modes, all
final states can be measured precisely and has a very good Higgs mass resolution of 1-
2% [13]. The H — WW* — (Tvl~ v decay has a poor Higgs mass resolution of about
20% due to the neutrinos in the final state [13]. The H — bb and H — 777~ decay
modes are the most promising channels to probe the Higgs boson couplings to quarks
and leptons but these decay modes typically have large background contributions

and the mass resolution of about 10% and 15%, respectively [13].

1.1.3 Quantum Chromodynamics

The quantum chromodynamics (QCD) is a locally invariant quantum field theory
under the SU(3)¢c gauge group. The interaction is carried by the exchange of eight
colour charge carriers - gluons. It is a non-abelian gauge theory meaning that self
interactions of gluons are allowed [19].

The QCD experiences a colour confinement phenomenon which means that only

colourless particles can be found in isolation and observed. The field transforms as:

U(x) = ¢/ (x) = 9y () (1.21)
where g is the strong coupling constant, t* is a group generator, and 6, is a space-

time phase function. The gluon field strength tensor is:
FM = OrAY — OV Al + g f*e Al AY (1.22)
where f%¢ is an SU(3) structure constant. The Lagrangian density is:
Locp =Y (D" — my)ii — }LFé‘”Fﬁy (1.23)
!
where m; is a mass parameter and the covariant derivative is:

DZ = (5Z-j8“ + ’Lg(ta)”AZ (124)
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1.2 Effective Field Theory

In the history of experimental particle physics, there are plenty of precision measure-
ments consistent with the SM and the discoveries of particles are no longer frequent.
The last three discovered particles are the top quark in 1995, the 7 neutrino in
2000, and the Higgs boson in 2012 [20]. The direct searches for new physics, e.g.
for dark matter, supersymmetry and other exotic particles, are fruitless to date. An
effective field theory (EFT) is a model independent framework designed to interpret
measurements as indirect searches for Beyond Standard Model (BSM) physics in a
systematic way [20].

The main idea of EFT is the separation of IR (infrared or long distance) and
UV (ultraviolet or short distance) physics. The aim of a well designed EFT is to
capture the BSM effects on the IR regime since the full BSM theory is simplified by
ignoring the short distance effects produced by the particles much heavier than the
SM particles and the energy scale of the experiment [14]. The UV physics effects
are systematically removed and therefore the underlying UV theory does not have
to be known, which is an advantage of EF'T. The choice of an EFT defines the UV
suppression scale below which physics can be parameterised by the EFT. An EFT
Lagrangian is constructed of dimension d operators that are suppressed by d — 4
powers of the UV suppression scale. The EFT Lagrangian is a sum of operators
O!% that affect IR physics, and the scalar parameters ¢V that encapsulate UV

physics are called the Wilson coefficients [20]:
L=> dvVo/" (1.25)

Non-local interactions via the heavy particle exchange are replaced by the local
interactions. This restricts the validity of the theory to below a certain energy
scale [21]. One of the advantages of EFT is the possibility to re-interpret the EFT

constraints on masses and couplings in different BSM theories [14].
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The two EFT frameworks relevant to the research presented in this thesis are
the Standard Model Effective Field Theory (SMEFT) and the Higgs Effective Field
Theory (HEFT) [20]. The SMEFT is an EFT framework which describes SM par-
ticles’ interactions and the Higgs field is introduced as the SM doublet. In the case
of the HEFT, the Higgs doublet is not present [20]. The SMEFT is described in the

following section in more detail.

1.2.1 The Standard Model Effective Field Theory

The SMEFT is a powerful and consistent EFT, which describes the lower energy
limit of the BSM physics. The SMEFT consists of SM fields and the Higgs field
modelled as the SM Higgs doublet. The higher dimensional operators are invariant

under SU(3). x SU(2) x U(1)y gauge group. The EFT Lagrangian is defined as:
Lppr = Loy + LY + L0 4 £0 4 (1.26)

where higher order Lagrangian terms are:

N @
O =3 X3—4 09 for d >4 (1.27)
i=1

(d)

where Ogd) is a dimension d operator, ¢;’ is the corresponding Wilson coefficient,
and A is the suppression scale [20]. A complete and non-redundant set of operators
form a basis. Complete bases predict the same new physics effects [14].

All dimension-5 operators violate lepton number conservation [22], while all odd
dimension operators violate baryon number minus lepton number [23]. Given current
experimental constraints, the Wilson coefficients corresponding to these operators
are not observable at the LHC [24].

In the context of the Brout-Englert-Higgs mechanism (section 1.1.1), the SMEFT
brings a correction to the Higgs potential. In the SMEFT the EW symmetry is

broken as in the SM, SU(2);, x U(1l)y — U(1)ep. In the Warsaw basis [25] with
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dimension-6 operators the Higgs potential is modified by the operator Og?) = (¢p'9)?

[20]. In this case the potential is:

V(9'6) = A('0 — 50?) P (910)° (1.25)

where ¢ is the Higgs doublet and cg) is a Wilson coefficient corresponding to 01(3)

operator. The new minimum of the Higgs potential is:

v? 30(6)1)2 1
(d1e) = 5(1 + =i ) = Zo} (1.29)

1.3 Simplified Template Cross Sections

Simplified Template Cross Sections (STXS) [14] is a framework defined for Higgs bo-
son production and decay measurements at particle level, where particle level refers
to a Monte Carlo (MC) simulation, which includes all but detector simulation stages
(section 1.4.2). The kinematic regions are designed such that the cross-sections have
minimised dependence on theoretical uncertainties, maximised experimental sensi-
tivity, and the framework includes dedicated regions potentially sensitive to BSM
physics. The minimised theoretical uncertainties include both SM predictions and
dependence on physics models. STXS is a convenient framework for a combination
of multiple Higgs boson decay channels and for the BSM interpretations.

The STXS VH and VBF processes are defined differently than the production
modes presented in section 1.1.2 because at higher orders VH production in associa-
tion with hadronically decaying V and VBF definitions are ambiguous. As a result,
the STXS VH mode is defined as a VH production in association with a leptonically
decaying V, while the VH production, where V decays hadronically, is defined to
be a part of the VBF production. The STXS VBF production is also called qqH
production.

There are multiple stages of the STXS framework defined, which differ by the

granularity of kinematic regions. The higher the stage, the finer the granularity of
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the kinematic regions of the Higgs boson production modes. Stage 0 contains the
inclusive ggF, ttH, bbH, and tH production cross-sections; the VBF and VH produc-
tion modes have two and three kinematic regions, respectively. Stage 1 has a finer
binning than stage 0. The Higgs boson production modes and their corresponding

stage 1 kinematic regions are summarised in Figure 1.8.
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Figure 1.8: STXS stage 1 kinematic regions. The figure is constructed from figures
in [14] and taken from [26].

The stage 1 ggF' production mode is most relevant to this thesis. This is separated
into jet multiplicity categories of zero, one, and two or higher. These are further split
based on kinematic observables. There is one inclusive zero jet kinematic region; one
jet category is split into four kinematic regions based on the Higgs boson transverse

momentum p at 60 GeV, 120 GeV, and 200 GeV. The two or more jets category
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is first split at p2 = 200 GeV, where only the pff < 200 GeV region is split further.
The pf < 200 GeV region is first split into ggF-like and VBF-like regions, where
VBF-like region is defined as m;; > 400 GeV and An;; > 2.8, where m;; and Anj;
are the invariant mass and the difference in pseudorapidity of two leading jets, while
the remaining phase space is the ggF-like region. The ggF-like region is further split
into three regions at pf equal to 60 GeV and 120 GeV. The VBF-like region is split
into two regions at pgjj = 25 GeV, where pgjj is a transverse momentum of the
system of the Higgs boson and two leading jets. The regions satisfying the pXf > 200
GeV criterion are expected to be sensitive to BSM physics. Each kinematic region
has a cut on Higgs rapidity |yg| < 2.5. The remaining region corresponds to the
forward detector (like ATLAS or CMS) region |yg| > 2.5 which is not included
in the STXS definition. The ggF production kinematic regions are summarised in

Figure 1.9.

ggF
|

! | |

| = 0jet | [ = 1et | | = 2—jetI |

. | BSM
B [0, 60] | pT<20° Gev_| o7 [200, = |
| mjj <400 GeV or |m”>400 GeV and
[ ! 160, 120] |

l_~ 5
e 10,60 P10, 25]

S
pt [200 il\]ﬂ —>| [60, 120] | HJJ[25 o ]

pT [120 200

Figure 1.9: Summary of STXS stage 1 ggF kinematic regions. The figure is a
modified version of the ggF part in Figure 1.8.
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1.4 Monte Carlo simulations

The experimental analysis is based on the data comparison with the theory predic-
tions. The predictions are produced using the Monte Carlo (MC) simulations. One
particle collision is called an event. The generated events aim to imitate nature as
closely as possible, where the MC generators provide all the necessary information
for the experiment: the particle types, their momenta, and the absolute production
rates [27].

First, section 1.4.1 discusses theoretical background for the MC modelling. It is
followed by section 1.4.2, which describes different stages of the event generation.

Finally, the MC generators are described in section 1.4.3.

1.4.1 Theoretical aspects of Monte Carlo simulation

This section discusses the relevant theoretical aspects used for MC simulations,

including renormalisation, factorisation, and parton distribution functions.

Renormalisation

Renormalisation is a regulation which addresses the problem of divergences, which
arise due to unrestricted integration over the momentum flow in the Feynman di-
agrams containing loops. The renormalisable theory is a theory which has a finite
number of parameters which ensures finite results in all orders of a perturbation
theory. The SM gauge theories are renormalisable [19].

In QCD quarks and gluons contribute to loop diagrams. The equation of QCD
coupling running is:

2 O‘S(/ﬁ%)
as(Q7) = - (1.30)
1+ as(p3)bo In (%)

where () is a scale parameter, by > 0 is a constant, and pg is a scale at which the

renormalised coupling is defined [19].
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The asymptotic freedom is a condition when a,(Q?) — 0 as Q* — co. It means
that at large scale (or a short distance) strongly interacting particles act as free

particles. One example is a hard process [19].

Factorisation

Factorisation is an approach where the cross-section is expressed as a convolution of
a hard process and a parton density [19]. Due to factorisation the proton structure

and the final state hadron creation are decoupled [27].

Parton distribution function

A parton distribution function (PDF) f;(z, ur) is a number density of a parton i
which has momentum fraction x with respect to its parent hadron and is probed at
a factorisation scale upr. The PDFs are used in the simulation of hard processes,
parton showers and multiple parton interactions (section 1.4.2). They affect both
the cross-sections and the event kinematic properties. The PDFs are extracted from
lepton-hadron and hadron-hadron collision data sets. The PDFs’ evolution with

momentum scale is described by the DGLAP equations [28].

1.4.2 Stages of event generation

The MC generation starts with the simulation of the hard process using perturba-
tive QCD. The next stage is the parton shower associated with the incoming and
outgoing coloured particles, which naturally leads to the hadron formation from the
coloured participants, which is in a non-perturbative QCD regime. The secondary
interactions to the hard scattering are modelled as underlying events.

All these production stages are described in more detail in this section. The
section is finished by a discussion on the merging and matching schemes, which

allow to combine the different stages of the event generation.
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Parton level event generation

The parton level event generation considers the interactions of elementary con-
stituents of protons: quarks and gluons. The fully differential cross-section of a

hadron-hadron collision is:

do 1 .
deidr, Pl Z filxr, pp) fi(z2, prp) X Z |M(i,j — k,1,.n)* (1.31)

1,5,k,...10

where f; is a PDF and M is a matrix element.

The hard scattering happens over very short timescales, therefore the details
of the interactions within the proton and its evolution after it are irrelevant. The
dynamics within the proton can be seen as static and therefore the hard process can
be described as an interaction between freely moving particles. The hard scattering
process is calculated perturbatively using expansion in powers of the strong coupling
constant ai(pg), since it is small at high energy scales. Calculations are done up
to a finite order in a,(ug) which leads to the intrinsic uncertainty. The uncertainty
depends on the renormalisation scale pgr of the coupling constant a,(ug) and the
factorisation scale pup of the parton densities. In the uncertainty calculations ug is
typically varied in the range of py/2 < ugr < 2ug, where pg is the nominal scale of

the hard process [27].

Parton shower generation

Parton shower algorithms are used to model the internal structure of jets and accom-
panying particles. The parton shower generators model QCD radiation produced
by accelerated coloured partons and which is calculated by perturbative QCD [27].
Gluons can radiate other gluons and quark-antiquark pairs, which can be modelled
using step-wise Markov chain approach. The parton shower mainly consists of par-
tons that are either soft or collinear with the outgoing partons [28]. The hard process

is generated first and then the parton shower dresses the particles with additional
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radiation. These algorithms evolve the momentum transfer from the high scales of
the hard process to the low scales of about 1 GeV, associated to hadron formation

[28].

Hadronisation

The hadron formation occurs at the end of parton shower: it is a transition from the
partonic final state to a complete representation of a hadronic final state. As the
distance between moving partons increases, the strong force grows and the confine-
ment effect becomes important. As a result, the partons form colour neutral hadrons
[27]. The hadronisation is in the non-perturbative regime: it cannot be computed
from the first principles, so the hadronisation models should be used [28]. The two
most common models of hadronisation are the string fragmentation and the cluster
models [27]. The main difference is that the string model directly transforms the
system into hadrons, while the cluster model first creates clusters that are further
used to define hadrons [28]. The hadronisation is independent of the initial hard
scattering process due to factorisation assumption. As a result, the tuning using
one data set can be used for another data set and thus it can be later reused for

other hard processes.

Jet production

A jet is a structure where most of the energy is carried localised in collinear bundles
of partons. It originates from the final state of the parton shower which is hadronised,
where the hadronisation procedure preserves the jet structure. The total momentum
of constituent hadrons is described using perturbative calculations. Since jets are
not fundamental objects, they are defined by jet algorithms instead of directly by

theoretical models [28].
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Multiple parton interactions

The multiple parton interactions (MPI) are several parton-parton interactions that
occur during a single hadron-hadron collision. Most MPIs are relatively soft and

they do not lead to easily identifiable jets [28].

Underlying event generation

The fragments of hadrons that do not participate in the hard collision construct the
underlying event. Since these fragments are not colour neutral, they interact with

the partons from the hard scattering [27].

Matching and merging

Double counting may occur when the same final state is generated by a parton level
generator and a parton shower calculation. Since fixed order matrix elements de-
scribe separated hard partons well, while parton shower provides good modelling of
soft and collinear partons, these two algorithms are combined for the best perfor-
mance [28]. The merging scale is introduced to connect matrix element generation
and parton shower. The partons that are produced above the merging scale are gen-
erated with a higher order matrix element, while the partons produced below this
scale are generated by the parton shower [28]. The matching scheme is developed
to avoid double counting and the dead regions where no events are generated [29].

The CKKW is a merging scheme where the second and higher parton shower
emissions are corrected to match the tree level matrix element. Each jet multiplicity
is simulated above the threshold cut with the corresponding matrix element and are
dressed with parton shower [28].

In the MLM merging scheme the matrix element is generated and showered, the
final state partons are combined into jets. The partons from the matrix element are

required to match the final state jets, so the events are accepted only if all the jets
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satisfy the matching criteria and the event contains no extra jets above the merging

scale [30].

1.4.3 Monte Carlo generators

This section describes the relevant MC generators.

POWHEG

The POWHEG method produces positive weighted events, where the hardest radia-
tion is generated using the exact next to leading order (NLO) matrix element. The

POWHEG output can be interfaced with other parton shower generators [31].

Herwig++

Herwig++ is a general purpose MC event generator, which has an automatic genera-
tion of hard processes and decays with full spin correlations. It has built in matching
of many hard processes at NLO with the POWHEG method [28]. The initial and
final state QCD radiation is simulated with particular emphasis on radiation from
heavy particles, and hadronisation is obtained using the cluster model [32]. Hard

and soft multiple partonic interactions are modelled as well [28].

PYTHIA 8

PYTHIA 8 is a general purpose event generator. It is a standalone generator but
can be interfaced with other generators [28]. PYTHIA 8 models hard and soft inter-
actions, initial and final state parton showers. It has built in matching and merging
methods to combine hard processes with parton shower. PYTHIA 8 simulates multi-
parton interactions, beam remnants, particle decays. It uses a string fragmentation

approach to model hadronisation [33].
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SHERPA

SHERPA is a general purpose event generator which simulates lepton-lepton, lepton-
hadron, and hadron-hadron collisions. It has an automated generation of tree level
matrix elements and uses advanced phase space integration methods. SHERPA is
able to calculate cross-sections at NLO accuracy and has a built in multijet merging.

Hadronisation is performed using the cluster model [28].
MadGraph5_aMC@NLO

MadGraphb5_ aMC@NLO is a framework that provides computations of tree level and
NLO order cross-sections, their matching to parton shower simulations. It is used

for generation of SM processes and BSM phenomenology [34].

1.4.4 Detector simulation

The detector simulation models the effects when the particles interact with the
detector. It includes the geometry of the detector, particles’ interaction with the
material, the tracking of particles through materials and external magnetic fields

and the response of the detector components [35].
GEANT4

GEANT4 is a toolkit to simulate the particles traversing the matter. It includes
simulation of tracking, geometry, physics models and hits. It can be used for basic
phenomena and geometries and for large scale complex simulations of LHC detectors

35).
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Chapter 2

The ATLAS experiment

There is a long path from the production of protons to the objects that are inter-
preted and used in the analysis. First, protons are produced and accelerated in the
Large Hadron Collider (LHC) accelerator complex, then collisions are induced at the
interaction point in the ATLAS detector. The resulting particles leave traces in dif-
ferent subdetector systems. In order to be used in physics analysis, these traces are
reconstructed and particles are identified. Only then a physics analysis can begin.
In this chapter first LHC is introduced in section 2.1. Collisions and detection are
described in section 2.2. Section 2.3 explains the reconstruction and identification

of physics objects.

2.1 LHC

The LHC is the largest and most powerful particle accelerator and collider in the
world. LHC is built to provide data for the precise measurements of SM physics and
the searches for new physics [36]. It is operated by the European Organisation for
Nuclear Research (CERN) in Geneva, Switzerland.

LHC is built in a 26.7 km tunnel where there are two rings in which two high
energy particle beams are accelerated in opposite directions. The beams are kept

in a circular trajectory by twin bore superconducting magnets that consist of two

29
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sets of coils. The beams collide at the four particle detectors in the accelerator ring:

ATLAS, CMS, ALICE, and LHCb.

The protons are produced using hydrogen gas where electrons are removed by
passing the gas through an electric field. Protons are provided via the injector
chain of Linear accelerator 2 (Linac 2), Proton Synchrotron Booster (PSB), Proton
Synchrotron (PS), and Super Proton Synchrotron (SPS) [37]. At the Linac 2 protons
are accelerated to 50 MeV energy. The PSB is built to increase the number of protons
accepted by PS. In the PSB protons are accelerated to 1.4 GeV energy and then
directed to PS. PS is a 628 m circumference accelerator which increases protons’
energy to 25 GeV. Then protons enter the 7 km circumference SPS which increases
protons’ energy to 450 GeV. When protons reach this energy, they enter the LHC
ring. LHC is designed to accelerate protons up to 7 TeV energy but it operated with
up to 6.5 TeV before the shutdown in 2018. LHC accelerator complex is illustrated
in Figure 2.1. At the LHC each proton beam has a nominal number of 2808 bunches

with the spacing between them of 25 ns, where the spacing is set in the PS.

LHC
CMS

LICE LHCb
PS

ATLAS

Booster

Linac 2 PS

Figure 2.1: The LHC accelerator complex. Protons reach the LHC via the injec-
tor chain of Linear accelerator 2 (Linac 2), Proton Synchrotron Booster, Proton
Synchrotron (PS), and Super Proton Synchrotron (SPS). Figure is adapted from
[38].
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2.1.1 Luminosity

The rate of interactions, R, is expressed by:
R = Lo, (2.1)

where L is the machine luminosity and o is a cross-section of the process of interest.
The luminosity depends on the beam parameters only and is given by the following

formula:

I — Ngnbfrev’)/'r
dme, 0

where N, is the number of particles per bunch, n; is the number of bunches per

(2.2)

beam, the revolution frequency is denoted by f,., and the relativistic gamma factor
by 7., €, is the normalised transverse beam emittance, S* is the beta function at
the collision point, and F is the geometric luminosity reduction factor [37].

LHC is designed to run with 10**¢m 257! luminosity. In 2016 luminosity ex-
ceeded the designed value and peaked at 1.38 - 103*em=2s71; the peak luminosity
per fill in 2016 is shown in Figure 2.2. The total delivered and recorded luminosity
by ATLAS in 2015 and 2016 are presented in Figure 2.3.

LHC Runs

Since LHC activity started, there were two active phases when data were collected.
The Run 1 is the first phase when LHC produced proton-proton collisions at a centre
of mass energy of \/s = 7 TeV and later at /s = 8 TeV. The Run 2 is the second

phase when LHC produced collisions at a centre of mass energy of /s = 13 TeV.

2.2 ATLAS

The ATLAS (A Toroidal LHC Apparatus) detector is a general purpose particle de-
tector installed at the LHC (Figure 2.4). The detector is about 44 m long and 25 m

in diameter, and weights about 7000 t. ATLAS has a forward-backward symmetry
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Figure 2.2: The peak luminosity per fill by ATLAS in 2016. Figure is taken from
[39].

with respect to the interaction point. It consists of sub-detectors that are designed
for specific particle detection. The detector consists of the inner detector that is
responsible for charged particle tracking, the calorimeter system that is responsi-
ble for detection based on energy measurement, and the muon systems for muon
identification. The inner detector is surrounded by a superconducting solenoid that
produces 2 T magnetic field. The calorimeters are surrounded by three eight-fold
superconducting toroid magnets with asimuthal symmetry: one in the barrel and

one at each end-cap. [36]

Coordinate system in ATLAS

The origin of the coordinate system is the nominal interaction point. The ATLAS
detector uses a right-handed coordinate system. The z-axis is defined in the direction
of the beam, and x — y plane is transverse to the beam direction. The z-axis points
from the interaction point to the centre of the LHC ring, while the y-axis points
upwards. The asimuthal angle ¢ is defined around the beam axis, while the polar

angle 6 is the angle measured from the beam axis. The pseudorapidity is defined as
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Figure 2.3: The total delivered and recorded luminosity by ATLAS in (a) 2015 and
(b) 2016. Figures are taken from [39].

n = —Intan (0/2), while for the massive objects (like jets) the rapidity measure is
used y = 1 In[(E + p.)/(E — p.)], where E and p, are energy and momentum along
the z-axis, respectively. The transverse quantities with subscript 7 are defined in

the x —y plane. The distance in the pseudorapidity-asimuthal angle space is defined

as AR = \/An? + A¢? [36].
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Figure 2.4: The cut-away view of the ATLAS detector. Figure is taken from [36].

2.2.1 The inner detector

The purpose of the inner detector (ID) is charged particle tracking (Figure 2.5).
It is the closest sub-detector to the beam line. The detector is surrounded by a
superconducting solenoid which provides 2 T axial magnetic field [40] and curves
the trajectories of the charged particles. The inner detector has three subsystems:
the pixel detector, the semiconductor tracker (SCT), and the transition radiation

tracker (TRT). These subsystems are described below.

The pixel detector

The pixel detector consists of four cylindrical layers in the central region and has
three disks at each end-cap in the forward regions. The closest to the beam line lies
the insertable B-layer (IBL) which was installed for the LHC Run 2.

The purpose of IBL is to improve impact parameter resolution and the vertex

reconstruction [40], where the impact parameter is the closest distance from the
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Figure 2.5: The cut-away view of the ATLAS inner detector. It shows the pixel
detector, the SCT, and the TRT. Figure is taken from [36].

track to the vertex. It consists of 14 staves and covers the |n| < 3.03 region. The
IBL contains about 12 million silicon pixels of size 50 pym x 250 pgm in r — ¢ and
z directions, respectively. The staves are placed between 29.0 mm and 42.5 mm

distance from the beam line [41].

The remaining part of the pixel detector consists of three layers in the barrel
and three disks in each of the two end-caps. The three barrel layers are located at
50.5 mm, 88.5 mm, and 122.5 mm distance from the beam line [41], and a typical

pixel size is 50 pm x 400 pm in r — ¢ and z directions, respectively. The four disks
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in the end-caps are designed such that most tracks hit at least three layers. The
pixel detector contains about 80 million pixels in total. It is designed to tolerate
high radiation doses, especially the IBL.

The operating principle of the pixel detector is based on semiconductor prop-
erties. The charged particle hits the silicon and creates electron-hole pairs. Under
the electric field the generated electron-hole pairs move to the electrodes and the

induced current is recorded.
The SCT

The silicon micro-strip semiconductor tracker (SCT) is located outside the pixel
detector. The SCT consists of four cylindrical layers in the barrel region and nine
end-cap disks. It covers the region of |n| < 2.5 [42]. SCT modules consist of two
sensors of silicon micro-strips that are mounted on both sides of the module with
a stereo angle of 40 mrad [43]. The strips are located longitudinally in the barrel
region and radially in the end-cap region. There are nominally 8 hits per track (four
space-points) [40]. The detector has about six million channels.

A space-point is determined from a combination of two strip measurements at
a stereo angle [43]. The fine granularity of the SCT allows the reconstruction of
particle trajectories, bent by the magnetic field. The SCT operates based on the

same semiconductor mechanism as the pixel detector.
The transition radiation tracker

The transition radiation tracker’s (TRT) purpose is to provide position information
and particle identification, primarily the discrimination of charged particles with
different mass, especially electrons and pions. The design is based on the fact that
radiation depends on the Lorentz factor, which depends on particle mass.

The TRT covers the region of |n| < 2.0 [42] and is the outermost subsystem

of the inner detector. It consists of 4 mm diameter straw drift tubes that are
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located parallel to the beam axis in the barrel region and radially in the end-caps.
The cathode is the inner part of the tube that is coated in aluminium, while the
enclosed tungsten wire works as an anode. The tubes are filled with a mixture of
gas composed of COy (27%), Oz (3%), and either Xe or Ar (70%). Xe is preferred
due to its good X-ray absorption, while Ar is used in straws where large gas leaks

are expected.

When a charged particle traverses a straw, ionised clusters are created, and the
induced current is amplified and measured [44]. X-ray TR is emitted as a result of the
change of the refractive index due to the inserted polypropylene material between
the tubes, and is absorbed by Xe or Ar gas. The lighter particles produce more
TR than heavier particles, so the TRT’s threshold is set such that the electrons are
more likely to exceed it than pions. For charged particles with transverse momentum

pr > 0.5 GeV, each track typically yields 35 hits [40].

2.2.2 Calorimetry

The ATLAS calorimeter system consists of two subsystems: the electromagnetic
calorimeter which is closer to the beam line and the hadronic calorimeter which is
in the outer part of the system (Figure 2.6). It covers the range of || < 4.9. The
electromagnetic calorimeter is designed to measure energy deposits of electrons and

photons, while the hadronic calorimeter is designed to measure hadronic jets.

The ATLAS calorimeters are sampling calorimeters, where energy deposition is
sampled using alternating active and passive layers. Particle interaction with the
material mainly in the passive layer creates particle showers; in the active layers a

traversing charged particle ionises the active material and the current is recorded.

The additional purpose of the calorimeters is to limit high energy jets entering

the muon chambers.
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Figure 2.6: The cut-away view of the ATLAS calorimeter system. It shows the
electromagnetic and hadronic calorimeters. Figure is taken from [36].

The electromagnetic calorimeter

The electromagnetic calorimeter (EM) consists of two half-barrels, which cover
—1.475 < n < 0 and 0 < n < 1.475 regions, and two end-caps covering 1.375 <
In| < 3.2. There is a transition region filled with inactive material covering 1.37 <

In| < 1.52.

The EM calorimeter has a presampler and three layers. The presampler is de-
signed to account for sampling of the start of the particle shower. It is made of
liquid argon (LAr) layer and covers |n| < 1.52 in the barrel area and 1.5 < |n| < 1.8

in the end-caps region.
In the three layers the LAr is used as an active material and lead acts as a passive

component. The calorimeter is designed in an accordion-like geometry symmetric

around z axis, which ensures uniform ¢ coverage and fast extraction of the signal
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[36].

The first layer of EM consists of strip cells, it has granularity of 0.0031 x 0.098 in
n—¢ plane, and its purpose is to discriminate photons and neutral pions. The second
layer has granularity of 0.025 x 0.025 in n — ¢ plane. Its thickness is constructed
to contain the greater part of the energy deposit. The third layer is used for the
energy deposits of the tails of the showers [40]. It has a coarser resolution dn X d¢ =

0.05 x 0.025.
The hadronic calorimeter

The hadronic calorimeter consists of the tile central barrel, the tile extended barrel,
the hadronic LAr end-caps, and a forward calorimeter.

The purpose of the tile calorimeters is to ensure identification and measurement
of hadronic jets. The central barrel covers |n| < 1.0 and the extended barrels cover
0.8 < |n| < 1.7 region. There the plastic scintillators act as an active material, while
iron is used as a passive material. The light emitted by the scintillators is measured
with photomultiplier tubes.

The LAr hadronic end-caps consist of two wheels per cap and cover 1.5 < |n| <
3.2 region. In this subsystem copper is used as a passive material.

The forward calorimeter consists of three wheels on each side and covers 3.1 <
In| < 4.9 region. The first layer uses copper as an absorbent material and the other

two layers use tungsten. LAr is used as an active material.

2.2.3 Muon spectrometer

The muon spectrometer (MS) is designed to detect muons and measure their mo-
mentum (Figure 2.8). It is located in the outermost part of the ATLAS detector.
The subdetector achieves 3% relative resolution over a wide pr range. The MS con-
sists of a barrel part and two end-cap parts, covering |n| < 1.05 and 1.05 < |n| < 2.7

regions, respectively. The system is equiped with three toroidal magnets for each of
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the previously discussed parts [45]. The toroid magnet system generates 0.5 T field
in the barrel and 1 T in the end-caps.

The muon system consists of four types of chambers: the monitored drift tube
chambers (MDT), the cathode strip chambers (CSC), the resistive plate chambers
(RPC), and the thin gap chambers (TGC).

Thin-gap chambers (T&C)

Cathode strip chambers (CSC)

Barrel toroid

\ "
Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 2.7: The cut-away view of the ATLAS muon system. Figure is taken from
[36].

Monitored drift tube chambers

The monitored drift tube chambers (MDT) are designed to provide precise mea-
surements in the 7 — z plane, where the bending occurs. The MDTs cover |n| < 2.7
region and provide 6-8 n measurements per muon trajectory. The single hit resolu-

tion in the bending is a plane of 80 pm [45]. The MDTs consist of aluminium tubes
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filled with Ar and CO, gas mixture.

Cathode strip chambers

The cathode strip chambers (CSC) are placed in the forward part of the detector.
They also provide precise momentum measurements and are built to accommodate
particle flux in |n| > 2 region which exceeds MDTs’ threshold. The CSCs cover
2 < |n| < 2.7 in the end-caps. The single hit resolution in the bending is a plane of
60 pm [45].

The cathodes are made of strips which are at right angles, while anodes are
wires which are parallel to one of the strip directions. The electric signal arise from

ionisation of Ar-CO, gas mixture.

Muon trigger chambers

Muon trigger chambers consist of the resistive plate chambers (RPC) and the thin
gap chambers (TGC). The RPCs are located in the barrel region, while the TGCs
are built in the forward region. The RPCs and TGCs cover |n| < 1.05 and 1.05 <
|n| < 2.4 regions, respectively. The purpose of this system is to provide the trigger
with the fast readout speed: the RPCs serve the trigger with 10 ns readout speed.
The trigger chambers also provide position measurements in 17— ¢ plane with spacial

resolution of 5-10 mm [45].

2.2.4 Trigger

The full information of collisions produced in ATLAS are both unfeasible to record
due to technical restrictions and also many collisions are not of interest to physics
analyses. The trigger system is build to aid the recording of interesting collisions.
The trigger system consists of the two level triggers: Level 1 (L1) and Level 2 (L2),
and an Event Filter (EF). The L2 and EF are referred to as the high level trigger
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(HLT). The L1 trigger reduces readout rate from 40 MHz to 100 kHz. HLT reduces
readout rate from about 100 kHz to 1 kHz.

The L1 trigger is implemented in hardware to increase the decision speed, which
reaches 2.5 us. This trigger takes information from reduced granularity calorimeter
information and the muon system, including muon trigger chambers (section 2.2.3).
It uses high p7 muons, electrons, photons, jets, and hadronically decaying 7-leptons.

The HLT is a software trigger. It also uses inner detector track information,

matching of tracks and calorimeter energy deposits, and full event reconstructions.

2.3 Object reconstruction

The signals recorded by the subdetector systems are used to reconstruct physics
objects which enter physics analyses. This section discusses physics object recon-

struction.

2.3.1 Particle reconstruction in subdetectors

Charged particle reconstruction in the inner detector

Tracking detectors are used to reconstruct the trajectories and momenta of the
charged particles [41]. Charged particle’s reconstruction starts in the pixel detector
and the SCT. Hits in the silicon detector layers are combined into clusters. Three
dimensional space points are created from these clusters and are used to obtain
track seeds. Then the pattern-recognition algorithm is applied and ambiguities are

resolved.

Reconstruction in the electromagnetic calorimeter

First, the electromagnetic (EM) calorimeter is divided into cells in n — ¢ space of
size An x A¢ = 0.025 x 0.025, which corresponds to the granularity of the second

EM calorimeter layer. The energy deposit is summed in each cell over presampler
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and the three EM calorimeter layers. The candidates are selected by the sliding-
window algorithm, where the window size is 3 x 5 cells. The selected candidates have
the sum of transverse energy Ep higher than 2.5 GeV. If two candidates are found
overlapping in the area of 5 x 9 cells, then the candidate with higher Er is kept if
it is at least 10% higher than the other candidate’s Er. Otherwise, the candidate
with the central cell with highest E7r is kept. The reconstruction efficiency depends
on |n| and Er [40].

2.3.2 Vertex reconstruction

The primary vertices are the inelastic proton-proton interaction positions, while the
secondary vertices are defined as interactions resulting from in-flight decays, photon
conversions, and hadronic interactions.

The primary vertices are reconstructed using the iterative vertex finding algo-
rithm. A vertex must be formed of at least two charged particle tracks with pp
greater than 100 MeV. The primary vertices are categorised as the hard-scatter and
the pile-up vertices based on the sum of the p% of the associated tracks. The highest
sum defines the hard-scatter vertex while the remaining vertices are pile-up vertices.
[41]. The secondary vertices are reconstructed using the inclusive secondary-vertex

finding algorithm.

2.3.3 Electrons

Electron reconstruction

The electron reconstruction is based on three electron characterisation criteria:
charged particle tracks in the ID, localised energy deposit clusters in the EM calorime-
ter, and the matching of the ID tracks and EM calorimeter clusters [40]. Charged
particle tracks in the ID and clusters in the EM calorimeter are described in section

2.3.1.
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When electron traverses material, it loses energy due to bremsstrahlung. The
radiated photons may further convert into electron-positron pairs. Normally, these
particles are emitted in a collimated fashion, therefore it is possible to match several
tracks in the ID with the same EM cluster, associated with the primary electron. An
electron candidate is considered to be a track with at least four hits in silicon layers
and with no association with a vertex of photon conversion. Then, the extended
EM calorimeter clusters are formed surrounding seed clusters. The best matching of
the track and the seed cluster is used to calculate the energy of the electron candi-
date, which is computed using calibration and the extended clusters [40]. Electron

reconstruction is illustrated in Figure 2.8.

hadronic calorimeter

third layer /~
AnxAp=0.05x0.0245

second layer
AnpxAp=0.025x0.0245

first layer (strips)
AnxAp=0.0031x0.098

presampler

TRT (73 layers)

beam axis pixels

beam spot

do

insertable B-layer

Figure 2.8: Electron reconstruction based on tracks in the inner detector and clusters
in the electromagnetic calorimeter. Figure is taken from [40].

Electron identification, isolation, and reconstruction of charge

Electrons in the central detector region (|n| < 2.47) are identified using likelihood fit.
There are three levels of electron identification: “Loose”, “Medium”, and “Tight”

with corresponding identification efficiencies of 96%, 94%, and 88%, respectively.
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The tighter the electron, the better background rejection. The discrimination is
obtained using a likelihood fit with shower shapes, track properties and track and
cluster matching as input parameters [40]. In the H — WW* analysis in this thesis
the electrons are required to have transverse energy (FEr) greater than 15 GeV.
The electrons with Er < 25 GeV are required to satisfy the “Tight” requirement,
while the leptons satisfying Er > 25 GeV should pass the “Medium” identification
requirement. The pseudorapidity 71 is required to satisfy |n| < 2.47, excluding the
region of 1.37 < |n| < 1.52.

Electrons that originate from the hard-scattering vertex or are decay products
of heavy bosons (Higgs, W, Z) have a characteristic signature of being isolated
from other particles. In contrast, the electrons that are the products of semileptonic
decays of heavy quarks or proton conversion tend to have other particle traces in
the close vicinity. Isolation serves as a measure to identify the electrons interesting
to physics analyses. The “Tight” and “Medium” electrons should satisfy the “Fix”
and “Gradient” isolation requirements, respectively, which are described in [40].

The sign of the electric charge of the electrons is determined by the curvature of

the tracks in the ID.

2.3.4 Muons

Muon reconstruction in the muon spectrometer

Muon reconstruction is based on the hit patterns in the muon spectrometer (MS)
chambers. Hits in the monitored drift tube chambers are measured in the bending
plane, while hits in the resistive plate chambers and the thin gap chambers are
measured orthogonal to the bending plane. The segments in the monitored drift
tube chambers are reconstructed using a straight line fit, while a combinatorial
technique is applied in the cathode strip chambers case. Muon tracks are built by

using the segments in the middle as seeds for extrapolation. Tracks are built from
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at least two matching segments, except for the barrel-end-cap region where one
segment is required. Overlap removal is applied if needed and a global 2 fit is used

to select hits associated to each track [45].

Muon reconstruction

Muon reconstruction is performed independently in the ID (section 2.3.1) and the
MS.

There are four types of muons based on how the ID and the MS reconstructions
are combined. The four types are the combined (CB) muons, the segment-tagged
(ST) muons, the calorimeter-tagged (CT) muons, and the extrapolated (ME) muons.
The combined muons are defined by combining independently reconstructed ID and
MS tracks. A global refit is performed where MS hits may be added or removed
in favour of the fit. The segment-tagged muons’ definition serves low pr muons or
muons in the low MS acceptance region. They are defined as ID tracks extrapolated
to the MS with at least one track segment in the monitored drift tube chambers. The
calorimeter-tagged muons are defined as ID tracks matched with an energy deposit in
the calorimeter compatible with minimum ionising particle. The extrapolated muons
are constructed using an MS track only and are compatible with the interaction point
as the origin [45].

The relevant muons to this thesis are the combined muons.
Muon identification

The muon identification is based on applying conditions, which select muons with
high efficiency and/or robust momentum measurement and suppressing backgrounds,
especially pions and kaons. The quality requirements for a robust momentum mea-
surement are the following: at least one hit in the pixel detector, at least five hits
in the SCT, less than three track parts without hits in the pixel or the SCT sub-
detector, and at least 10% of TRT hits assigned to the track if 0.1 < |n| < 1.9.
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Muon identification has four categories: “Loose”, “Medium”, “Tight”, and “High-
pr”. “Medium” muons are defined such that they minimise the systematic uncer-
tainties associated with muon calibration and reconstruction. “Loose” muons have
good quality muon tracks and maximise the reconstruction efficiency. The com-
bined and extrapolated muons in the “Medium” category are a subset of “Loose”
muons. “Tight” category maximises the purity of muons. It is a subset of the com-
bined “Medium” muons, which have at least two hits in the MS. “High-p;” muons
have transverse momentum above 100 GeV and maximised momentum resolution
for tracks. They consist of the “Medium” combined muons with at least three hits
in the MS [45].

In the H — WW™ analysis in this thesis the muons required to pass the “Tight”

identification requirement and satisfy the pr >15 GeV and || < 2.5 requirements.
Muon isolation

The muons which are interesting to physics analyses, i.e. originating from heavy
particles like Higgs, W, Z bosons, tend to be isolated from other particles. In
contrast, semileptonic decays produce muons that are part of jets. Muon isolation
is a measure that is used to distinguish muons from different origins [45]. The
track-based and the calorimeter-based isolation criteria are ps®<ne30 /p, < 0.06 and
Eiepocone®0 [ < 0.09, respectively, where the pi#ee30 and EiP"* are isolation

variables defined in [45].

2.3.5 Jets

Jets are objects widely used in physics analyses. They are made of collimated
showers of hadrons. Jets are reconstructed using topological clusters (topo-clusters)
[46]. The topo-clusters are formed to suppress the noise from the calorimeters.
The noise is estimated from the measurements of calorimeter electronic noise and

simulated pile-up noise. The algorithm starts by identification of the seed cell where
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the signal (S) to noise (N) ratio is S/N > 4. Secondly, the neighbouring cells with
S/N > 2 are added. Finally, one iteration of cells without S/N criterion are added.
In 2015 the topo-cluster reconstruction algorithm was improved by forbidding topo-
cluster seeds from the presampler layer. This avoids jet reconstruction from energy
depositions that do not penetrate the calorimeters [46].

The jet reconstruction algorithm uses the following parameters: d;; which is the
distance between two objects ¢ and j, and d;p which is the distance between an

object 7 and the beam.

R2
dij = mm(p%nzap%) ngj (2-3)
dip = Pgrnz (2.4)

where pr; is the transverse momentum of the object ¢, R is a fixed input parameter
to the algorithm. R}, = (y; — y;)* + (¢ — ¢;)* where y; and ¢; are the rapidity
and the asimuthal angle of the object 7. n is an exponent which depends on the
algorithm choice: n = 1 corresponds to kr algorithm [47], n = —1 corresponds to
anti-kr algorithm [48], and n = 0 is Cambridge-Aachen jet finding algorithm [49].

In this thesis jets are reconstructed using the anti-kp algorithm with R = 0.4
distance parameter. This algorithm is favoured because it is infrared and collinear
safe, i.e. is resilient with respect to soft and collinear radiation, and it prioritises to
cluster hard particles first [50].

The pile-up jet contamination in jets is reduced using a jet vertex tagger (JVT)
discriminant, which is constructed from two variables: the ratio of the sum of the
transverse momentum of the tracks associated with the jet and originating from the
primary vertex, and the sum of the transverse momentum of all tracks associated
with the jet and corrected for the total number of primary vertices; and the ratio
of the sum of the transverse momentum of the tracks associated with the primary

vertex and the transverse momentum of the jet [51, 52]. The forward JVT (fJVT)
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is a procedure to remove forward pile-up jets using multivariate techniques [53].

In the H — WW?* analysis in this thesis the jets are required to satisfy the
pr > 30 GeV and |n| < 4.5 requirements. The JVT variable is required to be larger
than 0.59 for jets with pr < 60 GeV and |n| < 2.4. For jets satisfying |n| > 2.5 the

fJVT requirement is applied.
b-jets

b-jets (jets containing b-hadrons) with pr > 20 GeV and |n| < 2.5 are identified
based on a multivariate technique where track impact parameters and information
from secondary vertices are used as inputs. The b-jet tagging efficiency is estimated
using ¢t simulation and is about 85% in this analysis [2]. The rejection rate of the
light quark or gluon jets is 34 and the rejection rate for the jets containing c-hadrons

is 3.1.

Jet energy scale calibration

Jet energy scale (JES) calibration starts by recalculating a jet’s four-momentum
such that it points to the hard-scatter vertex instead of the centre of the detector,
while energy is kept constant. Then, the pile-up correction is applied, which removes
the excess energy from pile-up. The calorimeter, MS, and tracks’ information is used
to obtain further improvements. Finally, calibration is performed using a pr balance

to other well measured objects, e.g. photons, Z bosons, and other calibrated jets.

2.3.6 Missing transverse energy

The missing transverse energy (ER) is an important proxy to the particles invisible
to the ATLAS detector. These particles may be SM neutrinos or undetectable BSM
particles. The EX is defined as the negative sum of the observed objects. The
reconstruction of the EF* consists of two contributions: the hard event signals and

the soft event signals.
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The hard events consist of fully reconstructed and calibrated particles and jets.
The particles are electrons, photons, 7-leptons, and muons. Electrons and 7-leptons
are reconstructed using ID tracks and EM calorimeter signals. Photons and jets
are obtained from calorimeter signals. Muons are reconstructed from ID and MS
tracks. The soft events comprise particles reconstructed from charged particles’
tracks associated with the hard scatter vertex excluding the hard events defined
above [54].

The object selection is prioritised in this order: electrons, photons, hadronically
decaying 7-leptons, and jets. The muon reconstruction overlaps insignificantly with

the other objects [54]. The EF*™ is defined as in [54]:

EPs=— > pi— Y pr— > pri— > ph— Y pi'— ) pi

selected accepted accepted selected accepted unused
electrons photons 7—leptons muons jets tracks
(2.5)
Missing transverse energy from tracks
. . .. iss.Tracky -
An alternative variable, the missing transverse energy from tracks (E7 ") is

reconstructed from ID tracks associated with the primary vertex only. Therefore,
jets and reconstructed particles are ignored since the calorimeters and the MS are

not included. As a result, E5* ™ is almost insensitive to pile-up.

2.3.7 Overlap removal

In ATLAS, reconstruction of electrons, muons, and jets is done independently, there-
fore an overlap of objects may occur. A distance parameter AR is used to re-
move overlapping objects in the following manner: if a reconstructed muon shares
an ID track with a reconstructed electron, the electron is removed. The recon-
structed jets are removed if they overlap with electrons or muons in a cone of radius

AR = 0.2. Electrons and muons are removed if they are with a jet within a cone of
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AR = min(0.4,0.04 + 10 GeV/pr), where pr is a transverse momentum of a lepton

[2].
2.3.8 Pile-up

Pile-up is more than one recorded collisions per bunch crossing. There are two
sources of pile-up collisions: the ones happening at the same time as the main
collision, and the ones that are due to a long calorimetry read-out time since it is

larger than the bunch spacing of 25ns.
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Chapter 3

Extraction of the
H — WW?* — evuv signal

This chapter presents the first part of the Simplified Template Cross Sections (STXS)
measurement, through the decay H — WW* — evur and the gluon-gluon fusion
(ggF) and vector boson fusion (VBF') production processes. The results are obtained
from a data sample corresponding to an integrated luminosity of 36.1 fb~! from
\/s = 13 TeV proton-proton collisions recorded by the ATLAS detector at the
LHC in 2015 and 2016. This Higgs boson decay channel has been studied by the
ATLAS [2, 55] and CMS [56, 57] experiments. This chapter presents the extension of
the inclusive cross-section measurement performed in [2] to the STXS measurement
(section 1.3). In the case of the ggF production mode the cross-sections are measured
as a function of transverse momentum and number of jets. The STXS framework is
preferred since it allows a relatively straightforward combination with other Higgs
decay channels and the fact that the cross-sections are measured at particle level
makes the BSM interpretations easier. The analysis strategy is to start from the
H — WW* inclusive cross-section measurement presented in [2], change the one jet
final state analysis and include the analysis of the two or more jets phase space. The
new analysis design presented in this thesis includes the definition and optimisation

of signal regions and the introduction of a new discriminant based on multivariate

23
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analysis methods. Dedicated control regions are used for the evaluation of the
background processes.

The chapter presents the extraction of the H — WW?* — evpuv signal. The
modelling of the signal and background processes is described in section 3.1 and
the Monte Carlo samples used for the simulation of these processes are described
in section 3.2. The event selection for the signal regions and splitting the signal
regions into categories are presented in section 3.3. Finally, the development of the

multivariate discriminants is described in section 3.4.

3.1 Characteristics of signal and background pro-
cesses

The final state particles of the H — WW* — evuv signal can be produced by
other processes, denoted as background processes. This section identifies the signal
and background processes and their characteristic features, where the latter aids the
background reduction and signal extraction. The signal and background processes

are discussed in sections 3.1.1 and 3.1.2, respectively.

3.1.1 Signal characteristics

The H — WW?™* decay channel has the second largest branching fraction of the
Higgs boson decays [2] and in the LHC Run 1 the cross-section of this channel was
measured with the highest precision of all decay channel measurements [12]. The
decay signature is the cleanest when W bosons decay leptonically W — (v, where
¢ is either an electron, a muon, or a leptonically decaying 7 lepton. In contrast, for
hadronic W boson decays, there is a very large irreducible background from QCD
jets. However, the presence of the neutrinos in the final state is a disadvantage
which prevents the full reconstruction of the Higgs boson mass. The different lepton

flavour H — WW™* — evpuv signature is chosen due to the reduction of the Drell-
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Yan background process in comparison to the same lepton flavour ete™ and ptpu~
final states. As a result, the analysis selects the events whose final states contain
neutrinos, one muon and one electron with opposite electric charge.

A characteristic aspect of the signal process is related to the spin values of the
Higgs boson and its decay products. Since the Higgs boson is spin-0, it decays to two
W bosons with opposite spins (Figure 3.1). The W boson is spin-1 and therefore
decays into two leptons with aligned spins. Due to the spin correlations, the final
state charged leptons are emitted at a small angle with respect to each other. As a
result it leads to a low invariant mass my and a small asimuthal angle A¢y, of the

two charged leptons.

Wt H W~ &

v/ & D

ot 0

Figure 3.1: The illustration of the leptonic H — WW* decay. The narrow and wide
arrows indicate the direction of motion and the spin projections of the particles,
respectively. The Higgs boson is a spin-0 particle which in its rest frame decays into

two spin-1 W bosons, resulting in their spins pointing in opposite directions. In the

W boson rest frame its decay products are spin-i leptons in the configuration of

2
aligned spins. The figure is taken from [55].

The ggF and VBF production processes are the dominant Higgs boson produc-
tion modes considered in this analysis (section 1.1.2). The characteristic aspect of
VBF production is two quarks scattered at a small angle leading to two highly en-
ergetic, well separated forward jets with a large invariant mass. Since the quarks

radiate W or Z bosons (Figure 3.2), there is no colour exchange and so there is
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no additional QCD activity between the two jets. Unlike the VBF case, the ggF

production process has colour exchange, which results in additional QCD activity.

Figure 3.2: VBF production diagram for the H — WW* — evuv decay.

In this analysis the VH production is fixed to the SM prediction, while the ¢tH

and bbH production processes have a negligible contribution.

3.1.2 Background characteristics

The background processes are categorised in two types based on the final state
particles: the reducible and irreducible background processes. The irreducible back-
ground processes have identical final state particles as the signal process, while in
the case of a reducible background process a misidentification of at least one final
state particle yields the process to have final state particles mimicking the signal
final state. The main background processes in this analysis are WW bosons, other
dibosons, top quarks, misidentified leptons, and the Drell-Yan (DY) process. The
signal extraction is based on the background reduction by exploiting the properties

of these backgrounds.
Nonresonant WV production

The nonresonant WW production is an irreducible background process, which con-

sists of quark-quark (¢qg — WW) and gluon-gluon (g9 — WW) production mecha-
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nisms, where W bosons decay leptonically. The dominant production is through the
quark-antiquark t-channel scattering and s-channel annihilation including a triple-
gauge boson vertex, illustrated in Figure 3.3 (a) and (b), respectively. A less sig-
nificant contribution is via the gluon fusion through a quark loop, illustrated in
Figure 3.3 (¢). A characteristic feature of the WW background process is two well
separated charged leptons in the final state and the background suppression is tar-

geted based on the Higgs boson decay properties (section 3.1.1).

q w+
q Wt g 0000900 ———7 A~
q Z/v* v A
q w- 4q w-— g 0900999/ W+

(a) (b) (c)

Figure 3.3: The SM tree level Feynman diagrams for W background processes: (a)
through the quark-antiquark t-channel scattering, (b) through the quark-antiquark
s-channel annihilation including a triple-gauge boson vertex, and (c) gluon fusion
through a quark loop.

Top quark production

The top quark production process is an irreducible background, which is charac-
terised by top quark’s decay almost exclusively into a W boson and a b quark. Only
leptonic W boson decays are considered. The main contributing processes are top
quark pair production (¢t) and a production of a top quark in association with a
W boson (Wt), illustrated in Figure 3.4. Consequently, there are either one or two
associated b-jets (originating from a b quark, section 2.3.5) in Wt and ¢t cases, re-
spectively. This background process is characterised by high momentum jets and

can be reduced by requiring no b-jets in the event selection, although the background
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contribution still remains large due to inefficiencies in the b-jet identification algo-
rithm. Due to associated jets, the top pair background process is more prominent

at categories with higher jet multiplicity.

9 W~
(b)

Figure 3.4: The SM tree level Feynman diagrams for top quark background processes
in (a) a top quark pair and (b) a top quark in association with a W boson cases.

Drell-Yan process

Drell-Yan (DY, also denoted as Z/v*) is a process when a virtual photon or a Z
boson decays into a pair of charged leptons. Since the signal process has different
flavour charged leptons in the final state, the dominant DY background contribution
is from the fully leptonic decays of 7 lepton pairs. 7 leptons decay into W bosons
and neutrinos, where W bosons further decay leptonically. This process is classified

as an irreducible background process and an example of it is illustrated in Figure 3.5.
Other V'V processes

The diboson background processes, which originate from two vector bosons other
than W, are denoted as V'V. These processes include W~, W~* WZ, ZZ, Z~,

and Z~*, where the dominant background processes are W+, W~* and W Z.
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-

Figure 3.5: The SM tree level Feynman diagram for Drell-Yan background process,
where a Z boson decays into a leptonically decaying pair of 7 leptons.

The W+~ background process mimics the signal when the W boson decays lepton-
ically and the photon converts into an e™e™ or utu~ pair in the detector material,
where only one lepton satisfies electron selection criteria (section 2.3.3) (e.g. if the
pair is very asymmetric in transverse momentum pr). The missing transverse mo-
mentum originates from the leptonic W boson decay. The W~* background process
consists of a W boson decaying leptonically and a virtual photon producing to an
ete” or utp~ pair, where only one lepton passes the lepton selection criteria. The
W Z background process originates from the W boson decaying leptonically and the
Z boson decaying into charged leptons where one lepton is not reconstructed. The
Z~ and Zv* background processes occur when the Z boson decays into a pair of
charged leptons where one of them is not reconstructed, and the photon decays into
a different flavour pair of leptons where one is also not identified. These are classified
as reducible background processes. The ZZ background process consists of one Z
boson decaying into a pair of leptonically decaying 7 leptons, and the other Z boson

decaying into a pair of neutrinos.
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Background process due to misidentified leptons

The dominant process of the misidentified lepton background occurs when a W
boson is produced in association with one or more jets where one of the jets is
misidentified as a lepton. The missing transverse momentum originates from the
leptonic W boson decay. A less significant contribution arises from a multijet process
when two jets are misidentified as leptons and the missing transverse momentum
is recorded. The background process due to misidentified leptons is classified as a

reducible background. The dominant processes are illustrated in Figure 3.6.

q W/z q W/Z

(a) (b)

Figure 3.6: The SM tree level Feynman diagrams for W+jets background process,
when the W boson is produced in association with (a) a gluon, and (b) a quark.

H — 77 decay

The H — 771 decay is considered as an irreducible background in this analysis. The
signal process is mimicked when 7 leptons decay into W bosons and neutrinos where
W bosons decay leptonically. The characteristic aspect of the decay of the 7 leptons

is that the neutrinos are typically collinear with the charged leptons.
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3.2 Monte Carlo samples

The Monte Carlo technique (section 1.4) is the main method used in this analysis for
the signal and background modelling. Dedicated samples are generated to evaluate
all but W+jets and multijet processes, which are estimated using a data driven
techique (discussed in section 3.3.4). Sections 3.2.1 and 3.2.2 describe the production
of signal and background samples, respectively.

The simulation tools used in the generation of signal and background processes,

the PDF sets, and the prediction order in QCD are summarised in Table 3.1.

Table 3.1: Overview of simulation tools used for the generation of signal and back-
ground matrix element and parton level events, their PDF sets, and prediction order
in QCD. The table is adapted from [2].

Process Matrix element PDF set UEPS model Prediction order
for total cross-section
ggF H POWHEG-Box v2 PDF4LHC15 NNLO | PYTHIA 8 [58] | N3LO QCD + NLO
NNLOPS [59, 60, 61] [62] EW [63, 64, 65, 66, 67)
VBF H POWHEG-Box v2 PDF4LHC15 NLO PYTHIA 8 NNLO QCD + NLO
[59, 60, 61, 68] EW [63, 69, 70, 71]
VH POWHEG-Box v2 [72] | PDF4LHC15 NLO PYTHIA 8 NNLO QCD + NLO
EW [73, 74, 75]
qq — WW | SHERPA 2.2.2 [76, 77] | NNPDF3.0NNLO SHERPA 2.2.2 NLO (78]
[79] (80, 81]
g9 — WW | SHERPA 2.1.1 [78, 82] | CT10 [83] SHERPA 2.1 NLO [84]
WZ/V~*/ | SHERPA 2.1 CT10 SHERPA 2.1 NLO (78]
zZZ
Vy SHERPA 2.2.2 NNPDF3.0NNLO SHERPA 2.2.2 NLO (78]
tt POWHEG-Box v2 [85] | NNPDF3.0NLO PYTHIA 8 NNLO+NNLL [86]
Wit POWHEG-Box v1 [87] | CT10 [83] PYTHIA 6.428 | NLO [87]
8]
Z/y* SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 NNLO [89, 90]

3.2.1 Signal modelling

The Higgs boson ggF production mode is generated at next-to-next-to-leading order

(NNLO) QCD accuracy with POWHEG-Box v2 NNLOPS program [59, 60, 61] with
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the PDFALHC15 NNLO PDF set [62]. The parton shower, hadronisation, and the
underlying event are generated using PYTHIA 8 [58] with AZNLO tune [91]. The
Higgs boson rapidity spectrum in Hj-MiNLO [60] is reweighted to HNNLO [92]
to achieve NNLO accuracy for inclusive gg — H observables [2]. Zero jet events
are generated at NNLO accuracy in QCD, one jet events are generated at next to
leading order (NLO) accuracy, and two jet events are generated at leading order (LO)
accuracy. Samples are normalised to the cross-section equal to 48.58 pb obtained
from the next-to-next-to-next-to-leading order (N3LO) prediction, which includes
electroweak (EW) corrections [63, 64, 65, 66, 67].

The Higgs boson VBF production mode is generated at NLO accuracy in QCD
with POWHEG-Box v2 [59, 60, 61, 68] with the PDF4LHC15 NLO PDF set [62].
PYTHIA 8 [58] is used to generate parton level events. The normalisation of the
cross-section equal to 3.782 pb is obtained by taking into account full NLO QCD,
full EW, and approximate NNLO QCD corrections [63, 69, 70, 71].

The Higgs boson VH production mode is generated with POWHEG-Box v2
[72] program with the PDFALHC15 NLO PDF set. The parton level events are
generated using PYTHIA 8 program. The samples are normalised to the cross-
section obtained from NNLO QCD prediction, which includes NLO EW corrections
[73, 74, 75]. The WH and ZH samples are normalised to 1.373 pb and 0.8839 pb
cross-sections, respectively.

The Higgs boson mass is set to 125 GeV in all signal samples. The SM branching
fraction of H — WW* is calculated with HDecay v6.50 [93, 94] and is equal to 0.214
[14].

3.2.2 Modelling of background processes

WW background samples are generated separately for gluon-gluon (g9 — WW)
and quark-quark (gqg — WW) production mechanisms. The g¢ — WW is modelled
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with SHERPA 2.2.2. [76, 77] with NNPDF3.0 NNLO PDF set [79]. SHERPA 2.2.2.
[80, 81] is also used to generate parton shower, hadronisation, and underlying event.
Zero and one jet matrix elements are generated at NLO, while two and three jet
matrix elements are generated at LO precision. gg — WW sample is simulated with
SHERPA 2.1.1. with zero or one jet [78, 82] using CT10 PDF set [83]. The sample

is normalised to the cross-section calculated at NLO in QCD [84].

The top quark background process consists mainly of top pair (¢t) and single
top processes. The top quark pair samples are generated with POWHEG-Box v2
[85] using NNPDF3.0NLO PDF set. The parton shower is modelled with PYTHIA
8 with NNPDF2.3 PDF set [95] and A14 tune [96]. The t¢ samples are normalised
using cross-sections derived at NNLO+NNLL (next-to-next-to-leading logarithm)
[86]. The single top background consists mainly of Wt events. Samples are generated
with POWHEG-Box v1 [87] with CT10 PDF set [83]. The parton level events are
modelled with PYTHIA 6.428 [88] with Perugia2012 tune [97]. Bottom and charm
hadron decays are modelled with EvtGen 1.2.0 [98].

Gluon-gluon initiated diboson other V'V samples are generated with SHERPA
2.1.1. with zero or one jets. The qG/g — Z*Z* — (vlv process is generated with
POWHEG-Box v2. The W Z samples are generated with SHERPA 2.1. with CT10
PDF set. The zero and one jet samples are generated at NLO, while the two and
three jets samples are generated at LO. The EW processes of WW + 2 jets ({viv),
WZ + 2 jets (Wvll), ZZ + 2 jets (£00), and q§ — qG with Z — 77 are modelled
with SHERPA 2.1.1. at LO. The Z~ and W+ processes are generated with SHERPA
2.2.2. The zero and one jet final states are modelled at NLO in QCD.

The DY samples are generated with SHERPA 2.2.1. with the NNPDF3.0NNLO

PDF set. The normalisation of the samples is calculated at NNLO.
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3.3 Event selection and categorisation

The purpose of the event selection is to reduce the background contributions with-
out significantly affecting the signal acceptance. There is a standard selection de-
veloped for the former H — WWW* analyses [2, 55] based on the typical signal and
background characteristics and detector geometry. These selection criteria are in-
corporated from the previous research, while a new selection is developed to aid the
specifics of this Simplified Template Cross Sections’ (STXS) analysis.

The basic selection applied to all events (denoted as preselection) is presented
in section 3.3.1. The resulting set of events is further divided into categories based
on jet multiplicity to target the characteristic signal and background aspects indi-
vidually (section 3.3.2). The procedure of splitting the signal regions into categories
enriched in STXS signal processes is presented in section 3.3.3. Finally, the estima-

tion of the background processes is explained in section 3.3.4.

3.3.1 Preselection

The selection discussed in this section is a basic selection applied to all events en-
tering the analysis. The selected event must have strictly two leptons, which are
of different flavour and opposite sign. The higher pr (leading) lepton (pfro) has to
pass p? > 22 GeV criterion and the lower pr (subleading) lepton (pETl) has to have
pf}l > 15 GeV. These criteria are selected to reduce the background due to misiden-
tified leptons. The my, > 10 GeV condition is applied to remove low mass meson
resonances and to reduce the DY background process. The requirement on missing
transverse energy reconstructed based on tracks (section 2.3.6) Err**T** > 90 GeV
is applied to events which contain zero or one jet. This selection is adapted from
[2].

The background composition strongly depends on the jet multiplicity as shown

in Figure 3.7. Based on the background composition, there are three characteristic
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regions: the zero jet category mainly contains the Z — 77 and WW background
events, one jet category is dominated by the WIWW and top quark background pro-
cesses, while in two or more jets category the top quark process is dominant. This

motivates to optimise background rejection for each of the three listed jet categories

individually.
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Figure 3.7: Jet multiplicity distribution obtained after the preselection criteria are
applied.

3.3.2 Event selection for signal regions

This section presents the dedicated selection for the signal regions in each of the
three jet categories. The zero jet category follows the measurement in [2], while in
the remaining two categories the selection optimisation is investigated.

A b-veto requirement is applied for all jet categories, vetoing b-jets with trans-
verse momentum pr > 20 GeV, in order to reduce the top quark background con-

tribution.
Zero jet category

The zero jet (0-jet) category corresponds to a set of events, which contain no re-

constructed jets. Potentially mismeasured objects are removed using Agy,, Episs ob-
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servable, which is an azimuthal angle between the dilepton system and the missing
transverse energy (FE7*%). Pathological events correspond to close to zero values of
this observable, where E*** points in the dilepton system’s direction, and are re-
duced with the Ag,,, Episs > 7/2 requirement. The Z — 77 background is reduced
by applying a requirement on the transverse momentum of the dilepton system

P4 > 30 GeV.

Charged leptons originating from the signal events are typically emitted at a
small angle due to spin correlations (section 3.1.1), thus the dilepton observables
corresponding to the dilepton invariant mass my, and the azimuthal angle between
two charged leptons A¢yy are useful to discriminate the signal. The values of my, <
55 GeV and A¢y < 1.8 are applied in the selection. The selection is summarised in

Table 3.2.

Table 3.2: Summary of the selection criteria applied on 0-jet, 1-jet, and >2-jet
categories to construct the signal regions.

Channel 0jets | 1 jet >2 jets
Observable
Number of jets 0 1 >1
E;niss,Track/ GeV > 20 > 20 -
b-tag veto <l <1 <1
Adyy priss >7/2 | - ;
i/ GeV >30 |- -
my/ GeV <55 | <55 <90
Ay <18 | <18 -
mr/ GeV _ - < 200
M-/ GeV - < (mgz -25) | <66
max(mﬁﬁ,m?)/ GeV B > 50 -
Airer _ - < 2.6
ARy ~ _ < 3.5
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One jet category

The one jet (1-jet) category contains events with exactly one reconstructed jet. The
selection is based on the characteristics of the signal and background processes.
The selection criteria based on the signal and background characteristics follow
the analysis in [2]. The Z — 77 and QCD background processes are reduced by
b 0 £y

applying the max(m,m-)> 50 GeV requirement, where max(m.’ ,meTl) corresponds

to the larger transverse mass of the two charged leptons, denoted as ¢y, and ¢;. The

mY. is defined as m4 = \/ 205 B3 (1 — cos(¢f — pPF™)), pl and @' are the trans-
verse momentum and the azimuthal angle of the lepton and ¢ZF ™" is the azimuthal
angle of the missing transverse energy. The processes with W bosons are affected
less by this criterion since W bosons typically decay into charged leptons with large
mf. values. The Z — 77 and H — 77 processes are suppressed with a dedicated
collinear mass of the di-7 system [99], m.,. The selection criterion m,, < mz — 25
GeV, where my is the mass of the Z boson, is applied. The conditions on my, < 55
GeV and Ag¢y <1.8 are applied based on the signal characteristics like in the 0-jet
case.

The signal and background processes could be distinguished better using the fully
reconstructed invariant mass of the final state particles, which is not possible in this
case due to the presence of neutrinos in the final state. Therefore, a “transverse

mass” mp is introduced whose calculation does not require longitudinal neutrino

momenta: my = /(B + py¥)2 — [p¥ + py¥|2, where EX = /(p¥)2 + (mu)?, p¥
and p% are the vector sum of the neutrino and lepton transverse momenta, and p4”
and p% are their moduli, respectively. The my distribution has an upper bound at
the Higgs boson mass, which can be used to separate the Higgs boson signal from
the nonresonant WW and top quark pair background contributions.

The selection criteria in the 1-jet category are further optimised for this STXS

analysis. The observables are selected based on the normalised signal and total
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background distribution shapes, where the larger difference in shapes indicates a
potential discriminating power between the signal and background processes. Con-

sequently, the following observables are chosen: m.,,, A, ¢y, Bpiss, o, mp, ERss,

and the cone size of two charged leptons ARy, where AR = \/(A¢)? + (An)2. The
cut values are chosen based on the ratio of the total background and signal yields.
The ARy observable’s upper limit values are tested in the range [0.6, 3.8], for m.,,
in the range [20, 50] GeV, for A¢y in the range [0.4, 3.0], for mr in the range
[110, 180] GeV, and EF** in the range [90, 210] GeV. The lower limit is tested for
observables ¢y gmiss and p% in ranges [0.1, 2.6] and [30, 100] GeV, respectively. The
performance of a selection criterion is evaluated by comparing the uncertainties of
the STXS stage 1 ggF' 1-jet signal strength parameters, which are defined as ratios
of the observed and SM signal yields, corresponding to the regions defined in section
1.3. The uncertainties are obtained using a likelihood fit (section 4.1), where only
statistical uncertainties are considered. The result of this optimisation is that no
additional selection criteria improve the sensitivity of the measurement. The final

selection is summarised in Table 3.2.

Two or more jets category

The two or more jets (=2-jet) category contains events with two or more recon-
structed jets. The >2-jet analysis extends the O-jet and 1-jet measurement in [2].
Moreover, this analysis uses a multivariate classifier (section 3.4.1), which is trained
to separate signal and background events, instead of a potentially weaker single-
variable classifier, mr, used in the H — WW* ggF analyses [2, 55]. The selection is
primarily applied to reduce background contributions, so if a more powerful classifier

is used, a larger signal region might be preferred due to the gain in signal yield.

The observables and the selection values are selected based on the combination

of Run 1 analysis [55], argumentation in 0-jet and 1-jet cases, internal ATLAS group
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work, and the shapes of normalised signal and total background distributions (like
in 1-jet case). As a result, a wide range of values of the my,, mr, Ay, A(bM’E%ms,
pjf, p%, and ARj; observables are tested, where p% is a transverse momentum of the
highest pr jet, and AR;; is the difference in cone size of two leading jets (section
2.3.5). The selection criteria are selected based on the likelihood fit’s output, as
described in the 1-jet case. The requirement my, < 90 GeV mainly reduces WW,
top quark, and W+jets events (Figure 3.8 (a)), while the msy < 200 GeV requirement
mainly reduces the top quark background (Figure 3.8 (b)). The requirement m., <
66 GeV is applied to reduce Z — 77 events (Figure 3.8 (c¢)). The normalised total
background and signal plots in Figure 3.9 show that the selection requirements on
the difference of the pseudorapidities of two charged leptons Ang, < 2.6 and the
difference in cone sizes of two charged leptons ARy, < 3.5 remove a fraction of
background events without affecting the signal events since the signal distribution
falls to zero sooner than the background distribution. The selection based on the
observables A¢yy, A¢e€7ErTniss, p]f, p%, and AR;; is not effective. The selection is

summarised in Table 3.2.

3.3.3 Categorisation of signal regions

The STXS analysis aims to measure cross-sections of the kinematic regions within
one or more jets categories, which motivates to create dedicated signal subregions
for each of the STXS signal categories (section 1.3). As a result, the one or more
jets signal regions have to be divided into phase spaces enriched in individual STXS
signal processes. Since the STXS framework is defined at particle level, the SR
categorisation is not straightforward. Each of the three jet categories (section 3.3.2)
are treated differently due to the granularity of the STXS regions and proportion
of ggF and VBF production events. In the 1-jet SR case the Higgs boson signal is
dominated by the ggF production, so the categorisation follows the STXS stage 1 ggF
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Figure 3.8: Distributions of (a) mg, (b) my, and (¢) m,, for the >2-jet category.
The plot (a) is made just before the my < 90 GeV, the (b) is made just before the

mp < 200 GeV, and (c) is made just before m,, < 66 GeV requirements, listed in
Table 3.2.

kinematic definitions. Finally, the >2-jet SR contains significant contributions from
both the ggF and VBF Higgs boson production modes. It motivates the development
of the categorisation targeted to create regions enriched in these processes. The
categorisation is described below, where the categorisation of 1-jet and >2-jet SRs

is developed as part of this thesis.
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Figure 3.9: Distributions of (a) Ang and (b) ARy observables. The plot in (a) is
made just before the Any < 2.6, and (b) is made just before ARy < 3.5 require-
ments, listed in Table 3.2.

Zero jet signal region categorisation

There is only one 0-jet STXS stage 1 ggF cross-section, so the division of the signal
region is performed to increase the sensitivity of the measurement. The categori-
sation is performed based on the signal and background characteristics and follows
the inclusive cross-section measurement in [2].

The my, observable reflects H — WW™ spin correlation characteristic, which
distinguishes the signal from the irreducible WW background process. As a result,
the SR is divided into mg € [10,30] GeV and my € [30,55] GeV regions based
on different background distributions. These regions are further divided based on
the subleading lepton pr due to the composition of background processes. In the
case of the background processes where W boson is produced in association with a
jet or a photon (misreconstructed as a lepton) or an off-shell photon which decays
into a low-mass lepton pair, the subleading lepton pr distribution falls rapidly as pr
increases. Consequently, the regions are further divided into [15, 20] GeV and [20, <]
GeV regions. Finally, the regions are further divided based on the leading lepton

flavour since the jet and photon misidentification rates are different for electrons
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and muons. The 0-jet SR categorisation is summarised in Figure 3.10.
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Figure 3.10: Overview of the SR’s division into categories. The split of the region
based on the leading lepton flavour is indicated by pe and ep for the leading muon
and electron, respectively. Here the notation pZ at the reconstructed level corre-
sponds to the transverse momentum of the two charged leptons’ and the missing
energy system.

w

nd
(mjj =960 GeV or
An=>4.7)

One jet signal region categorisation

In the 1-jet SR the Higgs boson signal is dominated by the ggF production, so
the categorisation of the region is optimised only for the STXS stage 1 ggF 1-jet
signal processes. The particle and reconstruction level events have similar kinematic
properties, so it motivates to divide the SR into categories corresponding to the
STXS kinematic definitions (section 1.3), where the notation p4 at the reconstructed
level corresponds to the transverse momentum of the two charged leptons’ and the
missing energy system. The fractional contributions of the STXS signal processes in
these reconstructed regions show that each region is enriched in the corresponding
STXS signal process from 45% to 59% (Figure 3.11). As a result, the SR is split

into four parts based on the pZ with the split boundaries at p# = 60 GeV, p¥ =120
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Figure 3.11: The relative contributions (in %) of the STXS ggF and VBF signals
relative to the total Higgs boson signal, which includes VH and H — 77 processes,
in the reconstructed 1-jet signal regions. The STXS regions are indicated on the
horizontal axis, and the reconstructed regions are indicated on the vertical axis.

GeV, and pif = 200 GeV. The signal and background distributions in each of these

categories are shown in Figure 3.12.

The regions satisfying p2 < 200 GeV are further split into leading lepton flavour
due to different misidentification rates for electrons and muons, as described in 0-jet
case. The region p¥ > 200 GeV is not split based on the leading lepton flavour
due to limited MC statistics. The categorisation of the 1-jet SR is summarised in
Figure 3.10. Event yields of signal and background processes in the signal region

categories before the split into leading lepton flavour are summarised in Table 3.3.
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Figure 3.12: The signal and background distributions in the categories correspond-
ing to the STXS stage 1 ggF kinematic regions, indicated by red bars, in 1-jet cate-
gory. Here the notation p¥ at the reconstructed level corresponds to the transverse
momentum of the two charged leptons’ and the missing energy system.

Table 3.3: Event yields of signal and background processes in 1-jet signal regions.
The regions divided based on the leading lepton flavour are merged. WW top quark
and Z — 77 yields are scaled with postfit normalisation factors listed in Table 3.6.

Process ;

) ww Top Z =TT Other Mis-1d ggF VBF Other
Region quark VV +V~y Higgs
Inclusive SR 1019+12 1242+14 78+9 193 £ 11 268+13 | 264 +2 29.14+0.2 2.69+0.03
[0, 60] GeV 601 + 10 633+ 10 23+5 115+ 8 173+10 | 155.9£1.4 11.164+0.13 1.52£0.02
[60, 120] GeV 32146 532+9 39+6 66 + 6 76 + 8 87.1+0.9 12.66+0.14 0.8940.02
[120, 200] GeV | 7243 64+3 11+2 9+2 16 £4 16.6 0.4 4.134+0.08 0.2240.02
>200 GeV 25+ 2 124+2 49+1.0 3+2 4+2 42+0.2 1.19 +0.04 0.06+0.01

Two or more jets signal region categorisation

The Higgs boson signal in >2-jet SR is enriched in both the ggF and VBF production
processes, therefore the SR’s division into categories corresponding to the STXS
stage 1 ggF kinematic regions is not optimal. Moreover, the >2-jet STXS stage 1
ggF production category has two types: ggF ggF-like and ggF VBF-like (section
1.3). The current data set is not sensitive to the ggF VBF-like signal processes, so

the analysis is designed to measure a combined VBF and ggF VBF-like cross-section.
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The STXS stage 1 ggF region is already defined for the ggF-like and VBF-like
parts, so the strategy is to split the SR based on the STXS ggF ggF-like pZ < 200
GeV kinematic regions and from the remaining phase space construct two regions
enriched in the ggF ggF-like pf > 200 GeV events, and the VBF and ggF VBF-like
events. Consequently, the ggF ggF-like pif < 200 GeV categories are defined in the
phase space satisfying the selection of p¥ < 200 GeV and {m;; < 400 GeV or An;; <
2.8}, where An;; and mj; are the difference in pseudorapidity and the invariant
mass of two leading jets, respectively. This region is further split at boundaries
pif = 60 GeV and p = 120 GeV into three parts. The signal and background
distributions in each of the categories are shown in Figure 3.13. Finally, these regions
are divided based on the leading lepton flavour due to different misidentification
rates for electrons and muons, as in the 0-jet case. Fractional contributions of the
STXS signal processes in these categories show that each region is enriched in the

corresponding STXS type signal from 31% to 51% (Figure 3.14).
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Figure 3.13: The signal and background distributions in the categories corresponding
to the STXS stage 1 ggF kinematic regions, indicated by red bars, in >2-jet category
with pif < 200 GeV and {m;; < 400 GeV or An;; < 2.8} selection criteria. Here
the notation p4 at the reconstructed level corresponds to the transverse momentum
of the two charged leptons’ and the missing energy system.

The remaining phase space is composed of the ggF ggF-like pf > 200 GeV and
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Figure 3.14: The relative contributions (in %) of the STXS ggF and VBF signals
relative to the total Higgs boson signal, which includes VH and H — 77 processes,
in the reconstructed >2-jet signal regions. The STXS regions are indicated on the
horizontal axis, and the reconstructed regions are indicated on the vertical axis.

ggF VBF-like regions. The former region has a ratio of the STXS ggF ggF-like
pif > 200 GeV and ggF VBF-like type events equal to 1.7, while in the case of the
latter region this ratio is equal to 8 -1073. Therefore, the strategy is to split the ggF
geF-like pff > 200 GeV region into two parts enriched in the ggF ggF-like pX > 200
GeV and the ggF VBF-like type events, respectively, and attach the latter region to
the already defined ggF VBF-like region.

The ggF ggF-like p/ > 200 GeV region is split into two parts using An;; and
m;; observables since due to the typical two forward jets nature in the VBF case,

the VBF signal tends to reside at higher An;; and m;; values. A wide range of An;;



EXTRACTION OF THE H — WW* — evur SIGNAL 7

and m; values are tested. The best An;; and m;; values are determined using the
ratio of the ggF ggF-like pX > 200 GeV with the VBF and ggF VBF-like STXS
signal yields, and the uncertainties on the corresponding signal processes obtained
using a likelihood fit (section 4.1). The best performing criteria {m,; < 960 GeV
and An;; < 4.7} define a new region enriched in the STXS ggF ggF-like p¥ > 200
GeV type events and is illustrated in Figure 3.15. This selection reduces the STXS
geF ggF-like pif > 200 GeV signal events by 4.6% (from 16.340.4 to 15.64-0.4) while
significantly reducing the VBF type events by 48% (from 9.3£0.1 to 4.940.1). The

number of STXS ggF VBF-like type events is reduced negligibly.
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Figure 3.15: Distributions of (a) ggF Ni, > 2 with p > 200 GeV STXS type
signal and (b) VBF signal. The region that satisfies m;; < 960 GeV and An;; < 4.7
selection is enriched in ggF N, > 2 with p¥ > 200 GeV STXS type events and the
remaining region is enriched in VBF type events.

The same strategy is also tested on the ggF ggF-like pif < 200 GeV region. Var-
ious Anj;; and m;; selection values are investigated. However, the nominal definition
of {m;; < 400 GeV or An;; < 2.8} is found to be optimal for this configuration.
The >2-jet SR categorisation is summarised in Figure 3.10. Event yields of signal
and background processes in the signal region categories before the split into leading

lepton flavour are summarised in Table 3.4.
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Table 3.4: Event yields of signal and background processes in >2-jet signal regions.
The regions divided based on the leading lepton flavour are merged. Top quark and
Z — 77 yields are scaled with postfit normalisation factors listed in Table 3.6.

W .
ww Top Z =TT Other Mis-Id ggF VBF Other

Region quark VV +V~y Higgs
Inclusive SR 1545+9  4440+£30 17204£30 362+16  660£20 | 198.1+£1.4 73.7£0.3 11.0+0.3
[0, 60] GeV 457+ 6 13434+15 890+ 20 122 +£11 272+15 | 4244+0.7 5.71+£0.09 3.9+0.2
[60, 120] GeV 514+5 1840£20 380+20 115+ 7 245+13 | 70.7+£0.9 10.93+£0.13  2.53£0.12
[120, 200] GeV | 256 £3 649 £11 169 £9 44+5 71+8 404+06 6.47+0.10 1.2740.08
>200 GeV 139+2 1605 78+ 4 2444 10+4 183+£04 4.86+£0.09 0.97+0.08
VBF-like 179 +4  443+9 200 £ 11 56+ 7 67 + 8 26.3£0.5 45.74+0.3 2.334+0.10

3.3.4 Background estimation

In this STXS analysis the background processes are estimated using three main
techniques: templates and normalisations are derived from MC predictions, the
MC templates are normalised using dedicated control regions (CR) in data, and
templates and normalisations are derived with a fully data-driven method. The
control region methodology is used to determine the normalisation factors for the
WW (for the 0-jet and 1-jet categories only), top quark, and Z — 77 background
processes; W+jets background process is estimated using a data-driven technique,
while the remaining background processes are evaluated using MC predictions. The
following sections describe background estimation using the control region approach

and the data-driven methodology.

Background measurement using control regions

The normalisation of the main background processes is determined using control
regions (CR). CRs are constructed to be enriched in the corresponding background
processes, the phase space of the CRs is orthogonal to all signal regions (SR) and
kinematically similar to the signal regions on which the corresponding normalisation

factors are applied. The main purpose of the CRs is to determine the normalisation
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factor (8, which is the ratio of the observed and the expected yields of the cor-
responding background process. The observed yield is determined by subtracting
other background contributions from the data. The yield of the background process

of interest Ngg is obtained from the following relation:

Nsr = Bsg - Nor/Ber (3.1)

where Nogr and Bepg are the observed and the MC yields in the CR, respectively.
Bgr is the MC yield in the SR, and 5 = N¢r/Beor [55]-

The other advantage of using the CRs is the smaller theoretical uncertainties
since they are estimated on the ratio Bsr/Bcg instead of on Bgp alone, and therefore
the impact of the theoretical uncertainties is reduced as a result.

The normalisation factors for the WW (in 0-jet and 1-jet categories), top quark,
and Z — 77 processes are determined using control region methodology and the
procedure follows [2]. The CRs are defined such that they do not overlap with SRs
but are kinematically close. The WW CRs’ selection has an my, cut orthogonal to
the SRs. In the top quark CRs case the requirement of at least one b-tagged jet
ensures there is no overlap with the SRs. In the case of Z — 77 process, the 0-jet
regions do not overlap due to the Ay selection criterion, while the remaining CRs
use an orthogonal to SRs m., selection requirement. The selection criteria defining
the CRs are summarised in Table 3.5.

The top quark CRs have a large fraction of top quark events: the 0-jet CR is 87%
pure, the 1-jet CR is 96% pure, and the >2-jet CR is 95% pure. The Z — 77 CRs
are pure in Z/v* events to 88%, 69% and 65% in 0-jet, 1-jet, and >2-jet categories,
respectively. The WW CR in 0-jet category is 70% pure in WW background events,
while in the 1-jet CR there are only 39% WW events.

The normalisation factors for the corresponding background yields calculated
using the methodology described in this section are summarised in Table 3.6. Both

WW and top quark samples’ normalisation factors are compatible with 1. In the
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Table 3.5: Summary of the selection criteria for the WW | top quark, and Z — 77
control regions. The selection starts with the preselection requirements defined in
section 3.3.1. Here Nje is a number of jets, which corresponds to the jet categories,
and Ny is the number of b-tagged jets.

CR Nigt =0 Nijet = 1 Nit > 2
Ao < 2.6 grissTrack 5 90 Gev
EpiesTrack 5 20 Gev Nyjer = 0
wWwW Ay pmiss > /2 max(mk0 ,mi)> 50 Gev
Pt > 30 GeV |mrr - mz |> 25 GeV
55 GeV < myy < 110 GeV | myy > 80 GeV
Nb»jet =0
mee > 10 GeV Mrr < (mz -25 GeV) EresTrack - 90 Gev
prissiTrack o 90 Gev ErrissTrack 5 20 GeV | mgg < 90 GeV
A(z)ee’E,}niss >7/2 Nb»jet =1 ARjj >1
Top quark | p4 > 30 GeV max(mé?,mgﬂ1 )> 50 GeV | mp < 150 GeV
Agyp < 2.8 Npjet =1
Npjer > 0 Pt > 20 GeV
mrr < 66 GeV
10 GeV < mgp < 80 GeV | Npjor =0 EriesTrack 5 90 Gev
Npjer =0 max(mé?,mg})> 50 GeV | myy < 90 GeV
Z =TT Agyy > 2.8 Mrr > (mZ -25 GeV) ARjj >1
mee < 80 GeV mr < 150 GeV
Np_jer =0
66 GeV < mrr < 116 GeV

case of the Z — 77 CRs, the samples are scaled down in 0-jet and >2-jet categories.

Table 3.6: Postfit normalisation factors and their statistical and systematic uncer-
tainties obtained using the dedicated control regions and the methodology described
in this section. There is no WW CR defined in the >2-jet category.

Category | WW Top quark | Z — 77

Nijet =0 | 1.04£0.08 | 1.00+0.15 | 0.81+0.05
Niee =1 | 0.92£0.15 | 0.98£0.07 | 0.99 £0.10
Nijet 22 | - 1.02 £0.05 | 0.83 +0.08

The CRs discussed in this section were derived for the measurements in the



EXTRACTION OF THE H — WW* — evur SIGNAL 81

inclusive jet categories. This STXS analysis has dedicated signal subregions in
each of the 1-jet and >2-jet signal regions (section 3.3.3). The modelling of the
background processes has a potential to improve if dedicated CRs are derived for
each of the signal subregions corresponding to the STXS stage 1 categories. It is
only beneficial to create new CRs if they correspond to significantly different phase
spaces and thus provide more accurate normalisation factors. Since the STXS ggF
kinematic regions in 1-jet and >2-jet categories are defined based on the Higgs
boson transverse momentum pif, the new potential CRs are defined by dividing the
existing CRs based on pff at pZ values of 60 GeV, 120 GeV, and 200 GeV. This
definition ensures that the new regions are kinematically close and orthogonal to the
signal regions. The new CRs in pXf > 200 GeV category have limited data statistics.
The remaining new CRs show similar background modelling with respect to the
corresponding original CR. The modelling of the new CRs in the 1-jet category is
illustrated in Figure 3.16. Thus, the definition of new CRs by splitting the existing

CRs would not provide more accurate modelling of the background processes.

Background estimation using the data-driven technique

The lepton misidentification rate is low and difficult to model with MC, so the
prediction of the background process due to misidentified leptons is obtained using
a data-driven technique. The method is identical to the one used in [2].

The background estimation is obtained by extrapolating the number of events in
a dedicated control sample to an analysis region. The control sample is constructed
to be enriched in misidentified leptons. It follows the same kinematic selection as the
analysis region, except it requires one of the leptons to be anti-id, which is defined
as a lepton which does not meet the nominal identification and isolation criteria
but satisfies looser identification requirements (section 2.3.3). The main source

of misidentified leptons in control and analysis regions is W+jets. The estimated
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Figure 3.16: 1-jet control regions split based on the p¥ values corresponding to the
STXS definitions. (a) Top quark CR, (b) WIWW CR, and (¢) Z — 77 CR.

yield of the W+jets background process in an analysis region N WHiets 16 first order

analysis

accuracy is:

NW-l—jets FFW—i—gets NW+jets (32)

analysis — control

. NWHiets .
where FFW+iets ig a fake factor, and Contﬂsls is the number of events in the con-

trol sample, which contains one anti-id lepton. The fake factor is determined as a
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function of pr and |n| and is defined as:

Niq
Ny

2

FF(pr,|n|) =

(pr, Inl), (3.3)

where ;4 is the number of leptons meeting the nominal identification and isolation
criteria (also denoted as an id lepton) and N,; is the number of anti-id leptons. The
fake factor is obtained for electrons and muons separately. Assuming the number of

events with two anti-id leptons is negligible,

NW+jets _ Ntotal _ Nid,fd,prompt (34)

control control control

total . id,id,prompt
where N_99., is the total number of data events in the control sample and N .,

is the number of events with prompt id and anti-id leptons derived using the MC

samples. The FEWHIes can be expressed as:

, P FWHiets
W+jets Z+jets
FRWHels = ppaeies (3.5)

where F'FZ+i¢ts is a fake factor measured using a. Z+jets data sample. The correction

factor
F FW+jets
CF = W (36)
is estimated using MC samples. Thus the W+jets background estimate is
Npyaiaets = FFZH . CF - (NSS! — Nidrrem?t) (3.7)

More details about the method can be found in [55, 100].

3.4 Event classification

The selection presented in the previous section defines phase space regions enriched
in signal events. The signal events can be further discriminated from the back-
ground processes by redistributing events within signal regions using a classifier

function. The classifier used in the previous H — WW* ggF analyses [2, 55] is the
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myp distribution due to the different signal and background distributions’ shapes.
The availability of multivariate techniques allows one to improve the discrimination
power of a classifier function by using multiple observables in its construction. This
section discusses a construction of boosted decision tree (BDT) classifiers for the
1-jet and >2-jet categories.

The BDT technique is introduced in section 3.4.1. The methodology to select
discriminating parameters for the BDT construction, including the ranking method
created as part of this thesis, is presented in section 3.4.2. The construction of BDT's

for the 1-jet and >2-jet categories is described in section 3.4.3.

3.4.1 Boosted decision tree theory and implementation

A decision tree is a multivariate binary classifier, which divides the phase space
into a large number of hypercubes, each of which corresponds to one of the two
categories enriched either in background or signal events. The decisions are made
one variable at a time and an example decision tree is illustrated in Figure 3.17. The
classification starts with the full data set. A single variable, which gives the best
separation between the signal and background events, is selected and the optimal cut
value is determined by scanning over the variable’s range. This procedure is repeated
on the resulting subsets of events until the preselected number of these procedures is
reached. The resulting subsets are typically enriched in either background or signal
events. A disadvantage of a decision tree is its instability due to the statistical
fluctuations.

The instability problem is reduced by constructing a boosted decision tree (BDT),
which is a multivariate classifier composed of multiple decision trees. The trees are
trained on multiple training samples, constructed from the original sample. Finally,
these trees are combined into a single classifier, which categorises events based on

the response of the majority of the trees. More details can be found in [101].
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Figure 3.17: Example of a decision tree. The classification starts from the full data
set. The best discriminating variable (pl) and cut value (x1) are selected to split
the data set into two parts. The procedure is repeated on the resulting data sets
until the stop criteria are met. Finally, the data set is divided into regions enriched
in either signal or background events, here indicated as “S” and “B”, respectively.

In this H — WW™* analysis BDT classifiers are constructed to discriminate the
Higgs boson signal against the background processes. The BDT's are trained on the
same MC and W+jets samples as are used for the main analysis (section 3.2). To
avoid bias, the training data set is split into two statistically independent sets and
the training of the BDTs is performed on each data set separately. In the main
analysis the BDT trained on the first data set is used as a classifier on the second
data set and vice versa. This way no BDT discriminant classifies events on the data
set it was trained on. The data are also split into two sets and the BDT classifiers

are applied in the same way as in the MC case.

3.4.2 Methodology for constructing boosted decision trees

A BDT’s performance depends on the choice of the discriminating variables. A
larger subset of discriminating variables typically produces a more powerful classi-
fier, however, since the training is mainly performed on MC samples, each variable
brings potential modelling uncertainty, which is difficult to control and validate.

Therefore, an optimal subset of discriminating variables should be selected. In this
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analysis different BDTs are trained for the 1-jet and >2-jet categories. 27 observ-
ables are identified in the 1-jet category as potential discriminating variables, and
45 observables are identified in the >2-jet case. Training BDTs and testing their
performance on all combinatoric variations is computationally challenging, which
leads to a need for a method to select discriminating observables.

This section discusses selection approaches applied in this thesis. The “observ-
ables’ ranking method” is a systematic way to select the most promising candidates
for the BDT training and is developed as part of this thesis. The method aims to
rank observables such that the highest ranked observables are the best candidates
for the BDT training. It is supplemented by less general approaches, which tar-
get the specific aspects of this H — WW* analysis. These methods only propose
potentially good combinations of discriminating parameters but the final set of dis-
criminating variables should be determined by practically testing the performance

of a BDT using a likelihood fit for the H — WW* STXS signal cross-sections.
Three ranking methods

The idea of the BDT discriminating observables’ ranking method (or the “ranking
method”) is based on the comparison of the shapes of normalised background and
signal distributions of the discriminating observables of interest, illustrated in Fig-
ure 3.18. In this section three ways to quantify observable’s discrimination power
based on the shapes of background and signal distributions are presented. The
methodology is created as part of this thesis.

The first approach is based on the idea of the centre of mass ¢ of each normalised
distribution d(z) (Figure 3.19 (a)), which is defined as ¢ = [ d(x)zdz, where z is an

observable. Let D be the discrimination power:

_ 2|corg — Csigl

= 3.8
Ablcg + AS'ig ( )

where ¢y and cg;y are centres of mass of the background and signal distributions,
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Figure 3.18: A schematic plot of normalised background and signal distributions.

while Ay, and Ay, are equal to two square roots of variance of the background
and signal distributions, respectively. The larger the D, the better the expected
discrimination power of the observable.

The second approach to quantify the discrimination power is by comparing the
area of the signal distribution that does not overlap with the background distribu-
tion, as illustrated in Figure 3.19 (b). The larger the area, the better the expected
discrimination power.

The third discriminant is based on the x? test idea, where background and signal
distributions act as “theory” and “experiment” in a typical x? test (Figure 3.19
(c)). First, distributions are binned with a predefined binning, then the x? value is
calculated as in equation 3.9, where Ny, is the total number of bins, bfkg and bfig
are background and signal yields in i** bin, respectively.

Nbins )
> (B — b5y (3.9)

=1

2 _ 1
Nbins

X

These methods are sensitive to the choice of binning of the histograms due to
the finite MC/data samples’ size. To ensure that deviations are physical rather than
statistical, histograms are binned such that the bin content in each bin is not smaller

than the MC statistical uncertainty on that bin and the background yield is uniform
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Figure 3.19: Three ranking methods: (a) based on the centre of mass idea, (b) based
on the plot area that does not overlap with the other distribution, and (c) based on
the x? test analogy.

in the bins.
Comparison of three ranking methods

It is expected that the three ranking discriminants provide similar ranking of the
observables. This is tested on the 1-jet inclusive signal region, defined in section
3.3.2. The comparison of the three discriminants is summarised in Table 3.7. All
discriminants provide similar ranking: for the first 14 observables only one rank
differs by three units, while the remaining differences are smaller. This is sufficient
since the ranking is intended to be used as a guidance for further studies, thus the

small differences in the results of the three ranking methods are not important.
Ranking method validation

The proposed ranking method is practically applicable if and only if the BDTs
constructed from the higher ranked observables perform better than the BDTs con-
structed from other observable subsets. The validation strategy is the following: an
STXS signal process and its corresponding signal subregion are selected; the ranking
of observables is produced on the signal subregion and the higher ranked discrim-
inating observables are used for the BDT training. Let us denote these BDTs as

test BDTs. The performance of a BDT is evaluated based on the uncertainties on
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Table 3.7: The comparison of three ranking methods. The first column indicates
the rank of the observables, the next three columns list the ranking of the observ-
ables, while the last two columns indicate observable’s rank with respect to the first
discriminant. D; corresponds to the ranking method based on the plot area, Dy is
a discriminant derived based on the centre of mass, and D3 discriminant is based
on the y? test analogy. The table is truncated after the first eight observables; the
full list is in Table A.1.

Rank | D, D, Ds Rank(D;)-Rank(D3) | Rank(D;)-Rank(Ds3)
1 mr mr mr 0 0

9 Emiss | gmiss | pmiss | 0

3 ARy | AReyjo | AReyjo | O 0

4 My AR, | ARpj, |1 1

5 ARy, jo | maee My -1 -1

6 Aneyjo | Adee | muyj 1

7 Aduj | Angyjo | Adeey | -1 0

8 Ao | ANeje | Anegje | 0 -2

the STXS signal strength parameter, evaluated using a likelihood fit (section 4.1.1)
with that BDT as a classifier. This BDT performance is compared with a control
BDT set, which is independent of the ranking on this signal region (the set will be
specified later). The observables’ ranking method is concluded to be effective if and
only if the STXS signal measurement improves when the BDT is obtained from the

ranking method.

The validation is performed on all four 1-jet signal subregions corresponding to
the STXS stage 1 ggF signal definitions, defined at Higgs boson transverse momen-
tum pZ intervals of [0, 60] GeV, [60, 120] GeV, [120, 200] GeV, and > 200 GeV.
The validation is performed on each region independently of the other regions. The
control BDT set is formed from the BDTs produced for the remaining signal regions,
i.e. a BDT is a test BDT if it is used on the region on which it was ranked, and

it is a control BDT if it is used on the other three regions. The control BDT set
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is not random and is correlated with the test BDT set due to kinematic similari-
ties between the regions, which means that the ranking method has to be accurate
enough to account for these small kinematic differences in order to pass the valida-
tion. Table 3.7 showed that all three discriminants perform similarly, so any of the
discriminants may be chosen. The ranking of observables is performed using the x?
approach and the ranking is listed in Table 3.8. The BDTs are constructed from
seven discriminating observables ranked in the corresponding region, where the first
six observables are the top six ranked observables and the seventh is taken from the
set of remaining observables in Table 3.8 one per BDT. The seventh observable acts
as a fluctuation and allows to have multiple BDTs with the dominant six highest
ranked observables. It results in the construction of 21 BDTs per signal subregion.
All BDTs are trained on the inclusive 1-jet SR (section 3.3.2) in order to train on
a sufficiently large sample. The performance of a BDT is evaluated with the likeli-
hood fit (section 4.1.1) and is compared with the nominal BDT, constructed from
top six observables ranked on the inclusive 1-jet signal region (Table 3.8). It is ex-
pected that the BDTs obtained using the dedicated ranking for the signal subregion
perform better than the nominal BDT, while the BDTs from the control sample
(i.e. produced using the ranking on the remaining regions) perform worse than the

nominal BDT.

The results are presented in Table 3.9. The diagonal values show the performance
of the test BDT set, and off-diagonal terms show the performance of the control BDT
set. Each value corresponds to the performance of 21 BDTs. The control set is split
based on the regions where the BDTs were ranked to track the effect of potentially
overlapping rankings in different signal subregions. The results demonstrate that
there is a tendency that an STXS measurement improves if the ranking for the BDT
is performed on the corresponding signal subregion, and does not improve otherwise.

The reason an improvement is observed in some other neighbouring regions is due
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Table 3.8: Observable ranking using the y? type method on 1-jet reconstructed
regions corresponding to the STXS stage 1 ggF definitions. E, m, p correspond
to the energy, mass and momentum, respectively, while ¢ and 7 are the azimuthal
angle and pseudorapidity. Subscript 1" indicates that the quantity is derived in the
transverse direction. Subscripts ¢y and ¢; correspond to the leading and subleading
charged leptons, respectively, while j corresponds to the leading jet. Subscript H
indicates that the observable is calculated for the Higgs boson. A corresponds to
the difference in the quantity followed by this sign.

Rank | Inclusive 1-jet 1-jet 1-jet 1-jet
1-jet region | pH €[0, 60] GeV | pH €[60, 120] GeV | p €[120, 200] GeV | pZ >200 GeV
1 mr mr mr mr mr
9 Eypiss Episs Episs me, Eypiss
3 ARy, ; Py ARy, ; Adge,j Adye,j
4 ARy, ; ARy, ; ARy, Eiss ARy
5 Mg p&t Aoy, ARy, ngl
6 my, j Mgy me, Ay, j A¢447E}nriss
7 Ay, ARy, Ay ARy, ; Ay
8 Angy; Ay, j My ARy, Ay ;
9 Ang, Angy; My APy, prriss Ay, j
10 Ay AV Ay, j et P4
11 AT me, Angy j Adyy; ARy, ;
12 My AT Angy Ade me,
13 ARy Ay, ARy My My
14 A ppiss | Dby ppiss Adyy, ppiss o o
15 Py My, AP pmiss meg Ange
16 Ange P A7) Ange ARy, j
17 vy A¢; gmiss Py P M
18 U ey Angg Angyj e
19 Ne, P P Ang, A¢; pmiss
20 Ay ARy nj A(bj’Eé!‘Liss Angy s
21 "j e, Meo e, TN
22 P n; ey nj r
23 e Angg Py v pi
24 pH Ay (o7 Neo beq
25 Aqu,E?m pH T8 Deqg nj
26 b, o Py e, Ang,
27 e e, pr pr ey

to similar ranking in neighbouring regions, e.g. mr, E#*%. The reason the ranking

on the pif €[60, 120] GeV region does not significantly improve the measurement of
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the pif €[60, 120] GeV signal strength parameter of interest (POI) with respect to
the nominal BDT is because five out of top six ranked observables coincide in both
regions (Table 3.8). It is not expected to have a 100% improvement with respect
to the nominal BDT since, in the case the ranking method is effective, the nominal
BDT should already provide a competitive performance. The remarkable outcome
of this validation study is that the ranking method is accurate enough to account

for the differences between kinematically similar regions.

Table 3.9: Results of the validation of the ranking method on 1-jet signal subregions.
The BDTs are constructed based on the ranking of observables on the regions indi-
cated in the columns’ labels. The regions in which these BDTs classify the events are
listed in the rows’ labels. The percentage values indicate the fraction of the BDT's
that perform better than the nominal BDT. 0% is replaced by “” for readability.
The diagonal values correspond to the performance of the ranking method, while
the off-diagonal values correspond to the performance of the control BDT set.

Ranked on
pg €0, 60]GeV p¥ €160, 120]GeV p? €[120, 200]GeV p? >200GeV

Fit on region

p €[0, 60] GeV 44% 6% - -
pit €[60, 120] GeV | - 6% - -
pif €[120, 200] GeV | - - 50% 19%
pH >200 GeV - - 6% 44%

It can be concluded that the observables’ ranking method can be used as a
starting point for the selection of the most promising observables for the BDT con-

struction.

Other BDT construction aspects

The ranking method can be supplemented by a visual examination of the shapes of
signal and background distributions to account not only for the difference between

signal and background shapes for an individual observable but also for the difference
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in shapes between different observables. Moreover, some observables describe similar
kinematic aspects, so the ranking method is likely to assign them similar rank. The
collective discimination power of these observables is likely to be similar to the
power of a single observable since there is little additional kinematic information.
This suggests to avoid having kinematically close observables in the BDT’s input

set.

In addition to the choice of discriminating observables, the three main aspects
of the BDT discriminant’s optimisation relevant to this H — WIWW* analysis are the
following: the phase space on which BDT is trained, the background processes used
for the BDT training and for the ranking method, and the number of discriminating
observables. Regarding the phase space of the training sample, it would be ideal to
train a separate BDT for each signal subregion corresponding to the STXS POls.
The choice of a relatively small phase space results in limited MC statistics of a
training sample. It may be beneficial to extend the training phase space to a larger
kinematically close region, e.g. an inclusive SR of the corresponding jet category or
even larger phace space by removing a part of selection criteria. The uncertainties
due to specific background processes can be targeted by selecting only these processes
in the set of training samples or in the ranking method. In particular, it applies
to Z — 77 and W+jets processes. In contrast, removing background processes
which have small yields in this analysis may reduce unwanted statistical fluctuations
in the training process. In the case of W+jets it would also significantly reduce
computation time. A larger BDT discriminating observable set is expected to lead to
a more powerful classifier, although each discriminating observable brings modelling
uncertainty. It is only beneficial to use large sets of discriminating observables if the
increase in BDT’s discrimination power is significant enough. Sets with different

number of differentiating variables can be tested to obtain the optimal number.

Finally, the pX observable is used to define most of the STXS stage 1 ggF regions.
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So, in the case where a single BDT is trained for the whole jet category, inclusion
of the pZ observable in the set of discriminating observables might account for the

different kinematic properties of the individual STXS categories.

3.4.3 Boosted decision tree construction for jet categories

This section discusses the construction of dedicated BDT's for each of the 1-jet and
>2-jet categories. The BDT's are constructed using the “base” and “additional” sub-
sets of observables, where the BDT’s input set is constructed by taking all parame-
ters from the base subset and adding an indicated number of observables (typically
from one to three) from the additional subset. The performance of a BDT is eval-
uated using a likelihood fit for STXS signal strength parameters. The performance
is quantified based on the size of uncertainties on the POIs corresponding to the
SRs on which the BDT is applied. There are 27 and 45 discriminating observables

defined for the 1-jet and >2-jet categories, respectively.
BDT construction for 1-jet category

This section is dedicated to the selection of the best performing BDT for the 1-
jet category. The BDT candidates are constructed taking into account the aspects
discussed in section 3.4.2, in particular: the ranking method, selection based on the
shapes of signal and background distributions, the training on different phase spaces,
inclusion of the p# observable to the discriminating parameters’ set, exclusion of
the W+jets process from the training data set, and the impact of a large number of
discriminating observables.

First, the selection of discriminating observables is performed by using the rank-
ing method. The observables are ranked in both the inclusive 1-jet signal region and
in the 1-jet signal subregions corresponding to the STXS kinematic regions using
the x? ranking approach (Table 3.8). The BDTs are constructed from the first five

observables in each column plus one observable per BDT from the remaining set of
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observables. A single BDT is used to classify events in all 1-jet signal subregions
in the fit. The best performing BDT is obtained when the following subset is used:
{mr, E*5) ARy, ;, ARy, ;, Mg, My, ; +, which corresponds to the first six observables
ranked in the 1-jet inclusive signal region. Let us denote it as BDT-A.

The second BDT candidate is obtained based on the examination of the shapes
of normalised signal and background distributions. The base and the additional
subsets are created (Table A.2) and BDTs are constructed by adding one parameter
per BDT to the base subset. BDTs are trained on the inclusive 1-jet signal region.
The best performing BDT is constructed from the set of {ny, mz, ARy, Agy, Emiss
Ay j, Ang,;} observables, let us denote this BDT as BDT-B.

BDT-A and BDT-B are compared in Table 3.10. Both BDT's show similar perfor-
mance. BDT-B is also compared with the fit configuration, where the m distribu-
tion acts as a classifier, in Table 3.11. The BDT discriminant performs significantly
better than a single variable classifier mr, especially for the POIs satisfying p > 60

GeV, which justifies the use of multivariate discriminants.

Table 3.10: The expected best-fit values and uncertainties for the indicated STXS
signal strength POIs when events in 1-jet signal regions are classified with BDT-A
and BDT-B classifiers, which are obtained in the studies based on the ranking of
discriminating observables, and the shapes of signal and background distributions,
respectively. Red colour indicates that at least one of the uncertainties of this BDT
is at least 0.01 units smaller than the other BDT. Only statistical uncertainties are
considered.

BDT

BDT-B | BDT-A
STXS POI
1-jet, p €[0, 60] GeV 1.0075:3% | 1.00792¢
1-jet, pH €[60, 120] GeV 1.007025 | 1.0015:25
1-jet, p4! €[120, 200] GeV 1.007592 | 1.0015:98

L-jet, pH >200 GeV 1.007+77 | 1.007 178
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Table 3.11: The expected best-fit values and uncertainties for the indicated STXS
signal strength POIs when events in the 1-jet signal regions are classified with the
my distribution and BDT-B classifier. Only statistical uncertainties are considered.

Classifier
my BDT-B
STXS POI
1-jet, pil €0, 60] GeV 1.00+337 | 1.00%9:38
L-jet, pH €[60, 120] GeV 1.00+963 | 1.00%924
1-jet, pif €[120, 200] GeV 1.00M132 | 1.0074:02
1-jet, pH >200 GeV 1.007%:4% | 1.007177

The impact of the size of the training samples is tested by training BDTs on
smaller and larger phase spaces than the 1-jet SR. The new BDTSs are trained using
the parameters used for BDT-B training. In the case of the reduced phase space,
the four BDTs are trained on individual signal regions corresponding to the STXS
kinematic definitions (section 3.3.3). These BDTs and BDT-B are compared in
Table 3.12. The measurement does not improve, the likely cause is the reduced
MC statistics available for training. When a BDT is trained on a larger phase
space in order to gain MC statistics, the inclusive 1-jet signal region is extended by
removing max(mfﬁ, mfipl), m.r — mz, and Agy requirements (section 3.3.2). The
BDT is constructed using the set of discriminating parameters used for BDT-A
training. This BDT and BDT-A are compared in Table 3.13. There is a negligible
improvement on the POIs satisfying p# < 200 GeV condition, while the p¥ > 200
GeV POI performs better with the BDT trained on the inclusive signal region.
Since the pZ > 200 GeV POI is a POI sensitive to BSM physics, BDT trained on

the inclusive signal region is preferred.

In the case a single BDT is used for all signal subregions, the pX observable may

account for the different characteristics of the signal subregions. A new BDT is
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Table 3.12: The expected best-fit values and uncertainties for the indicated STXS
signal strength POIs when events in 1-jet signal regions are classified with the BDT's
trained using the same set of discriminating parameters as in the BDT-B case and
trained on the 1-jet inclusive signal region and on the individual signal regions
corresponding to the STXS kinematic regions. Only statistical uncertainties are
considered.

Classifier
BDT trained on | Individual BDTs trained for each SR cor-
STXS POI inclusive SR responding to STXS definition
1-jet, pX €[0, 60] GeV 1.0075:3¢ 1.0074:29
L-jet, p¥ €[60, 120] GeV | 1.007025 1.0015:28
Ljet, pH €[120, 200] GeV | 1.00+1:03 1.007199
1-jet, pf >200 GeV 1.0071-67 1.00712%

Table 3.13: The expected best-fit values and uncertainties for the indicated STXS
signal strength POIs when events in 1-jet signal regions are classified with the BDT's
trained on the extended phase space and on the inclusive signal region, respectively.
The BDTs are trained using the set of discriminating parameters as in the BDT-A
case. Only statistical uncertainties are considered.

BDT trained on
Extended phase space | Inclusive signal region
STXS POI
1-jet, pf €[0, 60] GeV 1.0079:35 1.0079 2%
L-jet, pi €60, 120] GeV 1.001023 1.0015:22
1-jet, pil €[120, 200] GeV 1.00*5:0% 1.005:9%
1-jet, pH >200 GeV 1.00*176 1.00%173

trained using the parameters used for BDT-B training. The new BDT and BDT-B
are compared in Table 3.14. There is a negligible improvement on the pZ < 200
GeV POIs, while the pff > 200 GeV POI performs better with the BDT constructed
without the pf observable. Since the p¥ > 200 GeV POI is more sensitive to BSM

physics than the other POIs, the BDT constructed without the p¥ observable is
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preferred.

Table 3.14: The expected best-fit values and uncertainties for the indicated STXS
signal strength POIs when events in 1-jet signal regions are classified with BDT-B
and the BDT trained using the set of parameters used for BDT-B training supple-
mented with the p¥ observable. Only statistical uncertainties are considered.

BDT type ) " ) "
BDT subset without p | BDT subset with p7’
STXS POI
L-jet, p¥ €[0, 60] GeV 1.0015 28 1.00%52¢
1-jet, p €[60, 120] GeV 1.00%5:28 1.00%5:22
1-jet, pX €[120, 200] GeV | 1.007593 1.00%5:9¢
L-jet, p >200 GeV 1.0017°5% 1.00%1 17

The small fluctuations due to the W-+jets sample are tested by training a BDT
with a set of BDT-B’s discriminating parameters on the training samples without
W +jets process. This BDT and BDT-B are compared in Table 3.15. The BDT
trained on the set without W+jets sample performs better on the pff < 200 GeV
POIs, while BDT-B performs significantly better on the pZ > 200 GeV POI. As a
result, since the pX > 200 GeV POI is more sensitive to BSM physics, the preference
is to use the BDT trained on the samples including W +jets process.

The impact of the number of discriminating parameters is evaluated by compos-
ing BDT's using 11 discriminating parameters. The sets of discriminating parameters
are constructed by taking a 10 observable base subset and adding one observable
at a time from an additional subset (Table A.3). These subsets are selected based
on the studies presented earlier in this section. One of the best performing BDTs
is constructed when the Ay, ;, observable is added to the base subset. This BDT
is compared with BDT-B in Table 3.16. The improvement is 2.1-3.7%, where the
highest impact is from the poorest measured p4 > 200 GeV POI. Therefore, almost

doubling the number of observables does not provide a significant enough improve-
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Table 3.15: The expected best-fit values and uncertainties for the indicated STXS
signal strength POIs when events in 1-jet signal regions are classified with the BDT's
trained on samples including and omitting the W +jets process. In both cases a set
of BDT-B’s discriminating parameters is used. Only statistical uncertainties are
considered.

BDT type i .
BDT with W+jets | BDT without W+jets
STXS POI
L-jet, pif €[0, 60] GeV 1.0015:38 1.0015:38
1-jet, pH €[60, 120] GeV | 1.007923 1.0075:23
1-jet, pf €[120, 200 GeV | 1.0075%2 1.00% 402
L-jet, pif >200 GeV 1.00+7°5% 1.00"1%7

ment to motivate the increase of the number of discriminating observables.

Table 3.16: The expected best-fit values and uncertainties for the indicated STXS
signal strength POIs when events in 1-jet signal regions are classified with the best
performing BDT constructed using a set of 11 observables and BDT-B constructed
using six observables. Only statistical uncertainties are considered.

BDT constructed from
6 observables | 11 observables
STXS POI
1-jet, pf €[0, 60] GeV 1.007959 1.0070 23
L-jet, pH €[60, 120] GeV 1.001528 1.0015:23
L-jet, pi €[120, 200] GeV 1.00%5:98 1.00%59%
1-jet, pf >200 GeV 1.00718¢ 1.0071%,

The two best performing BDTs constructed using subsets of six observables are
BDT-A and BDT-B. The two BDTs are compared in Table 3.10. The POIs with
pi < 120 GeV perform similarly in both cases, the p¥ €[120, 200] GeV POI is
measured better with BDT-B, while the p¥ > 200 GeV POI is measured better
with BDT-A. Since the pZ €[120, 200] GeV POI is measured much better, BDT-B
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is chosen.

In summary, the best selected BDT is the BDT trained using {mg, mz, ARy,
Aoy, Episs, A j, Ang,;} discriminating observables, which are selected in the study
based on the shapes of background and signal distributions. The BDT is trained on
the inclusive 1-jet signal region on a data set, which includes all background pro-
cesses. The BDT’s performance on the training set and the validation set is shown in
Figure 3.20. The normalised background and signal distributions of discriminating

observables are presented in Figure 3.21.

Normalised number of events
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Figure 3.20: The selected BDT’s for the 1-jet category performance on the train-
ing set (solid) and the validation set (dots with error bars). The total normalised
background and signal distributions are in blue and red, respectively.

BDT construction for >2-jet category

This section is dedicated to the BDT construction for the >2-jet category. The BDT
candidates are constructed using the following methods, discussed in section 3.4.2:
the ranking method, evaluation of the optimal number of discriminating observables,
and the effect of the correlations between the discriminating observables. All BDTs

are trained on the inclusive >2-jet signal region (3.3.2). Training on the signal
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Figure 3.21: The normalised background (blue) and signal (red) distributions of
the discriminating observables of the selected best BDT for the 1-jet category: (a)

Ay priss, (b) Aduj, (¢) Anyj, (d) mae, (€) AR, (£) mr.

subregions corresponding to the STXS kinematic regions is not performed based on
the results in the 1-jet analysis showing that there is no significant improvement.

First, the BDTs are constructed using the ranking method with the x? scheme.
Five base sets of five observables are selected and the BDTs are constructed by
adding the sixth observable from the additional subsets, summarised in Table A.4.
The first two subsets consist of top five observables ranked in the inclusive > 2 jets
SR using either all background processes or Z — 77 process only; the last three
subsets are constructed using normalised signal and background plots, the ranking
in individual signal regions corresponding to the STXS kinematic definitions and
taking potential correlations between the observables into account. The ranking
obtained using only Z — 77 sample is not promising. Based on the fit results, the
best input subset is {A Ry, mgp, Adw, minARy, ., mr, EF*} let us denote this
BDT as BDT-C.



102 EXTRACTION OF THE H - WW* — evur SIGNAL

Although the study in the 1-jet case showed that there is no significant improve-
ment when more than six observables are used in the BDT training, the >2-jet case
has more kinematic degrees of freedom. Thus more observables used in the BDT
training may improve the results. This is tested by defining two base subsets of
16 and 23 observables, where the observables are selected based on the observable
ranking method with the emphasis on the highest pZf region and avoiding highly
correlated observables. BDT inputs are constructed by adding one observable per
BDT from the additional subset to the base subset, where the subsets are sum-
marised in Table A.5. There is no significant improvement when a higher number
of observables is used. The impact of a larger number of discriminating observables
is investigated by constructing BDT's by gradually adding parameters, starting with
a six parameter set. The discriminating observables used for the best performing
16+1 BDT’s (BDT%,, where “+1” corresponds to the Sn;; observable, which is
the sum of the pseudorapidities of two leading jets) training are used to construct
subsets from 6 to 15 observables. First, this subset is reduced by two observables:
minARy,;, and Ay;;, and then one at a time in the following order: pZ, my o, Sn;s,
p{rj, ARj;, Agb%E;ms, p”f, My jo p?. The performance of each BDT is presented in
Table 3.17. There is a stable improvement for the p4 €[0, 60] GeV POI starting
with the set of 9 discriminating observables upwards, while uncertainties fluctuate
up and down for the other POIs. A higher number of observables would increase the
modelling uncertainties, therefore, an input set with six observables is concluded to

be sufficient for the BDT construction.

The use of the highly correlated observables as inputs in the BDT training may
contribute less to the discrimination power of the classifier. The observables with
low mutual correlations are indentified by using a correlation matrix (Figure A.1)
obtained by training BDT},. The base and additional subsets are selected and

listed in Table A.6. The BDTs are constructed by adding one or two observables per
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Table 3.17: The expected best-fit uncertainties for the indicated STXS signal
strength > 2 jets POls, when events in >2-jet signal regions are classified with
the BDTs constructed using the subsets from 6 to 15 discriminating parameters.
The starting subset of {mw, ARy, mp, minARy, ;., P, Epissy is supplemented by
an observable one at a time in the following order: pg‘?, My jos Dy AQSME?Z-SS, ARj;,
P, Snij, Mo, PH. The red (blue) colour indicates that this BDT has at least
one uncertainty 0.01 (0.003) units smaller than the result obtained with the BDT
constructed using six discriminating observables. Only statistical uncertainties are
considered.

DT type
6 7 8 9 10 11 12 13 14 15
POI
+2.23 | +2.22 | 4223 | 42.20 | 4+2.21 | +2.20 | 4220 | 42.17 | +2.16 | +2.14
[0, 60] GeV —219 | —2.18 | =219 | —2.16 | —2.17 | —2.16 | —2.16 | —2.13 | —2.12 | —2.10

+1.14 +1.15 +1.16 +1.13 +1.13 +1.11 +1.12 +1.11 +1.17 +1.11
[607 120] GeV —1.10 —1.11 —1.12 —1.10 —1.09 —1.08 —1.08 —1.07 —1.14 —1.08

+0.95 +0.95 +0.93 +0.94 +0.93 +0.93 +0.93 +0.94 +0.93 +0.94
[120’ 200] GeV —-0.91 —-0.91 —0.90 —0.90 —0.90 —0.90 —0.90 —0.90 —0.90 —0.90

+1.00 +1.00 +1.00 +0.98 +1.00 +1.01 +1.01 +1.00 +1.00 +1.01
>200 GeV —0.94 —0.94 —0.95 —0.92 —0.95 —0.96 —0.96 —0.95 —0.95 —0.95

BDT. The best performing subsets are {Sn;;, minARy,j,, ARw, AR;;, mr, EF}
and {minARy,j,, ARw, AR;;, mr, EF**5}. More BDT variations are created by
adding one observable per BDT from the additional subsets in Table A.7. The
additional subsets are constructed based on the previous studies by observing the
frequency with which the BDT performance improves. The results show that the
subsets of observables with low correlations do not perform better than BDT-C.
Finally, the best BDT is constructed using the information from previous studies.
The BDT is constructed by selecting {ARy, my, EF***} as the base subset and
adding three observables per BDT from the subset in Table A.8. The best performing
BDT is constructed from {ARy, mz, EF my, minARy, j,, pl}l} observables. The
BDT performance on the signal and background training and test samples is shown
in Figure 3.22. The normalised background and signal distributions of the best

performing BDT discriminating observables are presented in Figure 3.23.
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Figure 3.22: >2-jet best BDT’s performance on the training set (solid) and the
validation set (dots with error bars). The total normalised background and signal
distributions are in blue and red, respectively.
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Figure 3.23: The normalised background (blue) and signal (red) distributions of the
best performing BDT discriminating observables for the >2-jet category: (a) Ess,
(b) Myy, (C) ARa, (d) mr, (e) minARglji, (f) pél



Chapter 4

Measurement of Simplified
Template Cross Sections in

H— WW*

This chapter describes the measurement of the STXS cross-sections in the H —
WW?* decay. It follows the previous chapter where the signal extraction is de-
scribed. The following strategy is used: a binned maximum likelihood fit is applied
to the discriminants introduced in chapter 3 to determine the signal cross-sections
and background normalisations (section 4.1). The measurement includes estimation
of experimental and theoretical uncertainties (section 4.3). The fit is optimisated
based on the binning selection (section 4.2). The final result of the cross-section

measurements is presented in section 4.4 and discussed in section 4.5.

4.1 Statistical analysis

The statistical analysis is based on a maximum likelihood fit. The likelihood function
is constructed of probability density functions, which account for the uncertainties
of all signal and background components. This analysis estimates data and MC
statistical uncertainties, systematic uncertainties, and background normalisations
obtained using the control regions. The likelihood function is maximised for the

signal strength parameters p;, which are defined as a ratio of observed and SM

105
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signal yields, where for the expected results with the SM prediction p; = 1. There
is one signal strength parameter per STXS cross-section.
The likelihood function is introduced in section 4.1.1 and the fit configuration is

described in section 4.1.2.

4.1.1 The likelihood function

The likelihood function used in the fit is the following:

L = I P(N|A,) - TR P(N, ) - TV G (0,0, 1)
3 (4.1)
117 BB (|1 PG| 0y0))

The first term corresponds to data statistical uncertainties in the signal regions, the
second term models the control regions, the third term models systematic uncertain-
ties, while the last term accounts for the MC statistical uncertainties [55]. The first
term in the likelihood function is iterated over all bins in all signal regions, while
the second term is iterated over all control regions.

_ ANe?

The data uncertainties are modelled with a Poisson distribution P(N|\) = 24—,

where N and A are the observed and the expected number of events, respectively.

The expected number of events is estimated with the following equation:
A= 25TXS .8 4 NCRE B, + e Phe g, (4.2)

where yi; and S; are the signal strength and the signal yield of the i** STXS param-
eters of interest (POI); the second term is a sum of the background yields, which
are modelled with dedicated control regions, from which the corresponding floating
normalisation factors (3; are obtained. The third term is a sum of the remaining
background yields.

The systematic uncertainties are modelled with a normalised Gaussian distribu-
tion G(A], 1) = \/%7 exp%, where § corresponds to the central value of a measure-

ment and 6 is a nuisance parameter. The systematic uncertainties enter probability
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density functions as multiplicative factors to signal and background yields, modelled
with functions v(#). There are two types of v() functions: the first type models the
scaling of the yields and the second type models the shape of classifier’s distribution.

MC uncertainties are first modelled with Poisson functions and then processed
with the Barlow-Beeston lite method [102]. The Poisson term P(énk|6’nk§nk) models
k" background yield in n'* bin. The Barlow-Beeston lite method is an approxima-
tion applied to Poisson functions to reduce computational intensity. It is based on
an assumption that there is only one floating parameter 1 per bin for all background
processes, instead of assigning individual parameters for each process. The analytic
function, which models the MC uncertainties, depends on fractional yield values of
the background components. As a result, instead of N - K parameters 6, (where
N is the number of bins and K is the number of background processes), there are

N parameters 7, and the number of floating parameters is reduced K times.

4.1.2 Fit configuration for STXS analysis

The fit is maximised for the list of signal strength parameters. Most of the analysis
optimisation studies are conducted by performing a fit for ten POIs. The first nine
are the ggF ggF-like POIls, which correspond to the 0O-jet, 1-jet and >2-jet STXS
kinematic regions (section 1.3). The 10" POI is a combination of VBF, ggF VBF-
like POIs and the ggF POI corresponding to the Higgs boson signal in the forward
detector region. The POIs are summarised in Figure 4.1.

The signal region categories and classifiers, which enter the likelihood fit, are

described in section 3.3.3, and the control regions are defined in section 3.3.4.

4.2 Fit optimisation: binning

This analysis uses classifier functions for event redistribution within the SRs: the

transverse mass my and BDT distributions. Consequently, the signal subregions are
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Figure 4.1: Parameters of interest measured using the likelihood fit. Red box indi-
cates which STXS signals are merged to one POI.

further divided into smaller regions called bins, which is not a trivial task. Although
a larger number of bins would access more features of a classifier, the number of bins
is limited by the available data and MC statistics, and the estimation of systematic
uncertainties. The following three binning methods are discussed: the flat signal
binning, the telescope binning, and a method created as part of this thesis: the fit-
driven binning (section 4.2.1). The methods are compared and the selected binnings

for each of the signal regions are discussed in section 4.2.2.

4.2.1 Binning methods

This section discusses three binning methods. The choice of a binning method
depends on a classifying discriminant. All three methods can be tuned for a preferred
number of bins, given there are enough data and MC statistics. The procedure of
number of bins and other specific aspects of each model, e.g. a choice of external
constraints on the bins or internal parameters like step size, are analysis specific and

are not discussed in this section.
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Flat signal binning

The flat signal binning method divides signal regions into bins such that each bin
has a uniform signal yield. This approach is applied in H — WW* Run 1 [55] and
Run 2 [2] analyses where the mr distribution is fitted. However, it is not necessarily
an optimal binning for BDT distributions, which is a motivation to explore other

methods.

Telescope binning

The telescope binning is a method designed to bin BDT distributions [103]. The

method defines an analytic function C":

C’—\/2((s+b)ln82;b—s—b+b0)|b;bb0’ (4.3)

where by = 0.50 — Ab?+ /(b — Ab?)? + 4(s + b)Ab?, s and b are the total signal and
total background yields in a bin, respectively, and Ab is a statistical uncertainty on
the background yield.

The implementation of the telescope binning is the following: without loss of
generality, let us consider a BDT distribution, defined in a range [-1, 1], where the
signal distribution is located towards the positive values and the background events
are concentrated towards the negative values. The binning procedure starts at 1
in the following manner: the right-most bin edge is fixed at BDT score equal to 1
and the left bin edge is moved towards the left step by step, where the step size is
constant over the iterations and the choice depends on particular analysis. The C'
value is calculated at each step for the full region between the right and left edges.
The process stops when C' value decreases with respect to the previous step and the
bin edge is placed where C' value is largest. This edge becomes the new right-most
edge and the process repeats. In addition, external constraints may be applied,

e.g. a minimum signal yield in a bin. If the C' value decreases but the external
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constraints are not satisfied, the iteration continues until the external conditions are

satisfied.
Fit-driven binning

If signal strength uncertainties could be analytically derived using a likelihood func-
tion, the best binning would be obtained by minimising these uncertainties. In case
an analytic solution does not exist, the ambition to obtain the best binning is at-
tempted by using the maximum likelihood fit itself. The idea of the method is that
the fit will exploit the most important aspects of the statistical uncertainties and
consequently the best binning will be obtained.

A standalone software is written for this purpose, which performs a simplified
binned maximum likelihood fit for different binning configurations. The likelihood
function used in the fit-driven technique is a simplified version of eq. 4.1 and has
the following form:

L =TI (PN Si - 05 + (SS%By - By + S0 P8 3,.) . 07)
" P(Nilu- S + SF% By, - By + S0 " By,) (4.4)
I8 pNAC NG )
The first term models data statistical uncertainties, the second term models un-
certainty associated with the profiled control regions, while the last term accounts
for the MC statistical uncertainties. This likelihood function does not include the
modelling of systematic uncertainties and does not use Barlow-Beeston lite method
since the setup is not computationally intensive. The number of expected events is
defined as:
A=p-S+ X086, - By + X Pe g, (4.5)

where the first term consists of the SM total signal yield S scaled by a signal strength
parameter p, the second term is the sum of the background yields B which are

scaled by normalisation factors B, obtained from the control regions, and the last
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SR

term corresponds to the remaining background processes. ny,’. is the total number

CRs i5 the total number of control regions. NMC is

of bins in the signal region, n
the number of signal or background MC events in 7" bin, Nsigbkg COrresponds to the
iteration through signal and background processes, and ny;,s is the number of bins
in the SR and CRs.

Ideally, the iteration should be done over all binning configurations, which ef-
fectively is a merging of bins. To merge a histogram with N internal bin edges

(i.e. N + 1 bins) into a histogram with B internal bin edges (B + 1 bins) there

% possibilities. To merge a histogram with 100 bins into 6 bins requires

are
~ 7-107 variations, which is computationally lengthy. The computational intensity
is significantly reduced when one bin edge is fixed in the middle of a histogram and

GN-3)

IN-I-B)BI In

each half is scanned separately, then the total number of scans is 2
this case to merge a histogram with 100 bins into 6 bins requires only ~ 2 - 103
variations.

The fit-driven binning likelihood function, which includes statistical uncertain-
ties only, can be extended to a likelihood function with systematic uncertainties
included. Including all systematic uncertainties might make the technique com-

putationally challenging but it could be simplified by including only the leading

systematic uncertainties.

4.2.2 Binning on the signal regions

This section discusses the comparison of the three binning methods, which is followed

by the choice of the binning for this STXS analysis.

Comparison of binning methods

The performance of three binning methods is evaluated on the 1-jet SR, classified

with a BDT. The performance is quantified using a likelihood fit for ten STXS POls,
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as described in section 4.1.2. Lower uncertainties on the 1-jet POIs correspond to a

better binning performance.

In the case of the telescope and fit-driven binning, the total signal and back-
ground yields in a bin are required to be larger than 1 event. Only statistical
uncertainties are taken into account for this comparison. A comparison between
the flat signal binning and the telescope binning is presented in Table 4.1. For all
1-jet but the p¥ €[60, 120] GeV POI the use of the telescope binning improves the

results by 0.9-5.3%. The flat signal binning and the fit-driven binning methods are

Table 4.1: Comparison of the best-fit values and uncertainties, where a BDT is
binned with the flat signal binning and the telescope binning in 1-jet signal region.
POIs which are measured better by at least 0.01 units with the telescope binning
are in red. Only statistical uncertainties are considered.

Binning
BDT flat signal binning | BDT telescope binning
POI
1-jet, pi' €[0, 60] GeV 1.0019-39 1.00+0:57
L-jet, pH €[60, 120] GeV 1.0010:58 1.001058
1-jet, pif €[120, 200] GeV | 1.007107 1.00+1:06
1-jet, pif >200 GeV 1.0071 5% 1.001178

compared in Table 4.2. All POIs’ uncertainties are reduced by 1.7-5.4%. Similar
results are observed when the study is done on the >2-jet signal region. When the
fit-driven method is compared with the telescope binning method in Table 4.3, the
1-jet p¥ €]0, 60] GeV performs better using the telescope binning. When the best
binning from both methods is applied on 1-jet region, the results do not improve

(Table 4.3). The likely reason is due to the correlations between the POls.
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Table 4.2: Comparison of the best-fit values and uncertainties, where a BDT is
binned with the flat signal binning and the fit-driven binning. POIs which are
measured better with the fit-driven binning method by at least 0.01 units are written
in red. Only statistical uncertainties are considered.

Binning
BDT flat signal binning | BDT fit-driven binning
POI
1-jet, p2 €[0, 60] GeV 1.005:29 1.0070:28
1-jet, p €[60, 120] GeV | 1.0075:26 1007523
1-jet, pH €[120, 200] GeV | 1.007107 1001558
1-jet, pff >200 GeV 1007156 100757

Table 4.3: Comparison of the best-fit values and uncertainties, where a BDT is
binned with the telescope binning, the fit-driven binning, and their best combination.
Only statistical uncertainties are considered here.

Binning ) )
BDT telescope | BDT fit-driven | BDT mixed telescope and
POI binning binning fit-driven binning
L-jet, pH €[0, 60] GeV 1.0015:3% 1.001538 1.00%5:38
1-jet, pf €[60, 120] GeV | 1.0079:28 1.00793% 1.007925
1-jet, pf €[120, 200 GeV | 1.0071-0¢ 1.0075:52 1.0074:98
1-jet, pH >200 GeV 1.001-78 1.0071-59 10077778

Binning for the STXS analysis

In the 0-jet signal regions events are classified using the my distribution. Based on
[2], each 0-jet signal region, defined in section 3.3.3, is divided into eight bins using

the flat signal binning method.
The discriminants in the 1-jet and >2-jet SRs are BDT distributions and the
study in section 4.2 shows that the fit-driven method provides the best binning.

Thus the fit-driven method is applied. The middle point is chosen at several places
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(around 10 cases in range [-0.4, 0.7]), and the iteration is run on the right hand side,
as described in section 4.2.1. The output binning configurations are then tested with
the full H — WW™ analysis setup. All binning variations are required to satisfy
the criterion for the sum of yields in each bin to be greater than 1. The number of
bins in each region is deduced based on MC statistics of the signal and background
processes, e.g. it is preferred that W -+jets background’s yield is positive in each bin
and other backgrounds’ yields are not negative. Moreover, different numbers of bins
in each signal region are tested with the fit and based on the results the optimal
number of bins is deduced in each case. The final number of bins chosen for each

signal subregion (section 3.3.3) is summarised in Table 4.4.

Table 4.4: Number of bins in each of the signal subregions defined in section 3.3.3.
Subregions with the same number of bins are grouped into categories in the left
column.

Category of signal subregions | Number of bin per signal subregion

0-jet

1-jet, pH <120 GeV

1-jet, pif €[120, 200] GeV

>2-jet, pH <200 GeV

>1-jet, p¥ >200 GeV

N | O[O |~ | O | 0O

VBF-like

The VBF-like signal region is split into two bins. Since in this case there is
only one internal bin edge, all variations are tested instead of using the fit-driven
approach and the best performing configuration is chosen.

In order to check that the binning preserves the modelling of the background
processes, the selected binning is applied to the corresponding control regions. A
good data to MC agreement is observed, which indicates that these background

processes are modelled well when the chosen binning is used.
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4.3 Systematic uncertainties

Systematic uncertainties can be classified into two categories: experimental and
theoretical. The former category concerns the sources related to the object recon-
struction and identification, while the latter is mostly related to the simulation of
the events. This section discusses the sources of theoretical uncertainties and their
derivation in section 4.3.1, while experimental uncertainties are reviewed in section

4.3.2.

4.3.1 Theoretical uncertainties

This section discusses theoretical uncertainties on the ggF signal process as well as
the dominant background processes, WW, top quark, and Z — 77, which are eval-
uated specially for this STXS measurement. There are two types of uncertainties
evaluated: on the yields and on the shapes of the classifiers’ distributions. These
uncertainties are estimated by comparing the nominal MC samples (section 3.2.1) to
the “alternative” samples, where the “alternative” corresponds to a sample, which
aims to represent identical physics but is produced with a different tool or configu-

ration.

Uncertainties on yields are derived differently for signal and background pro-
cesses and discussed in dedicated sections. The shape uncertainties are evaluated
by comparing normalised histograms obtained from the alternative samples with
the nominal normalised histogram. If only one alternative sample is used, both
the uncertainty on yields and the shape uncertainty are symmetrised with respect
to the nominal values in order to estimate the higher and lower uncertainties. In
the cases where more than two alternative samples are considered (except for the
PDF uncertainties), the highest and lowest deviations from the nominal sample are

defined as the higher and the lower uncertainties, respectively.
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ggF signal theoretical uncertainties

There are four theoretical uncertainties derived for the signal samples: QCD scale,
PDF (section 1.4.1), parton shower (section 1.4.2), and generator (section 1.4.3)
uncertainties. The uncertainties are derived for the 0-jet, 1-jet and >2-jet signal
regions. The uncertainty on ggF signal yield corresponds to an acceptance uncer-
tainty, where acceptance is defined as a fraction of events in a measured region with
respect to the region this number is extrapolated to.

The uncertainty on acceptance is defined as a difference in acceptances from
the nominal sample (except for the PDF uncertainty). The ggF signal sample is
split into STXS categories, so the acceptance uncertainties are evaluated for each
STXS category (section 1.3) and each signal region (section 3.3.2). The QCD scale
uncertainties are determined by variations in the scale choice for the renormalisation
and factorisation (section 1.4.1) in the nominal POWHEG generation and the NNLO
calculation used for the NNLOPS sample. The alternative samples are generated
with renormalisation and factorisation scale values set to 1/2, 1 (nominal), and 2.
As a result, 26 alternative samples are used. The PDF acceptance uncertainties
are evaluated by adding in quadrature the 68% C.L. PDF4LHC Hessian PDF [62]
eigenvector deviations from the nominal sample. In addition, the nominal PDF
set is compared to CT10 [83], MMHT14 [104], and NNPDF3.0 [79] PDF sets. An
uncertainty is assigned on the choice of the ME generator by comparing the nominal
POWHEG NNLOPS sample to an alternative MadGraph5_.aMC@QNLO [105, 106]
sample. Only the NLO prediction by POWHEG is used to match the order in
QCD of the alternative sample. Parton shower acceptance uncertainty is estimated
by comparing the nominal POWHEG-Box v2 NNLOPS interfaced with PYTHIA 8
sample to POWHEG-Box v2 NNLOPS interfaced with Herwig 7 [107] using UEEE5
tune [108]. Parton shower uncertainty is evaluated on particle level only. Typical

goF signal theoretical uncertainties are illustrated on 1-jet p €[0, 60] GeV and
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pif > 200 GeV regions in Table 4.5 and Table 4.6, respectively.

Table 4.5: ggF signal theoretical uncertainties evaluated for the STXS ggF 1-jet
pit €[0, 60] GeV signal category. 0% is replaced by “-” for readability. The uncer-
tainties are statistically significant, except the generator uncertainty for the p €0,
60] GeV eu SR.

Uncertainty QCD scale PDF Generator | Parton shower

Measured SR

1-jet, pif €]0, 60] GeV pue -0.4% / 0.6% +0.11% | £4.7% + 3.9%

1-jet, pH €[0, 60] GeV eu -0.54% / 0.98% | +0.12% | + 1.4% + 3.9%

1-jet, p4f €[60, 120] GeV pe -4.5% / 2.6% +0.36% | 4+ 14% -

1-jet, pif €[60, 120] GeV eu 3% / 2.3% + 0.45% | £ 8.4% -

1-jet, pH €[120, 200] GeV pue -6% / 4.7% +32% | - -

1-jet, pif €[120, 200] GeV ep - - - -

1-jet, pif >200 GeV - - - -

Table 4.6: ggF signal theoretical uncertainties evaluated for the STXS ggF 1-jet
pi > 200 GeV signal category. 0% is replaced by “-” for readability. The uncertain-
ties are statistically significant, except the generator uncertainty for the pX >200

GeV SR.

Uncertainty QCD scale PDF Generator | Parton shower

Measured SR

1-jet, pH €[0, 60] GeV pe - - - -

1-jet, pif €]0, 60] GeV ep - - - -

1-jet, p €[60, 120] GeV pe - - - -

1-jet, pif €[60, 120] GeV eu - - - -

1-jet, pif €[120, 200] GeV pe -1.3% / 1.3% + 1% + 54% -

1-jet, pH €[120, 200] GeV ep -1.4% / 1.4% + 0.89% | + 20% -

1-jet, p >200 GeV 0.28% / 0.39% | + 0.18% | + 2.7% + 3.6%

Shape uncertainties are considered only in the dominant STXS category per
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signal subregion. The parton shower shape uncertainties are evaluated at particle
level and at particle level the SRs coincide with the corresponding STXS regions,
so there is only one STXS category per SR. Moreover, the transverse mass mp
distribution is used as a classifier on the 0-jet SRs, which at particle level falls
rapidly at my = 125 GeV (around Higgs boson mass). A more accurate modelling
of 0-jet parton shower uncertainties is obtained by using a folding matrix from
the particle level mr to the reconstructed ms. This matrix is obtained using the
nominal POWHEG-Box v2 NNLOPS MC sample. Shape uncertainties due to PDF

set variations were found to be negligible.

WW theoretical uncertainties

There are five sets of theoretical uncertainties derived for the qg — WW samples:
QCD scale, PDF, parton shower, matrix element matching scale (CKKW) (section
1.4.2), and a; (section 1.4.1) uncertainties. The uncertainties for the 0-jet category
are adopted from [2]. The uncertainties on the 1-jet and >2-jet signal regions and
the 1-jet WW control region are derived as part of this thesis. These qq — WW

(denoted as W) uncertainties are estimated at particle level.

The uncertainty on yields corresponds to the difference of selected number of
events in a measured region using an alternative sample from the value obtained
from the nominal sample. The QCD scale uncertainty is derived by varying renor-
malisation and factorisation scales by setting them to 1/2, 1 (nominal), and 2 val-
ues. The alternative 1-jet samples are generated using SHERPA 2.2.2 [76, 77],
while >2-jet samples are generated with MadGraph5_aMC@NLO [105, 106]. For
the evaluation of PDF uncertainties, one or more jets samples are generated with
MadGraph5_aMC@QNLO generator. The PDF uncertainties are estimated using
NNPDF3.0 [79] and its variations. The uncertainty is derived by calculating the

standard deviation of these variations. Parton shower uncertainty is estimated by
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comparing the nominal samples generated with POWHEG-Box v2 interfaced with
PYTHIA 8 with the samples obtained with POWHEG-Box v2 interfaced with Her-
wig++ [107] generator. The matrix element matching scale (CKKW) uncertainty
is estimated by comparing the nominal sample where the matching scale is set to
20 GeV to two samples where the matching scale is set to 15 GeV and 30 GeV,
respectively. The samples are generated using SHERPA 2.2.2 [76, 77]. The «
uncertainty is estimated by comparing different PDF sets in SHERPA 2.2.2 with
NNPDF3.0 NNLO [79]. The nominal sample has as(mz) = 0.118 and is compared
to two samples, which have a,(my) values set to 0.117 and 0.119, respectively. The
WW theoretical uncertainties for the 1-jet category are summarised in Table 4.7,

while >2-jet WW theoretical uncertainties are summarised in Table 4.8.

Table 4.7: WW theoretical uncertainties for the 1-jet category. The uncertainties
are statistically significant.

Uncertainty
QCD scale PDF Parton CKKW as

Measured region shower

1j SR, [0, 60] GeV pe/eu -1.4% / 1.7% | £043% | +£ 13% -3.1% / 1.2% -0.22% / 0.57%

1j SR, [60, 120] GeV ue/en -4.7% / 4.3% | £ 0.5% + 8.6% -1.4% / 0% -0.35% / 0.58%

1j SR, [120, 200] GeV pe/epn | -5.9% / 5.3% | £ 0.56% | £ 15% -4.8% / 0% -0.27% / 0.47%

1j SR, >200 GeV 17% ) 7.7% | £ 0.9% + 24% -6.1% / 9.6% -0.35% / 0.48%

1j CR, WW -3.8% / 3.8% | £0.48% | + 13% -0.92% / 2.2% | -0.066% / 0.33%

The shape uncertainties are derived for all five sources of uncertainties. The

gg — WW uncertainties are adopted from [2].

Top quark theoretical uncertainties

The following uncertainties are estimated on the t¢ and Wt background processes:
parton shower, radiation, generator, and PDF. In addition, the interference between
tt and Wt uncertainty is estimated on the Wt background process. The uncertain-

ties for the O-jet category are adopted from [2]. The estimation is performed on
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Table 4.8: WW theoretical uncertainties for the >2-jet category. The uncertainties

are statistically significant.

Uncertainty
QCD scale PDF Parton CKKW as

Measured SR shower

>2j [0, 60] GeV pe/en -13% / 13% + 0.63% | £11% -4.2% / 51% | -1.1% / 1.3%
>2j [60, 120] GeV pe/en -7.4% / 6.9% | +£0.62% | + 12% -1.6% / 3.6% | -1.2% / 1.4%
>2j [120, 200] GeV pe/en | -7.6% / 7.3% | £ 0.64% | + 5.4% -22% /33% | -1.2% / 1.3%
>2j >200 GeV -71% / 7.3% | £0.86% | + 4.8% -1.7% ) 27% | -1.2% [ 1.2%
VBF-like -11% / 10% +0.72% | £ 9% -7.9% / 14% -1.2% / 1.2%

the 1-jet and >2-jet SRs and corresponding CRs. Due to limited MC statistics, the
signal regions split based on the leading lepton flavour (section 3.3.3) are assigned
uncertainties, which are evaluated on the region before the split. The shape uncer-
tainties are not evaluated due to limited available MC statistics in the alternative
samples.

The uncertainties on yields are performed in the same way as in the WW
case. The ¢t parton shower uncertainties are evaluated by comparing the nomi-
nal POWHEG-Box v2 [85] interfaced with PYTHIA 8 samples with POWHEG-
Box v2 interfaced with Herwig 7 [107] samples. The Wt parton shower uncertain-
ties are evaluated by comparing POWHEG-Box v1 [87] interfaced with PYTHIA
6.428 samples with samples generated with POWHEG-Box v1 interfaced with Her-
wig-++ [107]. The interference between t¢ and Wt uncertainty is evaluated on Wt
background sample by comparing two samples where different techniques are used
to remove the overlapping diagrams [109]. The tf radiation uncertainty is evalu-
ated by comparing sample variations generated with POWHEG-Box v2 interfaced
with PYTHIA 8 with different generator weights. The Wt radiation uncertainty
is evaluated by comparing samples generated with POWHEG-Box v1 interfaced
with PYTHIA 6 with different generator weights. The tf and Wt PDF uncertain-

ties are defined as the standard deviation of variations in alternative samples from
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the nominal sample (section 3.2.1). In the case of tf, the PDF variations of the
nominal NNPDF3.0NLO are used, while in the case of Wt, the nominal CT10 is
compared to the NNPDF3.0. The generator uncertainty on the t¢ background pro-
cess is evaluated by comparing the nominal samples generated with POWHEG-Box
v2 interfaced with PYTHIA 8 with the alternative samples generated with SHERPA
2.2.1 [71]. The Wt generator uncertainty is derived by comparing samples gener-
ated with POWHEG-Box v1 interfaced with Herwig+-+ with samples generated with
MadGraphb_ aMC@NLO interfaced with Herwig++.

The 1-jet pZ > 200 GeV signal region has large ¢ parton shower and generator
uncertainties. The issue is addressed by increasing MC statistics. The increase of
MC statistics by removing selection requirements on my, and Agy observables does
not improve the estimation of uncertainties. The uncertainties are estimated on
a merged pZ > 120 GeV signal region since the two merged regions have similar
kinematic properties. Theoretical uncertainties on ¢t background process in 1-jet and
>2-jet regions are summarised in Table 4.9 and Table 4.10, respectively. Table 4.11
and Table 4.12 present theoretical uncertainties on Wt background process in 1-jet

and >2-jet regions, respectively.

7/ — 771 theoretical uncertainties

The uncertainties on Z — 77 background process are determined for the 1-jet and
>2-jet signal and Z — 77 control regions. The uncertainties on the 0-jet category
are adopted from [2]. The same procedure is used as in the WW and top quark
cases. The Z — 77 modelling is evaluated by estimating generator uncertainties.
These theoretical uncertainties are determined by comparing the nominal SHERPA
2.2.1 sample with the sample generated with MadGraphb_ aMCQ@QNLO interfaced
with PYTHIA 8. Due to limited MC statistics the uncertainties on the 1-jet and

>2-jet signal subregions are evaluated on the corresponding inclusive SRs and are
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Table 4.9: ¢t theoretical uncertainties in 1-jet category. The uncertainties are sta-
tistically significant, except the generator uncertainty for the [60, 120] GeV SR and

the Z — 77 CR.
Uncertainty Parton shower | Radiation | Generator | PDF

Measured region

1j SR, [0, 60] GeV pe/ep + 6.6% + 4.4% + 3.3% + 0.65%
1j SR, [60, 120] GeV pe/en +4.1% + 2.3% + 0.14% + 0.54%
1j SR, [120, 200] GeV pe/ep | £ 8.2% + 11% + 23% + 0.43%
1j SR, >200 GeV + 1.8% + 11% + 16% + 0.68%
1j CR, top quark + 0.7% + 2.8% + 3.1% + 0.59%
1j CR, WW + 7.5% + 2.5% + 2.2% + 0.48%
1jCR, Z — 71 + 5.5% + 4% + 1.2% + 1.1%

Table 4.10: ¢t theoretical uncertainties in >2-jet category. The uncertainties are
statistically significant, except the radiation uncertainty for the [0, 60] GeV SR and

the top quark CR.

Uncertainty Parton shower | Radiation | Generator | PDF
Measured region
>2j SR, [0, 60] GeV pe/eu + 12% + 0.13% + 7% + 1.1%
>2j SR, [60, 120] GeV pe/ep + 8.9% + 1.9% + 2.1% + 0.92%
>2j SR, [120, 200] GeV pe/ep | + 11% + 3.2% + 9.5% + 0.7%
>2j SR, >200 GeV + 16% + 8% + 4.7% + 1%
VBF-like SR + 12% + 8.9% + 16% + 1.9%
22jCR, Z =717 + 13% + 6.2% + 1.6% + 1%
>2j CR, top quark + 5.2% +0.62% | £ 2.1% =+ 0.36%

assigned to the corresponding signal subregions. The shape uncertainties are not

significant compared to the MC statistical uncertainties of the Z — 77 sample. The

7 — 77 theoretical uncertainties on 1-jet and >2-jet regions are summarised in
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Table 4.11: Wt theoretical uncertainties in 1-jet category. The uncertainties are
statistically significant, except the parton shower uncertainty for the [0, 60] GeV SR
and the WW CR, the generator uncertainty for the Z — 77 CR, and the interference
uncertainty for the [0, 60] GeV SR.

Uncertainty Parton shower | Radiation | Generator | Interference | PDF

Measured region

1j SR, [0, 60] GeV pue/eun + 0.45% + 2.6% + 4.6% + 0.13% + 0.38%
1j SR, [60, 120] GeV pe/eu +2.9% + 3.5% + 9.5% + 7.2% + 0.38%
1j SR, [120, 200] GeV pe/ep | + 19% + 6.2% + 11% + 12% + 0.38%
1j SR, >200 GeV + 11% + 25% =+ 37% + 1.3% + 0.3%
1j CR, top quark + 2.8% + 1.1% + 1.8% + 3.2% + 0.74%
1j CR, WW + 0.072% + 3.9% + 7.3% + 2.2% + 0.19%
1jCR, Z = 77 + 9.4% +2.7% + 0.1% + 1.9% + 0.24%

Table 4.12: Wt theoretical uncertainties in >2-jet category. The uncertainties are
statistically significant, except the parton shower uncertainty for the VBF-like SR
and the generator uncertainty for the [0, 60] GeV SR.

Uncertainty Parton shower | Radiation | Generator | Interference | PDF

Measured region

>2j SR, [0, 60] GeV pe/eu + 18% + 2.7% + 1.3% +9.9% + 0.33%
>2j SR, [60, 120] GeV pe/ep + 13% + 4.3% + 9.4% + 11% + 0.35%
>2j SR, [120, 200] GeV pe/ep + 7.2% + 3.3% + 21% + 29% + 0.38%
>2j SR, >200 GeV + 24% + 7.3% + 26% + 2% + 0.25%
VBF-like + 0.73% + 5.3% + 15% +4.1% + 0.38%
>2jCR, Z —» 771 + 5.5% + 6% + 24% + 3% + 0.16%
>2j CR, top quark + 1.2% + 6.1% + 9.2% + 2.4% + 0.77%

Table 4.13.

4.3.2 Experimental uncertainties

Experimental uncertainties concern the reconstructed objects that enter the analysis
rather than particular signal and background processes, as in the case of theoreti-
cal uncertainties. Since this analysis contains electrons, muons, the missing energy,

untagged and b-tagged jets, the following sources are the main contributors to the
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Table 4.13: Z — 771 theoretical uncertainties in 1-jet and >2-jet categories. The
uncertainties are statistically significant.

Region Generator

1-jet SR + 16%

1-jet CR, Z — 77 + 1.4%

>92jet SR +9.7%

>2-jet CR, Z — 77 | £ 6.9%

experimental uncertainties: charged leptons’ energy and momentum scale, resolu-
tion, identification and isolation; measurement of missing transverse momentum; jet
energy scale, resolution, and b-tagging efficiency; modelling of pile-up and luminosity

measurement.

The electron energy scale and resolution calibration and uncertainties are ob-
tained from a comparison of data and simulation of Z — ee events [110]. The
calibration and uncertainties on electron reconstruction, identification, trigger and
isolation are obtained by adjusting the simulated predictions to the observed data
using Z — ee and J/¥ — ee decays [40]. Muon energy scale and resolution cal-
ibration and uncertainties are obtained from the comparison of the Z — up and
J/U — pp data samples with the MC predictions [45]. Z — pp and J/V — up
decays are also used to estimate muon reconstruction and isolation efficiencies and
corresponding uncertainties [45].

The main uncertainties associated to jets arise from the jet energy scale (JES)
and the jet energy resolution (JER). The JES uncertainties are measured as a func-
tion of jet transverse momentum (pr) and a modulus of pseudorapidity (|n|) [46].
The JER uncertainties are obtained by varying the transverse momenta of the sim-

ulated jets based on their pr and |n|. More details can be found in [111].

The calibration and uncertainties associated to the b-tagging performance are
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calculated using simulation and observed data comparison and the resulting scale
factors [112]. The missing transverse momentum uncertainty contains uncertainties
due to smearing of energies and momenta of charged leptons and jets. More details
about missing transverse momementum uncertainties can be found in [54]. The
uncertainty on the integrated luminosity depends on the data set: for the data set
collected in 2015 the uncertainty was measured to be £2.1%, while for the 2016 data

set the uncertainty is +£2.2% [113].

4.4 Results

This section presents the results of the H — WIWW* Simplified Template Cross Sec-
tions measurement. First, the results are presented for ten POIs, defined in section
4.1.2. A merging scheme is introduced to produce a smaller set of measurements
than the set defined in the STXS framework. The expected results with the SM pre-
diction are presented in section 4.4.1. The observed results are discussed in section

4.4.2.

4.4.1 Expected results

The expected results of the measurement of ten signal strength parameters with
the SM prediction are summarised in Table 4.14. The table presents the results
with statistical uncertainties only (data and MC statistical uncertainties and the
uncertainties on CR normalisations) and the results with the total uncertainties (the
statistical and systematic uncertainties). In this analysis a measurement is defined
to be significant if the total uncertainty is not significantly higher than 100%. The
1-jet p¥ > 200 GeV and >2-jet p < 120 GeV POIs have uncertainties significantly
higher than 100%, therefore a merging scheme of POIs must be designed to obtain
significant measurements.

Correlations between the POIs are given in Figure 4.6. The anti-correlations
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Table 4.14: The expected best-fit values and uncertainties of a simultaneous fit
for ten STXS signal strength POIs with the SM prediction. The middle column
shows the results with statistical uncertainties only, while the results with the total
uncertainties are presented in the last column.

POI Statistical uncertainties only | Total uncertainties
0-jet 1.007018 1.00%533
L-jet, p €[0, 60] GeV 1.00+0:38 1.0045 7
L-jet, pif €[60, 120] GeV | 1.00703 1.00%5:65
1-jet, pf €[120, 200] GeV | 1.00%192 1.007 152
1-jet, pi >200 GeV 1.00+1:80 1.004755
>2-jet, p €0, 60] GeV 1.001213 1.0075 5
>2-jet, pi €[60, 120] GeV | 1.0011 13 1.001 5
>2-jet, pt €[120, 200] GeV | 1.00%9:% 1.001 507
>2-jet, p2 >200 GeV 1.0075:97 1.0077:59
VBF-like 1.00+041 1.00*0 38

between the measured parameters are induced mainly due to migration between the
signal regions. Figure 3.11 and Figure 3.14 show that the highest migration of the
STXS signal processes happens from the neighbouring processes, where a neighbour-
ing process is defined as a process, which shares the same boundary in phase space
either in pX or jet multiplicity, e.g. the 1-jet pX €[0, 60] GeV and p¥ €[60, 120]
GeV regions share pif = 60 GeV boundary, or 0-jet and 1-jet are neighbours, when
all other parameters are the same. The VBF signal process has relatively significant
contributions in all but the 0-jet signal region due to experimental difficulty to dis-
tinguish the ggF process with jets and the VBF process. Therefore, anti-correlations
between the VBF-like POI and the ggF 1-jet and >2-jet POIs are expected. The

correlation matrix in Figure 4.2 shows correlation coefficients between the POls
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when only statistical uncertainties are considered. The anti-correlations which are
more negative than -4% are exclusively between neighbouring POIs or the VBF-like
POI, as expected. In the case where both statistical and systematic uncertainties are
considered (Figure 4.6), the moduli of correlation coefficients between neighbouring
POIs in most cases are slightly reduced, while the moduli of correlation coefficients
of non-neighbouring POIs tend to be slightly increased. This is an expected be-
haviour since most systematic uncertainties have a single nuisance parameter for
all SRs and CRs, thus reduces the impact of contamination of other STXS signal

processes in the dedicated signal regions.
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Figure 4.2: Correlation matrix, in %, for the expected values with the SM prediction
of the POIs, shown in Table 4.14. Only statistical uncertainties are considered.

The measurements are relatively equally dominated by both systematic and data
statistical uncertainties, as it is shown in Table 4.15. One of the largest single
contributions to the total systematic uncertainty is limited MC statistics. This
suggests that the measurement can be easily improved if more data is analysed (e.g.
the full ATLAS Run 2 data set) and if larger MC samples are generated. Data

statistical uncertainties are larger than systematic uncertainties for all but 0-jet and
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Figure 4.3: Correlation matrix, in %, for the expected values with the SM prediction
of the POIs, shown in Table 4.14. Total uncertainties are considered.

one or more jets pX €[0, 60] GeV POI measurements, while the MC statistical
uncertainties are at least a half of all systematic uncertainties in all but 0-jet and

>2-jet pi €[60, 120] GeV measurements.

Merging scheme

The STXS results with the full stage 1 ggF production granularity (Table 4.14) show
that a merging scheme should be designed in order to obtain significant measure-
ments. The merging scheme proposed here combines ten POIs into seven. The 1-jet
and >2-jet POIs with pXf > 200 GeV are designed to be sensitive to new particles via
the gluon fusion loop, so they are combined together; the POIs in >2-jet category
satisfying pf < 120 GeV criterion have close kinematic properties and are poorly
measured, so are merged into one POI; the rest of the POIs remain the same. The
merging scheme is illustrated in Figure 4.4.

The expected results with the SM prediction are presented in Table 4.16. The
POI sensitive to BSM physics (i.e. >1-jet p > 200 GeV POI) has an expected
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Table 4.15: The expected absolute systematic uncertainties breakdown with the SM
prediction for ten STXS signal strength POIs. The second column presents all but
data statistical uncertainties, the third column shows data statistical uncertainties,
and the last column lists MC statistical uncertainties.

Uncertainty All systematics | Data statistics | MC statistics

STXS POI

0-jet 0.19 0.12 0.07
1-jet, pf €[0, 60] GeV 0.52 0.49 0.26
1-jet, p €[60, 120] GeV 0.37 0.49 0.23
1-jet, pi €[120, 200] GeV | 0.58 0.90 0.37
1-jet, p >200 GeV 1.04 1.60 0.60
>2-jet, pit €[0, 60] GeV 1.96 1.87 1.07
>2-jet, pif €[60, 120] GeV | 0.73 1.08 0.18
>2-jet, pH €[120, 200] GeV | 0.58 0.82 0.39
>2-jet, p >200 GeV 0.58 0.88 0.33
VBF-like 0.33 0.35 0.20

uncertainties of 1.007085, while the >2-jet pZ < 200 GeV POI is expected to be

1.0070:22 Therefore, this merging scheme is expected to produce significant results.

Since the uncertainties on the >2-jet pZ < 200 GeV POI are reduced signifi-
cantly below 100%, a new merging scheme is designed where this POI is split into
pif €[0,120] GeV and p¥ €[120, 200] GeV POIs. The expected uncertainties on
the first POI are 1.007}}%, and on the second the uncertainties are 1.00750;. The
uncertainties on the pXf €[0,120] GeV POI are significantly higher than 100% and

therefore this merging scheme is not preferred.

The correlation matrix for the seven POIs shows similar pattern (Figure 4.5) as

in the ten parameter case (Figure 4.6).
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Figure 4.4: A merging scheme of the STXS stage 1 ggF and the inclusive VBF
regions. Red boxes indicate which STXS processes are merged into new POls.

Table 4.16: The expected best-fit values and uncertainties of a simultaneous fit for
seven STXS signal strength POIs with the SM prediction, after a merging scheme
of POls is applied.

POI Total uncertainties

O-jet 1.00%0:33
1-jet, pH €[0, 60] GeV 1.00+9-70
1-jet, p €[60, 120] GeV | 1.0079:29
1-jet, pi €[120, 200] GeV | 1.00* 1!
>2-jet, pi €[0, 200] GeV | 1.00+572

>1-jet, pf >200 GeV 100558

VBF-like 1.00%54

The breakdown of the main contributions to the total uncertainties is presented
in Table 4.17. As it was seen in the ten POIs case (Table 4.15), the uncertainties of
the measurement have almost equal contributions from both data statistics and sys-

tematic uncertainties. The MC statistics are significant for all POIs. The theoretical
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Figure 4.5: Correlation matrix, in %, for the expected values of the STXS signal
strength parameters, presented in Table 4.16.

and experimental uncertainties have similar contributions. The largest theoretical
uncertainties are on the ggk signal, WW and top quark background processes’ es-
timation. The dominant experimental uncertainty is on jets. Large contributions

arise also from uncertainties on b-tagging and the estimation of misidentified leptons.

4.4.2 Observed results

The measured STXS signal strength parameters and cross-sections times branching
fraction, when a merging scheme is applied, are presented in Table 4.18. The SM
predictions for cross-sections and branching fraction are obtained from [14]. The
results show a good agreement with the SM prediction. The uncertainties are con-
sistent with the expected values (Table 4.16), except the uncertainties on the 1-jet
pi €[0, 60] GeV POI are decreased and the uncertainties on the >1-jet pZ >200
GeV POI are increased, which can be accounted mainly by the ggF theoretical un-

certainties. The ggF 0-jet region is the most precise, while one or more jets signal
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Table 4.17: Relative breakdown of the main contributions to the total uncertainty
(in %) for the expected STXS signal strength POIs with the SM prediction. The
individual sources are listed with an indent. The b-tagging uncertainty corresponds
to all uncertainties associated to the b-tagging algorithm; pile-up uncertainty consid-
ers only pile-up reweighting; and the combined jet uncertainty includes JES, JER,
JVT, and fJVT uncertainties. The systematic uncertainties correspond to all but
data statistical uncertainties.

Source 0-jet | 1-jet | 1-jet 1-jet >2-jet | =1-jet VBF-like
[0,60] | [60,120] | [120,200] | [0,200] | [200,00]
] | 8] | [%] (7] (%] (%] (7]
Data statistics | 54 68 80 83 69 83 73
CR statistics 32 36 24 15 32 10 22
MC statistics 32 36 38 34 31 31 41
Theoretical 52 43 31 35 29 37 31
ggF signal 34 15 16 15 15 14 5.3
ww 36 24 16 9.1 23 31 7.4
Top quark 23 25 17 26 12 15 26
Experimental 42 41 29 21 38 29 30
b-tagging 11 26 14 4.1 13 22 13
Pile-up 26 5.1 5.7 3.4 8.6 4.4 4.9
Jets 20 31 29 19 23 16 25
Lepton 19 2.7 4.2 2.3 3.6 4 3.8
Emiss 2 29 |48 11 15 7 9.6
Misidentified | 23 30 5.4 6.9 25 14 21
leptons

Luminosity 11 4.3 3.4 2.8 4.4 5.1 5.6
Systematic 83 73 60 56 72 56 68

strength parameters have uncertainties between 0.56 and 1.09.

The anti-correlations (in range [-33, -9]) are observed between neighbouring POIs
and between the ggF and VBF-like POls only (Figure 4.6), which is consistent with
the expected correlation matrix (Figure 4.5). The largest positive correlations are
between POIs, where each of them has a large anti-correlation with the third POI,
e.g. the correlation between the 1-jet pX €[120, 200] GeV and 1-jet pX €[0, 60]
GeV POls is due to their anti-correlation with 1-jet p¥ €[60, 120] GeV POI. The
0-jet and 1-jet p2 €[60, 120] GeV POIs are both strongly anti-correlated with the
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Table 4.18: The best-fit values and uncertainties of the STXS signal categories, when
a merging scheme is applied. The second and third columns show observed signal
strength parameters (usrxs) and cross-sections times branching fraction, respec-
tively, while the last column shows the expected SM cross-sections times branching
fraction [14].

HSTXS o - By ww= [pb] | 0 - By ww- [pb]

STXS POI observed | observed SM prediction
0-jet 1.20%033 | 7.0%13 5.8+ 0.4

1-jet, pi €0, 60] GeV 0.56798 | 0.8705 1.394+0.11

1-jet, pi €[60, 120] GeV | 1.07+32% | 1.0%9¢ 0.96 4 0.07
1-jet, pi €[120, 200] GeV | 1.207109 | 0.197517 0.158 £ 0.012
>2-jet, pi €[0, 200] GeV | 1257570 | 1.175¢ 0.87 +0.07
>1-jet, p >200 GeV 1471052 | 0.187013 0.122 + 0.009
VBF-like 0.957043 | L.771052 1.86 + 0.09

1-jet p €0, 60] GeV POI, which results in a positive correlation between these two
POls.

The main sources of uncertainties for this STXS measurement are shown in
Table 4.19. Data statistics and systematic uncertainties are the dominant sources.
The MC statistics are significant for all POIs. The theoretical and experimental
uncertainties are comparable in size. The dominant theoretical uncertainties are
associated to the modelling of the ggF signal, WIWW and top quark background
processes; all of them are similar in size and the dominant source depends on the
individual POI. The dominant source of experimental uncertainties is associated
with jets, where the impact of JES uncertainty is slightly larger than the impact
of JER. The other significant sources of experimental uncertainties are due to b-
tagging and misidentified leptons. The breakdown of uncertainties is consistent with

the expected breakdown (Table 4.17). The largest deviations are in ggF theoretical
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Figure 4.6: Correlation matrix for the measured values of the STXS signal strength
parameters, shown in Table 4.18.

uncertainties, which is expected since the ggF uncertainties are scaled with the
ggF yield. The observed higher/lower than the expected signal yield changes the
fraction of ggF' signal uncertainties accordingly as seen in Table 4.19. This explains
the difference between the expected and observed uncertainties of the 1-jet p2 €0,

60] GeV and >1-jet pXf >200 GeV POls.

The results of the STXS signal strength parameters with data statistics and

systematics breakdown are the following:
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Table 4.19: Relative breakdown of the main contributions to the total uncertainty
(in %) for the observed STXS signal strength POIs. The individual sources are
listed with an indent. The b-tagging uncertainty corresponds to all uncertainties
associated to the b-tagging algorithm; pile-up uncertainty considers only pile-up
reweighting; and the combined jet uncertainty includes JES, JER, JVT, and fJVT
uncertainties. The systematic uncertainties correspond to all but data statistical
uncertainties.

Source 0-jet | 1-jet | 1-jet 1-jet >2-jet | =1-jet VBF-like
[0,60] | [60,120] | [120,200] | [0,200] | [200,00]
] | 8] | [%] (7] (%] (%] (7]
Data statistics | 51 69 78 83 70 81 74
CR statistics | 31 |37 |25 16 25 9.4 18
MC statistics | 32 | 38 39 36 29 32 39
Theoretical 57 43 32 31 36 42 31
ggF signal 40 8.9 18 13 24 21 10
Ww 36 |27 16 9.2 24 30 8.3
Top quark 23 29 18 26 12 19 27
Experimental 44 44 33 24 34 30 31
b-tagging 11 29 14 41 13 20 14
Pile-up 25 4.3 1.7 3.2 6.1 4.9 5.6
Jets 20 |35 30 19 24 15 27
Lepton 19 3 4.2 2.3 3.8 3.8 4.3
E}”"SS 2 3.3 4.9 11 15 6.6 11
Misidentified | 20 24 3.8 3.2 21 11 18
leptons

Luminosity 13 2.6 4.5 2.1 5 3.7 5.3
Systematic 85 |73 62 56 71 59 68

ptet = 1.20 £ 0.12(stat.) £ 0.19(syst.) = 1.2075:23

o paocey = 0-56 £ 0.42(stat.) £ 0.45(syst.) = 0.56 5,63

Hoitegoranaey = 1-07 £ 0.45(stat.) & 0.36(syst.) = 10753

Hoitenso anocey = 1-20 £ 0.87(stat.) & 0.59(syst.) = 1.20* (]

>2-jet _ +0.71

P tosoocey = 1.25 + 0.48(stat.) £ 0.49(syst.) = 1.257 )¢5

f;ﬁmw — 1.47 £ 0.73(stat.) £ 0.53(syst.) = 1.4779:3

[AVBF-like = 0.95 4 0.32(stat.) & 0.29(syst.) = 0.95703



136 MEASUREMENT OF STXS IN H — WW*

Comparison with the Higgs combined measurement

The best to date ATLAS STXS measurement is obtained by a combined measure-
ment of the Higgs boson decay modes H — vy, ZZ*, WW?*, 77, bb, juu, searches for
decays to invisible final states, and the measurements of the off-shell Higgs boson
production [114]. The main channels which contribute to the Higgs ggF production
are H — vy and H — ZZ* — 4(, both measured using 79.8 fb~! integrated lumi-
nosity, and H — WW* — evurv and H — 77 which are both measured using 36.1
fb~! integrated luminosity. The H — WW* — evuv is obtained using the same
0-jet and 1-jet data as in the analysis presented in this thesis but the combination

analysis did not have a dedicated optimisation for the H — WW™ channel.

The results presented in this chapter are compared with the combined measure-
ment in Table 4.20. The results presented in this chapter have higher uncertainties.
However, the data set used to obtain this H — WIWW* STXS measurement is sig-
nificantly smaller than the ATLAS combined Higgs data set. It implies that the
H — WW* STXS measurement presented in this thesis is well optimised. More-
over, the H — WW™ contribution in the combination result [114] improved the
measurements of the ggF 0-jet and 1-jet pZ €[0, 60] GeV POIs by 19% and 14%,
respectively, while the remaining POIs were improved only by 1%-4% [115]. There-
fore, this measurement should be included in future combinations to improve 1-jet

and >2-jet combined measurements, especially at higher pl.

4.5 Conclusions

Measurements of Simplified Template Cross Sections (STXS) via the gluon-gluon
fusion (ggF') and vector boson fusion (VBF) modes in the H — WW* decay channel
have been performed using proton-proton collision data produced by the LHC at
\/s = 13 TeV and recorded by the ATLAS detector. Seven signal strength param-
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Table 4.20: The comparison of the H — WW* STXS measurement presented in
this thesis (second column) with the best to date ATLAS combined measurement
[114] (third column).

POI H — WW* 36.1 fb~' | Combined 36.1 - 79.8 fb"
O-jet 1.2010.28 1.20%013

L-jet [0, 60] GeV | 0.567061 0570757

1-jet [60, 120] GeV | 1.0710% 0.87*0 33

1-jet [120, 200] GeV | 1.2071:09 1.30705;

>2-jet [0, 200] GeV | 1.257071 1114530

>1jet >200 GeV | 1.47+09 2.0510%,

VBF-like 0.9570:43

eters and cross-sections times branching fraction corresponding to the STXS stage
1 regions are measured. The most precise measurement is of the ggF 0-jet param-
eter. The ggF >1-jet signal strength parameters are measured with uncertainties
between 56% and 109%. The VBF-like signal strength parameter is measured with
the average uncertainty of 44%. The results are consistent with the SM prediction.

The results can be improved by analysing a larger data set (e.g. the full ATLAS
Run 2 data set) or using larger Monte Carlo samples. The results are comparable
with the best to date ATLAS combined STXS measurement [114], which is per-
formed on a significantly larger data set. The inclusion of the optimised H — WW*
STXS measurement should significantly improve the combined results. The mea-
surement presented in this thesis can be used for Beyond Standard Model physics in-
terpretations, for example using Effective Field Theory (EFT) framework. The EFT
interpretation of these results in combination with H — vy and H — ZZ* — 4/

channels is presented in chapter 6.
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Chapter 5

Effective Field Theory analysis
methodology

Standard Model (SM) measurements, like the Simplified Template Cross Section
(STXS) measurement presented in the previous chapter, provide information about
the consistency with the SM and constraints on new physics. Constraints on new
physics can be obtained in a model independent way using the Effective Field Theory
(EFT) approach. The experimental analysis design for EFT interpretations was not
well established when the analysis for this thesis started: the first ATLAS EFT
interpretation [3] on combined Higgs data has only been performed as a part of this
thesis. Consequently, the EFT analysis methodology had to be developed and this

chapter is dedicated to present this work.

The main aspects of an EFT analysis are the following: the choice of an EFT
model (it is typically an implementation in a Monte Carlo (MC) generator); the
translation of MC samples into analytic EFT equations; a selection of a subset of
Wilson coefficients in case the available measurements are insufficient to constrain
a full set, which then requires an approach to account for the induced theory de-
pendence; and fitting EFT equations against a set of measurements. The choice of
an EFT model depends on the dimension of the EFT operators (section 1.2), the
order in QCD, and the basis (section 1.2.1). The MC samples have to be translated

139
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into analytic expressions since the domain of the Wilson coefficients is a continuous
subset of the real numbers rather than a discrete set, which would lead to an infi-
nite number of MC samples. Typically, only a subset of Wilson coefficients can be
constrained due to a limited set of available measurements. This induces a model
dependence, so a rigorous procedure must be developed to motivate the choice of the
subset of Wilson coefficients. This model dependence can be addressed by taking
into account the known constraints from other EFT fits or by the “Wilsons as func-
tions” method, proposed in this thesis. Finally, a fit is performed by maximisation
of a likelihood function.

The EFT models relevant to this thesis are introduced in 5.1. The procedure to
translate MC generator output into analytic expressions is discussed in two parts: a
translation based on couplings is described in section 5.2, while an original methodol-
ogy to account for the particle widths’ dependence on Wilson coefficients is explained
in section 5.3. It is followed by another original contribution in section 5.4, where
the “Wilsons as functions” method is proposed to account for the Wilson coefficients
removed from the fit. Finally, a general discussion on EFT analysis design is pre-
sented in section 5.5. Discussions regarding the selection of theoretical constraints
from other EFT fits and construction of likelihood functions are deferred to the
next chapter since the methodology is both relatively straightforward and analysis

dependent.

5.1 EFT models

Two EFT models are considered in this thesis: Higgs Effective Lagrangian (HEL)
[116], and SMEFTsim [117]. The models are implemented in the MadGraph_aMC@QNLO
(MadGraph) generator (section 1.4.3). Both models simulate the SMEFT (section
1.2.1) at leading order (LO) in QCD with dimension-6 operators and represent the

same physics. The main difference between these models is that the HEL is a par-



EFT ANALYSIS METHODOLOGY 141

tial implementation of the strongly-interacting light Higgs (SILH) basis [118], and
the SMEFTsim is written in the Warsaw basis [25] (section 1.2.1). The complete
renormalisation program was performed for dimension-6 operators in the Warsaw
basis only [14], which led to the development of the SMEFT at next-to-leading order
(NLO) in QCD in the Warsaw basis [119]. At the start of this analysis the HEL
model was the best available EFT implementation. Although EFT interpretations
in both the HEL and SMEFTsim models carry equivalent value, it is anticipated
that future EFT interpretations are likely to be performed in the Warsaw basis.
Therefore, this thesis presents interpretations using both the HEL and SMEFTsim

models. The models are introduced in this section.

5.1.1 Higgs Effective Lagrangian model

The Higgs Effective Lagrangian (HEL) model is a partial implementation of the
SILH basis at leading order in perturbation theory and includes dimension-6 opera-
tors [116]. The model contains 39 operators related to Higgs physics but only 37 are
linearly independent. The four-fermion operators are neglected in this implementa-
tion.

In the HEL model the Z boson mass my is also dependent on EFT parameters
in the following way:

cA - 8sin(fyy) + cWW - 2 cos?(fy) + cB - sin?(Oyy)
cos?(Ow)

2 _ 2

] (5.1)

where myz g is the SM Z boson mass, 6y is Weinberg angle and cT, cA, cWW and cB
are EF'T parameters. This dependence is important when the model is translated
into analytic expressions.

The HEL model uses the my,, agy, and Gg input scheme, where myy is the
W boson mass, ag) is the electromagnetic coupling constant, and G is the Fermi

constant, which are the fixed inputs to the model.
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5.1.2 SMEFTsim model

The SMEFTsim model is an implementation of the Warsaw basis at leading order
in perturbation theory and includes dimension-6 operators [117]. The model option
that is relevant to this thesis has a flavour symmetric U(3)° assumption including
non-SM CP violating phases. The U(3)° symmetry corresponds to the limit of
unbroken global flavour symmetry in the SM Lagrangian when Yukawa matrices
Y, 4. — 0'. All Wilson coefficients are scalar parameters [117].

The version of the SMEFTsim model used in this thesis employs the my,, mz,
and G input parameter scheme, where my, is the W boson mass, my is the Z

boson mass and G is the Fermi constant [117].

5.1.3 Generation of the samples

The parton level events are generated from the Matrix Elements using the MadGraph
generator with the EFT model implementation. The parton shower is generated
using the SM PYTHIA 8. The BSM dependence enters the process only via the
MadGraph generator. The BSM operators in parton shower would have a subleading

effect and would mainly affect vertices that do not contain the Higgs boson.

5.2 Creation of analytic expressions from MC sam-
ples

The continuous nature of the domain of the Wilson coefficients leads to the necessity
to translate the generator output into analytic expressions. The EFT Lagrangian is
expressed as a series of Wilson coefficients (section 1.2), which allows one to express
cross-sections and decay widths as a series of Wilson coefficients. The derivation of

EFT equations is described in section 5.2.1 and its validation is presented in section

Here each of the five U(3)s correspond to a symmetry for each of the five fermion representa-
tions: I, er, qr, dgr, ur [120].
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0.2.2.

5.2.1 Derivation of EFT equations

This section presents the mathematics and the theory behind the extraction of
EFT expressions. It is followed by a discussion of the treatment of the ratios of
these expressions. Finally, practical aspects of obtaining the expressions are briefly

reviewed.
Analytic expressions for cross-sections and decay widths

Let us consider the effective Lagrangian including dimension-6 operators O;, where
the dependence on Wilson coefficients enters only via the couplings (Einstein’s sum-

mation convention is used in this chapter?):
L =_Lgy—+ CiOiA_2 (52)

Since the effective Lagrangian is a sum of SM and BSM Lagrangian parts (Lpsy =
¢;0;A™?), the cross-section can be expressed as a sum proportional to pure SM, an

interference of SM and BSM, and a pure BSM matrix elements squared:
o o¢ | M| + 2Re{ Mgy Mg, } + [ Mpsar|? (5.3)

where Mgy, and Mpgy, are the SM and BSM matrix elements, respectively. The
|Mpsyr|? term has a suppression of A=* but it is the leading order term that is not
dependent on the SM amplitude and is the only term carrying the dependence on
CP odd operators which motivates keeping it in the equation.

Wilson coefficients, entering the effective Lagrangian in this form, are scaling
factors of BSM vertices of the Feynman diagrams. If up to N BSM vertices per

Feynman diagram are considered, then the matrix element has the following form:

M = MSM + Dilcil + Dimchcig +...+D Ciy---Ciy (54)

i1 iN

2Under Einstein’s summation convention the summation sign Y is omitted; the summation is
indicated by an index appearing twice in a single term. More information can be found in [121]
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where the constant prefactors D are complex numbers. The analysis in this thesis
considers only the leading contribution, when at most one BSM vertex per diagram
is allowed. Then the matrix element is linear in Wilson coefficients and equation 5.4
becomes:

In a basis where the Wilson coefficients are real, a quadratic equation is derived

by substituting eq. 5.5 into eq. 5.3:
O =0sM + Aici + Bijcicj (56)

where constant prefactors A;, B;; are real numbers. The prefactors A; and Bj;
are typically extracted from MC samples. The |Mpgy/|? term can be dropped by
neglecting the B;; coefficients.

A decay width has the same form as cross-sections:
I'= FSM + Aici + Bijcicj (57)

The equations [5.6] and [5.7] are the mapping from the EFT to any cross-section
or decay width, assuming that the Wilson coefficient dependence enters the La-

grangian via the couplings only.
Ratios of branching fractions

The Higgs boson decay modes are usually measured as a ratio of branching fractions.
The EFT parameterisation for a ratio can be expressed either as a ratio of EFT
equations or a polynomial using the Taylor expansion, where the latter ensures
that there are no zero values in the denominator. Here an example of the ratio of
branching fractions of H — vy and H — ZZ* — 4/{ is given.

The ratio of branching fractions of two processes is equal to the ratio of their
decay widths:

BF(H — vv) I'(H =)

BF(H — 22 > 4)  T(H — ZZ* — 40) (5:8)
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Using equation 5.7, let
D(H — yy) =Ty + Alei + Bl cicy (5.9)

and

T(H— ZZ* — 40) =T, + Af‘ci + Bl cic; (5.10)

Then substituting eq. 5.9 and eq. 5.10 into eq. 5.8 yields:

BF(H — Z7Z* — 40) Ty + Alfc; + Blfcic; '
The equation 5.11 is expanded using the Taylor expansion as follows:
BF(H — v7) - 'Ly, (1 Al¢;  Bjlcic; B A¥e B Blfcic
BF(H — ZZ* — 40) T, 'y 'Yy Iy ¥, 5 19
Al AYcic; A AY e (5.12)
+ 1 J (2 7 7 (3 )
Fonlsy — (T5)?

Implementation of EFT equation derivation

The EFT equations are derived by solving a set of linear equations for the variables
osm, A, and B;j. The Wilson coefficients are chosen freely and the cross-section or
decay width values are obtained from an MC generator. (N + 1)(1 + N/2) is the
minimum number of samples needed to produce one quadratic EFT equation with N
Wilson coefficients: one sample is needed for the SM value extraction, N samples for
A;, and N(N+1)/2 samples for B;; extraction. Since it is a linear problem, there are
several classical methods to obtain the solution, which correspond to different MC
generator configurations and potentially different precision given the same number
of generated events.

One approach is to solve the system using a matrix inversion method, called
Morphing [122]. In this case the samples are generated by setting a subset of Wilson
coefficients to non-zero values. It may require high statistics samples to separate A;

and B;; coefficients that are mixed in one MC sample.
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An alternative method, which is used in this thesis, is based on the idea of max-
imally decoupling variables in the EFT equations. In the context of the previously
discussed Morphing method, it is equivalent to constructing a close to diagonal ma-
trix that does not need to be inverted. This is achieved by producing pure SM,
SM-BSM interference, and pure BSM terms separately. As a result, ogy, A4;, and
B;;, where ¢ = j, can be retrieved directly, which reduces statistical uncertainties
since there is no mixing. The term B;;, where ¢ # j, is derived using equation 5.13,
where opgu2 is an output from MC generator, and Bii, Bsy are obtained by the

procedure described above.
opsaz = Biic} + Biacics + Basc; (5.13)

5.2.2 Validation of the equations

Translation of the MC samples into the EFT analytic equations relies on the as-
sumption that the equations are capable of predicting the cross-sections (or decay
widths) with the preferred precision. The validation is performed by comparing a
cross-section obtained directly with an MC generator with the one calculated using
the EFT equations. The MadGraph input propagator widths are set to the SM
values for both the production of the equations and the validation. The validation

procedure is described in this section.

Validation procedure

The validation is performed using the HEL model. The validation is performed on
the Simplified Template Cross Sections (STXS) stage 1 cross-sections (section 1.3)
and H— vy, H — ZZ* — 4/, and the total Higgs boson decay widths. Without loss
of generality, the following subset of seven Wilson coefficients is considered: {cA,
cG, cu, cWW, cHW, cB, cHB}, with a constraint cWwW+cB=0. The cWW+cB=0 constraint

is motivated by the constraint on the Peskin-Takeuchi S parameter [123, 124]. In
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the HEL model the Z boson mass my has a dependence on Wilson coefficients
(equation 5.1), and the EFT equations are derived such that they are consistent
with the SM mz measurements. As a result, the processes including Z bosons are
treated differently by choosing Wilson coefficient values such that my is consistent
with the SM uncertainties. Sets of randomly chosen Wilson coefficients’ values are
used to obtain cross-section and decay width values from both the generated MC

samples and the EFT equations.

The validation is separated in three versions based on the external constraints
and the required precision. The production processes are split into the kinematic
regions corresponding to the extended stage 1 version of the STXS framework [26].
Version 1 contains production and decay processes independent of my, (ggF, WH
where W decays into leptons, WH where W decays into hadrons, and ttH produc-
tions and H— ~v decay) and the total width of the Higgs boson since there the
my contribution is small. For each process 10 samples are generated using different
Wilson coefficient sets, where each sample contains 5-10° events. The versions 2 and
3 contain processes that include Z bosons. Version 2 consists of ZH where Z decays
into leptons, ZH where Z decays into hadrons, and VBF productions. 10 different
samples are generated for each process. Version 3 consists of H — ZZ* — 4¢ decay
since its deviations from the SM are very small and a large number of 1000 samples
is needed to verify the deviations and avoid significant statistical fluctuations. Each

sample in versions 2 and 3 has 5 - 10* events.

The dominant uncertainty is the MadGraph statistical uncertainty of < 1%, and
the difference between the predicted and generated cross-sections is found to be
Gaussian-distributed with respect to this uncertainty (Figure 5.1). The equations
for each STXS bin are determined to a statistical precision of < 0.01%, and are

therefore negligible. Several example cross-sections are shown in Table 5.1.



148 EFT ANALYSIS METHODOLOGY

o Frequency
e
-
T
|

—_
2
[N
T
1

-3 -2 -1 0 1 2 3

Number of o

Figure 5.1: The plot of the frequency of the difference between the STXS cross-
sections calculated with the MadGraph generator and those calculated with the EF'T
equations that is divided by the leading uncertainty - the statistical uncertainty on
the MadGraph calculations (o). Results are shown for ggF', WH where W decays
into leptons, WH where W decays into hadrons, and ¢fH production processes and
the H — vy decay process. The MadGraph generator calculations have a statistical
uncertainty < 1%.

Table 5.1: Example results of the validation of the EFT equations in the listed
STXS regions. The cross-section generated with MadGraph (o,4) is compared to
the cross-section obtained using the EFT equation (o.,). The two are consistent
within the statistical uncertainty on the MadGraph calculation (657%).

STXS region oMG/OsM | Oeq/0sm | 0554

g9 — H (> 2 jets, pif > 200 GeV) | 0.807 0.799 0.006
gg — H (> 2 jets, pif > 200 GeV) | 1.169 1.174 0.008
qq — Hlv (p¥ > 250 GeV) 1.001 1.001 0.001
g7 — Hlv (p¥. > 250 GeV) 0.944 0.944 | 0.002
g7 — Hlv (p¥. > 250 GeV) 1.392 1.390 | 0.002
99/qq — ttH 0.876 0.876 0.001
99/q — tTH 1.532 1533 | 0.002

5.3 Dependence on widths

In the previous section the derivation of equations was discussed in the case where

the input decay widths in the generator configuration are set to constant values.
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This assumption works well for small Wilson coefficient values. In this section the
cross-section dependence on the input decay widths is explored. The SMEFTsim
model is used in this case.

The SMEFTsim model in MadGraph has a dependence on Wilson coefficients
via the scaling factors of the vertices, input decay widths, and the other input
parameters, e.g. mz, Gr, agw, etc. For large Wilson coefficient values a significant
contribution comes from the change of the input decay widths. Empirical studies of
the Higgs STXS cross-sections have shown that in almost all cases the other input
parameters’ dependence on Wilson coefficients is insignificant. Figure 5.2 shows how
the linear parameterisation deviates from the MadGraph output of the SM and SM-
BSM interference parts, which are linear in case the input widths are set to constant

SM values and non linear otherwise.

Cross section
o
o
&

0.11- s - + + MG output
N — Linear parameterization

Figure 5.2: ZH production, where Z boson decays into leptons, cross-section de-
pendence on chD Wilson coefficient for a sample containing the SM and SM-BSM
interference terms. The solid green line shows the output of a linear parameter-
isation, where the input widths are set to the SM values, while the blue crosses
correspond to cross-sections directly generated with MadGraph, where the input
widths are estimated for the input Wilson coefficient values.

There are two main ways to derive the EFT parameterisation including the
dependence on widths: to fit each distribution to a K order polynomial (e.g. using

the Professor tool [125]), or use a function-of-function method, which is developed
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for this analysis. The function-of-function method is introduced in section 5.3.1.

5.3.1 Function-of-function method

Empirically, in the case of Higgs production cross-sections, the strongest dependence
on Wilson coefficients comes from two sources: via the scaling factors of the vertices
and via the decay widths of the intermediate particles. The idea of the method is first
to express a cross-section (o) as a polynomial of Wilson coefficients (¢;) assuming
the dependence on them comes only via the scaling factors of the vertices (i.e. the

case of constant propagator decay widths):
o =0gym + Aici + Bijcicj (514)

where ogys is the SM cross-section, and A;, B;; are constant prefactors. Then each

prefactor in this polynomial is expressed as a function of propagator widths (wy):

Following that, the decay widths are expressed as polynomials of Wilson coefficients:

wy, — wy(c;) (5.16)

Decay widths are mainly affected by scaling factors of the vertices and therefore
are polynomials (eq. 5.7). Finally, decay width equations 5.16 are substituted into
functions of decay widths 5.15, while the functions of decay widths are substituted
into the original equation of the cross-section 5.14.

In this study the SMEFTsim model is used. The SMEFTsim model has only
four decay widths as inputs - the Higgs, Z, W bosons, and the top quark. So, for
the last set of functions only four functions have to be calculated once and can be
used for any production.

The first function is the expression of a cross-section as a polynomial, where

Wilson coefficients come only via the scaling factors of the vertices, while other
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dependence is encapsulated in the prefactors:
o = osm(Aw,) + Ai(Awy)c; + Bij(Awy,)cic; (5.17)

where A;(Aw,), B;;(Aw,) are prefactors derived from MadGraph as functions of the
difference of particle widths for a given set of Wilson coefficients and the SM value
of the propagator (Aw,), and ¢; is a Wilson coefficient.

Without loss of generality, let us focus on the interference term of the SM and
BSM: A;(w,)c;. The prefactor A;(w,) is not restricted to be a polynomial but
empirically (from Higgs STXS studies) it is sufficiently well modeled by a quadratic

polynomial. Let
A(Aw) = A(0) + apAw, + byyAw,Aw, (5.18)

where A(0), a, and by, are constants determined using MadGraph generator, and p,
¢ indices indicate the iteration over the all four particle widths (Higgs, W, Z bosons’
and top quark’s). The decay width is not affected by itself, so it has a quadratic

form as in equation 5.7:
Wy = WSM,p + kpici + tpijcicj (519)

where wgas is an SM decay width, k,; and ?,;; are constant prefactors determined

using MadGraph generator. Then from eq. 5.19:
Aw, = w, — Wenrp = kpici + tpijcic; (5.20)
The only missing expression is ogy (Aw). Let:
osm(Aw) = ogp(0) + rpAw, + spAw,Aw, (5.21)

where 7, sg, are constant prefactors. The cross-section equation linear in Wilson

coefficients is obtained by substituting equations 5.18, 5.19 and 5.21 into equation
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5.17. Then the linear part in Wilson coefficients of the equation 5.17 is:

o= osu(0) (1 + OS;—p(O)Awp) + A;(0)¢;

(OFS M(O)
= O'SM(O) + Tpk:p,-ci + AZ(O)Cl
The new term that accounts for the propagator decay widths is rpkpc;. This com-
ponent is computationally simple: the index p is summed over the number of input
decay widths, which in the SMEFTsim or the HEL case is four, while k,; corresponds

to prefactors in the equation 5.20 of width’s dependence on Wilson coefficients, which

is calculated once for EFT model and can be applied for all equations.
Validation of the method

The method is validated by investigating ZH production, where Z boson decays into
leptons. The SMEFTsim EFT model with U(3)® flavour symmetry assumption and
my input scheme is used to produce the SM and SM-BSM interference cross-section.
Only the Wilson coefficient chD is considered. The ZH production cross-section
depends only on the Z boson width since the Higgs boson is a final state particle.

The equations 5.17, 5.18, 5.19 now become:

o = osm(Aw) + A(Aw) - chD (5.23)
osur(Aw) = o53(0) + ag - Aw + by - (Aw)? (5.24)
A(Aw) = A(0) +a- Aw+b - (Aw)? (5.25)

w = wgy + k- chD +t - chD? (5.26)

The chD in the eq. 5.26 is varied in range [-12, 12]. As a result, w in eq. 5.25 is

varied in range [2.4, 3.3] GeV based on y axis range in Figure 5.3.
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Figure 5.3: The Z boson width dependence on chD calculated using MadGraph.
The equation extracted from a fit to quadratic polynomial is printed on top of the
plot.

In this case both ogy/(Aw) and A(Aw) have the same dependence on the width

ay/osm(0) = a/A(0) and b,/ogp(0) =
b/A(0), so for the final result the dependence derived for ogp(Aw) is used in both

(deduced from MadGraph output), i.e.

cases. Figure 5.4 shows that modeling og)/(Aw) as a quadratic polynomial in Aw

is sufficient.

Equation: 0.017023*x"~2 + -0.145132*x + 0.408379
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Figure 5.4: The og)/(w) fitted to a quadratic polynomial. The equation of the fitted
polynomial is printed on top of the plot.
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Using this information and substituting equations 5.24 and 5.25 into 5.23, the

cross-section is:
g = (O'SM<O> —+ A(O) . ChD)(O'SM(O) + ay - Aw + bg . (Aw)2)/05M(0) (527)

Substitution of equation 5.26 into 5.27 yields a fifth order polynomial in chD.
Figure 5.5 shows that this polynomial agrees well with the direct MadGraph output
in the whole range. It also shows that assuming oy, is linear in widths (i.e. b, = 0),
the resulting cubic polynomial does not model the cross-section well for large chD

values, as expected.

0.17

014} -

Cross section
o
=1
w

0.11 E :
A 4 4 Direct MG output
0104 il — — Fifth order polynomial
: —— Cubic poly (width linear)
0-0975 =T -5 0 5 10 15

chD

Figure 5.5: The dependence of the ZH production cross-section on the chD co-
efficient. Fifth order polynomial (red dashed) derived using function-of-function
method is compared with the direct MadGraph output (propagator widths are cal-
culated by MadGraph) (blue triangles). Green solid line corresponds to a cubic
equation derived assuming ogy, is linear in propagator widths.

In the validation of this method only the SM-BSM interference terms are tested.
The resulting functions are higher order polynomials of chD than the neglected
pure BSM terms. The same procedure is applicable for any other prefactor, e.g. the

prefactors for pure BSM terms. In the final EFT equation, the terms that exceed
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the order of the highest suppression term, should be truncated. In the case of the

linear fit, the linearised version as in equation 5.22 is sufficient.

Comparison of function-of-function method with directly fitted polyno-
mials

If the generator output is parameterised by directly fitting it to polynomials, then
in the case of N Wilson coefficients one sample is needed for estimating the SM
cross-section, N samples to evaluate linear terms, N (N +1)/2 samples for quadratic
prefactors, and cubic terms contribute (N® + 3N? 4+ 2N)/6 additional prefactors in
a polynomial. For example, the derivation of one cubic equation with 10 Wilson
coefficients would require 286 MC samples.

In case the function-of-function method is used, the dependence on propagator
widths would be calculated only once for four particles (Higgs, Z, W bosons and
top quark). In the case of the Higgs boson production, only VBF, WH and ZH
production modes depend on these widths: VBF - on Z and W bosons’ widths,
while WH only on W boson’s width, in the ZH case - only on Z boson’s width. The
equation of one width has 1+ N (N +3)/2 prefactors (when modelled as a quadratic
polynomial). In order to estimate a prefactor’s dependence on propagator widths,
two additional MadGraph samples are needed when the dependence is on one width
(one for a, and one for b,, in eq. 5.18), and five are needed when the dependence is
on two widths (two for a, and three for by,). The first EFT equation dependent on
two widths would need (14 N)(1+5)+2(1+ N(N +3)/2) samples, while any other
equation would only need (1 + N)(1 + 5) samples since the width equations have
to be calculated once. In case pure BSM terms are included, (1 4+ 5)N(N + 1)/2
additional samples would be needed. In the case of a cross-section consisting of SM
and SM-BSM interference terms with 10 Wilson coefficients, 193 prefactors would
be needed for the first EFT equation. Each additional equation would need only 11

samples in case it does not depend on propagator widths (e.g. ggF'), 33 samples if it
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depends on one propagator width (WH, ZH, ¢ttH), or 66 samples in case it depends
on two particle widths (VBF).

In the discussed example, the function-of-function method is slightly more accu-
rate (Figure 5.6) than a direct fit to a polynomial and for larger number of equations
requires significantly smaller number of samples. This method could also be bene-

ficial for estimating uncertainties due to truncation of higher order terms.
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Figure 5.6: The dependence of the ZH production cross-section on the chD coeffi-
cient. Fifth order polynomial (red dashed line) derived using the function-of-function
method agrees with the direct MadGraph output (blue triangles) slightly better than
the fitted cubic polynomial (green solid line).

5.4 The “Wilsons as functions” method

One of the main objectives of the EFT is model independence. Satisfying this
condition becomes problematic when a limited set of measurements is available.
Consequently, the full set of Wilson coefficients entering EFT equations cannot be
constrained by this set of measurements. A general procedure often applied is to
select of a subset of Wilson coefficients, which can be constrained by the available
set of measurements, while the rest of the coefficients are set to zero. This pragmatic
choice induces model dependence unless the removed set of parameters is motivated

by other measurements, where these Wilson coefficients are highly constrained. In
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the scope of this thesis an alternative approach is developed, which is introduced in
this section.

The idea of the method is to include the other Wilson coefficients, which are
otherwise set to zero, by defining them as random variables independent of the fitted
coefficients. The final result is presented as a function of these EF'T coefficients and
can be reused in the future when other measurements and constraints on these
Wilson coefficients are available. In addition, this method can also be used to
estimate the uncertainties on the analysis approach when parameters are set to

zero. The method is derived in the following section.

5.4.1 Mathematical derivation of the method

The EFT analysis can be performed either using complex likelihood functions con-
taining the full information on individual uncertainties or using finalised measure-
ments when only the total uncertainty is available. In the latter case the EFT
likelihood function is constructed from a multivariate Gaussian distribution [126]:

exp(—L(@ - d)'E (@ - d))

G(x) =
@) (2m)*( 3|

(5.28)

where x is a k£ dimensional vector, d is a vector of its mean values, and X is a
covariance matrix with |X| as its determinant. In the EFT case d is a vector of
a measurement’s values’ deviations from the SM values, where k is the number of
measurements, and x is a vector of EFT equations.

The negative log likelihood is:
—2logL = (x —d)' X' (x — d) + const (5.29)

Let us denote M = 7!, and let us consider the case where linear EFT parameter-

isation is used?, so we express £ = Ac, where A is a linear mapping from Wilson

3By the construction of the EFT, linear EFT parameterisation provides the leading EFT con-
tribution.
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coefficient space to the measurement space, and ¢ is a Wilson coefficient vector. A
is a matrix, which is not necessarily a square matrix, therefore not invertable in a

general case. Consequently, the likelihood becomes (ignoring the constant terms):
—2log L = (Ac — d)"M(Ac — d) (5.30)

The most likely Wilson coefficient values are obtained by minimising the negative

log likelihood in eq. 6.2. The likelihood in eq. 5.30 can be differentiated with respect

to c:
J(—log L)
B P = A;fijjn(Anmcm —dy) (5.31)
which leads to:
= ATMAc—- A"Md =0 (5.32)
= ATMAc=A"Md (5.33)

The solution for the Wilson coefficient vector is:
c=(A"TMA)*A"Md (5.34)

Note: (ATMA)™' # A'M~'(A")~! since A is not a square matrix in general
case and therefore the inverse is not defined.
Uncertainties are retrieved from the correlation matrix (A" M A)~!, which is an

inverse of the Hessian.

The equation for the un-fitted Wilson coefficients

In this section the result of the likelihood fit will be expressed as a function of the
un-fitted Wilson coefficients.

First, let the EFT vector  be expressed as:

x=Ac+ A'c (5.35)
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where ¢ is a vector of Wilson coefficients which are floating and fitted in the fit,
c’ is a vector of Wilson coefficients which are assumed to be unknown random
variables (which would be set to zero otherwise), and A, A’ are their corresponding
mappings from Wilson coefficient space to the measurement space. This method
targets the evaluation of model dependence rather than a combination with other
measurements, so to ensure that external measurements of ¢ are not included, the
following condition:

dei _ (5.36)

de -

is applied. Let us also assume that P(c’) is a probability function for ¢’s. The
likelihood function is constructed from the distribution function of the data & and

the external information about the un-fitted Wilson coefficients:
L= P(x)P(c) (5.37)

Assuming the data is distributed as a multivariate Gaussian distribution (eq. 5.28),

we substitute eq. 5.35 into eq. 5.28 and it yields:

;_ exp(—%(AC + A'd —d)"E 7 (Ac+ A'd - d>>P(c’) (5.38)
(2m)*|%

: de! dP(c’
Since 5+ = 0, then %

T = 0. As a result, the negative log likelihood function
J

becomes (ignoring constant terms and the terms which do not depend on ¢):
—2logL = (Ac+ A'c —d)"M(Ac+ A'c’ — d) (5.39)

which is independent of external conditions on ¢’.
The equivalent interpretation of the equation 5.39 is that the floating Wilson
coefficients ¢ are fitted to the data, which is corrected by the un-fitted Wilson

coefficients instead of directly to data d:

d—d— A’ (5.40)



160 EFT ANALYSIS METHODOLOGY

Substituting eq. 5.40 to eq. 5.34* yields that the fitted Wilson coefficient vector
is:
c=(ATMA)'A"M(d - A’c)
(5.41)
=(ATMA)'A"Md - (ATMA)'A"MA'c
which is a linear function of ¢’. Let us denote the prefactors of the un-fitted Wilson

coeflicients as K:

K=—-(ATMA)A"TMA’ (5.42)

There is no correction for the Hessian uncertainty on ¢ since the Hessian does

=0:

not change because of 5

/
dc;
Cj

9%log L(c,¢’)  9log L(c)
Ocj(?ci N 8cjaci

(5.43)

The eq. 5.41 can also be used to evaluate the uncertainties on the assumption

when un-fitted Wilson coefficients are set to zero.
Practical application of the “Wilsons as functions” method

For a single coefficient ¢y eq. 5.41 is:
Co = Wy + Z kzc; (544)

where wy is its central value and k; = Ky;. It can be seen either as a linear equation
of multiple variables or as a hyperplane.

The evaluation of uncertainties of ¢, depends on the distributions of ¢;. If ¢, are
uniformly distributed, e.g. within +b; where b; is a real number, then the correction

is max (>, kic}):
max( 3 kic;> =3 [kibil (5.45)

In practice this would be the case when no additional information is known about

the ¢, and its maximum expected range (typically ~10 or 47) is used.

4Minimisation with respect to a subset of random variables is allowed as described in [127].
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In case the ¢, are Gaussian distributed, then ), k;c} is treated as a sum of
Gaussian variables and added in quadrature®. In practice the Gaussian constraints
are likely to come from an external global fit.

In case there is a mixture of uniform and Gaussian distributed variables, the new

uncertainty is:

m N—m

where 02 is uncertainty of ¢y obtained from the Hessian matrix, m is the number of
un-fitted Gaussian distributed coefficients and o; are their standard deviations, N
is the total number of un-fitted coefficients, b; are the upper/lower limit of un-fitted
uniformly distributed coefficients.

The shift of the central value is obtained by substituting central values to equa-

tion 5.44.

5.5 Discussion

The main four aspects of an experimental EFT analysis are the choice of measure-
ments, the modelling of an EFT, accounting for the coefficients which cannot be
constrained by the given set of measurements, and a construction of a statistical
model. The measurements in this thesis are seen as a model independent source of
information about Higgs physics and are not optimised for a specific EFT model®.
Here EFT is used as a framework to interpret the measurements rather than tune
the measurements for a specific EF'T model. There are two main reasons for that:
the main reason is that EFT is model independent and can be used to test specific

theoretical models, and the secondary that the current tools are available at LO only

5For correlated ¢’ the addition in quadrature would contain a correlation matrix.

5Here an EFT model refers to a version of EFT where the versions may differ by the basis,
order in QCD, dimensionality of operators, etc. While model independence in the context of EF'T
refers to no preference to a specific physics model.
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and before there is a concrete reason to prefer certain parameters (like cH is section

1.2.1), it is preferred to measure cross-sections independently of EFT models.

Conceptually the modelling of an EFT is quite well defined since the aim is for
it to be as general as possible. The aspect which is discussed in this thesis is that
of obtaining analytic equations from the MC samples. This chapter discussed how
analytic EF'T equations are obtained when EFT dependence enters both via the
couplings and the propagator widths, where the latter is developed as part of this
thesis. This aspect requires mathematical rigour rather than particular assumptions

about physics.

The remaining two aspects: accounting for the un-fitted EFT parameters and
the construction of a statistical model depend on assumptions about physics. After
the development of the “Wilsons as functions” method (as part of this thesis), the
discussion about model dependence became rather straightforward. In case the un-
fitted Wilson coefficients are set to zero, there might be a strong model dependence
induced and the results correspond to only a subset of physics models. More accurate
constraints can be obtained using the “Wilsons as functions” method, where the
results can be used for any set of theory interpretations, only limited by the EFT

model.

The likelihood function is defined based on the statistical modelling of the mea-
surements. The deviations from the SM are parameterised with Wilson coefficients.
The additional external knowledge about the Wilson coefficients would typically
enter the likelihood function as a multiplicative factor. For example, propagator
widths depend on the Wilson coefficients while the analytic EFT equations (as well
as the EFT models used to derive these equations) do not contain a priori informa-
tion about the known constraints on the propagator widths (in the case of the models
used in this thesis: the Higgs, W, Z bosons’ and the top quark’s widths). Typi-

cally EFT fits do not include this information about propagator widths, therefore
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the resulting constraints on Wilson coefficients include a subset of physics models,
which are not compatible with the known constraints on propagator widths. This
motivates a careful construction of the likelihood function. The two choices which
have to be made are whether the dependence on propagator widths in the EFT equa-
tions is included and whether the known constraints on propagator widths and their
dependence on Wilson coefficients are added to the likelihood function as external
constraints. This well illustrates how the construction of the likelihood function
corresponds to different physics models and that the external constraints should be
consistent with the EFT modelling.

In case both the dependence on propagator widths in the EFT equations and the
external constraints on the widths are not included, the fit results would correspond
to a set of models where propagator widths are close to the SM values. In case
the dependence on propagator widths is included in the EFT equations without
an additional information about the existing constraints on the propagator widths,
the fit results would include the models which are inconsistent with the known
measurements of the Higgs, W, Z bosons’ and the top quark’s widths. If the external
information about the widths is included in addition, this restricts results to the
models which are consistent with the measurements of particle widths. Finally,
in case the external constraints on propagator widths are included but the EFT
equations are produced assuming the SM widths, theoretically this is an inconsistent
modelling (practically it depends on the uncertainties on propagator widths).

In the case of a global fit, the MC samples should be translated into analytic
expressions including full dependence on Wilson coefficients via couplings, propaga-
tor widths, other parameters, and all available (and not-overlapping) measurements
should be included. While in the case of local fits, the construction of a likelihood

function should reflect the ultimate aim of the interpretation.
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Chapter 6

Effective Field Theory
interpretations

The Simplified Template Cross Section (STXS) measurements, like the one presented
in chapter 4, are a source of information about the limits on new physics, especially
via the Higgs couplings. Moreover, the STXS framework includes kinematic regions
sensitive to Beyond Standard Model (BSM) physics, and the cross-sections are mea-
sured at particle level (section 1.4.2), so BSM Monte Carlo (MC) predictions do
not require computationally intensive detector simulation. The Effective Field The-
ory (EFT) framework offers an interpretation of these measurements in a model
independent way. This chapter presents EFT interpretations of the combined Higgs
boson measurements in the STXS framework using the methodology presented in

chapter 5.

This EFT analysis targets the modifications of the Higgs boson couplings to
strong and electroweak gauge bosons, and to the top quark. The constraints on
EFT coefficients are obtained using the SMEFT (section 1.2) EFT with dimension-
6 operators, written in the strongly-interacting light Higgs (SILH) and Warsaw
bases (section 5.1). The corresponding models in these bases are the Higgs Effective
Lagrangian (HEL) and SMEFTsim (section 5.1), respectively. The interpretation

is performed on the combined H — vy and H — ZZ* — 4/ channels and the

165
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combination of H — vy, H — ZZ* — 4¢ [26], and H — WW?* (chapter 4) STXS
measurements. In addition, an EFT analysis performed on public measurements is
compared with a fit to event yields, which contains full experimental information,
available to the ATLAS Collaboration only.

This chapter presents the first ATLAS EFT interpretation of the combined Higgs
measurements. Constraints on an effective Lagrangian from the combined H — ~v
and H — ZZ* — 4{ channels are obtained using the HEL model. This work is made
public in an ATLAS note [3] and presented in section 6.1. In order to evaluate if
any useful information is lost when an EFT interpretation is performed on a public
measurement instead of using the full ATLAS information, the EFT interpretation
of the H — vy and H — ZZ* — 4¢ STXS measurements [26] with the HEL model
is made public in a LHC Higgs Cross Section Working Group public note [5] and
described in section 6.2. The availability of the new SMEFTsim EFT model led to
the interpretation of the same STXS measurements, which is presented in section
6.3. Finally, the EFT interpretation is performed using the SMEFTsim EFT model
on the combination of the H — WW* STXS measurement with the H — ~v and
H — Z7* — 40 STXS measurement. This interpretation is described in section 6.4.
The interpretations are summarised in Table 6.1. All EFT interpretations presented
in this chapter are performed as part of this thesis. A general discussion about EFT

fits is presented in section 6.5.

6.1 EFT interpretation of the H — vy and H —
47 — 40 combined channels using the HEL
model

This section presents the first ATLAS EFT fit to the combined H — ~y and H —
Z7* — 40 channels. A dedicated analysis design is created for this study, which

was later used in other studies beyond this thesis. This includes a selection of a
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Table 6.1: Summary of the EFT interpretations presented in this chapter.

Channel Fit to EFT Sections | Made
model public

Full ATLAS informa- | HEL 6.1 3]

H — 7y and tion

H—Z7* -4
Public result [26] HEL 6.2 5]
Public result [26] SMEFTsim | 6.3 -

H — ~v, H — | Public result [26] and | SMEFTsim | 6.4 -

Z7* — 44, and | the measurement per-

H—WW* formed for this thesis

subset of Wilson coefficients, derivation of dedicated EFT equations, and multiple
validation tests. The results are made public in [3].

The presentation of the analysis starts with the data set used for the interpre-
tation, which is described in section 6.1.1. The production of EFT equations is
presented in section 6.1.2. Section 6.1.3 describes how a full set of Wilson coeffi-
cients is reduced to a subset that is later used in the analysis. Finally, the fitting
procedure is described in section 6.1.4, and the results of the fit are discussed in

section 6.1.5.

6.1.1 H —yyand H — ZZ* — 4( combination

The combination of H — vy and H — ZZ* — 4 ({ = e or pu) decay channels
is obtained using 36.1 fb~! of proton-proton collision data recorded at the ATLAS
experiment at the LHC at a centre of mass energy of /s = 13 TeV during the
period 2015-2016. The analysis is performed for ggF, VBF, VH, and ¢tH production
processes [26].

The H — ~~ analysis consists of 31 exclusive event categories, and the H —

Z 7" — 4¢ analysis consists of 9 event categories. The categories are defined such
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that they are enriched in the Higgs boson production modes and the kinematic
regions corresponding to STXS categories. More details of the experimental analyses
are given in [128] and [129].

The event yields are classified into extended STXS stage 1 categories, where the
stage 1 kinematic regions in the q¢ — Hqq (VBF + VH where V decays hadroni-
cally) category are split into pure VBF production, W(— ¢¢')H, and Z(— q¢')H

productions [3].

6.1.2 Production of EFT equations

The EFT processes are simulated at leading order (LO) QCD accuracy using the
MadGraph5_aMC@NLO program (section 1.4.3) with the HEL model implemen-
tation and the NNPDF2.3 PDF set [95]. The parton shower is simulated using
PYTHIA 8 (section 1.4.3) with CTEQ6L.LHpdf PDF set [130]. The ggF produc-
tion is generated with up to two jets in MadGraph5_aMC@NLO, and matching is
performed using the MLM matching scheme (section 1.4.2). A dedicated quadratic
EFT parameterisation is produced for the extended STXS stage 1 categorisation
based on the principles described in section 5.2.1. The parameterisation is made

public in [5].

6.1.3 Parameter reduction in the HEL model

This analysis considers only dimension-6 operators since dimension-5 operators vio-
late lepton and baryon number conservation, while higher than dimension-6 opera-
tors are suppressed by higher powers of suppression scale A. The data set considered
in this analysis is still insufficient to constrain the full dimension-6 operator set and
therefore the operator set has to be reduced.

Each production and decay process is affected by a subset of EFT operators,

which depends on the vertices in that particular process. In consequence, if all the
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vertices associated with a certain Wilson coefficient are not present in the process,
these Wilson coefficients do not enter the EFT equations. These Wilson coefficients

are removed from the full Wilson coeflicients’ set first.

In the HEL model, at LO, 15 dimension-6 operators reduce to SM Higgs in-
teractions through H — wvev (vacuum expectation value) and are not directly con-
strained by precision electroweak data. Four CP-odd operators (O, = |H |2G;‘VC~}AW,
O, = |H]?B,,B", Opgw = i (D'H) ¢*(D*H)W?,, Oyp = i (D*H)' (D'H)B,,)
are neglected since they do not have any SM and BSM interference contribution to
STXS. The operators Oy = y|H|*L,Hlr and Oy = y4|H|?QHdg correspond to
lepton and down-type Yukawas, respectively, and they are not directly constrained
by the H — ZZ* — 4¢ and H— v processes. The operator Oy = (HTH)3 corre-
sponds to di-Higgs production and has a negligible contribution to STXS. Operator
Oy = % (O*|H |2)2 normalises the Higgs field and produces a global change in rates,

which is not well constrained with the current precision of the data. These operators

are not included in the fit [5].

At LO, the Peskin-Takeuchi S parameter [123] is proportional to cWW+cB, where
the corresponding operators are Oy = £ (H'o*D*H) D*W}, and Op = § (H'D*H) 9" B,
[124]. The S parameter is constrained by the precision electroweak data, so the lin-

ear combination cWW+cB is set to 0 and a linear combination cWW—cB is used in the

fit.

The remaining operators are {O,, O,, O, Ouw, Oup, Ow, Op} and their
expressions are listed in Table 6.2. The HEL model implementation redefines the
Wilson coefficients into the dimensionless parameters as indicated in Table 6.2 with
monospace typing. This EFT analysis aims to constrain the following set of HEL

parameters corresponding to the EFT operators: {cG, cA, cu, cHW, cHB, cWW—cB}.
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Table 6.2: The HEL model operators constrained by the fit for EF'T parameters and
their relevant vertices.

Operator | Expression HEL coefficient | Vertices

o, |H|*G, G cG = %CQ Hgg

o, |H|*B,,, B" cA = e, Hyy,HZZ
O, vu|H*tyHug+ h.c. cu = v2%¢, Htt

Ouw i(DrH) o (DVH) W, | B = ™Yepy | HWW, HZZ
Ous i(D*H)' (D"H)B,, | cHB = mjv cnp | HZZ

Ow i (H aD“H) D'We, | cii="¥ey | HWW,HZZ
O i (H'D"H) 0B cB="We; | HZZ

6.1.4 Statistical modelling

The set of six EFT parameters {cG, cA, cu, cHW, cHB, and cWW—cB} is fitted to event
yields in the extended STXS stage 1 categories and using the data set described in
section 6.1.1. In this section the fit configuration and its validation are explained,

and the evaluation of uncertainties is described.

Fit configuration

The statistical procedure for the EFT analysis is similar to the statistical procedure
described in section 4.1.1. In the H — ZZ* — 4/ case the number of events in each
bin is modelled with a Poisson distribution. The H — =~ categories are modelled
either as Poisson variables or are described with the unbinned likelihood function
based on the number of data events in the bin. The likelihood function includes
the modelling of background processes and the full information about individual
The fit is performed to obtain the most

theoretical and systematic uncertainties.

likely values for the EFT parameters.
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Validation of the fit: the fit bias test

The fitting procedure relies on the minimisation algorithm’s ability to find the correct
minimum with the uncertainties much smaller than the total uncertainties on the
parameters of interest. The uncertainties are tested by injecting artificially produced
data sets, which are generated using the EFT equations and randomly generated
sets of EFT parameters. Data sets generated in this way are not contaminated with
the fluctuations induced by the mapping of MC samples to EFT equations, and
directly tests the fit’s ability to find the correct minimum. The goodness of the
fit machinery is determined based on the absolute value of the difference between
the fitted and the injected values divided by the uncertainty of the fitted value; let
us denote this ratio as f. The fit’s tolerance is set to 1077, where the tolerance
indicates when the fit should stop iterating. The tolerance is defined to be the
maximum expected distance to the minimum in the parameter space. The results
are presented in Figure 6.1, where 1000 artificially produced data sets are used. A
reliable fit machinery should produce low f values, preferably smaller than 1072
Less than 1% of fits to these data sets do not satisfy this criterion since the fit failed
to reach the requested tolerance. The results based on the remaining 99% of the
data sets show that f value is typically between 1072 and 1073. The fits presented
later in this section are required to satisfy the tolerance bound to ensure there is no

significant fit bias.

Derivation of uncertainties from negative log-likelihood scans

The uncertainties are estimated by performing a negative log-likelihood L scan,
where —21In L = 1 corresponds to 1o deviation. Event yields are modelled as Poisson
variables, which at large enough yield values can be approximated as Gaussian.
Therefore, when a quadratic EFT parameterisation is used, a stable negative log-

likelihood scan is expected to be a quartic polynomial. In the case of double minima,
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Figure 6.1: Fit results to STXS values corresponding to non-zero input EFT pa-
rameters using the HEL model. Shown is the base-10 logarithm of the absolute
value of the difference between the measured and injected values, divided by the
measurement uncertainty, for the EFT parameters (a) cG, (b) cu.

the solution that is closer to the SM value is chosen.

6.1.5 Fit results

The most likely EFT parameters’ values and their uncertainties are presented in
Figure 6.2 and Table 6.3. The uncertainties on EFT parameters are estimated
using negative log-likelihood scans in Figure 6.3. The correlation matrix of the EFT
parameters is presented in Figure 6.4.

The central values of the EFT parameters are consistent with the patterns ob-
served in the STXS measurements in [26]. The coefficient cG is measured close to the
SM value since the inclusive ggF production cross-section is measured close to the SM
value [26]. The ratio of branching fractions BR(H — ~v)/BR(H — 4/) is measured
below the SM expected value, leading to a positive cA since BR(H — ~vvy)/BR(H —
40) — 1 o< —cA to first order in the coefficients; the measured VBF cross-section is
above the SM expected value, leading to a positive cWW and a negative cHW, since

0(VBF)/osy(VBF) —1 = cWW — cHW; and the measured ttH cross-section is below
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the SM expected value, leading to a negative cu since o(ttH)/ospy (ttH) —1 & cu to
first order. Also, the coefficient cu has asymmetric uncertainty since in Figure 6.3
(c) the negative log-likelihood scan has a local maximum below 1o line, and the

solution closer to SM value is quoted.

Observed HEL constraints with H - ZZ*and H - yy SM expected HEL constraints with H - ZZ*and H - yy

I f I I I
: ATLAS Preliminary ATLAS Preliminary

f
4 4
cG[107] . Vs=13TeV, 36.1 fb cG[107] - Vs =13 TeV, 36.1 fb"

I
u

cu

cu -
cHW [ 107] -
CWW - cB [ 107] - CWW - cB [ 107] -

1 i 1 1 i 1
-2 0 2 -2 0 2
Parameter value Parameter value

(a) (b)
Figure 6.2: The (a) observed and (b) SM predicted best-fit values and 68% C.L.

intervals for the six-parameter fit to the event yields. The presented results are
produced by the author of the thesis and are made public in [3].

cHW [ 10™]

Compared to the SM expectation, the sensitivity to the dimension-6 HVV (Higgs
and vector bosons) couplings (cHW, cHB, cWW-cB) is higher because the measured VBF
cross-section is higher than (though still compatible with) the SM prediction [26].
For the ttH coupling cu the observed sensitivity is lower than expected since the low
observed yield [26] effectively removes the degeneracy and gives a flatter negative
log-likelihood profile.

Figure 6.5 demonstrates EFT parameters’ individual impacts on the STXS re-

gions. The value of each parameter is set to the expected ~ +10 deviations assuming
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Table 6.3: The fit values and 68% C.L. uncertainties from the fit for six EFT pa-
rameters using the STXS stage 1 framework to relate the data to the parameters.
The observed and SM expected results are shown. The results are produced by the
author of this thesis and the table is made public in [3].

Operator | Fit result (observed) Fit result (SM expected)
o, cG = —0.057027 x 107* | ¢G = 0.0070:38 x 10~
O, cA =032 x 107 cA=0.0"25 x 107

O, cu= —0.50"0% cu = 0.007)2

Onw cHW = —0.052 4 0.028 cHW = 0.0007003

Oup cHB = 0.026 & 0.077 cHB = 0.007014

Ow, Op | cWW — cB = 0.078 4 0.049 | cWW — cB = 0.0007 01

the SM. The similar shape and amplitude impact profile of the coefficients cHW and
cWW — ¢B results in strong anticorrelation of these coefficients (Figure 6.4).

The EFT parameters {cHW, cHB, cWW-cB} can be further improved by including
other VBF Higgs measurements and H — WW* decays. Tighter constraints on cu
can be obtained by including measurements of ¢tH production in other Higgs boson

decay channels.

6.2 Fit to STXS measurements using the HEL
model

This section presents the fit to the ATLAS STXS measurement [26] using the HEL
model. This ATLAS STXS measurement consists of 11 measurements. Unlike in
the previous section, in this case only combined information about the uncertainties
is known. The EFT is parameterised in quadratic equations as before. This study
investigates whether there are advantages to constraining the EF'T parameters using
full ATLAS information versus using the already available public results derived from
the same data set. The results are made public in [5].

The measurement used in this analysis is described in section 6.2.1. It is followed
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Figure 6.3: The observed (solid) and SM expected (dashed) profiled negative log-
likelihood scans for the six-parameter fit to the event yields. The parameters are
(a) cG, (b) cA, (c) cu, (d) cHW, (e) cHB, and (f) cWW — cB. The plots are produced
by the author of this thesis and are made public in [3].
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Figure 6.4: The observed correlation matrix from six-parameter fit using HEL model.
The plot is produced by the author of this thesis and is made public in [3].
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Figure 6.5: The values of modified STXS regions, relative to the SM, for ~ +1c0
expected SM values of cG (3 x 107°), cA (3 x 107%), cu (0.25), cWW — cB (0.06), cHW
(0.04), and cHB (0.15). The STXS regions have been modified by merging all ggF
regions, which are affected in the same way by all parameters, and by merging V H
categories with p¥. > 150 GeV (“high p}¥” and “high pZ”). The plot is made public
in [3].

by statistical modelling in section 6.2.2, and finally the results are discussed in

section 6.2.3.
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6.2.1 The combined STXS measurement

The combined ATLAS STXS measurement [26] is performed on the data set de-
scribed in section 6.1.1. This data set is not sensitive to the full STXS stage 1
categorisation, as a result a merging scheme was constructed. The merging scheme
is designed to increase sensitivity to SM production and minimise correlations. The
ggF two or more jets regions with p# < 200 GeV are merged together. The ggF
one or more jets regions with pZ > 200 GeV and VBF regions with the leading jet
pr = 200 GeV are used to define two quantities: one corresponds to the sum of
the three regions, while the other is defined as the difference of ggF regions and the
VBEF region. VBF regions with the leading jet pr < 200 GeV are merged. All VH
categories are merged into one; also ttH and tH productions are combined together.
The merging scheme is summarised in Figure 6.6.

Eleven STXS measurements are produced and the results are summarised in
Figure 6.7. The 11th measurement corresponding to the difference between ggF
pi > 200 GeV and VBF leading jet pr > 200 GeV is 1.7ﬂ:g pb and is not presented

in the plot due to the low experimental sensitivity.

6.2.2 Statistical modelling

The likelihood fit is constructed from a multivariate Gaussian distribution:
_oxp(h@—d)'S (@ - d)

G(x
@) (2m)*( 3|

(6.1)

where x is a k dimensional vector corresponding to EFT equations, d is the vector
of measured STXS values, and X is a covariance matrix of the STXS measurement
and |X| is its determinant. The negative logarithm of the likelihood function in

equation 6.2, where L(x) = G(x):
—2log L(x) = (£ —d)" 7 (x — d) + const (6.2)

is minimised using the RooFit data analysis framework [131].
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Figure 6.6: The merging scheme of the STXS stage 1 regions applied for the Higgs
combined measurement presented in [26]. The regions enclosed by the red boxes
are merged, unless there is a £ sign which indicates the sum and the difference of
enclosed regions. The plot is taken from [26].

6.2.3 Fit results

In the fit to these STXS measurements, only five parameters are constrained (Fig-
ure 6.8) since the sensitivity to one of the parameters cHB, cHW or cWW-cB is lost
due to the merging of WH and ZH processes. The parameter cHB is chosen to be

removed from the final result since it is least constrained.

The sensitivity to cHB is recovered when the VH kinematic region is split into WH
and ZH regions, which can be seen in the negative log-likelihood scan in Figure 6.9.
The likelihood inputs are parameterised with six EF'T parameters and a profiled scan
is performed for the fit to the extended STXS stage 1 (section 6.1.1), the merged
case (section 6.2.1), and the VH-split case, defined here. The log-likelihood scan in
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Figure 6.7: The Higgs combined H — vy and H — ZZ* — 4¢ STXS stage 1
measurement using a merging scheme. (a) The central values and uncertainties of
the POIs and (b) the correlation matrix of these POIs. The plots are taken from

126].

the VH-split case is a half of a close-to-quartic polynomial and passes —21n(A) =

value, so the uncertainties are

1

well defined (section 6.1.4). In contrast, the log-

likelihood scan of the original merged version has an irregular shape and the fit fails
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Fit to ATLAS STXS measurements (ATLAS-CONF-2017-047)
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Figure 6.8: The best-fit values and 68% C.L. intervals for the five-parameter fit to
the STXS measurements. The plot is produced by the author of this thesis and is
made public in [5].

to converge before reaching —21In(A) = 1: the cHB coefficient cannot be constrained
at 68% C.L. Similar behaviour is observed in the log-likelihood scans of the remaining
five coefficients. As mentioned in the previous paragraph, the problematic aspect
is not the cHB parameter but the fit to six rather than five coefficients. This study
implies that it is valuable to measure WH and ZH productions separately in which
case the EFT results produced using full ATLAS information and only the final

measurements would be very similar.

6.3 Fit to STXS measurements using the
SMEFTsim model

The availability of the SMEFTsim model motivated the reinterpretation of the AT-
LAS combined Higgs H — vy and H — ZZ* — 4¢ STXS measurement [26] pre-

sented in section 6.2. The advantage of the SMEFTsim is that it is a full imple-
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Figure 6.9: Profiled negative log-likelihood scan for modified STXS stage 1 binning
(solid), ATLAS merged public measurement (dashed), and a modified STXS stage 1
merging where VH production is split into WH and ZH bins (dotted). The likelihood
inputs are parameterised with six EFT coefficients. When VH is split into WH and
ZH, the sensitivity to the EFT parameter cHB is recovered.

mentation of a renormalisable basis. The dedicated EFT equations are derived as
described in section 6.1.2, except that the SMEFTsim model is used. The EFT is
modelled as linear equations.

This section starts with the selection of a set of Wilson coefficients, which is
described in section 6.3.1. The fit procedure is presented in 6.3.2, and the results

are discussed in 6.3.3.

6.3.1 The selection of SMEFTsim Wilson coefficients

The STXS framework defines Higgs boson production processes, thus the measure-
ments mainly constrain the set of Wilson coefficients corresponding to the vertices
which include the Higgs boson. The relevant operators and Higgs boson production

processes and decays are listed in Table 6.4.
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The Wilson coefficients cuH and cHG are mainly constrained by the t#H and
the ggF productions, while the remaining coefficients from Table 6.4 simultaneously
affect VBF and VH productions, and H — vy, H - ZZ* — 4( and H — WW*
decay widths. VH production split into WH and ZH would increase the distinction
of cHW from cHB and cHWDB, as can be seen in Figure 6.10. Since in the STXS
measurement presented in section 6.2.1 VH kinematic regions are merged into one
region, VBF regions with leading jet pr < 200 GeV are merged, and the remaining
VBF phase space is attached to ggF kinematic region, the ability to constrain one,
two or all three of these Wilson coefficients depends on the uncertainties of these
measurements. In case the measurement is only able to constrain two out of three
Wilson coefficients, then any subset of two will lead to a convergent fit.

Table 6.4: The SMEFTsim model operators aimed to be constrained by the fit for
Wilson coefficients and their relevant vertices.

Operator | Expression SMEFT coefficient | Production/Decay

Oung HTHGf}VGAW cHG ggF

Onw HTHW/{VWIW cHW Hvy, HZZ, HWW,,
WH, ZH, VBF

Oun H'HB,, B" cHB Hy~y, HZZ, ZH, VBF

Onwp HTHTIWJVB“” cHWB Hvyy, HZZ, ZH, VBF

Oun HTchpurﬁ cuH ttH, ggF

6.3.2 Fit procedure

The likelihood fit is constructed from a multivariate Gaussian function and the
description is equivalent to that in section 6.2.2. The vector & corresponds to linear
EFT equations, so it can be expressed as a linear map & = Ac as in section 5.4.1.
Therefore, the analytic solution exists as in equation 5.34: ¢ = (A" M A)~' A" M,

where M is the inverse of a covariance matrix of the STXS measurements. The
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Figure 6.10: The values of STXS stage 1 regions, relative to the SM, for cHB, cHG,
cHW , and cHWB Wilson coefficients.

EFT results, presented in this section, are obtained using this analytic procedure

instead of using numerical minimisation of the likelihood function.

6.3.3 Fit results

This STXS measurement is able to constrain only four Wilson coefficients. Any two
Wilson coefficients from {cHB, cHW, cHWB} can be chosen for a convergent fit.
The Peskin-Takeuchi S parameter is proportional to cHWB [132], and as in the case
of the analysis using the HEL model (section 6.1.3), cHWB can be removed from
the fit. The fit result is shown in Figure 6.11, where the subset {cHB, cHG, cHW,,
cuH} is fitted. The cHG coefficient is well constrained due to the large number of
well-measured ggF production measurements. The cuH coefficient has a relatively
large uncertainty. This is consistent with the constraint on cu in the HEL model case
(Figure 6.8) since both coefficients are mainly constrained by the t¢H production.
All but cuH Wilson coefficients agree well with the SM, while cuH has only a 1o
agreement with the SM.

The case where the parameter cHB is replaced by cHWB in {cHB, cHG, cHW ,
cuH} is compared to the previously obtained result and presented in Figure 6.12.
cHG and cuH have almost not changed, as expected, while the uncertainty on cHW

is reduced at the expense of increased uncertainty on cHWB with respect to cHB.
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Fit to ATLAS STXS measurements (ATLAS-CONF-2017-047)
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Figure 6.11: The best-fit values and 68% C.L. intervals for the four-parameter fit
using SMEFTsim model to the H — vy and H — ZZ* — 4¢ STXS measurements
from [26].

This disagreement between the ranges of confidence limits is a manifestation of
the induced model dependence. These two EFT scenarios intersect only at cHB =
cHW B = 0. The effect of fitting a subset rather than a full set of Wilson coefficients

is evaluated later in this section using “Wilsons as functions” method.

The effect of propagator widths

The effect of propagator widths’ parameterisation (section 5.3) is tested by fitting
a subset {cHWB, cHG, cHW, cuH }. From this subset of Wilson coefficients, only
cHWB affects the propagator widths, Z boson’s width in particular. The two cases
are compared in Figure 6.13. Due to the correlations that originate from multiple
Wilson coefficients appearing in the same EFT equation, the values of cHB, cHG
and cHW are slightly shifted closer to the SM value in the case where propagator

widths are fixed to SM values. These three Wilson coefficients are consistent with
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Fit to ATLAS STXS measurements (ATLAS-CONF-2017-047)
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Figure 6.12: The comparison of the best-fit values and 68% C.L. intervals of the
four-parameter {cHB, cHG, cHW, cuH} (orange) and {cHWB, cHG, cHW, cuH}
(violet) fits using SMEFTsim model to the H — vy and H — ZZ* — 4¢ STXS
measurements.

the SM in both cases. The uncertainties of all parameters remained similar. The
implementation of dependence on propagator widths for this set of measurements

does not make a significant impact.

Interpretation using “Wilsons as functions” method

This set of measurements is insufficient to constrain the full set of Wilson coefficients.
The induced model dependence is addressed with the “Wilsons as functions” method
(section 5.4). This method provides the corrections to central values of the fitted
Wilson coefficients, where the corrections are expressed as functions of un-fitted
Wilson coefficients. The constraints on the un-fitted Wilson coefficients may be
taken from other EFT fits, e.g. in [132] a global fit was performed on 20 Wilson

coeflicients.

The model dependence is evaluated on a four parameter fit of {¢cHB, cHG, cHW ,
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Fit to ATLAS STXS measurements (ATLAS-CONF-2017-047)
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Figure 6.13: The comparison of the best-fit values and 68% C.L. intervals of the
four-parameter fit using SMEFTsim model to the H — vy and H — ZZ* — 44
STXS measurements when the propagator widths” dependence on Wilson coefficients
is taken into account (orange) versus when widths are fixed to SM values (violet).

cuH }, and an example fit output for cHW reads like this:
cHW =—02-64-10"%-¢cH—0.19- ¢cHO — 0.16 - cHDD — 0.51 - cHWB

—34-107%-ceH+3.6-107*- ceW+ -107% - ceB — 0.15 - cHI1
+5.1-cHI3+51-1072- cHe—0.22-cll—4 - cll1 + 5.6 -107* - culW
—9-107% cuB+29-10* - cdW+1.5-10"* - cdB—3.6-102 - cHql
—7-cHq3—0.26- cHu+0.12- cHd —8.8-107%- ¢dH+8.5-107° - cu@G
+107% . cdG+22-107"2 . cHud — 7.2-107% - ¢G —1.2- 107 . cquqd1

+4-1077 . cqugd8
(6.3)

Equivalently, there is an equation for each of the remaining three coefficients. The
fit results expressed in this form are technically model independent.
The correction to the central value of the fitted Wilson coefficients is estimated by

substituting the best-fit values of 16 Wilson coefficients from [132] to the “Wilsons
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as functions” equations. This correction encapsulates the information about the
measurements’ used in the global fit central values’ deviations from the SM values.
The correction due to the 1o uncertainties on these external Wilson coefficients
from the global fit is evaluated by adding the terms in eq. 6.3 in quadrature! since
the uncertainties from the global fit are extracted from a likelihood fit, which is

constructed as a multivariate Gaussian distribution.

The original uncertainties on the four fitted Wilson coefficients are independent
of the un-fitted Wilson coefficients since the original uncertainties are derived from
a Hessian matrix, which is independent of deviations from the SM. The correction
to the original confidence interval is eq. 5.46. The un-fitted coefficients whose
constraints are not available from the global fit are treated as uniformly distributed
random variables within £10. The results are listed in Table 6.5 and compared with
the original confidence intervals in Figure 6.14. When only the Gaussian constraints
are considered, the confidence intervals for cHW and cH B have increased 1.6 times,
while for the cHG it has increased 3.6 times. This is a reasonable increase since here
an impact of 16 un-fitted coefficients is considered, and similar corrections are seen
when a four parameter fit is extended to only a five parameter fit (section 6.4.1).
The correction to cuH shows that the new confidence interval is larger than the
expected Wilson coefficients’ range of [-10, 10], so in practice cuH is unconstrained.
It is consistent with the result obtained in [132], where cuH = —79 + 43.

These corrections correspond to accounted model dependence and are more ac-
curate representation of actual constraints on Wilson coefficients. However, these
constraints still cannot compete with the constraints obtained in a global fit. This
method would be more interesting for a subset of measurements that is able to con-

strain a Wilson coefficient, which was not well constrained before. Then it would be

IThis is true for independent Gaussian distributed variables; for a correlated set of these vari-
ables (¢’) the estimation would be ¢/T M¢’, where M is a correlation matrix of the Wilson coeffi-
cients. M is not provided in [132].
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Table 6.5: The best-fit values and 68% C.L. intervals of the four-parameter fit
using SMEFTsim model to the combinated STXS measurement in H — ~v and
H — ZZ* — 4{ channels are presented in the middle column. The correction
due to the induced model dependence, which is estimated using the “Wilsons as
functions” method, is shown in the last column.

Wilson Original fit result “Wilsons as functions”
coefficient fit result
cHB 0.07 £ 0.45 0.22 £0.73
cHG (—0.37+£0.86) x 1072 | (—=1.1£3.1) x 1072
cHW —02+1.6 —0.7+25
culd 6.6 £6.3 —69 £ 48

cHB i

cHB -

cHG[107?] |

cor0r)

o I

v

cuH [10] |

con 120) |

s 0 :

Parameter value

Figure 6.14: The comparison of the best-fit values and 68% C.L. intervals of the
four-parameter fit using SMEFTsim model to the H — vy and H — ZZ* — 4/
STXS measurement (orange), and the corrections obtained using the “Wilsons as
functions” method (section 5.4) using the constraints on the un-fitted parameter
values from [132] (violet). In the cuH case, the correction due to the shift of central
value is not indicated in the plot since the new limit is already outside the expected
Wilson coefficient range of [-10, 10] and hence cuH is practically unconstrained.

sufficient to perform a local fit (i.e. where only a subset of coefficients is fitted) and

the uncertainties on the non fitted coefficients could be evaluated with “Wilsons as
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functions” approach. This could apply for a cuH in the near future, or cH which
corresponds to double-Higgs production. In the case of cH, the estimated cH could
be directly used for an estimation of a corrected vacuum expectation value (section

1.2.1) without a need of a full global fit.

6.4 EFT interpretation of H — vy, H - ZZ* — 44
and H — WW* combination

The H — WW* STXS measurement, presented in chapter 4, is a valuable source
of information about Higgs boson properties. The H — WW* STXS measure-
ment using a merging scheme (section 4.4.1) is combined with the H — ~+ and
H — ZZ* — 40 combined measurement from [26] with the assumption that the
correlations between the two sets of measurements are equal to zero. The SMEFT-
sim model is used in the EF'T interpretation, where the parameterisation is expressed
as linear equations. The fit procedure is identical to the strategy described in section
6.3.2.

The larger set of measurements is expected to improve the four parameter fit
in Figure 6.11 and increase the chances of constraining all five Wilson coefficients

listed in Table 6.4. The EFT fit results are presented in the following section.

6.4.1 Fit results

The four parameter subset {cHB, cHG, cHW, cuH} is constrained using the com-
bined STXS measurement and is presented in Figure 6.15 (a) and Table 6.6. The
fit results using the H — vy and H — ZZ* — 4/ combination are compared to the
H—~y, H— ZZ* — 4( and H — WW?* combination in Figure 6.16.

The ¢cHB and cHW Wilson coefficient uncertainties are reduced by 19% and
cHG uncertainty is reduced by 25%. The cuH parameter’s uncertainty is reduced

only slightly (1%) since the added H — WWW* measurement consists of ggF, VBF
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i cHWB
il RN
cuH [10]
| i | | i |
-2 0 2 -2 0 2

(a)

Parameter value

Parameter value

(b)

Figure 6.15: The best-fit values and 68% C.L. intervals for the (a) four-parameter fit
and (b) five-parameter fit using SMEFTsim model to the H — vy, H — ZZ* — 4¢
and H — WW* STXS measurements. The observed results are shown.

Table 6.6: The best-fit values and 68% C.L. intervals of the four-parameter and five-
parameter fits using SMEF Tsim model to the combination of H — vy, H - ZZ* —
4¢ and H — WW* STXS measurements. The observed results are presented.

Wilson Four parameter Five parameter
coefficient | fit result fit result

cHB —0.03 £0.36 0.7+1.1

cHG (0.446.4) x 1073 | (=3.1£8.2) x 1073
cHW 0.1+1.3 —-0.1£1.3

cuH 5.9+6.2 6.5 +£6.3

cHW B - 1.24+1.8

productions, and H — WW™* decay, which have negligible cuH dependence. This

shows the importance of H — WW™* measurements for the EFT fits to combined

Higgs boson measurements.
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cHB |
cHB -
cHG [ 10?] |
cHG [ 107?] _
cHW |
o
cuH [10] |
cuH [10] -
\ ! \

-2 0 2
Parameter value

Figure 6.16: The comparison of the best-fit values and 68% C.L. intervals of the
four-parameter fit using SMEFTsim model to the H — vy and H — ZZ* — 44
(orange) versus H — vy, H — ZZ* — 40 and H — WIWW* STXS measurements
(red). The observed results are shown.

This set of STXS measurements is also able to constrain all five Wilson coef-
ficients listed in Table 6.4. The fit result is presented in Figure 6.15 (b) and Ta-
ble 6.6. The four and five parameter fits using the set of measurements containing
H — WW?* are compared in Figure 6.17. Since one Wilson coefficient is added using
the same set of measurements, the uncertainties of the parameters used in the four
parameter fit increased. The most affected parameter is ¢cHB whose uncertainty
increased three times. The ¢HG parameter’s uncertainty increased by 28%, while
the cHW and cuH coefficients’ uncertainties increased only by 4% and 1%, respec-
tively. The increase in uncertainties can be interpreted as an uncertainty on induced
model dependence when cHW B is set to zero. The cHWB is constrained mainly on
account of cHB and cHG, which is a result of correlations between measurements

and the mixing of Wilson coefficients within EFT equations.

The “Wilsons as functions” method (section 5.4) is used to account for the
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cHwB [ N
cHB I
cHB i
cHG[107] |
CHG [ 10?] i
cHW ]
cHW {
cuH [10] I
CuH [10] |
\ i \
2 0 2

Parameter value

Figure 6.17: The comparison of the best-fit values and 68% C.L. intervals of the
four-parameter (orange) and five-parameter (red) fits using SMEFTsim model to
the H - vy, H - ZZ* — 40 and H — WW* STXS measurements. The observed
results are shown.

un-fitted Wilson coefficients. The Gaussian constraints are taken from [132], the
remaining coefficients are treated as uniformly distributed random variables within
+10. The five parameter set with cuH is not constrained. Both cuH and cuG
(corresponding to the operator Oug = (G0 T u,)H G4}, coefficients enter the fit
via the ttH measurement only. The cuG coefficient enters the equation with a larger
prefactor, therefore the cuH coefficient is replaced by cuG. When only external
Gaussian constraints are included, the uncertainties of all but ¢H B coefficient in-
creased 1.3-3.1 times (Table 6.7), while when the remaining Wilson coefficients are
accounted for, the uncertainties increased 3.4-4.7 times with respect to the fit with-
out the “Wilsons as funcions” method. The increase due to uniformly distributed
variables is almost exclusively from the cll coefficient (the corresponding operator is

Ou = (lulr)([s7#1)). The results when all un-fitted coefficients are included either

as Gaussian or uniformly distributed random variables are presented in Figure 6.18
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and the correlation matrix is presented in Figure 6.19. All five Wilson coefficients
are constrained and this result represents constraints on Wilson coefficients with
removed model dependence due to un-fitted coefficients and thus provides reliable
and consistent results for the interpretations using specific theoretical models.

Table 6.7: The best-fit values and uncertainties of the five-parameter fit using
SMEFTsim model to the H — vy, H — ZZ* — 40 and H — WW* STXS
measurements. The correction due to the induced model dependence, which is esti-
mated using the “Wilsons as functions” method, is shown in the last two columns:
the first column includes only external Gaussian constraints, while the results in the
second column accounts for the full set of Wilson coefficients.

Wilson Original fit result “Wilsons as functions”
coefficient Gaussian only Full set

cHB 0.7+1.1 06+1.1 0.6 +4.8

cHG (—0.33+£0.83) x 1072 | (1.54+2.6) x 1072 | (1.54+2.9) x 1072
cHW —0.1+1.3 —0.7+29 —0.7+4.2

cuG 0.91 £0.89 1.8+ 1.2 1.8+ 3.0

cHW B 1.2+ 1.8 0.7+£23 0.7+ 8.5

6.5 Interpretation of local EFT fits

The EFT fits which are presented in this chapter are local EFT fits since only a
subset of Wilson coefficients is constrained. The use of a subset of Wilson coefficients
induces model dependence. Nevertheless, Higgs STXS measurements are expected
to be a dominant contributor in constraining these Wilson coefficients in a global
fit, so the HEL and SMEFTsim results in Figure 6.2(a) and Figure 6.15(b) are good
indicators of how the constraints on these Wilson coefficients are expected to look.

The techniques developed while designing and performing this EFT analysis
have already contributed to other scientific work. The result presented in section
6.1 is the first ATLAS EFT fit to combined Higgs data constraining as many as

six parameters. This analysis also inspired and was followed closely by the other



194 EFT INTERPRETATIONS
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| | i | |
-10 -5 0 5 10

Parameter value

Figure 6.18: The best-fit values and uncertainties of the five-parameter fit using
SMEFTsim model to the H — ~vy, H — ZZ* — 4¢, and H — WW* STXS
measurements. The uncertainties are evaluated using the “Wilsons as functions”
method.

<
cHW 0.8§
0.6
cHB 0.4
0.2
cHWB 0
-0.2
cHG -0.4
-0.6
cuG -0.8

cHW cHB cHWB cHG cuG

Figure 6.19: The observed correlation matrix from five-parameter fit using SMEFT-
sim model.

ATLAS EFT analysis in [4]. The HEL model equations made public in [5] were used
in the global EFT analysis in [132].

The analysis design expertise and insights in EF'T constraints in the Higgs sector
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can and will contribute to the ongoing effort for the first ATLAS global EFT fit.
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Chapter 7

Conclusions

This thesis has presented the measurement of the H — WW™ decay channel in
the context of the Simplified Template Cross Section (STXS) framework [14], where
the Higgs boson is produced via gluon-gluon fusion (ggF) and vector boson fusion
(VBF) production modes, and the Effective Field Theory (EFT) interpretations
on combined Higgs boson data in H — vy, H — ZZ* — 4/, and H — WW*
channels. These results are produced using proton-proton collision data recorded
by the ATLAS detector at the LHC at a centre-of-mass energy of /s =13 TeV that
correspond to an integrated luminosity of 36.1 fb~1.

The STXS H — WW?* measurement provides both precision measurements,
which are sensitive to dimension-6 EFT operators, and measurements of the Higgs
boson transverse momentum distribution, which directly probe new physics effects.
The most precise ggF' measurement is of an inclusive zero jet category and has the
upper/lower uncertainties of 23%/22%. The remaining ggF measurements have un-
certainties between 56% and 109%, while the VBF-like measurement is measured
with the upper/lower uncertainties of 44%/43%. The results are consistent with
Standard Model (SM) predictions. These results can be combined with STXS mea-
surements in other Higgs boson decay channels and used for Beyond Standard Model
(BSM) interpretations. The comparison with the best-to-date ATLAS STXS mea-

surement of combined Higgs data shows that the results obtained in this thesis are

197
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competitive with the ATLAS measurement and demonstrates that the dedicated
H — WW* analysis is performed successfully. The two main factors that would
improve the measurement are the availability of a larger data set (e.g. the full LHC
Run 2 data set), and the availability of larger Monte Carlo samples for theoretical

modelling.

The second half of this thesis presented the first ATLAS EFT interpretation of
combined Higgs data in H — vy and H — ZZ* — 4/ channels using dimension-6
operators in the strongly-interacting light Higgs (SILH) basis, which corresponds to
the Higgs Effective Lagrangian (HEL) model. The results are made public in [3].
Six EFT parameters are constrained corresponding to the Higgs boson couplings
to strong and electroweak gauge bosons, and to the top quark. The most stringent
constraints are on the effective couplings to photons and to gluons; these constraints
are stronger than those from a prior fit to a similar parameter set [124]. In order
to evaluate the benefits of an EFT analysis performed by the ATLAS experiment,
an EFT interpretation is performed using the same EFT parameterisation on the
public ATLAS STXS measurements [26]. This interpretation is made public in [5].
The ATLAS STXS measurements are also interpreted using dimension-6 operators
written in the Warsaw basis, which corresponds to the SMEFTsim model. Four Wil-
son coefficients, corresponding to the Higgs boson couplings to weak vector bosons,

photons, and gluons, are constrained.

The H — WW?* results presented in this thesis have enabled an EFT inter-
pretation on a combination of measurements in the H — v, H — ZZ* — 4/,
and H — WW?* channels. In the case of a four EFT parameter fit described in
the previous paragraph, the constraints on three Wilson coefficients corresponding
to the Higgs boson couplings to strong and electroweak gauge bosons improved by
19-25%. This combination of STXS measurements is also able to constrain five

Wilson coefficients. These results demonstrate the significance of the H — WW*
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measurement.

The EFT analysis would greatly benefit from a set of measurements from other
Higgs boson decay channels as well as outside the Higgs sector. This would expand
the fits to larger operator sets. The results would also improve if more accurate
theoretical predictions were available, for example by using an implementation at
NLO in QCD, or by including dimension-8 operators. The results obtained in the
EFT analysis can also be used to test specific BSM models [132].

The EFT analysis design presented in this thesis has inspired and been adopted
by other ATLAS analyses, e.g. [4], CMS analysis, and the EFT parameterisation
provided herein has been used in a global EFT fit interpretation [132]. The ATLAS
collaboration is preparing for the first global EFT fit, so the experience presented in
this thesis can hopefully contribute both analysis design expertise and insights into

forming EFT constraints in the Higgs sector.
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Appendix A

Boosted decision tree analysis

A.1 Boosted decision tree ranking method table
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Table A.1: The comparison of three BDT ranking methods. First three columns
list the ranking of the observables, while the last two columns indicate observable’s
rank with respect to the first discriminant. D; corresponds to the ranking method
based on the plot area, D, is discriminant derived based on the centre of mass,
and D3 discriminant is based on the x? test analogy. Red colour indicates that the
difference in rank is larger than two units.

D1 Do D3 Dy with respect to Dy D3 with respect to Dy
mr mr mr 0 0
E'%n,iss Eq’r:n'ss E;‘niss 0 0
ARy, ARy ARy, 0 0
myy ARy, o ARy, j, 1 1
ARy, o Mep Moy -1 -1
Ao Ay, My, j 1 3
Adyp, Angy o Aoy, -1 0
Angey 4, Angy jo Aney o 0 -2
my, j Ay o Ang, o 1 -1
AT Ay, jo Ay o 1

Ay, 5o My, 5 Ade, jo -2

ARy ARy My 5 0 1
Mgy A(Zﬁj’E?iss ARy 1 -1
DY) gies | My N 0
Ange Ange P?J 0 4
pjT p?’ Angg 3 -1
e, pé Mg 4 0
p%) pjf subnyg, -3 -2
Ay A¢g[$E¥Liss Ay 4 0
n; 2 n; 2 0
P i pE 3 0
pi nj g -2 2
Adyg pmiss | Pt ¥ 3 -1

A.2 Boosted decision

tree construction material
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Figure A.1: Correlation matrix of the BDT discriminating parameters obtained in
the training of the best performing BDT in > 2-jet category with 17 discriminating

parameters.
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Table A.2: The base and the additional subsets used to construct the subsets of
discriminating observables for the BDT training for 1-jet signal region and selected
based on the shapes of the signal and background distributions. A BDT input subset
is constructed by taking the full base subset and adding one observable at a time
from the additional subset.

Base subset +1 observable from this subset
mye, mT, ARy, A¢gg7E7rgiss, Ay, Ang, 5, Angg, A¢j,E%"i557 Adpyjr Adey iy Agee, ARgy 5, ARy, j,
j £ 4 £ i 00 0
p%": p,197 max(mqi),mTl), E,}nzss7 Meg5, Me15, Mrry Prs p’]“lz
E'miss,T’ruck A
T 5 Negs

mr, AR, Ay gmiss, Db Atigyj, Aney s AReyj, b

Myp, M7 Angyi, Aneyj, Ange, Ao, Ay j, Adw,Evasm ARy,
max(mt ,m&), minARy,;,, minARy, ;,, ptt, EqiesTrack

mee, mr, Adgp, pgg m’inARgoji, minARélji

mr, ARy Angyjy Angy i, Adee,j, Ad’u,E?z‘ss, ARy, 5, myg, PeTl

mr, ARy, myg Anggi, Ane, 5, ARy, j, prl

mr, ARg, Adyy gmiss Ay, Ay, ARy, mag, pi

mr, ARy, Ad)ZLE}niss, Mgy Angy iy Ang, i, ARy, 5, P[T1

mr, ARy, Agyp, Angyiy Angy g, ARy, 5, myg, PeTl

mr, ARge, A, My Angyjy Aneyj, ARy, peTl

Table A.3: The base and the additional subsets used to construct the subsets of
discriminating observables for the BDT training for 1-jet signal region to construct
BDTs composed of 11 discriminating observables. In minARy; and minARy
notation the j; is chosen from {jo, j1}.

Base subset of 10 observables | +1 observable from this subset

7
mr, E’?”ggy Mye, p’]’(']v A¢f€,ja A¢€€a A¢€oj17 A’]éojla A¢f1j1a Anéljlv ARfojp ARéle
¢ . J

Prs A¢€€,E¥””’ ARfojoﬁ mlnARfojw Mtojor Mlogis Meyjos My g Angg, p’l;i m‘/‘&?
ARfljoa ARZ[ A¢€0j07 Anfoj(n Aqb&jga A’r/@lj(w A¢j,E¥”“a Pr, Pr,s

minARy, j,
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Table A.4: The base and the additional subsets used to construct the subsets of
discriminating observables for the BDT training for > 2-jet signal region. The origin
of the subsets is indicated in the first column. A BDT input subset is constructed by
taking the full base subset and adding one observable at a time from the additional
subset. excluding the already included observables.

Origin

Base subset

+1 observable from

this subset

Top five observables ranked in the in- | ARy,

clusive > 2-jet SR using all background | myy, Ay,
processes in the procedure. minARy, j,, mr
Top five observables ranked in the in- | ARy, My,

clusive > 2-jet SR using only Z — 77
process in the procedure.

A, pt,

The subsets are selected using the
plots of normalised signal and
background distributions, the ranking
in individual > 2-jet signal regions
corresponding to STXS kinematic
definitions and taking potential
correlations between the observables
into account.

14
mMyee, A¢€f7 pT}a

mr, A¢jj

mee, A, pi,
p%"j7 A¢jj
ARy,

My, Agjj,

minARy, j,, mr

ARy, mr, Agy,
minARy, j,, pgf,
AReljfﬂ minARzoj“
Ay, jo, Anees ARy,
A j, P, may o,
Adiyjo, ARjj, My,
AR@O]'N AR&J&’ p%“ja
A¢51j17 pg“l’ ijj’
Snjj. Anjj, mjj,
Aduyji, Angyj, s Aﬁéljla
Mojiy My jrs Epes,
P, P, Ay, ppiss,
Merry Anegjos ANy o
A¢j7E;ms

Table A.5: The base and the additional subsets used to construct the subsets of
discriminating observables for the BDT training for > 2-jet signal region for con-
structing BDTs with large discriminating observable sets, consisting of 17 or 24

observables.

Base subset +1 observable from this subset Size of
base
subset

Myy, ARM7 mr, minARglj“ Snjj7 Anjj7 mjj, A¢£0j17 A’I]gojl, 16

minARy ;. Y, Mee, ARjj, | Ay, Magiys Mayjy, Mer, Ay,

Meojos p%gv plev ijjv E%’nissa péw Anfljov A¢j,E§LL“57 Ay, pg“ev AR@le,

pgg, Ayp pmiss Adeyjo, Anees ARgyjo, Adjj, Ay j,

o A¢Zojov AREOjl’ ARleu A‘;5213'1

mee, ARge, mp, Ay, minARglji, ijj, S??jj, Anjj, mjj, A¢€oj17 Anéoj;, 23

PTs ARy, minARypyj, Adr iy, | Anegy, Mej, Meg,s ERES ph

Aie, ARpyjo, Adjj, Adeg, prs | plo, A¢yg gmiss, My Aggjos Ao,

My jo s A¢_£Qj0, ARJ'J" Moo AR@OJ&? A(éj’E'nLiss ’

ARZMU p%“Jv A¢€1j1’ pg“l ’
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Table A.6: Summary of the BDT construction for the > 2-jet category based on the
low correlations between the discriminating observables. BDTs are constructed by
taking the full set from the first column and either adding one observable from the
second column or adding two observables from the third column.

Base subset +1 observable from this subset +2 observable from
this subset

miss

. H Ji ¢ £ J
SnjjamznARfljiamZb AR]]7 mr, ET 7pT7pT7p]97pT1ﬂpT
M, jo

i - H 95 lo 01
; H ij o b ]
minARy .,  me, ARy, | pp, PY, DE, PR, Dy Pr, Pr> Prs Pr

miss
My, g, MT, ET

. H ,Ji ¢ ¢ J
577]']‘; mznARﬁljia My, A-Rjjv Pr, P, p]gv pTla br
miss

mfljov mr, ET

. viss o H J7 L 1 J
mZnARfljw Myy, ARJ]? My, 4 mr, E%nme’ Pr, Pr, p:[?7 pTla br

Table A.7: The base and the additional subsets used to construct the subsets of
discriminating observables for the BDT training for > 2-jet signal region selected
based on the results of the correlation study.

Base subset +1 observable from this subset
577137 minAR&jw ARZ@a AR]]; mr, E’?Liss p’ll—{v p’j]‘“]7 pgg7 pg"lv p’j]“
minARy, j,, ARy, ARj;, mp, EFs P, i, DR, i,

Table A.8: The base and the additional subsets used to construct the subsets of
discriminating observables for the selection of the best BDT discriminator. The
subsets are selected based on all studies in the > 2-jet case. A BDT input subset
is constructed by taking the full base subset and adding three observables at a time
from the additional subset.

Base subset +3 observables from this subset

i : 2 H Ji .t
AR({, mr, E?}zss My, Agb“‘a mznAR&jm A¢leoa A¢€1j17 pTla Pr, Pt pjga Meyjqs
J
ARy, Pr
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