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Measurement of the ttH Production Cross-Section in the
Non-Resonant Four Lepton Final State in pp Collisions at
Vs = 13TeV with the ATLAS Detector

Abstract

This thesis presents the measurements of the associated production of a top quark pair with
a Standard Model Higgs boson in multi-lepton final states, focusing on the measurement
of the inclusive cross-section in the 4¢ channel. The analysis uses the full Run 2 data set,
corresponding to an integrated luminosity of 140 b, collected in proton-proton collisions
at a centre-of-mass energy of /s = 13TeV. The analysis covers six final states, defined
by the number and flavour of charged-lepton candidates. Machine learning techniques are
used for all channels to improve signal sensitivity. Leading prompt background contributions
from ttZ, ttW, and diboson production are constrained by additional regions populated with
those backgrounds. Moreover, contributions from fake and non-prompt leptons are estimated
using data-driven methods such as the fake factor or template method. The observed signal
strength, the ratio of the measured signal yield over the Standard Model prediction, is
extracted using a profile likelihood fit. For the 4¢ channel, the observed signal strength is

pzer = 0.5375:87 = 0534996 (stat.) 7013 (sys.),

corresponding to an observed (expected) significance of 0.95¢0 (1.800). The measured signal
strength for the combination of all six channels is

. . +0.11
W = 0.63‘:833 = 0.63f8&(75 (stat.) 1o (sys.) .

It corresponds to an observed (expected) significance of 3.3¢ (5.3¢0). The measured inclusive
cross-section is found to be 321739 fb. The compatibility is 7.2 % with the Standard Model
prediction of 507f§8 fb. The signal strength is also measured in bins of the Higgs boson
transverse momentum and demonstrates a compatibility of 28 % with the Standard Model
prediction.






Messung des ttH Wirkungsquerschnitts im Nicht-Resonanten
Endzustand mit vier Leptonen in pp-Kollisionen bei /s = 13 TeV
mit dem ATLAS Detektor

Zusammenfassung

Diese Arbeit beschreibt die Messung der assoziierten Produktion von einem Top-Quarkpaar
mit einem Standardmodell Higgs Boson in Multi-Leptonen Endzustédnden, mit einem Fokus
auf die Messung des inklusiven Wirkungsquerschnitts im 4¢ Kanal. Die Analyse verwendet
den Run 2 Datensatz, welcher einer integrierten Luminositiit von 140 fb~! entspricht und in
Proton-Proton-Kollisionen bei einer Schwerpunktsenergie von /s = 13TeV aufgenommen
worden ist. Die Analyse deckt sechs Endzustédnde ab, die durch die Anzahl und Flavour der
geladenen Leptonen Kandidaten definiert sind. Techniken des maschinellen Lernens werden
in allen Kanilen angewendet, um die Signalsensitivitidt zu erhéhen. Die wichtigsten Unter-
griinde entstehen durch die ¢tZ, W, und Diboson Produktion, welche durch zusitzliche
Analyseregionen abgeschétzt werden. Weiterhin werden Beitriage von Fake und Non-Prompt
Leptonen mit auf Daten basierten Methoden, wie etwa der Fake Factor oder Template Me-
thode, abgeschétzt. Die beobachtete Signalstérke, das Verhéltnis des gemessen Beitrages von
Signal im Verhéltnis zur Vorhersage des Standardmodells, wird von einem Profile-Likelihood-
Fit bestimmt. Fiir den 4¢ Kanal betriagt die beobachtete Signalstérke:

fazer = 0.5375:87 = 05349 (stat.) T 13 (sys.),

was einer beobachteten (erwarteten) Signifikanz von 0.95¢ (1.800) entspricht. Die gemessene
Signalstérke fiir die Kombination aller Kanéle betragt:

Wit = 0.63f8€8 = 0.63f8:% (Stat.)fgﬁ(l) (sys.).

Dies entsprechend einer beobachteten (erwarteten) Signifikanz von 3.30 (5.30). Der inklu-

sive Wirkungsquerschnitt betriigt 3217 50% fb. Die Kompatibilitit mit der Standardmodell-

Vorhersage von 507f§8 fb betriigt 7.2 % Die Signalstiirke wird zusétzlich in Werten des trans-
versalem Impulses des Higgs Bosons gemessen und zeigt eine Kompatibilitidt von 28 % mit

der Standardmodell-Vorhersage.






Contributions by the Author

The ATLAS collaboration has approximately 6 000 members and 3 000 scientific au-
thors who work on multiple aspects of the ATLAS experiment. The maintenance and
operation of the ATLAS experiments involve several groups, highly specialised for
specific tasks. However, detector operation and quality checks of the collected data
are not the only tasks. Other groups work on optimising reconstruction methods for
physics objects, such as electrons, muons, and jets, providing recommendations for
analyses. Other work on tool and framework development for statistical analysis.
The latter requires predictions, which are realised with Monte Carlo simulations of
high-energy collisions. The production of Monte Carlo samples is done centrally.

Each analysis uses data and simulated samples by applying specific cuts or addi-
tional event information or variables. All of the previously mentioned fields are so
extensive that it would be impossible for a single person to manage them. This
is also true for the analysis, which is performed by a roughly fifty-member team.
Therefore, the contributions of the author are summarised briefly.

The author is part of the t¢H multi-lepton analysis and is the leading analyst of
the non-resonant ttH — 4¢ channel. This work involves the production of smaller
channel-specific Monte Carlo samples, often called N-tuples. They include additional
variables for the training of a dense neural network for signal and background event
separation. Optimisation steps to choose the lepton definition in the 4¢ channel are
made by the author, together with the training and evaluation of a dense neural net-
work. The latter is used to design signal and control regions for statistical analysis.

The author designed additional control regions to estimate fake lepton backgrounds
and include them in the statistical analysis. Extensive studies of the fit model were
conducted. The work is documented in an internal ATLAS note, providing more
detai]ﬂ The author participated in the main N-tuple production of the t¢H multi-
lepton analysis, improving parts of the production procedure. Furthermore, the
author included and evaluated PDF-related uncertainties for the analysis.

The analysis strategy and fake background estimation of channels other than the

'The internal note can be found on the CERN document server: https://cds.cern.ch/record/
2874777, It is not publicly accessible.

e


https://cds.cern.ch/record/2874777
https://cds.cern.ch/record/2874777

4¢ channel are described briefly in Section [6.3] to Section [6.6] and in Section [7.2] to
Section [7.4] The 3¢ channel was analysed by David Munoz Perez and Lorenzo Var-
riale, and the 20SS+07,,q by Chen Jia and Jialin Li. The 2SS+17,,q channel was
analysed by Nello Bruscino and Luca Martinelli. Wei-Ming Yao and Babar Ali mainly
contributed to the 27,4 channels. Alberto Carnelli studied the CP interpretation,
while Vera Maiboroda performed the Higgs transverse momentum reconstruction for
the STXS setup. Gianna Loeschcke Centeno combined all analysis channels.

Besides the work on the ttH multi-lepton analysis, the author contributed to the
inner detector radiation damage group by studying the impact of radiation damage
to the PIXEL end-caps. Other contributions were part of developing the Prompt Lep-
ton Isolation Tagger (PLIT) for Run 3. The author worked on software building for
modelling and validation studies for the PLIT application to electrons.
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CHAPTER 1

Introduction

Hypothesis: All swans are white.

Initial Condition: There are swans at the lake.
Basic Statement: The swans at the lake are white.
Observation: There are black swans at the lake.

Common falsifiability example.

The term physics originates from the Greek word phisis and means origin, nature,
and property. The discipline of physics has its origins in ancient Greek philosophy,
with notable achievements such as the measurement of the earth’s circumference
by Eratosthenes and the formulation of the Archimedes’ principle by Archimedes.
Other notable mathematical ones are Pythagoras’s theorem and Thales’s theorem.

The first formulation of modern-like epistemology as the foundation of modern
physics was established during the Renaissance with two established approaches,
rationalism and empiricismﬂ The most notable representative of the former idea
is René Descartes, most famous for his work in Meditationes de Prima Philosophia
marking the starting point for modern philosophy and, therefore, science. While ra-
tionalism uses reasoning to find truth, empiricism relies on experience or experiments.
A notable figure arguing in favour of experiments was Francis Baconﬂ The different
approaches might resemble discussions on the relationship between theoretical and
experimental physics. Both approaches are necessary and have demonstrated huge
success, especially in combination. The first and most famous successful interplay
was achieved with the formulation of Newton’s law of motion by Isaac Newton in

There is also idealism.
2 According to a legend, Francis Bacon died of pneumonia due to an experiment, attempting to
extend the shelf life of chicken using snow.
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1678 using mathematical descriptions and empirical data collected from astronomi-
cal objects.

The opening quote describes an application of the method introduced by Karl Pop-
per, using the famous black swan example. Karl Popper attempted to deal with the
problem of inductiorﬁ and demarcation, unanswered by rationalism and empiricism.
In his book Die Logik der Forschung [, 2]E| he demonstrates the inability of the
induction method to generalise from certain observation. From observing a single
white swan, one may not conclude that all swans are white. Furthermore, Popper
introduces the method of falsifiability, effectively inverting the previous statement.
Therefore, scientific theories can be proven to be incorrect rather than confirmed as
true. Besides avoiding the application of induction, falsification provides criteria to
distinguish scientific methods from pseudoscientific or non-scientific, dealing with the
demarcation problem. Another crucial step is the formulation of basic statements
derived from the hypothesis and giving rise to possible observations. In the opening
quote, the hypothesis ‘All swans are white. is a theory which allows, under certain
initial conditions, that describes an explicit situation, to deduce a basic statement
that there is a white swan at noon at a lake. This basic statement can be tested. The
set of basic statements may contain the fact that this particular swan at the lake is
white or black. Observing the latter would immediately falsify the mentioned theory.

In the same spirit of progressively improving predictions in interplay with measure-
ments, therefore following the method of falsification, the Standard Model of particle
physics is formulated. It is the state-of-the-art theoretical description of three out of
four fundamental forces and is the result of over seventy years of research. Two of
the latest additions to the Standard Model are the top quark and the Higgs boson.
The former was predicted by Makoto Kobayashi and Toshihide Maskawa in 1973 [3]
attempting to explain observed CP violation by introducing a new quark generation.
In 1995, the top quark was discovered by the CDF and D{ collaborations at the
TEVATRON [4,/5]. The Higgs boson was independently predicted in 1964 by Peter
Higgs and two research groups: Frangois Englert and Robert Brout from the Univer-
sité Libre de Bruxelles and Thomas Kibble, Carl Hagen, and Gerald Guralnik from
the Imperial College in London. The introduction of the Brout-Englert-Higgs mech-
anism [6H9] explains the presence of massive gauge bosons and predicts the existence
of the Higgs boson. In 2012, the ATLAS and CMS collaborations discovered the
Higgs boson at the LHC [10-12]. With the discovery of new particles, the question of
their properties came up. There were multiple theoretical candidates with different
properties: the Higgs boson is a spin-1 or spin-2 particle. Others are: the electro-
magnetic charge of the top quark is ¢ = —4/3. The former can be tested against
the spin-0 hypothesis with H — ZZ* — 4, H - WW"* — (vlv, and H — vy
events and their impact on kinematic observables. The spin-1 and spin-2 hypotheses

3Not to be confused with mathematical induction, in German: wollstindige Induktion.
4There is also an English version, translated by Karl Popper in 1959.



were excluded and therefore falsified [13]. The different charge scenarios for the top
quark, namely electromagnetic charge of ¢ = 2/3 or ¢/ = —4/3, are tested with single-
lepton tt events. The analysis strategy attempts to identify the b-jet flavour and the
decay origin, either to be the leptonically or hadronically decaying top quark. The
¢’ = —4/3 hypothesis was falsified |14].

However, it is not only the properties of the individual particles that are subject
to measurements. The Yukawa interaction between the Higgs boson and the top
quark is particularly interesting and can be tested with ¢tH events. It allows fur-
ther exploration of the Higgs mechanism properties and vacuum stability. There are
several analysis strategies targeting different Higgs boson decay modes. This thesis
presents the t¢H multi-lepton analysis [15] with a special focus on the non-resonant
ttH — 4¢ channel. The multi-lepton analysis predominantly targets Higgs boson de-
cay modes to heavy gauge bosons with subsequent decay to leptons and decay modes
to tau leptons with subsequent hadronic decay. The analysis is split by the number
of light leptons and hadronically decaying taus, providing unique multi-lepton final
states. The ttH multi-lepton analysis includes measurements of the inclusive ttH
production cross-section and measurements of the ¢tH production cross-section in
bins of the Higgs boson transverse momentum using the Simplified Template Cross
Sections (STXS) approach. Furthermore, studies on the CP properties of the Higgs-
top-top coupling are conducted.

This thesis is organised as follows. The Standard Model of particle physics is in-
troduced in Chapter ] It provides information on the mathematical foundation
of the Standard Model with special attention on quantum chromodynamics, elec-
troweak unification, and the Brout-Englert-Higgs mechanism. A description of the
Higgs boson and the top quark and their properties, production, and decay modes
follows. The last section of the chapter is dedicated to the specifics of the ttH pro-
duction. The simulation of high-energy particle collisions is described in Chapter
presenting the essential steps of the simulation chain. It also describes and sum-
marises the simulated samples used in the t¢H multi-lepton analysis. The Large
Hadron Collider and the ATLAS detector are introduced in Chapter The latter
includes information about the various subdetectors and the trigger system. The
impact of radiation damage to the PIXEL end-caps is discussed in the last section of
Chapter @] The various reconstruction methods for analysis objects are addressed
in Chapter [b| with special attention given to the lepton reconstruction as they play
a significant role in the t#H multi-lepton analysis. The analysis strategy of the ttH
multi-lepton analysis is presented in Chapter [l It provides the analysis channel
definitions and information about multivariate analysis techniques and their appli-
cation for the channels. The 4/ channel is discussed with particular attention, while
an additional summary is given for the remaining channels. The estimation of fake
backgrounds is discussed in Chapter [7] It starts with the various sources of fake lep-
tons and moves on to estimation methods. The chapter emphasises the 4¢ channel
and provides an overview of the remaining channels. The different sources of system-
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atic uncertainties and their implementation in the statistical analysis are presented
in Chapter [§] The methods for the statistical analysis are shown in Chapter [0} It
includes studies on the fit model of the 4/ channel and results on the measured signal
strength. Additionally, the combined result of all channels for the inclusive ttH pro-
duction cross-section and production cross-section in STXS bins of the transverse
momentum of the Higgs boson are presented. Chapter summarises the results
presented in this thesis and provides an outlook.



CHAPTER 2

The Standard Model of Particle Physics
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Figure 2.1: An overview of the particle content of the SM. The mass, electromagnetic
charge, and spin values are shown for each particle. The values are taken from

Ref. .

The Standard Model of Particle Physics (SM) [17-28| is the leading theory describ-
ing three out of four fundamental forces and is, therefore, the foundation for every
analysis in the field of particle physics. The mathematical description of the SM

)
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is a quantum field theory with interactions generated by applying gauge invariance
under three gauge groups SU (3)~ x SU (2); x U (1), representing the three out of
four fundamental forces. Next to the mathematical description, the SM arranges the
discovered particles by their quantum numbers and subsequently by their coupling
behaviour, illustrated in Figure

The SM is divided into fermions with half-integer spin and obeying Paulis exclusion
principle and Fermi-Dirac statistics and into bosons obeying Bose-Einstein statistics
and carrying integer spin. There are four vector bosons with spin one and subject
to three different fundamental forces. The term vector boson characterises the inter-
action type. The photon is massless and mediates the electromagnetic force known
from classical electrodynamics. The bosons associated with the weak interaction,
with the charged ones mediating nuclear decays, are the massive Z and W bosons.
Unlike Z bosons, the W bosons carry an electromagnetic charge of £1. The eight
gluons are mediators of the strong interaction, explaining atomic nuclei binding. Like
the photons, they are massless but carry colour charge and can couple to each other
directly. The Higgs boson is the only fundamental particle with spin zero called a
scalar boson. It is a massive particle and is predicted by the Brout-Englert-Higgs
mechanism [6-9], explaining massive weak gauge boson fields. It was discovered by
the ATLAS and CMS collaborations at the LHC in 2012 [10-12].

Fermions are called matter particles since all visible matter is composed of them. All
fermions of the SM have one-half spin and are characterised by their coupling nature
into two categories: the first one describes the quark-sector having six quarks and
six anti-quarks with all of them carrying colour-charge and therefore being subject
to the strong interaction. The quarks are grouped into three generations, with each
generation including one up-type quark with an electromagnetic charge of ¢ = %
and a down-type quark with ¢ = —%. The up-type quarks per generation are up,
charm, and top with increasing generation, and down, strange, and bottom for the
down-type quarks, respectively. As a result of the gluon self-coupling, quarks can not
be observed as bare particles but will form colourless hadrons due to quark confine-
ment. Hadrons are further classified based on their quark and quark flavour content:
baryons contain three (anti-) quarks, while mesons are made of a quark and anti-
quarkﬂ The most prominent examples of baryons are protons (uud) and neutrons
(udd). These stable particlesﬂ form ordinary matter like atomic nuclei. The lightest

mesons are pions (Wi,TFO) with quark content of the first generation and average

'There are tetraquarks which contain four quarks. The Z. (3900) was measured by the Belle
collaboration [29] and the X (4140) was observed by the LHCb collaboration [30]|. Furthermore,
there are pentaquarks, which contain five quarks. Like the charmonium-pentaquark P.” observed
by the LHCb collaboration [31] in 2015.

2Some theories predict proton decays. However, these theory predictions are not successful during
experiments or predict a lifetime in the order of the universe’s age. A free neutron has an average
lifetime of some seventeen minutes. However, neutrons can decay to protons via (-decay even in
bound states like atomic nuclei.
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lifetime of 7,+ ~ 2.6 x 107s [16] and 7,0 ~ 8.43 x 107!"s [16]. From a collider
physics perspective, the charged pions can be considered stable. Mesons containing
at least one b-quark, such as Bg, let, or Bsi, play an important role in identifying
b-jets due to their long lifetime, which turns out to be especially important in top-

quark physics. The application of b-jet tagging is described in Section [5.2.5

Leptons are the second category of fermions and are not subject to strong inter-
actions since they do not carry a colour charge. They are divided into three gener-
ations with one charged lepton and corresponding uncharged lepton. The charged
lepton per generation is called electron e, muon u, and tau 7 with increasing mass
per generation. The uncharged leptons are called neutrinos and are associated with
their charged lepton. Per generation they are electron neutrino v., muon neutrino
v, and tau neutrino v,. The higher-generation charged leptons are unstable and
will subsequently decay into stable particles like electrons. Since the charge leptons
carry an electromagnetic charge, they can exchange photons, while neutrinos only
couple via the weak interaction. In the SM, neutrinos are considered to be massless.

Not all phenomena can be explained by the SM. Most notable is the exact na-
ture and properties of dark matter and the large discrepancy between matter and
anti-matter abundance in the universe. Further problems are the inclusion of gravity
as an additional fundamental force and the masses of the neutrinos. Other problems
are aesthetic ones, such as the hierarchy problem.

Section [2.T] introduces the local gauge invariance principle, explaining the fundamen-
tal symmetries of the SM. The theoretical description of the local gauge symmetry
leading to the mathematical description of the strong interaction is presented in Sec-
tion The introduction to the Brout-Englert-Higgs mechanism is in Section
providing an overview of the mathematical description of the electromagnetic uni-
fication and necessity for the Brout-Englert-Higgs mechanism to generate massive
gauge bosons. The various properties of the top quark, together with a description
of the different production and decay modes of top quark pairs, are described in
Section [2.5] The last Section [2.6] is dedicated to the signal process, top quark pair
production in association with a Higgs boson, describing motivation, properties, and
three primary analysis approaches for measurements. The multi-lepton approach is
discussed in this thesis.

2.1 Introduction to the SM

The SM Lagrange density Lgy is given by the sum of the Lagrange density for
quantum chromodynamics Lqcp, describing the strong interaction, and the La-
grange density Lgw, describing the unified electroweak interaction, together with
the Brout-Englert-Higgs mechanism:

Lsm = Lqocp + Lew. (2.1)



8 Chapter 2. The Standard Model of Particle Physics

The Lagrangian is composed of various parts which describe free fields. The fermionic
fields v have to satisfy the Dirac Lagrange density

‘Cfermion = “;’V'ua,u"ﬂ - m&% (22)

implying that free fields correspond to mass eigenstates. Interactions are introduced
by enforcing gauge invariance under a local gauge group, following Noether’s theo-
rem [32]. These are realised by special unitary groups SU (N) (U (1) for N = 1) with
the transformation behaviour U = exp (igf#*T,) and generators T,. The generators
fulfil commutation relations [Ty, Tp] = 4 f5T. with f5, as the structure constants. The
Lagrangian in Equation is only invariant under transforming the fields ¢» — Uy
by replacing the derivative with the covariant derivative

By = Dy = 0, +igALT,, (2.3)

with Aj, as the newly introduced gauge fields with an additional kinematic term.
The number of needed gauge fields to compensate for the additional free parameters
is equal to the number of generators of the local gauge group. The coupling strength
between the gauge and fermionic fields is reflected in the coupling strength g. The
SM Lagrange density Lgy is invariant under three local gauge groups

Gsu = SU (3) x SU(2), x U(1)y (2.4)

with SU (3) corresponding to quantum chromodynamics (QCD) and strong inter-
action, and SU (2); x U (1), to the unified electromagnetic and weak forces. The lat-
ter also requires introducing the Brout-Englert-Higgs mechanism to describe massive
gauge bosons since the local gauge principle forbids mass terms associated with gauge
fields. Furthermore, fermion masses are explained via Yukawa coupling between the
Higgs boson and fermions. The local gauge groups of the SM are renormalisable and
predict finite cross-sections.

2.2 Quantum Chromodynamics

Quantum chromodynamics (QCD) [33H36] is the underlying description of the strong
interaction and is based on the local gauge group SU (3), acting on the first part
of the SM Lagrangian from Equation [2.1] and is given after replacing the derivative
with the covariant one by:

EQCD = Z @qu,a [(i'yua,u - mq) dab — QSVMA%GS ]wq,b - EGZVGZU . (2'5)

quark propagator quark gluon interaction gluon propagator

The first part of the Lagrangian is similar to Equation since quarks are spin one-
half fermions with mass m,. The sum runs over all quarks flavours ¢ = (u, ¢, t,d, s,b)
and a = (7, g,b) denotes the three colour states called red, green, and blue and ex-
plains the subscript of the local gauge C' standing for colour. Anti-quarks carry
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corresponding anti-colours, while gluons carry both colour and anti-colour. Interac-
tion is introduced by the second part of Equation and describes a vector coupling
structure with gluon fields GS with C' = (1,...,8) as the colour index. The coupling
term includes the generators A of the local gauge group SU (3), are given by the
Gell-Mann matrices [37] and describes how interaction of gluons rotates the colour
state of quarks within the SU (3), colour space. The interaction includes all three-
point vertices between quark, anti-quark, and gluon (¢gg) with no flavour change for
quarks while preserving colour charge. The last term of Equation [2.5] includes the
field strength tensor G}, for gluon fields G, defined as

GZV = 3uG3 - &/GZ - gSfachzGia (26)
with indices a,b,c = (1,...,8) and fu. as the structure constant for the SU (3),

obtained by the commutators [A“,)\b] = 2ifueAS. Since the commutator is non-

zero, SU (3) is called a non-Abelian Lie group. Next to the description of the free
gluon field propagation, the term gives rise to the gluon self-interaction mediated by
three- and four-point gluon vertices. The coupling strength is given by gg = /4rag
with the strong coupling constant ag. In perturbation theory calculations, self-
interaction and loop corrections may cause divergences, leading to non-finite results
for cross-section and making any physical interpretation unreasonable. There are
two types of divergences:

e infrared divergences caused by either a virtual or real particle reaching zero
momentum or if a massless particle emits another massless particle causing
collinear divergences,

e ultraviolet divergences caused by large momenta in loop corrections for the
calculation of amplitudes for a specific process.

The former are cured by the Kinoshita-Lee-Nauenberg theorem [38,39] and the in-
troduction of a factorisation scale up. The factorisation scale plays an important
role in calculating processes involving initial state hadrons and will be further dis-
cussed in Chapter [3.I} The latter is resolved by introducing an energy-scale depen-
dence py [24-26), called renormalisation scale, and evaluating the strong coupling
at this scale ag (u%) and turn the coupling constant into a running coupling. It is
characterised by the renormalisation group equation [40H44] with the perturbative
expansion of the so-called beta function 5 (ag) as

dag

g =B os) =~ (w0 + brod + bead + ... ), (2.7)
R

with b; determined by the i-loop S-function coefficient. Considering only the leading

order contribution —boa% with by = % and the number of quark flavours ny

and number of colours n., Equation [2.7] can be solved, showing the dependence of

as on the renormalisation scale p2 with respect to a reference scale Q%:

2 2\ 127
as (MR’ @ ) N (11nC - 2nf) In (Mﬁ/QQ) ' (28)
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Figure 2.2: A summary of various measurements [46-H62] for ag as a function of the
energy scale (). The accuracy in perturbative QCD is given in parentheses. This
figure is taken from Ref. [16].

The running coupling constant from Equation decreases for large energy scales
p2, making it possible to use ag as an expansion parameter for Feynman graph
calculations. This property is called asymptotic freedom [22]. For low energy scales,
the coupling increases and grows larger than unity. At those scales, the property of
confinement is observed [45]. Multiple measurements are combined in Figure to
show the behaviour of the running constant as a function of the energy scale (). The
scale marking the breakdown of perturbation theory is called AQQCD or Landau pole.
The exact value depends on the used renormalisation scheme and approximation of
the S-function from Equation

2.3 Electroweak Unification and Higgs Mechanism

The electroweak unification combines the electromagnetic interaction and weak in-
teraction into a single theory based on the local gauge symmetry groups SU (2), x
U(1)y. The first part of the local gauge symmetry SU (2); requires rearranging
fermions from the SM according to their chirality. Every fermion field ¢ can be
decomposed into a left-chiral field 17, and right-chiral field ¥z using the chirality
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operator 5 (14 7°) with 7% = ir0y1y243:
1 5 1 5
b=5(1-7")¢  and wr=z(1+97). (2.9)

Using the chirality operator, fermions can be grouped into doublets of left-handed
particles with weak isospin I = % and right-handed singlets with weak isospin I = 0:

(0.6 0,606 o

UR, dr, €R  CR, SR, MR tR, bR, TR.

In the SM, there are no right-handed neutrinoslﬂ Therefore, they are not listed in
Equation The generators of the local gauge group SU (2); are given by T, = T
with o;—1 23 as the three Pauli matrices. Like the local gauge group SU (3)., the
weak interaction SU (2); is also non-Abelian. The transformation group only acts
on the weak-isospin doublet and acts trivially on the weak-isospin singlet, explaining
the subscript of the gauge group L subscript for left. The parity-violating nature of
the weak interaction is motivated by experiments like the Wu experiment [63] and
for neutrinos from the Goldhaber experiment [64]. The second part of the gauge
group is an Abelian local gauge U (1)y and introduces the hypercharge Y being
connected to the electric charge () and third component of the weak isospin I3 via
the Gell-Mann Nishijima formula:

Y =2x(Q-1Is). (2.11)

The Glashow-Weinberg-Salam mechanism describes the electroweak unification, com-
bining the electromagnetic force and weak force into a single gauge group mechanism:
gauge invariance is achieved by replacing the derivative in Equation with the co-
variant derivative D,;:

3
- Y
Oy — Dy =0, —ig» TW), — ig'< By, (2.12)
i=1

with the coupling strength g and ¢’ for the gauge group SU (2), and U (1), respec-
tively. The gauge fields are given by Wﬁ:1’2’3 and B,,. The four fields associated
with the four vector bosons of the electroweak interaction W, W—, Z, and ~ are
constructed as linear combinations of the gauge fields. The formalism of gauge in-
variance forbids any mass-related terms like —m2WliWi’“ since it would spoil local
gauge invariance. Therefore, the Glashow-Weinberg-Salam mechanism predicts the
mass of the weak gauge bosons W and Z to be zero, in sharp contrast to experi-
mental results from the UA1 and UA2 experiments [65-68]. The most precise weak
boson masses are my = 80.37 GeV [16] and mz = 91.18 GeV [16].

3Furthermore, right-handed neutrinos do not interact either with photons, since they are electri-
cally neutral, or with the Z boson as the weak isospin is zero.
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Figure 2.3: The Higgs potential with parameters A > 0 and p? < 0. Due to its
distinctive shape, it is sometimes called mezican-hat or champagne-bottle potential.

A solution to generate massive gauge bosons is provided by the Brout-Englert-Higgs
mechanism, introducing an additional isospin doublet of complex scalar fields called
the Higgs field

+ 1 1 P 42
¢ = (io) = \/5 (2312?4) ) (2'13)

and adding kinematic terms and a potential term called Higgs potential to the elec-
troweak Lagrangian. The potential is given by

2
)

V(9) = u?oto+ A (o'0) (2.14)

the free parameters A > 0 and p? < 0 are chosen to get a non-zero vacuum expec-
tation value v? = —#*/x resulting in a broken gauge symmetry for the electroweak
sector called spontaneous symmetry breaking. The Higgs potential with chosen pa-
rameters and minimum is shown in Figure[2.3] After spontaneous symmetry breaking
occurred, the Higgs field in the unitary gauge is

¢ = \}i <V$h> : (2.15)

with the vacuum expectation value v and the real-valued scalar field h as the physical
Higgs field, with excitations being the Higgs boson. The full Lagrangian of the
electroweak interaction after enforcing gauge symmetry and spontaneous symmetry
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breaking is given by

1 v
Lew = Z 7!)1 Z’Yua - mz) "vbz B/WB“V - ZW,L]::VW]?

i

fermion kinematics

=Y aiMiA,

electromagnetic current
- § dw ( 5) (T*Wj +T’W;) bi
weak char%;d current
_ i i 5) A
E 2COS dw (gv gav’ ) iz,
weak neutral current

2 —'mih ‘
[Duh)? =V (h) —Z Vi

Higgs kinematics  Higgs potential

gauge field kinematics

(2.16)

_.|_

Yukawa coupling

The individual sums run over all fermion types. The Lagrangian includes all kine-
matic terms for the fermion, gauge boson, and Higgs field, as well as interaction
terms, revealing possible coupling vertices and coupling types.

The electromagnetic current is a vector coupling proportional to a fermion’s elec-
tromagnetic charge g;. The electroweak charged current includes the left-handed
chirality operator, characterising it as a vector axial vector coupling and ensuring
only coupling with left-chiral fermions and right-chiral anti-fermions. The coupling
includes weak isospin ladder operators TF connecting the weak isospin partner of
doublets during the interaction. For the lepton sector, the connection between the
isospin partners only occurs within the same doublet, which is not valid for the
quark sector. The observed mass eigenstates of quarks differ from the flavour eigen-
states during weak interaction. The transformation between the mass eigenstates
and flavour eigenstates is given by a rotation matrix called the Cabibbo-Kobayashi-
Maskawa matrix (CKM matrix):

d Vud Vus Vub d
Sl = Vcd VCS Vcb S|. (2. 17)
v Via Vis Vin ) \ b

The CKM matrix is unitary and describes the transition probability between quark
generations. Since the CKM matrix is almost diagonal, the preference is to stay in
the same generation. The weak charge current from Equation is multiplied in
the case of quarks by the corresponding CKM matrix element from Equation [2.17]
Furthermore, in Equation the physical fields are used, defined as linear combi-
nations of the gauge fields W+ = % (W1 F W2). The weak neutral current also in-
cludes a chirality operator-like structure with vector component gy and axial-vector
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component g4. The axial vector component is connected to the third component
of the weak isospin I3, while the vector component is additionally connected to the
electromagnetic charge and the weak mixing angle 0y, also known as the Weinberg
angle:

gy = I3 — 2¢; sin (Oy) and ga = I3. (2.18)

If both components are of unit value, the coupling is maximally parity violating
like for the weak charged currents. However, for the weak neutral current, the cou-
pling for right-chiral particles is purely vectorial, while for left-chiral particles, both
vector and axial-vector components contribute. The different coupling behaviour
and strength can be, for instance, measured in forward-backwards asymmetry mea-
surements [69]. The physical electromagnetic current A, and physical weak neutral
current Z,, are defined as a mixture of the remaining gauge fields after symmetry
breaking;:

A, = Bjcos(0w) + Ws sin (6w ) ,

\ (2.19)
Z, = — Bysin (0w) + W, cos (6w ) -

The masses of the neutral gauge bosons v and Z are obtained from the Higgs mecha-
nism by diagonalising the mass matrix by Weinberg rotation with the corresponding
eigenvalues as the masses. The photon remains massless after symmetry breaking,
and the mass of the Z boson is given to be my = #(Vew) with g as the coupling
constant of the weak interaction. The masses of Z and W bosons are related by
cos (fw) = % and therefore my = Tgv.

The last parts of the Lagrangian from Equation are related to the Higgs boson.
From the kinematic term, possible couplings to massive gauge bosons are derived.
The Higgs potential term predicts the mass of the Higgs boson to be my = Av.
The last term describes the coupling of the Higgs boson to fermions: Fermion mass
terms —my) = —m (I;Rl/JL + IELl/JR) are not invariant under SU (2), x U(1)y lo-
cal gauge group. However, adding the Higgs field preserves local gauge symmetry
since Ypdr and Yrey are SU (2) ;, singlets. The result is a coupling between
the physical Higgs field and the fermions, which is proportional to the mass of the
corresponding fermion, also called Yukawa coupling.

2.4 The Higgs Boson

The Higgs boson was discovered in 2012 by the ATLAS and CMS collaborations |10~
12]. The mass of the Higgs boson is a free parameter of the SM theory and needs
to be determined experimentally. Using the Run 1 and Run 2 data set with both
H — vy and H — ZZ* — 4¢ decay modes, the combined result for the Higgs boson
mass is measured to be [71]:

mpy = 125.11 4 0.09 (stat.) £ 0.06 (sys.) GeV = 125.11 & 0.11 GeV. (2.20)
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Figure 2.4: On the left side, the expected production rates for several Higgs produc-
tion modes are shown as a function of the Higgs mass. The centre-of-mass energy
is fixed to be /s = 13 TeV. The theory precision for each production mode is also
presented together with theory uncertainties. On the right side, the branching ratios
with total uncertainties for several Higgs boson decay modes are shown as a func-

tion of the Higgs boson mass. The assumed Higgs boson masses range from 120 to
130 GeV. Both figures are taken from Ref. [70].

Several studies of the spin and CP properties were conducted to test alternative
hypotheses to the SM prediction of a spin-0 CP-even Higgs boson. The spin-1 and
spin-2 hypotheses are excluded at a confidence level above 97.8 % using a combina-
tion of data collected at /s = 7TeV and /s = 8 TeV and Higgs boson decay modes
with different behaviour under spin and CP. The decay modes H — ZZ* — 4/,
H — WW* — (vlv, and H — 7y are used by the ATLAS collaboration [13]. The
CMS collaboration conducted similar studies with the same conclusions [72]. The
CP nature is further studied in the H — ZZ* — 4¢ decay mode using the full Run 2
data, demonstrating agreement to the CP-even prediction [73].

The production cross-section and branching ratios for the Higgs boson can be cal-
culated from theory, assuming the values of free parameters. The cross-section for
individual production modes depends on the Higgs boson mass but also on the centre-
of-mass energy during the collision, the couplings, and parton distribution functions.
In contrast, the branching ratios of Higgs boson decay modes depend on the Higgs
boson mass, the masses of decay products and their coupling parameters. In Fig-
ure the expected production cross-section and branching ratios are presented
for Higgs boson masses from 120 to 130 GeV. The Run 2 centre-of-mass energy of
Vs =13 TeV is used for the cross-section. The dominant Higgs production mode at
the LHC is the gluon-gluon fusion process. Since there is no coupling between gluons
and Higgs bosons, the leading perturbative contribution is a loop of massive parti-
cles such as top quarks or bottom quarks as depicted in Figure 2.5l The predicted
cross-section for this production mode is o (pp — H) = 48.52pb, at N3LO QCD



16 Chapter 2. The Standard Model of Particle Physics

and NLO EW precision [74H78].

The second leading contribution to the total Higgs boson production cross-section,
and the first account for direct coupling to weak gauge bosons, is the vector boson
fusion (VBF). The LO Feynman diagram is shown in Figure [2.5/and can be mediated
either by W or Z bosons. The characteristic features of VBF are two hard jets in
the forward direction of the detector with large separation in rapidity. The expected
production cross-section is more than ten times smaller than the leading gluon-gluon
fusion contribution and is calculated at NNLO QCD and NLO EW precision to be
o (pp — qqH) = 3.779pb [77[82).

The third leading contribution is called Higgs-Strahlung with its LO Feynman graph
shown in Figure The production is quark initiated and mediated by a mas-
sive weak gauge boson radiating a Higgs boson, labelled as VH with V = Z W.
The Higgs-Strahlung production mode is sensitive to the direct Higgs boson cou-
pling to massive gauge bosons. The presence of the gauge boson decaying to lep-
tons leaves a distinct signature, suppressing multi-jet background, and provides
good opportunities to measure specific Higgs boson decay modes such as H — bb.
The production cross-section for W boson associated processes is expected to be
o(pp — WH) = 1.369pb at NNLO QCD and NLO EW precision, while the Z
boson associated production is smaller with o (pp — ZH) = 0.882pb at the same
precision in QCD and EW [77-82].

The fourth leading production mode is the Higgs boson production in association
with a top quark pair and is separately discussed in Section

Figure 2.5: The LO Feynman graphs for the three main Higgs boson production
modes at the LHC. On the left, gluon-gluon fusion is presented, where the loop is
mediated by a massive quark like the top quark or bottom quark. In the middle, the
LO contribution of the vector boson fusion is shown, while on the right side, the LO
Feynman graph for the Higgs-Strahlung is presented.

The Higgs boson is not stable and will rapidly decay into other particles. Therefore,
measuring Higgs boson properties can only be done indirectly by measuring decay
products and reconstructing the Higgs boson. The expected branching ratios for the
most dominant decay modes as a function of the Higgs boson mass are shown in
Figure The decay to massive fermions and gauge bosons is favoured due to the
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larger coupling strength. With the measured Higgs boson mass from Equation [2.20
the most dominant branching ratio is the decay to bottom quarks H — bb, followed
by the decay to W bosons H — WW?™*. The decay to pairs of particles whose
mass is larger than half of the Higgs boson is usually suppressed since one particle
is produced off-shell. Decays to massless bosons, such as gluons and photons, are
mediated by a loop. For the decay to gluons, the loop is mediated by massive quarks,
similar to the gluon-gluon fusion production. For the decay to photons, the loop can
be additionally mediated by massive leptons and massive weak gauge bosons. A
collection of LO Feynman graphs depicting the various Higgs boson decay modes
with branching ratios is shown in Figure [2.6

b, 7~ W+, Z

v

BR (H — bb) ~58.2% BR(H — WW*) ~21.4%

. BR(H — vv) ~0.23%

Figure 2.6: An overview of Higgs boson decay modes with a focus on the most
important ones for the t¢H measurement presented in this work. Below the LO
Feynman graphs, branching ratios for the same decay modes are shown, assuming a
Higgs boson mass of 125 GeV. The values are taken from Ref. [70].

2.5 The Top Quark

The last addition to the quark sector of the SM is the top quark, which was dis-
covered by the CDF and D collaborations in 1995 at the TEVATRON [4,5]. The
top quark is sorted into the up-type quarks into the third generation, making it the
isospin partner of the bottom quark. Furthermore, as the top quark is a fermion, it is
a spin one-half particle with an electric charge of ¢ = % as all other up-type quarks.
The top quark is with its mass of m; = 172.57 £ 0.29 GeV [16] the heaviest elemen-
tary particle of the SM. The large decay width of Ty = 1.42%512 GeV [16] results
in a short lifetime of 7, ~ 1072®s which is smaller than the typical hadronisation
timescale. The majority of top quarks decay before forming bound states, preserv-
ing properties like spin information and passing them down to the decay products.
Usually, such information gets lost during hadronisation. Therefore, the top quark
allows studying bare quarks. Top quarks are produced at the LHC in abundance, ei-
ther in single-top-quark production or as pairs in top-quark pair production. There
are also three and four top quark production processes. The single-top-quark one
is mediated by electroweak production processes, while the top-quark pair one is
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Figure 2.7: The four LO Feynman graphs for top quark pair production. There is
one ¢q initiated process and three gluon-gluon initiated ones.

predominately mediated by QCD interactions. The pair production is the most
common production mechanism and features one ¢q initiated and three gluon-gluon
initiated processes. The LO Feynman graphs for the production of a top quark pair
are shown in Figure The production mode depends on the initial state particles:
at the TEVATRON pp collisions are used with the consequence that ~ 85 % of top
quark pairs are produced by ¢g initiated processes due to the presence of valence
anti-quarks in the initial state. The LHC collides protons. Therefore, anti-quarks
are only available as sea quarks. The gluon-gluon production modes dominate, with
~ 90 % of top quark pairs produced by gluon fusion. The top quark pair production
is measured by various collaborations at a wide range of available centre-of-mass
energies with pp and pp initial states. A summary of these measurements is given in
Figure with centre-of-mass energies ranging from /s = 1.96 TeV with pp colli-
sions at the TEVATRON up to /s = 13.6 TeV with latest Run 3 measurements at the
LHC using pp collisions. The measured values are compared with theory calculations
at NNLO accuracy in QCD and NNLL soft-gluon resummation using TopP-+-+
2.0 |84-89]. Theoretical uncertainties arise from the choice of the renormalisation
and factorisation scales, used parton distribution functions, and uncertainties on the
strong coupling ag.

The top quark decays only via electroweak forces mediated by a W boson. Unlike
other quark decays, due to the large mass of the top quark, it is not kinematically
suppressed since W bosons can be created on-shell. With the CKM matrix ele-
ment |V being close to unity, the top quark almost always decays to a b-quark
and a W boson. The b-quark will eventually form a b-jet, while the W boson decay
characterises the top quark pair decay mode further into three categories:

e fully hadronic is the most dominant decay mode of top quark pairs with a
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Figure 2.8: An overview of measurements of the production cross-section of top
quark pairs performed at the TEVATRON and LHC. The cross-section is shown as
a function of the centre-of-mass energy and covers a range of /s = 1.96 TeV up to
/s = 13.6 TeV with the latest Run 3 results. The measurements are compared to
NNLO QCD calculations using NNLL resummation. Theory uncertainties include
choices of used renormalisation and factorisation scales and uncertainties associated
with the parton density functions and strong coupling constant. This Figure is taken
from Ref. [83].

branching ratio of BR (fully hadronic) ~ 46 %. Both W bosons decay to
hadrons leaving a tt — WHbW b — q@'bq"q"b signature at LO. This de-
cay mode is experimentally less often used due to the large expected QCD
multi-jet background and huge number of jets in the final state.

e single-lepton is the second dominant decay mode of top quark pairs with a
branching ratio of BR (single-lepton) =~ 45%. One W boson decays leptoni-
cally, while the other decays to hadrons, resulting in t& — W bW ~b — ¢ blv,b
signature at LO. The expected lepton contribution can help to suppress the
multi-jet background. This mode includes a neutrino, which can not be mea-
sured directly by the ATLAS detector. This decay mode is also called lep-
ton+jets.

o dilepton is the decay mode with the smallest branching ratio of BR (dilepton) =~
9 % with both W bosons decaying to leptons. The decay mode tf — WHbW ~b —
(T vbl'~pb at LO involves an opposite-sign lepton pair. Usually, the opposite
flavour composition ey is used. The dilepton mode suppresses the multi-jet
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background efficiently, but it has the disadvantage of a small branching ratio
and two undetected final state neutrinos, resulting in an incomplete reconstruc-
tion of the top quark pair system.

The term lepton refers to electrons, muons, and taus in the categorisation above. The
reported branching ratios assume lepton universality and include hadronic correc-
tions . A finer classification of top quark pair decay modes is found in Figure
Leptonic tau decays are usually sorted into the single-lepton or dilepton category as
the experimental signature is similar, besides multiple undetected neutrinos.
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Figure 2.9: A pie chart with top quark pair decay modes split by the flavour of
involved leptons.

2.6 The ttH Process

The ttH process is the fourth leading Higgs boson production mode and is one of
the heaviest final states accessible at the LHC at /s = 13 TeV, hence having a low
expected production cross-section of o (pp — ttH ) = 0.507 pb with NLO QCD and
NLO EW precision ,. The first observations of the ttH process were
made by the ATLAS and CMS collaborations using a combination of the
main Higgs decay modes and Run 1 and Run 2 data. With the full Run 2 data
set, not only measurements of the inclusive cross-section but also measurements of
the differential cross-section and Higgs boson kinematics are possible. These allow
precise studies of the coupling nature of the Higgs boson with the top quark and
probing the CP properties of the Higgs-top-top interaction ,. The generalised
form of the Yukawa coupling Lagrangian is given by

L= —%1@ </<;' cos (a) + iK'y” sin (at)) Pih, (2.21)
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Figure 2.10: On the left side, the expected production cross-sections for the ttH,
tHjb, and tW H processes are shown as a function of the CP mixing angle a;. The
production modes are normalised to the SM prediction. Furthermore, the relative
change in the branching ratio of the H — 7 decay mode and the gluon-gluon fusion
production mode are presented. The coupling modification is set to unity for all
processes. This Figure is taken from Ref. [90]. On the right side, the electroweak
vacuum stability is shown as a function of the Higgs self-coupling and top Yukawa
coupling, both evaluated at the Planck scale. The figure is taken from Ref. .

with y; being the SM coupling strength for the interaction of top quarks with the
Higgs field h. The coupling depends on the CP angle o; mixing both scalar and
pseudoscalar coupling types and x’ modifying the coupling strength. The SM ex-
pectation is given by a = 0 and ' = 1 with a pure scalar and CP-even coupling and
no modification to the y; coupling strength, which is expected to be close to unity.
The pure pseudoscalar and CP-odd case are obtained for o = /2. The modifications
of the Yukawa coupling have a large impact on the inclusive cross-section for both
ttH and tH production. The predicted cross-section for both processes is illustrated
on the left side in Figure [2.10] as a function of the CP mixing angle a;, normalised
to the SM prediction. The coupling modification ' is set to unity. Measurements
of the ttH and tH production directly probe the coupling type to be either scalar,
pseudoscalar, or a mixing of both [99-105]. The presence of CP mixing also impacts
the Higgs boson production cross-section in the gluon-gluon fusion mode as well as
the H — v decay mode [90], as shown on the left side of Figure m

The CP nature is not only an aspect probed by the ttH process. Additionally,
this process is also sensitive to the Higgs boson self-coupling. The Higgs boson po-
tential from Equation after symmetry breaking includes trilinear and quadratic
Higgs self-couplings proportional to A3 and A4:

2
V(h) = %iﬁ + Asvh® + Agh?, (2.22)
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The Higgs boson mass is given by my = 2Av?, while the self couplings are A\3 = A =
mi/2v? and Ay = Ma = m% /32, and therefore connected to the vacuum expectation
value v and shape of the Higgs boson potential.

The natural candidates for Higgs boson self-coupling are di-Higgs boson events where
self-coupling is mediated at tree-level [106]. However, single Higgs boson production
and decay can provide a similar sensitivity on A3 through NLO corrections [107,/108].
Especially, in VH and ttH production, differential measurements are important for
Az determination, since non-flat effects are expected [109]. The interplay between
the Higgs boson self-coupling and the top Yukawa coupling can further test the Higgs
mechanism and the electroweak vacuum stability [91,110H114], as shown on the right
side in Figure [2.10

g g L q ¢
g -1 g -
9 9 T q t

Figure 2.11: Three LO Feynman graphs for the Higgs boson production in association
with a top quark pair.

The ttH production is either gluon or quark-anti-quark initiated by the production
of a top quark pair radiating a Higgs boson. An overview of the LO Feynman graphs
for the t¢tH production is shown in Figure The ttH process is measured with
various signatures targeting different decay modes of the Higgs boson and top quark
pair described in Section and Section [2.5] respectively. The decay mode of the
Higgs boson defines the general analysis category with its unique experimental and
theoretical advantages and disadvantages.

The cleanest Higgs boson decay mode is given by H — ~~ arising in a diphoton
signature with an invariant mass close to the Higgs mass. The remaining jet activity
and leptons originate from the top quark system decaying all-hadronically or lepton-
ically, including both single- and dilepton decay modes. The tt(H — 7) analysis
features a simple background composition with most background events originating
from 7 + jets and tf + jets events and a clean diphoton signature with little ambi-
guities. Due to the resonance nature of this process, the measurement is expected
to give precise results for the low transverse momentum regime of the Higgs bo-
son. However, the decay mode to photons has the lowest branching ratio, and the
tt(H — ) measurement is dominated by statistical uncertainties. Measurements
for this process have been done by the ATLAS and CMS collaborations, including CP
interpretations [115-118]. Another resonance channel is given by H — ZZ* — 4/
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Figure 2.12: Overview of various ttH analyses performed at the ATLAS experiment.
The targeted Higgs boson decay modes are depicted together with advantages and
disadvantages for each analysis. The term fake lepton is discussed in Chapter [7}
Inspired by a figure from Tamara Vazquez Schroeder.

with similar features. Measurements by the ATLAS and CMS collaborations include
studies on EFT interpretation and the coupling nature of Higgs bosons to vector

bosons [119}[120].

The Higgs boson decay mode with the largest branching ratio is to bottom quarks
H — bb and is targeted in the t£(H — bb) analysis. The analysis is split into single-
lepton and dilepton ChannelsEl, defined by the decay of the top quark system. The
most challenging aspect for the t#(H — bb) analysis is background estimation. The
most dominant one arises from the tf + jets, and especially from t£bb production,
mimicking the same final state signatures. The background processes have much
larger cross-sections than the targeted signal process. At the same time, a clean res-
onance peak cannot be reconstructed, leading to the need for multivariate analysis
to define pure signal regions and control regions populated with important back-
grounds to constrain them. Furthermore, the tfbb production is difficult to model
due to the massive heavy flavour quarks created by gluon splitting, thus limiting
a precise background estimation and signal extraction. Therefore, one of the most
dominant sources of uncertainties arises from systematic ones, originating from the-
oretical modelling. Unlike the tZ(H — ~v) process, the tf(H — bb) process has a
sensitivity to the high Higgs boson transverse momentum regime, therefore enabling

4The measurement done by the CMS collaboration also included the all-hadronic decay channel.
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ttH production cross-section measurements in bins of the Higgs boson transverse
momentum. Both measurements done by the ATLAS and CMS collaborations in-
clude CP interpretations of the Higgs-top-top coupling [121H124].

The ttH multi-lepton analysis challenges are in between, compared to the previ-
ously mentioned analyses as depicted in Figure The statistical and systematic
uncertainties of the measurement are expected to balance each other. The best sen-
sitivity on Higgs boson transverse momentum is an intermediate regime between
the low regime covered by the t£(H — ) and high regime accessed by tZ(H — bb).
The final states involve multiple combinations of charged light leptons, electrons and
muons, with targeted Higgs boson decay modes to massive gauge bosons H — ZZ*
and H — WW?™, but also to 7 lepton pairs, subsequently decaying to light leptons
or hadrons. In a previous analysis using data collected by the ATLAS detector dur-
ing 2015 — 2017, corresponding to an integrated luminosity of 80 fb~!, the measured
cross-section was determined to be

O = 29432% fb :2943;’? (stat.) +f% (exp.)

2.23
+173 (bkg. th.) +T34 (sig. th.) fb, (2.23)

corresponding to a significance of 1.80 excess above the background-only expecta-
tions [125]. The reported production cross-section agrees with the SM prediction but
suffers from statistical and systematic uncertainties. The analysis strategy of the 4¢
channel used signal regions defined by the flavour combination of the four leptons.
In one of the regions, a boosted decision tree was trained to separate ttH events
from other background ones. The signal strength with respect to the SM prediction
with a Higgs boson mass of my = 125 GeV in the 4¢ channel was measured during
the combination of all channels to be:

peerr = 0.52707 = 0.52757) (stat.) +753] (sys.). (2.24)
The 4¢ channel was dominated by statistical uncertainties.

The 20SS+07,q and 3¢ channel had a large background induced by ttW. The nor-
malisation of the ttWW process was further constraint in dedicated analysis regions.
The measured normalisation factors excess updated predictions by a factor of up to
1.7 depending on the region. Furthermore, missmodelling in ¢¢W enriched regions is
observed. The tt H multi-lepton measurement presented in this work uses an updated
version of the ttW process modelling, including corrections for missing higher-order
QCD and EW effects such as additional tW scattering [126] and charge asymmetric
production of t#t{W™ and ttW~. The predictions are validated with inclusive and
differential measurements reducing the observed tension [127].
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Particle Physics and Simulation
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Figure 3.1: An illustration of a t¢H event generated in pp collision. The hard interac-
tion, parton showering, hadronisation, and subsequent hadron decays are shown. All
three processes occur within a few femtometers and can not be resolved by to-date
methods. This figure is taken from Ref. .

Simulation of particle collisions is implementing perturbative quantum field theory
with additional phenomenological models, which is tested against collected data that
is measured experimentally, for instance, by the ATLAS or CMS collaboration. To

25
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compare theory and data, several steps of simulation are performed. In Figure [3.1
the creation of a ttH event is illustrated from generation at the primary interaction
to the transition of partons to colourless hadrons. On top, not shown in Figure[3.1] a
detector simulation is run, modelling the response and acceptance of the ATLAS de-
tector. The simulation has to be done in various steps, applying different approaches
of perturbative and non-perturbative quantum field theory due to the large covered
energy scales and values of the strong interaction ag. For high energy scales, the
coupling constant is small, and perturbative calculations are assumed to provide a
good approximation of the hard interaction initiated by partons of the incoming pro-
tons. It is marked with a red circle in Figure [3.I} The hard interaction takes place
at energy scales of O (1TeV). A full discussion and description of the hard interac-
tion in terms of matrix element calculation is presented in Section As shown
in purple, secondary interactions can also occur and are associated with a smaller
momentum transfer. The products of the hard interaction undergo parton showering
as the energy scale decreasesﬂ Depending on the parton shower implementation, the
energy scale ranges from O (100 GeV) to O (1 GeV). Approximations are needed to
deal with the corresponding limitations of perturbation theory. Parton showers act
in the soft and collinear limit and add emissions successively to initial and final state
partons of the matrix element generation as shown in blue in Figure Section [3.2
discusses the different assumptions and techniques. At energy scales close to the
proton’s mass, perturbation theory breaks down since the coupling becomes large.
The transition of partons to colourless hadrons is described by phenomenological
hadronisation models such as the cluster or Lund string model. They are discussed
in Section [3:3] The transition is depicted in Figure as light green ovals and re-
sulting hadrons shown in dark green. These hadrons eventually decay to more stable
particles like pions, kaons, or lambda hadrons and are the physical particles that the
ATLAS detector can detect.

The entire simulation chain with chosen parameters and models defines a sample. A
complete list of generated samples used for the measurement of the ¢t£H multi-lepton
process can be found in Section

3.1 Matrix Element Generation

In pp collisions, the constituents of the protons called partons interact. Partons are
valence quarks, (uud) in the case of a proton, but also gluons radiated from other par-
tons, together with sea quarks created in gluon splitting. The inclusive cross-section
for a process pp — X is approximated utilising the factorisation theorem [129]:

Opporx = daida; fi (%AM%) i (-Tj7ﬂq2:> Tij—X (xipz',wjpj,lt?yu%) : (3.1)
i?j

!The parton shower can be considered as a link between hard and soft QCD with the energy
scale as a model parameter.
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The evaluation of Equation |3.1] is process dependent, while the sum runs over all
configurations of partons which can induce the desired process, whether it is a SM or
BSM process. The parton distribution function (PDF) f; (z;, u2) [130-134] describes
the probability to find a parton ¢ within a proton carrying a momentum fraction z;
of the proton at an energy scale ¢2. In Equation the energy scale is given by
the factorisation scale 2, separating the hard scattering process from soft radiation,
which is resummed into the PDFs. The value of the factorisation scale p2 is a
free parameter. It is often chosen to be related to the kinematic properties of the
produced final state particles in the hard interaction. The evolution of PDFs from
a reference scale is given by the DGLAP equations, which are the renormalisation
group equationsﬂ for the factorisation scale |[135-137]:

m - g‘;/: % [qu (2) 4 ("z,q2) + Py (2) g (j,qz)]

m =3 /xl d; [qu (=) g (j,q2> + Pyy (2) g (jcf)] .

The universal spin-averaged splitting functions for massless particles P;; (z) are
shown in Figure 3.2l In Figure 3.3] PDFs for gluons and the lightest quarks are
depicted for two different scales as a function of the momentum fraction with respect
to the proton. The scale dependence of processes strongly depends on the PDFs and
not necessarily on the parton level cross-section o;;_, x (xipi, Tip;j, u%, ,u%) The par-
ton level cross-section is calculated as a perturbative series in the coupling constants,
starting from the Born configuration referred to as leading-order (LO) followed by
higher order contributions like next-to-leading order (NLO). For high-energy scales,
the couplings tend to be smaller. Therefore, the perturbation series uses ag and the
weak coupling agw as expansion parameters:

» _ Born as (1) as (2
Oij—»X = 05X I+ %UijaX + %Uij%X o (3.3)
LO dicti
prediction NLO correction NNLO correction

The partonic cross-section depends on the factorisation scale uy and renormalisation
scale pg; the latter is introduced to deal with ultra-violet divergences, described
in Section The scales pg and py are non-physical quantities, and observables
should ideally not depend on them. However, the approximate theoretical predictions
obtained from perturbative calculations do, since they are evaluated at a fixed order.
At LO, an observable is a monotonous function of uy and pp; the dependency is
reduced by considering higher order terms, motivating calculations at NLO or even
NNLO . In the limit of considering all higher-order corrections, the observable does

2Furthermore, this is the origin of the py dependence of PDFs.
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not depend on the scales. The renormalisation scale is often set to the same value
as the factorisation scale. The partonic cross-section is computed from fixed-order
calculations

oo o
TijaX =) / dq)eJrf‘ZMngf @eﬂ‘)‘
e=0 et+f c=0

e+f

_ d3* 1
with  d®., ;= SF H

with f final state particles, e real emissions, and c¢ virtual corrections. The physics
interaction described by Feynman rules is included in the scattering amplitude Mg £
In contrast, the probability distributions of kinematics are described by the phase-
space factor d®.; ; with the symmetry factor S accounting for identical final state
processes and F' as the flux factor. Fixed order calculations are implemented in
various automated tools, called event generators. A list of generators used for this

analysis is found in Section

= Py = Cp =t % 2g = Crite

(1zlz

= Pyg =204 —7q—" 2(1—2)

—qu—TR< (1—2’)2>

Figure 3.2: The universal splitting functions for QCD interactions at LO. The split-
ting functions in the top row are the same since the underlying process is symmetric.
The splitting functions are spin-averaged and assume massless particles. The con-

stants are TR— ,Ca=Ng=23,and Cp = 2N;1 :%_

3.2 Parton Shower

A parton shower promotes final state partons from matrix element generation to
jetsﬂ by successive emission of additional partons. An example of parton emission is
the simple case of eTe™ — ¢gg described by the differential cross-section dominant
contribution
dogg as 2 14 (1-2)
S O ,
dcos (0)dz 27 sin” (0) z

(3.5)

3The term jets is used in hindsight, since jets are analysis objects defined by various parameters,

as described in Section
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Figure 3.3: The parton distribution functions of the MMHT2014NLO set for the
lightest quarks and gluon as a function of the momentum fraction x. The PDF sets
are shown at different energy scales. On the left side, they are evaluated at a scale
of 10 GeV? and on the right side, at a scale of 10* GeV?2. The Figures are taken from

Ref. .

with 6 as the angle between the quark and gluon and z as the energy fraction of the
gluon. A neat property of Equation is the factorisation into 04 and the emission
part. For very soft emission z — 0 or collinear emissions 8 — 0, 7, the cross-section
diverges. Equation describes the emission of a gluon from a ¢g dipole and can
be generalised for gluon radiated from a single quark to

agdf? | 14 (1—2z)
doggg = 0qq Z C’F%Q—dei, (3.6)

z
partons

with sin () ~ 6. Choosing the transverse momentum of the radiated particle with
respect to the parent particle instead of the angle 8 is an equivalent choice as an
evolution variable. For a general evolution variable t the emission of a parton ¢ from
a parent parton j is given by

doysr ~doy ;‘—;dza-j (). (3.7)

)

The universal splitting functions P;; (2) in QCD are already defined in Figure
The splitting of gluons to quark pairs plays a minor role for parton showering. By
integrating out Equation the double log structure is revealed

2 2
do (X + n emissions) ~ do (X) x af [In*" (t) + 0O [ In?"! <€> (3.8)
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for some defined energy scale @2 and processes X with n emissions. The first loga-
rithmic contribution is the most dominant one, while the remaining sub-leading ones
are usually not described well by the parton shower. To deal with divergences orig-
inating from virtual and unresolved contributions, a cut-off value is defined, acting
as a resolution parameter. For implementation purposes, the Sudakov form factors
A (t1,t9) are used, describing the probability that a parton does not radiate from
scale t1 to scale to:

¥ 9. (3.9)

2 Zmin

t1 dt Zmax
A (t1,t2) = exp [—/ as dzPj; (2)
t

Starting from an initial scale ¢? the first emission of a parton occurs at scale

injtial’
t3 calculated using Equation If the t3 value is below the hadronisation scale
of t2 &~ 1 GeV?, the shower evolution is terminated and hadronisation starts, if the
value is above the hadronisation scale, t% is replaced as the initial scale.

3.3 Hadronisation Models

The description for the transition of partons to hadrons can not be derived with per-
turbative means and relies on phenomenological models. Perturbation theory breaks
down since ag increases. At those large ag values, quark confinement is observed.
The commonly used hadronisation models are the Lund string model [139,|140] and
cluster model [|141,142]. The Lund string model uses a linear potential to describe
the effective QCD potential between two quarks with field lines forming tube-like
regions. The latter property gives the model the name string. The fragmentation
into hadrons is then performed by repeatedly splitting the string into g pairs. The
fragmentation is controlled via the fragmentation function

f(z) x (1—2)" exp <_bm%> (3.10)

z z

with the transverse mass mp and the parameter a and b determined by experiments.
The Lund-Bowler shape can modify the fragmentation function to better describe
heavy quarks. The creation of different quark pairs is realised by tunnelling with

probability
2 2 2
P o exp (WmT> = exp <7%> (mn) , (3.11)
K K K

with x as the string tension constant, and pr as the transverse momentum and
m the mass. Equation suppresses contributions of heavy quarks. The Lund
string model is implemented in PyTHIA. The cluster model is based on colour
preconfinement [143| and gluon splitting to form clusters. A cluster with a high mass
will eventually decay into smaller clusters, which will further decay to two hadrons
depending on the available phase-space and spin combination. Reconnection of three
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qq clusters is also allowed and will form two baryons. The cluster model is used by
HERWIG and SHERPA; the latter uses a modified one. A description of hadronisation
models utilised in the MC samples for this analysis is presented in Section

3.4 Monte Carlo Samples

Process ME Generator ME order Parton shower PDF Tune
ttH PowHEG-Box NLO PyTHiA 8 NNPDF 3.0nlo Al4
PowHEG-Box NLO PyTHia 7.0.4 NNPDF 3.0nlo  H7-UE-MMHT
POWHEG-BOX NLO PyTHIA 8 with varied ph*™d  NNPDF 3.0nlo Al4
tHW SHERPA 2.2.10 MEPS@QNLO SHERPA NNPDF 3.0nnlo  SHERPA default
MADGRAPH5_aMC@GNLO FxFx NLO PyTHIA 8 NNPDF 3.0nlo Al4
PownEG-Box NLO PyTHIA 8 NNPDF 3.0nlo Al4
PowHEG-Box NLO HerwiG 7 NNPDF 3.0nlo  H7-UE-MMHT
ttW (EW) SHERPA 2.2.10 LO SHERPA NNPDF 3.0nnlo  SHERPA default
MADGRAPH5_aMC@QNLO LO PyTHia 8 NNPDF 3.0nlo Al4
tl MADGRAPH5_aMC@NLO NLO PyTHIA 8 NNPDF 3.0nlo Al4
MaADGRAPHS _aMCQ@QNLO NLO HerwiG 7 NNPDF 3.0nlo  H7-UE-MMHT
MADGRAPH5_aMCQNLO NLO PyTHIA 8 NNPDF 3.0nlo A14 VAR3C
tt— WHoW bt MADGRAPH5_aMC@NLO LO PYTHIA 8 NNPDF 3.0lo Al4
ttt MADGRAPH5_aMC@NLO NLO PyTHIA 8 NNPDF 3.1nlo Al4
tt PowHEG-Box NLO PyTHIA 8 NNPDF 3.0nlo Al4
PowHEG-Box NLO HerwiG 7.1.3 NNPDF 3.0nlo  H7-UE-MMHT
ttt MADGRAPH5_aMC@QNLO LO PyTHiA 8 NNPDF 2.3lo Al4
Single top (t-, Wt-, s-channel) PowHEG-Box NLO PyTHIA 8 NNPDF 3.0nlo Al4
VV,VVijj, VVV SHERPA 2.2.2(1) MEPS@NLO SHERPA NNPDF 3.0nlo  SHERPA default
Z =~ SHERPA 2.2.1 MEPS@QNLO SHERPA NNPDF 3.0nlo  SHERPA default
Z = (y—ete) POWHEG-BoX NLO PYTHIA 8 CTEQ 6L1nlo Al4
Z = 00 (yx — ete) PowHEG-Box NLO PyTHIiA 8 CTEQ 6L1nlo Al4

Table 3.1: An overview of signal and background samples. For each sample, the
configuration in terms of matrix element generator and accuracy, PDF set, parton
shower model, and used set of tunable parameters are shown. The alternative sam-
ples to estimate systematic uncertainties are marked in blue.

This section gives an overview of MC samples used in the analysis, describing used
ME generators and PS models and their configuration. Most MC samples are pro-
cessed with a full ATLAS detector simulation response based on GEANT4 .
A small fraction of samples, including processes like tW H, tHqb, and tttt, are pro-
cessed using fast simulation (AF2) replacing the full GEANT4 calorimeter response
by a parametrisation of shower shapes . The impact on observables for this
analysis is negligible.

To model the impact of in- and out-time pileup effects, PyTHIA 8 is used
to generate additional pp collisions, which are overlaid on the hard scattering pro-
cess. The A3 tune is used . The simulated events are reweighted for each mc16
sub-campaign to match different pileup conditions observed in data .

For all samples involving top quarks, the mass of the top quark is set to m; =
172.5 GeV, while the mass of b-quarks during top-quark decays is set to m, =
4.95GeV for POWHEG or MADSPIN and my = 4.75GeV for SHERPA. The top
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quark decays exclusively to b-quarks for all samples involving top quarks. For all
samples involving a Higgs boson, its mass is set to be 125 GeV. All samples gener-
ated with PyTHIA [147] for parton showering and hadronisation use the A14 set of
tunable parameters, together with the NNPDF 2.3lo PDF set with a default value of
ag = 0.130 [150]. For samples involving top quark pairs, decay of bottom and charm
hadrons is modelled using EVTGEN 1.6.0 [151].

An overview of processes and generators is shown in Table [3.1] Alternative sam-
ples are produced to estimate systematic uncertainties associated with the parton
shower, hadronisation models, and matrix element generators and their matching.
A description is added for the relevant processes in Table Further details on the
used samples are found in Appendix [A]

3.4.1 ttH Production

The ttH signal process events are generated with POwHEG Box v2 [152}156] at
NLO accuracy using the NNPDF3.0NLO PDF set [157]. The parton shower and
hadronisation step are performed with PyTHIA 8.2.30 [147]. The hqamp parameter
regulating the high-pr radiation during matching of POWHEG matrix elements to
the parton shower is set to 0.75 X (m; +mg + mpy) = 352.5 GeV. The theoretically
predicted cross-section at NLO QCD and NLO EW accuracy at /s = 13TeV is
evaluated to be 507f§8 fb [70]. The uncertainties are obtained by varying the renor-
malisation and factorisation scales and combined PDF+«g. The calculations are done
using MADGRAPH5_aMC@NLO.

Modelling uncertainties associated with initial state radiation (ISR) for the ¢tH
signal process are estimated with weights during matrix element generation and par-
ton shower evaluation. Final state radiation (FSR) is evaluated by scaling the QCD
emission scale by a factor of 0.5 and 2.0. The impact of the renormalisation and fac-
torisation scales, ug and py, are estimated by varying the central value by a factor
of 0.5 and 2.0 in the matrix element while using the VAR3C uP and VAR3C DOWN
variation of the A14 tune in the parton shower.

The impact of different parton shower algorithms, hadronisation models, and under-
lying event modelling is evaluated by comparing the nominal configuration POWHEG
+PYTHIA using the same generated POWHEG events but using HERWIG 7.0.4 [158,
159] for the parton shower and hadronisation step. The H7UE set of tunable param-
eters [158] is used along with the MMHT2014LO PDF set [138]. The NLO matching
uncertainties are estimated by varying the p}rfard parameter, effectively chaining the

definition of the hardness of the Powheg emission [160].
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3.4.2 ttW Production

The nominal ttW sample is generated using SHERPA 2.2.10 [161,[162]. The matrix el-
ement is calculated with up to one additional parton at NLO accuracy and up to two
additional partons with LO accuracy using Comix [163] and OPENLOOPS [164-166].
The NNPDF3.0NNLO PDF set is used in the matrix element. The generated events
are interfaced with the SHERPA parton shower [167] based on the Catani-Seymour
dipole formalism and using the MEPS@QNLO prescription [168]. The merge scale is set
to 30 GeV. The renormalisation and factorisation scales are set to pur = pur = Hr/2,

with Ht as the scalar sum of transverse masses 4 /p% + m?2 of all final state particles
after matrix element generation. The SHERPA default tune is used.

The nominal sample is generated at NLO in the strong coupling constant ag. Addi-
tional higher-order corrections corresponding to EW contributions are dealt with in
two separate ways: First, event-by-event correction factors are derived to correct for
virtual NLO EW of order a%ya? contributions as described in Ref [169]. Further-
more, LO corrections of order a%w are applied, reducing the expected inclusive ttW
cross-section by 3.9 % with respect to the NLO QCD prediction [161,/170]. Second,
an additional sample is generated using SHERPA 2.2.10 with LO accuracy in QED
correcting for real emissions of sub-leading EW corrections at order adyyas [171].
The resultant sample is normalised to o (W) = 722710 (scale) & 7 (PDF) fb [172]
instead of the total cross-section of o (th) = 614.7 fb calculated by SHERPA taking
both NLO QCD and NLO EW effects into account [172].

Similar to the ttH samples, the uncertainties on py and pp are estimated for t£W.
An additional sample is generated with MADGRAPH5_aMC@NLO interfaced with
PyTHIA 8 FxFx [173] to estimate ambiguities due to different matrix element gen-
erator, parton shower, and parameter choices, and matching and merging schemes.
To further cover differences due to parton shower modelling, alternative samples are
generated with POWHEG+PyYTHIA 8 and POWHEG+HERWIG 7. The uncertainty is
evaluated by comparing the predictions with the nominal prediction by SHERPA.

3.4.3 1t (Z/v*) Production

The production of ttZ/v* Mc samples is performed using MADGRAPH5_aMC@NLO
2.8.1 |174] at NLO accuracy in QCD and the NNPDF3.0NLO PDF set in the matrix
element. The renormalisation and factorisation scales are set to ug = pp = Hp/2

with Hr as the scalar sum of transverse masses 4/ p?r + m?2 of all final state particles

after matrix element generation. The decay of top-quarks is simulated at LO with
MADSPIN [175,[176] preserving all spin correlations. The shower and hadronisation
step is performed by PYTHIA 8.244.

The ttZ/v* — (E*ﬁf) samples are normalised to the predicted cross-section at NLO
accuracy in both QCD and EW for an on-shell Z boson and off-shell v* — ¢/~ con-
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tributions with corrections at one-loop level in ag [70]. The resulting cross-section
for tt¢*¢~ with a cut on the low mass distribution of £T¢~ > 1GeV is 162 + 21 fb.

3.4.4 Diboson Production

Diboson events are generated with the SHERPA 2.2 program, matched with the
SHERPA parton shower based on the Catani-Seymour dipole formalism, and merged
with the MEPS@QNLO prescription. Events are calculated with up to one additional
parton at NLO and up to three additional partons at LO using the OPENLOOPS
library. Fully-leptonic decay modes with up to four charged leptons in the final state
are generated with SHERPA 2.2.2, while semi-leptonic with up to two charged leptons
in the final state are generated with SHERPA 2.2.1. The EW contribution V'V jj with
V = W, Z in the fully-leptonic decay mode is simulated at LO with SHERPA 2.2.2
using the G, scheme for pure electroweak interactions at the electroweak scale. All
samples are generated with the NNPDF 3.0nnlo PDF set and the SHERPA default set
of tunable parameters.

3.4.5 Single Boson Production

The simulation of V+jets events with V' = W, Z is done with SHERPA 2.2.1 at
NLO matrix-element accuracy with two additional partons and up to four additional
partons at LO accuracy using CoMIix and OPENLOOPS. The NNPDF 3.0nnlo PDF set
is used for the matrix element calculation. The matching is done with the MEPS@QNLO
prescription while showering is done with the SHERPA default parton shower. The
set of tuned parameters for the PS is used, which is provided by the SHERPA authors.
All samples are normalised to the NNLO predicted cross-sections.

3.4.6 tt and Single-Top Production

Samples for the production of #¢ and single top quark events are generated with
PownEG Box v2 [152-155,177H179] at NLO accuracy in QCD. In the matrix ele-
ment, the NNPDF3.0NLO PDF set is used. To perform parton shower and hadro-
nisation, generated events are interfaced with PyTHIA 8.2.30. The hqamp is set to
1.5 x my [180]. To avoid overlap of generated tW events with ¢¢, the diagram removal
scheme is used [181].

To further enhance contributions with additional heavy-flavour jets, like ¢- and b-
jets, originating from gluon splitting, samples are generated with the same settings
as the nominal ¢f sample but with a filter applied. By using the Monte-Carlo truth
record, generated events are filtered into the categories tf + bb, tt + b with a veto on
tt+bb, and tt+ > 1c with a veto on t{+ > 1b. The generated filtered events are com-
bined with the nominal samples by replacing the corresponding heavy-flavour events
and keeping the tf + light events from the nominal sample. To estimate modelling
uncertainties on tt 4+ bb contribution, a NLO sample is generated in the four-flavour
scheme using POWHEGBOXRES [182,|183] and OPENLOOPS [164}/165]. The nominal
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prediction of tt events is generated in the five-flavour scheme, assuming massless
b-quarks described in the initial state by parton distribution functions. In contrast,
the four-flavour scheme allows massive b-quarks generated at matrix element level,
including mass effects, avoiding the generation of b-quarks through gluon splitting
g — bb by evolution of parton distribution functions via DGLAP equations. The
NNPDF3.1INNLONF4 PDF set [157] is used, excluding the b-quark PDF. The fac-
torisation scale and hqamp are set to %Zi:t,ﬂb,i) mr;, the renormalisation scale is

set to % YmT My mrp - Mg The POWHEG internal parameter hy,q controlling
the damping function is set to 5. The mass of the b-quarks is set to mp = 4.95 GeV.
The events are interfaced with PYTHIA 8.2 to perform parton showering and hadro-
nisation.

The tt samples are normalised to the predicted cross-section of o (tf) NNLO4NNLL =
832 £+ 51 pb with NNLO accuracy in QCD and NNLL soft-gluon resummation
using Top++ 2.0 [84-89,[184]. The three single top quark productions are nor-

malised to o (tW)xpo4nnir, = 71.7 & 3.8 pb, o (¢, s-chan)y; o nnir = 6355030 pb,

and o (t, t-chan) ;o NNL1 = 216.97"_%%2 pb. All cross-section calculations are done
at NNLO accuracy in QCD and NNLL soft-gluon resummation [185] using Top++

2.0.

3.4.7 Samples for Minor Backgrounds

There are several minor backgrounds which enter the analysis. The Higgs produc-
tion in association with electroweak bosons such as W and Z are simulated with
PyTHIA 8.186 using the NNPDF 2.3lo PDF set and the A14 tune. Other processes
including top-quarks such as the triple top-quark or ttWW production are gen-
erated with MADGRAPH5_aMC@NLO 2.3.3 at LO accuracy and interfaced with
PyTHIA 8.186 using the NNPDF 2.3lo PDF set and the Al4 tune of parameters.
For the four top-quark production, the matrix element is also generated with MAD-
GrAPHS5_aMCQ@NLO 2.3.3 but at NLO accuracy. The final states are showered using
PyTHIA 8.230 using the NNPDF 3.1nlo PDF set and the A14 tune of parameters.
The triboson production, like ZZZ, WZZ, WW Z, and WWW | are simulated with
SHERPA 2.2.2 at NLO matrix-element accuracy with no additional partons in the
final state and at LO accuracy with up to three additional partons using CoMIix and
OpENLOOPS. The NNPDF 3.0nlo PDF set and the SHERPA default tune are used for
all triboson samples.
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CHAPTER 4

Experimental Setup

Every experiment requires a setup to collect data to measure quantities such as total
or differential cross-section, particle properties such as masses, or coupling param-
eters. At the Large Hadron Collider (LHC), data is collected in proton-proton or
heavy ion collisions by detectors suitable for the physics application. The operation
of the detectors requires multiple specialised groups for maintaining and monitoring
as well as for development and further upgrades. Other groups are tasked to check
the quality of collected data, preparing a list of data collected under stable detector
conditions.

The LHC is located close to Geneva at the Swiss-French border and is today’s
largest accelerator. It is operated by the Furopean Organisation for Nuclear Re-
search (CERN) with multiple large experiments located at the LHC, one of them
being the ATLAS experiment using the ATLAS detector for data recording.

The following provides an overview of the LHC and the ATLAS experiment and
detector. It begins with the LHC in Section followed by an overview of the
ATLAS experiment in Section [£.2] The various parts of the detector, together with
the trigger system, are presented in Section to Section with a focus on
radiation damage and its impact on the performance of the inner detector of the
ATLAS detector in Section [4.3]

4.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [186] is a circular collider mainly used for ac-
celerating protons for high-energy proton-proton collisions. Aside from these, the
LHC is also used for accelerating ions like lead in lead-lead collisions or lead-proton

37
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The CERN accelerator complex
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Figure 4.1: A sketch of the different accelerators and experiments at CERN. The
accelerator chain of the LHC for Run 2 starts with the linear accelerator LINAC2,
followed by the circular collider BOOSTER, the Proton-Synchrotron (ps), the Super
Proton Synchrotron (sps), and finally the LHCc. (©QCERN

collisions. The LHC is situated in depth between 50 m and 175 m using the former
Large Electron-Positron collider (LEP) tunnel system. It is made of concrete in a
quasi-circular shape with a circumference of 27 km ranging from Geneva to the Jura
Mountains.

The designed maximum centre-of-mass energy is y/s = 14 TeV, which requires a set
of strong magnets for bending particles in their orbit. The dipole magnets have a
magnetic field strength of B = 8 T with more than 1200 magnets used for bending.
To guarantee stable and focused beams, additionally, quadrupole magnets are used
for defocusing and focusing purposes. Other higher-order multipoles, such as sex-
tupole and octupole magnets, are used for smaller corrections, which increases beam
stability. All magnets used in LHC are made of niobium-titanium alloy, which has
superconductive properties below a temperature of 1.9 K. Therefore, magnets are
cooled down with superfluid helium.

The acceleration step requires multiple pre-accelerators. A full sketch of the accel-
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erator complex of CERN is shown in Figure starting with the primary source of
protons, which is for Run 2 hydrogen gas from a bottle. Electrons are stripped off
using electric fields, leaving only protons injected into the linear-accelerator facility
named LINAC2. The protons are accelerated to energies of 50 MeV using radiofre-
quency cavities. However, in Figure LINAC2 is replaced with LINAC4 used for
Run 3, where negative hydrogen ions are accelerated up to energies of 160 MeV. In
both cases, the protons or hydrogen ions are injected into the PS BOOSTER, increas-
ing the energy to 2 GeV. For hydrogen ions, the remaining electrons are stripped off
during injection to the PS BOOSTER.

The next part of the accelerator chain is the proton synchrotron ps, the first syn-
chrotron at CERN with a circumference of 628 m. The protons are accelerated up to
26 GeV using ordinary non-superconductor dipole magnets. With a circumference of
7km, the Super Proton Synchrotron (sps) is the second largest accelerator at CERN,
further increasing the proton beam energy up to 450 GeV. It is the final step before
injection into the LHC, and it splits the beam into two beams for collisions. There
have been several periods of data taking at increasingly higher centre-mass-energy.
Run 1 started in March 2010 and ended in 2012. The LHC operated at /s = 7 TeV
till the end of 2011 and was increased to /s = 8 TeV. The beam energy during
Run 2 was 6.5 TeV with a centre-of-mass energy of /s = 13 TeV, while in Run 3 the
beam increases to 6.8 TeV with a centre-of-mass energy of /s = 13.6 TeV.

In addition to the centre-of-mass energy, the instantaneous luminosity £ is an im-
portant property of a particle collider. Integrated over time, it quantifies the size of
the data set collected by an experiment. The number of events NN is related to the
integrated luminosity [ £dt via the cross-section o for an arbitrary process by:

N = J/L’dt. (4.1)

To increase the number of expected events for a process, the integrated luminosity
has to be increased, as the production cross-section only changes as a function of the
centre-of-mass energyﬂ The instantaneous luminosity depends only on the collider
properties and is given by

_ NiNomy
7 dmogoy’

L (4.2)
with Vi and N» as the number of particles in the colliding bunches, n; as the total
number of bunches stored in the accelerator ring, and f as the collision frequency.
The beam has a Gaussian shape in the transverse direction and is characterised by
the Gaussian width o, and oy in the horizontal and vertical directions. The LHC
has a designed instantaneous luminosity of £ = 103*cm~2s~! [186]. The delivered
integrated luminosity values, together with the recorded ones, and the values passing
quality criteria to be used in physics analyses are summarised in Figure Most
of the data was recorded towards the end of Run 2 in 2018. Particle beams are not

'In practice, trying to increase the luminosity is easier than building a larger collider leading to
higher centre-of-mass energies
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continuous but consist of multiple bunches. The mean number of interactions per
bunch crossing, sometimes called pile-up, is presented in Figure [£.3] with mean values
for each period of Run 2. The average number of interactions per bunch crossing
during Run 2 is (u) = 33.7. The small peaks for 2017 and 2018 originate from low
pile-up runs for electroweak precision measurements.

There are four large experiments located at the LHC. The large multi-purpose detec-
tors are ATLAS and CMS [187,/188]. The ATLAS detector is located at Point 1 close
to the CERN main site in Meyrin, while CMS is located at Point 5 close to Cessy
in France. Both focus on a large range of precision measurements of SM processes
involving top quarks and Higgs bosons. The LHCb detector [189] is located at col-
lision point eight and focuses on B-meson physics featuring an asymmetric forward
detector. The last large experiment is located at collision point two and is called
ALICE [190]. It specialises in heavy ion physics and research on quark-gluon plasma.
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Figure 4.2: Summary of the collected integrated luminosity during Run 2 by ATLAS
in proton-proton collisions at /s = 13TeV. This figure shows a previous mea-
surement. The current size of the dataset collected during Run 2 was corrected to
~ 140fb~!. The green part shows the delivered integrated luminosity by the LHC.
In contrast, the yellow part is the amount of integrated luminosity recorded by the
ATLAS detector, and the blue is the amount of integrated luminosity passing quality
criteria for physics analyses. This figure is taken from Ref. [191].
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Figure 4.3: Summary of the average number of interactions per bunch crossing for
each period of Run 2. This Figure is taken from Ref. [191].

4.2 The Atlas Experiment

The ATLAS experiment, an acronym for A Toroidal LHC ApparatusS, is one of the
four large experiments located at the LHC. The ATLAS detector is a multi-purpose
detector designed for a large range of physics applications. It has the largest volume
compared to all other main experiments at LHC, having a total length of 44 m, a
height of 25 m, and weighs approximately 7000t. As depicted in Figure the de-
tector has a leek—likeEl shape with an almost full 47 solid angle coverage around the
interaction point. Each layer is specialised for the detection of specific particle types
and their kinematic properties. The inner detector, as the name suggests, is closest
to the interaction point and measures tracks from charged particles, measuring trans-
verse momentum and reconstructing vertices. Charged particle tracks are bent using
a solenoid magnet with a magnetic field strength of 2T. A detailed description of the
detector is in Section [£.2.1], while in Section [5.2.1] the track and vertex reconstruc-
tion from inner detector signals are explained. There are two calorimeter systems for
stopping both electromagnetic and hadronic particle types. The calorimeter is used
for energy measurements, and a description is found in Section The outer-
most sub-detector is the muon spectrometer. It is dedicated solely to the transverse
momentum measurement of muons using a toroid magnet system with a magnetic
field strength of 4 T. Other particles will deposit their energy into the calorimeter
system and are less likely to reach the muon spectrometer. The muon spectrometer

2There were intense discussions during lunch breaks on the question, whether the leck-shape
or onion-shape description of the ATLAS detector is more appropriate. The author is part of the
leek-shape faction, in German: Lauch-Fraktion.
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Figure 4.4: A sketch of the ATLAS detector at the LHC at CERN. The various
sub-detector parts are shown [187], together with the height and length of the full
detector. Humans are shown for scale on the left of the ATLAS detector. (©) CERN

is explained in Section |4.2.3

The ATLAS right-handed coordinate system has its origin at the nominal interac-
tion point in the middle of the detector. The z-axis is defined along the beam line
with the x- and y-axis in the transverse plane. The positive x-axis points to the
centre of the LHC, while the y-axis points upwards to the surface. Since the detector
has a cylindrical shape, instead of Cartesian coordinates, spherical coordinates are
used. The azimuthal angle ¢ is defined in the transverse plane around the z axis and
0 as the polar angle. The latter is commonly replaced with the pseudorapidity

n=—n <tan(g)> =%1n(:gf§i), (4.3)

with the momentum vector p and its z-component in Cartesian coordinates. The
pseudorapidity is closely related to the rapidity as they are equal in the relativistic
limit, where masses can be neglected. Differences in pseudorapidity An are invariant
under Lorentz-boosts in z-direction. Since the difference in azimuthal angle A¢ is
Lorentz-invariant in the z-direction by construction, distances between two points

AR = /A + A2 (4.4)

in the n — ¢ plane, which replaced the x — y plane, are also Lorentz-invariant under
boosts in the z-direction.
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4.2.1 Inner Detector

B End-cap semiconductor fracker

Figure 4.5: A sketch of the 1D sub-detector of the ATLAS detector. The 1D is closest
to the interaction point and consists of the three sub-detectors PIXEL, SCT, and TRT.
In the central region, all components have a layer structure, while forward- and
backward regions are covered with end-caps or disks. (Q)CERN

The innermost sub-detector part of the ATLAS detector is the inner detector (ID) [192
193]. It is a tracking detector measuring hits of charged particles in the active
material. Tracks are then reconstructed from those hits; a full description is in
Section A solenoid magnet is placed around the ID with a magnetic
field of 2T, bending charged particles and allowing measurements of the transverse
momentum due to their bending radius. The magnetic field, together with the
granularity and spatial resolution, are key properties for the transverse momentum
measurements and vertex identification. The latter is essential for the identification
of the hard scattering or primary vertex as well as for secondary vertices used for b-jet
identification. This turns out to play an important role in the measurement of every
process involving top quarks, like the ¢t H multi-lepton analysis. The ID is relatively
compact, with a length of 6.2m and a cylindrical shape with a diameter of 2.1 m. It
consists of three subsystems: the Pixel Detector (PIXEL), the Semiconductor Tracker
(sct), and the Transition Radiation Tracker (TRT). A sketch of the ID is shown in
Figure The central region around the interaction point is covered with multiple
layers of the three sub-components with varying coverage in terms of pseudorapidity.
The forward- and backward regions are covered by end-caps, sometimes called disks.
The PIXEL detector is closest to the interaction point and is divided into four layers
in the barrel region and three pixel end-caps on each side of the PIXEL detector. The
barrel part has 1736 modules covering a pseudorapidity range of |n| < 2.5, while
each pixel disk has 288 modules. The innermost layer of the Pixel detector, namely
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the Insertable B-Layer (1BL) [195], was added later during LS1 to improve vertex
reconstruction, including secondary vertex identification, b-tagging, and to add a
redundancy layer to the PIXEL system in view of the expected radiation damage. In
total, there are 92 million silicon pixels with the size of 50 x 400 ym?. In case of IBL,
the pixel size is 50 x 250 ym?.

The scT is placed around the PIXEL detector and features four layers of silicon-strip
sensors [196] in the barrel region, and in total, nine end-caps for the forward- and
backward region, providing additional information for tracking. The silicon-strip
sensors are arranged in pairs with a stereo angle to each other, improving spatial
resolution. The achieved spatial resolution in the transverse plane is approximately
16 pm, while in z-direction it is 580 um. The sCT has 4000 modules, 2112 in the
barrel region and 1976 for the end-caps, with approximately six million read-out
chips.

The last part of the ID is the TRT, which features approximately 300000 straw
tube detectors divided into barrel and end-cap regions. The tubes are aligned with
the beam pipe in the barrel region, while in the forward- and backward regions,
they are orthogonal to the beam pipe. Adding further tracking information, the
transition radiation is utilised to obtain additional information on the Lorentz factor
~ and, therefore, the mass of charged particles traversing the straw tubes. The mass
information is used to distinguish between electrons and hadrons like pions.

The transverse momentum resolution of the ID depends on the transverse momentum
of the incoming particle. Overall, the relative momentum resolution is:

orfpr = 0.05% - pr & 1.0 %. (4.5)

4.2.2 Calorimeter System

The calorimeter system envelopes the ID and measures energies of hadrons, electrons
and photons via interaction with the detector material, which is called showering. A
shower cascade is induced by an incident particle passing through the active mate-
rial of the calorimeter, where it either emits radiation or undergoes pair production.
This procedure is repeated, creating a shower cascade until critical energy is reached,
preventing further radiation or pair production and stopping the cascade process.
The energy of the incident particle is deposited into the calorimeter material and can
be determined by the length of the shower cascade. Since the underlying interaction
types for electrons or photons and hadrons are different, the calorimeter system is
divided into the electromagnetic calorimeter ECAL [197] and the hadronic calorimeter
HCAL [198] as shown in Figure Photons and electrons mainly interact via elec-
tromagnetic interaction with the ECAL, while hadrons interact via the strong force
with the HCAL material.

The ECAL is a Liquid Argon Calorimeter (LAr) using Lead plates as absorbers and
liquid Argon as the active material. Both materials are samples, which makes the LAr
a sampling calorimeter. An electron or photon starting a shower cascade will ionise
Argon atoms, and due to the applied voltage, the produced ions and electrons drift
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Figure 4.6: A sketch of the calorimeter system of the ATLAS detector. The calorime-
ter system is split into an ECAL for measuring the energies of electrons and photons
and into a HCAL for hadronic particles . The calorimeter system is spatially
split into the barrel and forward and backward regions. () CERN

towards the absorber material, which induces a signal. The thickness of the ECAL is
approximately 22 radiation lengt}ﬂ designed to stop most incoming electrons and
photons reliably. The ECAL requires a fine resolution for measuring differences in
shower shapes, which is a distinguishing feature between electrons and photons. The
resolution in terms of An x A¢ is between 0.025 x 0.025 to 0.1 x 0.1, depending on
the pseudorapidity range. The ECAL is split into a barrel part covering |n| < 1.475
and two end-caps covering 1.35 < |n| < 3.2. Especially the separation between pho-
tons is highly important to identify 7° — 4+ decays. Therefore, the first layer of
the barrel region is finely segmented in the n direction. In contrast, the remaining
two layers have a coarser granularity to measure the shower cascades’ main energy.
In the range || < 1.8, a thin pre-sampling layer is used, which corrects for energy
losses of electrons and photons interacting with the solenoid material. The achieved
energy resolution is:

o5/E = 10%/VE @ 0.7 %. (4.6)

The hadronic calorimeter HCAL or Tile Hadronic Calorimeter is in the outer part of
the calorimeter systems around the ECAL and is a sampling calorimeter using steel
as the absorber material and scintillating tiles as the active material for the barrel
region. The barrel region covers the range of |n| < 1.7 with a granularity in terms
of An x A¢ of 0.1 x 0.1 and an overall energy resolution of:

UE/E=50%/\/E@2%. (47)

3 A radiation length is defined as the depth of an incident particle passing through the calorimeter
material, decreasing the particle energy to 1/e of the initial energy.
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The barrel section is split into the Long-Barrel (LB) ranging to |n| < 1.0 and the
Eztended Barrel (EB) on both sides of the HCAL system covering 0.8 < || < 1.7. The
barrel section has a thickness of approximately 7.4 radiation lengths, stopping most
hadronic jets and preventing particle leakage into the muon spectrometer system.
The LAr hadronic end-caps system is placed in the forward- and backward regions,
covering a pseudorapidity range of 1.5 < |n| < 3.2 with two disks on each detector
side. Copper is used as the absorber, with liquid Argon as the active material, giving
the calorimeter system its name. The granularity depends on the pseudorapidity
and ranges between 0.1 x 0.1 and 0.2 x 0.2 in terms of Anp x A¢. The calorimeter
system is completed with the forward calorimeter FCAL extending the pseudorapidity,
covering 3.1 < |n| < 4.9. The FCAL consists of three modules using liquid Argon as
the active material but a different absorber. The first module uses copper, which
is mostly used for photon or electron-induced showers, while the remaining two
modules use tungsten as the absorber to measure hadronic shower activities. The
energy resolution is:

on/E = 100%/VE & 10 %. (4.8)

4.2.3 Muon Spectrometer

The outermost part of the ATLAS detector is the muon spectrometer (Ms) system
dedicated to identifying and measuring muons [187]. Muons are created in collisions
or as decay products with an energy of about O (100 MeV) up to O (100 GeV). Hav-

Thin-gap chambers (TE&C)
& | ] Cathode strip chambers (CSC)

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 4.7: A sketch of the muon spectrometer system of the ATLAS detector. It is
split into four components and spatially divided into the barrel and end-cap regions.
©CERN
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ing a 200 times larger mass than electrons, muons at this energy scale are minimal
ionising particles (MIP) and interact with the detector material feebly, traversing
through the 1D and calorimeter system. Other particles like photons, electrons, and
hadrons will be stopped earlier.
The various subsystems are enclosed with a magnetic field of 4T, created by eight
25m long air-core toroidal magnets [199] in the barrel region |n| < 1.4 and addi-
tionally two toroidal end-caps [200] for the forward- and backward regions in the
range of 1.6 < |n| < 2.7. A sketch of the MS is presented in Figure Four ms
subsystems are used for muon track identification and transverse momentum mea-
surements from track curvatures. The main components are Monitored Drift Tubes
(MDT) with a total number of 354 240 distributed in 1171 chambers. The MDT has a
spatial resolution of 35um per tube and 80um per chamber in the longitudinal direc-
tion, allowing for precise muon candidate measurements. In the forward direction at
pseudorapidity ranges 2.0 < || < 2.7, Cathode-Strip Chambers (¢sc) are used due
to their high time resolution compared to MDT. For the same reason, Resistive Plate
Chambers (RPC) are placed in the barrel region, and Thin Gap Chambers (TGC) are
placed in the end-cap regions. The RPC and TGC also provide information to the
trigger system. For a muon with pr = 1TeV, the relative transverse momentum
resolution of the MS is:

UPT/pT =10 %. (4.9)

4.2.4 Trigger System

The bunch crossing frequency of 40 MHz and the average number of 33.7 interac-
tions per bunch during Run 2 results in approximately 1.7 billion proton-proton
collisions per second. If stored, this would occupy 60 Tb of storage per second. From
an analysis perspective, most of the recorded events are uninteresting as they may
feature only elastic proton-proton collisions. Furthermore, from a data management
perspective, processing such an amount of data would be impossibleﬂ To reduce
the amount of collected data, a two-level trigger system is used to filter events that
have interesting properties. The Level-1 trigger (L1) is a hardware-based trigger
system [187,201,202] and selects events featuring muons, electrons, photons, or jetsﬂ
with high transverse momentum as they are typical features of inelastic proton-
proton collisions. Events with a large amount of E%ﬁss or transverse energy will also
pass. The L1 trigger decides on a subset of the detector response, like RPC and TGC
information for muons or reduced-granularity information from the calorimeter sys-
tem for jets, electrons, and photons. Information from the 1D is excluded due to the
computationally expensive track fitting. For each passing event, the L1 trigger also
defines one or more Regions-of-Interest (Rol) around interesting features, providing
extra information on the coordinates and type for the next trigger level. Events that
pass the L1 trigger are stored temporarily to the Read-Out Sytem. The L1 trigger
reduces the initial event rate to some 100 kHz.

4At least by today’s standards.
5Including also Thaq candidates.
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The second trigger is a high-level trigger (HLT), which is a software trigger using
previous information passed by the L1 trigger together with the Rol as input. The
HLT decides to use the full detector information on object candidates and Rol. If
none of the candidates passes the criteria, the event is discarded, and the remaining
passing events are stored on disk. The HLT reduces the rate to some 1kHz.

4.3 Radiation Damage Effects on the Pixel Detector
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Figure 4.8: On the left side are predicted fluence values as a function of the radial
and longitudinal components of the PIXEL detector. The predictions are obtained
from simulation with PYTHIA 8 modelling inelastic proton-proton events while
Fruka simulated the particle transport through the detector material. On the
right side, the accumulated fluence values are shown for the four layers of the barrel
region of the PIXEL detector covering the first three periods of Run 2. Both figures
are taken from Ref.

The PIXEL detector of the ID is a silicon-based tracking detector closest to the inter-
action point. The basic building blocks for the various layers of the PIXEL detector
are modules featuring a silicon sensor, front-end electronics, and flex-hybrids with
control circuits. The silicon sensor is the part sensitive to the detection of charged
particles. Signals are measured as hits and later fitted to form a track, determining
the transverse momentum and reconstructing primary and secondary vertices. The
ATLAS PIXEL detector is separated into four layers at the barrel region, with the
IBL as the innermost layer. All sensors of the four layers are composed of n*-in-n
planar oxygenated silicon sensors , with a thickness of 250 pm and 200 pm
for the IBIﬁ Two types of interaction can occur in the sensor: ionising interactions
and non-ionising ones. The former is used for signal detection and is induced by
traversing minimal-ionising particles, leading to the creation of deposited charges

5The 1D uses at high |z| values also nt-in-p 3D sensors with a thickness of 230 um [207], however
this section only focus on the planar ones.
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via ionisation of the silicon bulk. The charges drift to electrodes and are digitised.
Non-ionising interactions from heavy particles and nuclei with silicon atoms cause
damage to the silicon bulk and its lattice structure. The defects can be categorised
into point defects ranging from displacement of silicon atoms, vacancies, or (non)
silicon interstitials. Several point defects form cluster defects, which change the prop-
erties of the silicon pn-junction by adding additional energy gaps. The macroscopic
effects are a reduced signal collection efficiency caused by charge trapping or an in-
creasing leakage current. A change in the doping concentration especially changes
the depletion voltage and the electric field inside the sensor. The ID is exposed to
a large amount of radiation, which causes cumulative damage during data taking.
Furthermore, the amount of radiation damage to a sensor depends strongly on the
position of the sensor, as shown on the left side in Figure [£.8 The expected fluence
normalised to a 1 MeV neutron radiation is simulated using inelastic proton-proton
events generated by PyTHIA 8 [147], while the modelling of particle transport is
done by FLUKA [203]. On the right side of Figure the cumulative fluence for all
four layers for partial Run 2 is depicted, demonstrating a radial dependence.

The spatial dependence is further studied for the end-cap part of the PIXEL de-
tector, called PIXEL disks. To quantify the impact of radiation damage on the PIXEL
disks, the Correctedm cluster charge is used. In Figure the change in the shape
of the corrected cluster charge distribution from the start of Run 2 till the end of
Run 2 is compared. The upper row shows the impact on the individual pixel disk,
neglecting the different sides of the detector. The lower row compares three different
radius values, ignoring any disk dependence and therefore z-dependence, splitting
the pixel disk uniformly into: 90mm < R; < 110mm, 110mm < Ry < 130 mm,
and 130mm < R3 < 150mm. The cluster charge distribution follows a Landau
function convoluted with a Gaussian. The Landau parameter L P, sometimes called
the location parameter, provides a satisfactory estimation of the cluster charge. The
trend of LP during Run 2 as a function of the integrated luminosity, and therefore
to the amount of radiation damage, is shown in Figure [4.10] The three PIXEL disks
are compared on the left side, effectively testing the z-dependence of the radiation
damage distribution. Only minor differences between the PIXEL disks are observed,
indicating a small z-dependence. On the right side, the estimated Landau parame-
ters of the radius regions are compared, demonstrating more significant differences
and indicating R-dependence.

The modelling of radiation damage effects [204] on the 1D is part of the MC simulation
chain during detector simulations. The MC simulation for the radiation damage
digitisation is done in several steps. Figure shows the trajectory of a particle
passing through the detector material. It demonstrates the impact on the sensor
and visualises the several steps for digitisation, from charge creation to detection

"The cluster charge is corrected by the incident angle.
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Figure 4.9: Comparison of the corrected cluster charge distribution for data taken
from the start and end of Run 2. The top row compares the three PIXEL disks, ne-
glecting any side dependence of the detector. The bottom row compares three radii,
defined by a uniform splitting of the PIXEL disks and neglecting any z-dependence.

and conversion into digital signals. As the minimal-ionising particles pass through
the detector, charge carriers are released. The electric field inside the sensor will
drift them to the collecting electrodes. The electric field changes depending on the
accumulated damage in terms of fluence, type of radiation, and temperature. The
electric field is calculated using the Technology Computer Aided Design (TCAD)
simulations [209] based on the Chiochia model [210]. However, the calculation is
computationally expensive. Therefore, an interpolator is used: Electric fields are
interpolated from generated TCAD maps with fixed fluence values accumulated by
the sensor and the applied voltage. A summary of fluence values and detector settings
are shown in Table[d.T|for each run period. In contrast, in Figure[4.12] a collection of
interpolated electric fields is shown, demonstrating the impact of radiation damage in
the barrel layers of the PIXEL detector. The path of the charge carriers is influenced
by the electric field F (z) with the sensor depth z and the applied magnetic field B.
It is quantified by the Lorentz-angle 0y,

rB s
) S =
1] Jz;

1 (E(2))dz, (4.10)

with z; and 2y as the initial and final position of the path, r as the Hall scattering
factor, and p as the charge mobility. The spatial resolution also depends on the
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Figure 4.10: Trend of the Landau parameter as the estimator for the corrected
cluster charge. On the left side, the z-dependence is studied by comparing the three
PIXEL disks with each other, while on the right side, the different radius values are
compared, studying R-dependencies.

Sub-Part Year Fluence [10"neq] HV [V] Temp. [°C] Dig. Thres. [ToT] Ana. Thres. [e]

IBL 2015 1.70 80 -3 0 2550
2016 3.20 80 15 0 2550
2017 6.74 350 -20 0 2550
2018 10.3 400 -20 0 2000
B-Layer 2015 1.16 250 -2 3 3500
2016 2.19 350 —-10 5 5000
2017 4.60 350 -20 5 5000
2018 7.03 400 -20 3 5000
Layer 1~ 2015 0.48 150 -2 3 3500
2016 0.90 200 —-10 5 3500
2017 1.90 200 -20 5 3500
2018 2.90 250 -20 5 3500
Layer 2 2015 0.32 150 -2 3 3500
2016 0.61 150 —10 5 3500
2017 1.28 150 -20 5 3500
2018 1.96 200 -20 5 3500
Disks 2015 0.32 300 —13.8 5 3500
2016 0.61 150 -13 5 3500
2017 1.29 150 -20 5 4500
2018 1.97 250 -20 5 3500

Table 4.1: An overview of the main PIXEL detector settings for each period of data
taking during Run 2. The values of radiation exposure in terms of fluence are shown
for the PIXEL detector parts by the end of the data-taking period [208].

Lorentz angle. For the PIXEL disks, 87, = 0 is applied, as the electric field is parallel to
the magnetic field. In addition to the magnetic field, thermal drift and diffusion also
influence the charge trajectory. Due to cluster defects caused by radiation damage,
charges can be trapped, inducing or screening a fraction of their charge. This is
modelled with the Ramo potential, described by the Ramo-Shockley theorem [211,
212]. The last step is the digitisation of signals.
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Figure 4.11: A sketch of a minimal ionising particle, creating charges in the silicon
bulk. Charges drift through diffusion as well as electric and magnetic fields. Due to
radiation damage, charges can be trapped. This figure is taken from Ref. [204]
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Figure 4.12: The electric field maps for the four layers of the barrel region of the
PIXEL detector. The change of the electric field is driven by the changed detector
setting summarised in Table and radiation damage dealt to the layers during
Run 2. The large offset for IBL is caused by different voltages applied. The used
fluence values are taken from the end of each period.



CHAPTER D

Definition and Reconstruction of Physics Objects

Can you tell me what an
electron is? It depends on your
definition.

FElizaveta Shabalina

The ATLAS detector does not directly measure physics objects, like electrons, jets,
or muons. Particles, decay products of created mother particles or directly produced
during hard scattering, will leave characteristic signals in the parts of the ATLAS
detector. These signals are used to reconstruct physics objects used during the anal-
ysis, involving multiple steps and choices on used working points, defining the quality
of an object. Tight selections have the advantage of high-quality cuts and, therefore,
high purity but at the cost of a small expected yield. For loose objects, the opposite
holds. Another crucial aspect is the calibration of physics objects, usually done with
known reference objects. The object reconstruction, selection, and calibration are
performed on data and each MC sample, described in Section (3.4

This chapter presents the trigger selection and definition of physics objects used
in the ttH multi-lepton analysis. The first Section describes the trigger selec-
tions strategy, while in Section the various physics object reconstructions are
discussed. Starting from definitions of tracks and vertices in Section followed
by lepton reconstruction techniques in Section [5.2.2] with a special focus on non-
prompt lepton rejection in Section [5.2.3] A complete overview of the used leptons
is presented in Section Other important physics objects, like jets, b-jets, Thad,
and Efrniss, are introduced in Section to Section The overlap removal
procedure is shown in Section [5.3

53
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5.1 Event Quality and Trigger Strategy

Only events with at least one reconstructed vertex with > 2 associated tracks with a
minimal transverse momentum of pr > 500 MeV and a reconstructed primary vertex
are considered. Events from the good-run-list passing data quality criteria are se-
lected, and events containing significant noise, data corruption, or unstable detector
conditions are discarded.

Events are further selected by combining single lepton (SL) and dilepton (DL) trig-
gers. A summary of the trigger selection for each analysis channel, defined in Chap-
ter [6] is presented in Table The logical or is used. A list of trigger settings for
each period of data taking for single lepton triggers is summarised in Table and
for dilepton triggers in Table The dimuon trigger pr thresholds are asymmetric,
while for dielectron triggers, they are symmetric. They are almost symmetric for ey
and pe combinations.

Channel ‘ Trigger Selection

20SS+0Thaq SL H DL
3€+07had SL H DL
4/ SL H DL
20SS+1Thaa SL H DL
1042724 SL
200542Thad SL H DL

Table 5.1: An overview of the trigger selection for each analysis channel is defined in
Chapter[6] The logical OR is used for the combination of SL and DL for all analysis
channels except for the 144-27y,,4 channel, which uses naturally only SL.

single lepton triggers (2015)

I HLT mu20_iloose_L1MU15 || HLT mu50
e HLT_e24_lhmedium L1EM20VH || HLT_e60_1hmedium || HLT_e120_lhloose

single lepton triggers (2016, 2017 and 2018)

1 HLT mu26_ivarmedium || HLT mu50
e HLT_e26_1htight nodO_ivarloose || HLT_e60_lhmedium nod0 || HLT_e¢140_1hloose_nod0

Table 5.2: List of lowest pp-threshold, un-prescaled single lepton triggers used for
the Run 2 data taking periods.
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Dilepton triggers (2015)

i (asymm.) HLT mu18_mu8noL1
ee (symm.) HLT_2e12_1hloose _L12EM10VH
ep, pe (~symm.) HLT_ e17_1hloose mul4
Dilepton triggers (2016)
i (asymm.) HLT mu22 mu8noL1
ee (symm.) HLT_2e17_1hvloose_nod0

ep, e (~symm.) HLT_el17_1hloose_nod0.muléd
Dilepton triggers (2017 and 2018)

i (asymm.) HLT mu22 mu8noL1
ee (symm.) HLT_2e24_1hvloose_nod0
ep, pe (~symm.) HLT_e17_1hloose_nod0.muléd

Table 5.3: List of lowest pp-threshold, un-prescaled dilepton triggers used for the
Run 2 data taking periods.

5.2 Object Reconstruction and Definition

This section presents the different reconstruction and calibration techniques for
physics objects. Most interactions in pp are elastic. Triggers select more inter-
esting inelastic ones, like a ttH event. Created particles decay rapidly during the
collision and cannot be detected directly. However, some particles have sufficiently
long lifetime or decay length 7¢ > 500 um to travel the distance between the in-
teraction point and the detector. Elementary particles reaching the detector are
electrons, muons, and photons, with the former two playing an essential role in the
ttH multi-lepton analysis. Other detectable particles are pions, kaons, protons, or
neutrons, primarily found in jets as they are created due to QCD colour confinement
or as decay products of other unstable hadrons.

5.2.1 Track and Primary Vertex Reconstruction

Particles carrying electric charge will leave hits in the different layers of the inner
detector (ID). These hits are the starting point for further track reconstruction. The
three-dimensional measured hits are grouped with a connected component analy-
sis [213] into clusters called space-points [214]. The track reconstruction is performed
with a tracking algorithm [215] using track seeds formed from three space points as
input. The reconstruction is divided into three steps: pattern recognition, ambiguity
resolution, and TRT extension. The pattern recognition fits various combinations for
track candidates using the ATLAS Global x? Track Fitter [216] using the pion hy-
pothesis for modelling the energy loss due to interaction with the detector material.
Ambiguities between tracks sharing the same hits are removed during fitting. The
final set of tracks is defined by adding information from the TRT and checking their



56 Chapter 5. Definition and Reconstruction of Physics Objects

compatibility. Track candidates are parametrised by

T = (do,Zo,(}S,e,qAﬁ) ) (51)

with dy and 2y as the transversal and longitudinal impact parameters, ¢ as the az-
imuthal angle, # as the polar angle, and the charge over momentum ratio 4/|5. For
the electron reconstruction, tracks are refitted using a Gaussian-sum filter (GSF).It
enhances the modeling of radiation loss and accounts for nonlinear effects caused by
bremsstrahlung [217,[218]. The GSF method is a generalisation of the Kalman filter
method [219].

The primary vertex (PV) is defined by vertex reconstruction algorithm [220,221]
as the vertex with the largest Y p4 of associated reconstructed tracks. Tracks are
further used and matched with energy deposits of the electromagnetic calorimeter to
define electron, muon, or 7,,q candidates or to be matched with hadronic calorimeter
energy deposits to define jet candidates.

5.2.2 Lepton Reconstruction and Definition

An extensive set of lepton definitions is used in the t¢H multi-lepton analysis. All
definitions are based on different quality cuts imposed on reconstructed lepton can-
didates. The reconstruction of electron and muon candidates is described in the
following section. An overview of the used lepton definitions in the analysis is given

in Section

Electron Reconstruction and Identification

Electrons are charged particles, leave tracks in the 1D, and deposit their energy in
the electromagnetic calorimeter, creating a shower cascade through bremsstrahlung
and pair production. Figure presents a sketch of this process. Electron candi-
dates are reconstructed from topological energy clusters matched with reconstructed
tracks from the ID [222]. The electromagnetic calorimeter is divided into a grid
of 200 x 256 elements with the size of An x A¢ = 0.025 x 0.025. Each element
defines a tower with a depth of three layers. If available, the pre-sampler is in-
cluded. Local cluster candidates are seeded using a sliding window algorithm [223].
The resultant local clusters have a size of 3 x 5 towers with their sum of transverse
energy larger than 2.5 GeV. The sliding window avoids double-counting of neigh-
bouring cluster candidates. Finally, electron candidates are constructed by matching
information from the electromagnetic calorimeter with track information from the
ID. Track and cluster are considered to be matched if |neiuster — Mtrack| < 0.05 and
—0.10 < ¢ X (Peluster — track) < 0.05 with g as the reconstructed charge of the track.

Electron candidates entering the central region of the ATLAS detector with |n| < 2.47,
excluding the barrel-endcap transition region 1.37 < |n| < 1.52, are classified as
prompt leptons if they are properly reconstructed and associated with the hard
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Figure 5.1: An example of an electron passing various detector parts. The electron
is marked in red and leaves hits in the layers of the 1D. Behind the 1D, the electron is
absorbed in the electromagnetic calorimeter. The dashed red line indicates a photon
created by the interaction of the electron with the tracking detector material. This
figure is taken from Ref. [222].

collision. In contrast, a fake lepton originates from the misreconstruction of other
physics objects, like jets, mimicking electron signatures. In contrast, non-prompt
leptons are real leptons not associated with the primary collision. They are created
in semi-leptonic hadron decays, embedded in jets. Those leptons may pass isolation
criteria. A discussion on non-prompt and fake lepton backgrounds and their estima-
tion with further discrimination tools is presented in Chapter [7] and Section [5.2.3
Prompt, non-prompt, and fake leptons have different signatures affecting quantities
associated with the tracking, like the number of hits in the 1D, or the calorimeter
system, like the depth of the electromagnetic shower cascade. A likelihood-based
(LH) discriminator dy, utilises differences in these quantities to reduce non-prompt
and fake contributions and is defined as:

Lg

d, = — 5
L Ls+ Lp

Lgp) (x) = H Pypy,i (i) - (5.2)
i1

The likelihood function for prompt electrons is Lg and for non-prompt or fake elec-
trons L. The likelihood functions are products of probability density functions for
a quantity x; of the full vector of quantities x [222,224]. The LH identification was
also used during Run 1 [225] and was adapted for Run 2 conditions. There are
three defined working points with a fixed value of the LH discriminant. The working
points are called Loose, Medium, and Tight. The measured efficiencies for the three
working points as a function of transverse energy E1 and pseudorapidity are shown
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in Figure Additionally, the LooseAndBLayer working point is introduced with
the same LH discriminant cut as Loose but requires at least one hit in the innermost
pixel layer.

Isolation criteria on electron candidates are used to reduce non-prompt lepton contri-
butions further. Isolation variables quantify the activity around electron candidates
and can be based on calorimeter or track information. There are the following iso-
lation variables:

o EpTopoCone20 (E%Onem) : is a calorimeter based isolation variable, summing
up the transverse energy of topological clusters around the electron candidate in

a fixed cone with radius AR = \/(An)? + (A¢)? = 0.2. The deposited electron
transverse energy is excluded. Contributions from pile-up are removed by the
ambient energy-density technique on an event-by-event basis [226]. The radius

parameter can be set to AR = 0.3, the variable is then called EpTopoCone30
( E%one?)O) .

e ppVarCone30 (p‘!rarcone?’o): is a track based isolation variable and is defined as
the scalar sum of the transverse momentum of ID tracks associated with the
primary vertex in a variable cone size with AR = min (10 GeV/pr, Rmax) and
Ruax = 0.3. The electron candidate track is excluded from this calculation,
and only tracks with a pp > 1GeV are considered. The maximal radius value
Riax 1s often between 0.2 and 0.4. The value of 10 GeV is obtained from
simulated tt events and maximises non-prompt electron rejection.

o ppVarCone30TightTTVA (p‘farfﬁgﬁfigTvA): is a track based isolation variable

and it is similarly defined as prVarCone30. Tracks need to fulfil track-to-
vertex-association (TTVA) |zpsin ()| < 3mm and are not associated with
another vertex.

Further discussion on electron and lepton isolation can be found in Section
Efficiencies for electron reconstruction are derived by comparing simulated Z — ee
and J/1¢ — ee events with measured events in data.

Muon Reconstruction and Identification

Muons carry charge and leave tracks in the 1D and outermost layer of ATLAS muon
spectrometer (MS). Due to their heavier mass compared to electrons, muons fee-
bly interact with the electromagnetic and hadronic calorimeter system, depositing a
characteristic tiny amount of energy. The reconstruction of muons relies on ID and,
most importantly, MS tracks, but also on calorimeter information. There are multiple
strategies for the reconstruction of muons: segment-tagged (ST), calorimeter-tagged
(CT), muon spectrometer extrapolated (ME), and combined (CB). The latter is used
for the t¢H multi-lepton analysis. For combined muons, the reconstruction of tracks
is done independently in the 1D and Ms. With a global fit, tracks are reconstructed,
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Figure 5.2: The measured LH electron-identification efficiencies for the three defined
working point Loose, Medium, and Tight as a function of the transverse Energy Er
on the left and as a function of the pseudorapidity 1 on the right. The efficiencies
are obtained from MC events of Z — ee and J/i¢ — ee with respect to measured
events. This figure is taken from Ref. [222].

accounting also for the energy loss in the calorimeter. Most muon candidates are
reconstructed following the outside-in pattern recognition by reconstructing tracks
in the Ms and extrapolating them inwards to match them with 1D tracks. There is
a complementary approach called inside-out pattern recognition, reconstructing 1D
tracks first and extrapolating them to match them to the muon system. To sup-
press non-prompt and fake muon contributions, additional quality cuts are applied.
Depending on the applied cuts, three working points are defined, which are called
Loose, Medium, and Tight. Medium-quality combined muons require at least three
hits in at least two layers of the monitored drift tube chambers (MDT). For muon
candidates in the range of |n| < 0.1, only tracks with at least one hit in the MDT layer
are allowed, requiring not more than one MDT hole layer. Medium muon candidates
require a loose cut in the charge momentum compatibility. The charge momentum
compatibility is a powerful variable that can discriminate between prompt and non-
prompt or fake muons. Muons from hadron decays often show kinks in reconstructed
tracks, resulting in poor fit quality during reconstruction, but also in incompatibili-
ties in measured charge and momentum [227]. The muon isolation is done similarly
for electrons, using either track or calorimeter-based variables; further discussion on
muon and lepton isolation can be found in Section The efficiencies are derived
by comparing simulated Z — pp and J/¢ — pp events with measured events in
data.
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5.2.3 MVA-based Non-Prompt and Fake Lepton Rejection

Standard cut-based lepton selections using impact parameter, isolation, and identi-
fication discriminant can reject most non-prompt or fake contributions from prompt
leptons. Prompt leptons originate from decays of bosons. Due to the short boson
lifetime, decay products like leptons are associated with the primary vertex. In con-
trast, non-prompt leptons originate from heavy- or light-flavour hadron decays and
are embedded in jets. These leptons can pass isolation criteria due to high pt or
improper reconstruction of the jet candidate. Fake leptons describe the misidenti-
fication of other physics objects like jets as leptons. A detailed discussion on the
various sources and characteristics of non-prompt and fakes is found in Section
The PromptLeptonImprovedVeto (PLIV) tagger [228] exploits information of lepton
candidates to suppress contributions of non-prompt and fake leptons further. It
outperforms standard lepton quality cuts. Due to the long lifetime of heavy-flavour
hadrons, secondary vertices can be reconstructed. Since non-prompt leptons origi-
nate from these hadrons, they are associated with a secondary vertex. A boosted
decision tree (BDT) is trained using secondary vertex information, lepton isolation
variables, and information between the lepton candidates and track jets. Addition-
ally, a recurrent neural network (RNN) score is fed to the BDT. The RNN uses
hit information from the ID and impact parameter information. The BDT aims to
separate prompt from non-prompt and fake leptons.

PLIV outperforms the standard working points regarding non-prompt and fake lep-
ton rejection. The signal efficiency for ttH (ttW') events is 0.60 (0.75) to 0.75 (0.86)
depending on the chosen working point. There are two working points for PLIV,
optimised for the ttW and ttH multi-lepton measurements [127]. They are called
tight and verytight. They come with scale factors correcting efficiencies with respect
to data derived from Z — ¢ events. A BDT tool called FElectronChargeFlip Tagger-
Tool (ECIDS) is used to reject electrons with misidentified charge. The tool utilises
kinematic, charge and impact parameter information. An optimised cut on the BDT
score was used for the ttWW multi-lepton analysis [127] and is similarly applied for
barrel and end-cap region electrons.

5.2.4 Lepton Definitions

This analysis uses various definitions for light leptons £ = e, 1 to achieve the optimal
signal over background ratio for each analysis channel. A tighter definition generally
leads to higher purity but reduces the expected statistics for a channel. The base-
line and loosest lepton definition for electrons and muons is called loose (L). This
definition is used within the overlap removal sequence described in Section It is
also used to associate events to one of the analysis channels described in Section [6]

Loose electron candidates require a minimum transverse momentum of pp > 10 GeV
and must satisfy |n| < 2.47, excluding the barrel-endcap transition region 1.37 <
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In| < 1.52, which is the transition region between the barrel and end cap calorimeter
components. The LooseAndBLayerLH electron ID working point is used with the
LooseVar_Rad WP for lepton isolation. The Loose Var_Rad WP for electrons requires
B0 fpr < 0.2 and PE R TvA/pr < 0.15 with the electron candidates transverse mo-
mentum pr. Standard requirements on the transverse impact parameter significance
|do|/04, < 5 and longitudinal impact parameter |zpsin (f)| < 0.5 mm are applied.
They reduce contributions from charge misidentification, non-prompt electrons, and
pile-up. For muon candidates in the range of || < 0.1 with reduced Ms coverage,
reconstruction is done using tracks from the 1D matched to isolated energy deposits
in the calorimeters consistent with minimum-ionising particles. Muon candidates
must satisfy |n| < 2.5 and minimal transverse momentum pr > 10 GeV. While the
LooseVar_Rad WP for muon isolation is applied with the same cut on the track isola-
tion p%rgﬁgﬁ?)TOTVAv a looser cut for the calorimeter isolation of E%"“eQO/pT < 0.3 is used.
The requirement on the transverse impact parameter significance is |dy|/oq4, < 3, and
for the longitudinal impact parameters, it is the same as for loose electron candidates.

After applying the loose lepton definition, overlap removal sequence, and analysis
channel selection, a tighter optimised lepton definition is chosen to enhance signal
sensitivity in signal regions or increase the purity of background processes in their
respective control regions. The tighter definitions are called loose tight (L), medium
inclusive (M), medium exclusive (Mex), and tight (T). All tighter electron defini-
tions use the TightLH working point for identification. Further cuts are applied
for all tighter electron candidates to reduce contributions from conversions: external
conversions are suppressed by rejecting electrons having a conversion vertex (CV)
within a radius of r = 20mm and an associated invariant mass Mmiyk.t,x Of tracks
associated to the electron candidate and closest track, originating from the CV, with
up to 100MeV. Internal conversions are reduced by vetoing any electron which
passes the external criteria and has a mykrk calculated at the primary vertex up

Lepton Type e o

Lepton Definition L L’ M Mex T L M Mex T

LooseVar_Rad isolation Yes Yes

Non-prompt lepton BDT . Tight-not- . . Tight-not- .
N T yTigh N Tigh ery T,

(PLIV) o ight VeryTight VeryTight o ight VeryTight VeryTight

Identification Loose Tight Loose ‘ Medium

harge misassi $

(CE gigD(‘S;nlms@lgnmont veto No Yes None

Conversion rejection No Yes None

’Ijral}s:verse impact parameter <5 <3

significance |do|/o4,

Lonsltudmal impact parameter < 0.5 mm

|20 sin 6|

Table 5.4: An overview of lepton definitions used for electrons and muons. Five
(four) different lepton definitions for electrons (muons) are defined by isolation and
identification variables and used working points for non-prompt lepton identification,
charge misidentification, and conversions.
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Channel Fake and Non-Prompt Control Regions | Signal and MVA-based Control regions
20SS TMoz, Mo T, Mop Moy TT
3¢ L’MM/LMM (L’ for p and L for e) LTT
4 LLL LLLL
2055+ 1Thaq L’L’ and MM (for fake m,aq CR) MM
104+27haq and 14+27,.q L

Table 5.5: Summary of the light lepton definitions used in the six analysis channels.
The definition used for each lepton selected in a given channel is indicated with labels
defined in Table Leptons are ordered in transverse momentum.

to 100 MeV. The Electron-ChargeFlip TaggerTool (ECIDS) is applied to all tighter
electron definitions using the tight working point to reject electrons with misiden-
tified charge. A short description of the ECIDS tool is presented in Section [5.2.3
Tighter muons use Medium identification, but neither conversion cuts nor the ECIDS
tool is applied. The tighter lepton definitions mainly differ in their chosen cuts on
the PromptLeptonIlmprovedVeto (PLIV) score. A description of the PLIV tool is
presented in Section The PLIV working point tight is associated with the M
lepton definition, while the Tight-not-veryTight working points with the My leptons,
and VeryTight corresponds to T lepton definition. For the 2¢SS+17,,q channel, a
looser tight electron definition (L) is defined by applying the exact requirements as
for tight electrons, but excluding any requirement on PLIV.

A complete overview of the lepton definitions and their requirements and cuts is
shown in Table Table presents an overview of used lepton definitions for ev-
ery analysis channel. The leptons are ordered in transverse momentum. The regions
are split into signal and control regions defined by multivariate analysis techniques
(MVA) or fake and non-prompt control regions.

5.2.5 Jets

Quarks and gluons cannot be observed as free particles due to QCD confinement. Af-
ter the hard scattering process, final state partons undergo parton showering, adding
soft and collinear emissions resulting from hadronisation in a stream of highly col-
limated hadrons traversing the detector. They can be detected as tracks in the 1D
and energy deposits in the electromagnetic and hadronic calorimeter. A jet recon-
struction algorithm is used to combine information to a single physics analysis object
called jet, giving rise to the initial parton originating from the primary collision or
secondary vertices.

Jets are reconstructed from particle flow objects [229], defined by track and calorime-
ter information, and using the anti-k; algorithm [230] with a singleﬂ radius parameter

'The anti-k; algorithm is called anti due to the negative sign in the exponent of pr; and pr;.
If the exponent is set to be +1, it is called the k: algorithm, while setting it to zero refers to the
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R = 0.4 and the distances

: -2, -2 AR% —2
d;j = min (pT,i’pT,]) 72 and d;p = P (5.3)
The indices ¢ and j run over all clusters, and AR?J. is the distance between two
clusters in the n — ¢ plane. The algorithm calculates for each pair the distances if
d;j < d;p the pair ij is combined if d;p < d;; i is called a jet and is removed from
the list [231]. The procedure is terminated if no cluster is left. The anti-k; algorithm
prefers to combine harder clusters first. It results in cone-like structures around the
hardest cluster, reflecting the structure of jets. An example of the different jet shapes
in the n — ¢ plane is given in Figure [5.3] Two clustering results are shown using the
same seed. On the left side, the anti-k; algorithm is shown, while on the right, the
k; one. In sharp contrast to cone-based algorithms, the anti-k; algorithm is collinear
and infrared safe. Therefore, jet properties do not change due to collinear and soft,
also called infrared, emissions.

p, [GeV] p, [GeV]

y ) ) y
Figure 5.3: An example of two different results originating from the same seed. On

the left side, the anti-k; algorithm is used, while the k; algorithm is used on the
right. The figures are taken from Ref. [231].

The resultant reconstructed four momenta of jets need to be calibrated to account
for imperfections of detector response, reconstruction algorithm, jet fragmentation,
and pile-up. The calibration is done in several steps to correct each previously men-
tioned source. A full description is found in Ref. [232]. The first step is the origin
correction: the jet four momentum is corrected while keeping its energy constant to
point to the primary vertex rather than the centre of the detector. The 7 resolution
of jets improves significantly, comparing reconstructed jets with corresponding truth
jets obtained from MC simulation.

The second step subtracts energy contributions from in-time and out-of-time pile-up
using an area-based pr density subtraction [226,233] and residual correction. The

Cambridge-Aachen algorithm, taking only distances into account.
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corrected pr for each jet is given by

PP =pr—pxA—ax(Npy—1)—pxpu, (5.4)
with the energy density p and A as the area of individual jets. The number of
primary vertices is Npy, and p is the mean number of pp interactions per bunch
crossing. The area A of a jet is defined via ghost association, uniformly adding ghost
particles of infinitesimal momentum to an event before jet reconstruction. The area
is estimated from the relative number of ghost particles associated with a jet. The
residual pp dependence for in-time pile-up a and out-of-time (§ are obtained from
linear fits in bins of py and |n|. Afterwards, reconstructed jets are compared with
truth jets, which do not suffer from pile-up effects.

The reconstructed jet four momentum is corrected to the particle-level energy scale
with the absolute jet energy scale calibration. The procedure compensates biases in
the jet n reconstruction caused by different calorimeter technologies and granular-
ity. Truth jets generated from McC simulations with previously mentioned correction
steps are used as reference objects.

To further improve jet calibration, a Global Sequential Algorithm is used [234]. Tt
accounts for different residual dependencies in longitudinal and transverse features
of the jet, as well as different jet-initiating particles. The most significant differences
are observed between gluon- and quark-initiated jets. Gluon jets tend to have seeds
with Softﬂ particles with low calorimeter response and a wider transverse profile. In
contrast, quark-initiated jets tend to contain hadrons with a notable fraction of the
jet pr. This causes a larger calorimeter response. The algorithm exploits chosen
observables to correct the jet four momentum further.

Finally, an in-situ calibration is performed to correct for differences between data
and MC simulations and detector response. The balance between jets and well-
measured reference objects like Z bosons or photons in Z+jets or y+jets events is
used. However, the calibration in terms of accessible pt range is statistically limited
by the production mechanism of Z bosons and photons. For high pr ranges, multijet
systems are used [232].

To reduce contamination of in-time and out-of-time pile-up mimicking jet signa-
tures, a multivariate tagging tool called jet-vertex-tagger (JVT) is used [235]. The
tool uses track information of jets and tests their compatibility with the primary
vertex. The JVT is used for central jets with a pseudorapidity of || < 2.5. For
forward jets with a pseudorapidity larger than central jets and up to |n| < 4.5, the
Forward Jet Vertex Tagger (fJVT) is used.

2The term soft often refers to a particle with low energy or momentum. It depends strongly on
the context. For parton showers, soft particles tend to have energies of some 10 GeV, while soft
particles have some 10 MeV for the calorimeter response. The opposite is called hard particles.
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In this analysis, jets are reconstructed with an anti-k; algorithm with a radius param-
eter of R = 0.4, implemented in the FASTJET package [236], using the jet collection
AntiKt{EMPFlowJets [229]. Jets need to have a minimum transverse momentum of
pr > 25GeV and |n| < 2.5. If explicitly mentioned, forward jets are also considered
to satisfy the same transverse momentum requirement and up to |n| < 4.5. The
Tight working point for JVT and fJVT are applied on jets with |n| < 2.5 and jets
with 2.5 < |n| < 4.5, respectively, to reduce contamination from pile-up jets.

b-jets

Identifying jets, including b-hadrons, called b-jets, is crucial for every analysis mea-
suring a process, including top quarks. Top quarks almost always decay to a W
boson and a b-quark. For this analysis, the DL1r b-tagging algorithm [237] is used
to identify b-jets against the significant background of jets containing c-hadrons or
light hadrons. The former are called c-jets if they do not contain any b-hadrons, the
latter are referred to as light jets if they do not contain any heavy-flavour hadronﬂ
Hadrons containing b-quarks have unique properties, like a relatively long lifetimeﬂ
in the order of 1.5ps (¢r ~ 450 um) and an average mean flight length of 3 mm,
large mass, large decay multiplicity, and different fragmentation properties. These
properties can be utilised for identification.

The algorithms IP2D and IP3D attempt to identify b-jets due to larger expected im-
pact parameters of the decay products of b-hadrons. The RNNIP algorithm exploits
correlations between large impact parameter tracks. Another way is to reconstruct
the secondary vertex caused by the long lifetime of b-hadrons, done by the SVI and
JetFitter algorithms.

The DL1r algorithm combines all previously mentioned algorithms into a fully con-
nected multi-layer feed-forward neural network (NN). It is trained on a hybrid train-
ing set of jets from ¢t and Z — qq events. The three output probabilities for b-jets
Db, c-jets pe, and light jets pigny of DL1r are combined into a b-tagging score:

Dppir = In < Pb ) . (5.5)

fc “Pe + (1 - fc) * Plight

The effective c-jet fraction of the training set is called f.. In Figure[5.4] the three out-
put probabilities and the resulting DL1r score are presented for simulated tf events
with a fraction of c-jets of f. = 0.018. Working points (WP) of 60 %, 70 %, 77 %,
and 85 % are defined by selecting a corresponding b-tagging efficiency on simulated t¢
events [238]239]. The imposed cuts divide the DL1r score into five pseudo-continuous

3Gluon initiated jets are also called light jets in this context.
4The long lifetime is caused by the kinematic suppression of b — tW and the CKM suppression
of b - uW and b — cW.
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Figure 5.4: The three output scores of the DL1r algorithm for the b-jet, c-jet, and
light jet probabilities, together with the DL1r score for simulated ¢t events with a
fraction of c-jets of f. = 0.018. The figures are taken from Ref. [237].

bins, bounded by the selections of 100 % and 0%. This analysis chooses a WP of
85%. The 271,49 channels use a WP of 77 % instead.

5.2.6 Hadronically decaying taus myaq

The dominant decay mode of hadronically decaying 7 leptons, called m,.q, is to one
or three charged pions, up to two neutral pions, and a 7-neutrino. The hadronic
decay products can be reconstructed from topocluster seeds as jets using the anti-k;
algorithm with a radius parameter of R = 0.4. Tracks within the seed can be further
classified as core or isolated tracks based on a trained boosted decision tree. Based on
the number of core tracks, m,,q are classified as 1-prong (3-prong) if they contain one
(three) core tracks with a total charge of £1. A Recurrent Neural Network (RNN)
is trained on 7,,q candidates with a pr > 20GeV and |n| < 2.5, excluding the
transition region between the barrel and endcap calorimeters 1.37 < |n| < 1.52 |240].
The set of input variables for the RNN is based on combinations of track and cluster
information of m,,q candidates. For this analysis, the MediumlID working point is
chosen, having a signal efficiency of 75 % (60 %) for 1-prong (3-prong) Tha.q decays.
To further enhance the rejection of electrons misidentified as 7,4 candidates with
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one associated track, a boosted decision tree is trained with a 95% efficiency for
Thad- It has a rejection factor of &~ 30 up to =~ 100 depending on pt and 7.

5.2.7 Missing Transverse Energy

During ete™ collisions, the centre-of-mass energy is constant since fundamental par-
ticles with sharp energy and momentum distribution interact. In contrast, in pp
collisions, not the protons interact, but their constituents called partons, namely
quarks and gluons. The centre-of-mass energy is not constant but probabilistic.
In any case, the transverse momentum of all partons is exactly zero, and due to
energy-momentum conservation, the transverse momentum of all collision products
must add up to zero. Various sources may cause an imbalance. Neutrinos are a
source since they do not interact with the detector material. Another is the limited
detector coverage since the ATLAS detector does not cover the full solid angle and
has regions with low acceptance. For instance, the transition region between the
barrel and forward calorimeters. Other sources are the loss of objects in the beam
pipe or due to object reconstruction inefficiencies. The imbalance is characterised
by the missing transverse momentum Efrniss defined as the magnitude of the x- and
y-vector components in the transverse plane zy and with its azimuthal angle ¢™ as:

. 9 i 2 . Emiss
ET™ = \/ (Emiss)” + (Eémss) and  ¢™ = arctan (Efniss> . (5.6)
Y
The vector components are the negative sum of all hard objects, reconstructed and
calibrated physics objects, and soft signals. The soft signal term consists of tracks
with pp > 400 MeV, matched to the primary collision vertex within |dy| < 0.5 mm
and |zpsin(f)| < 1.5 mm, and not associated with any physics object:

Ef ==Y Py D Pay) (5.7)

hard objects soft signal

The Eﬁ?iss is calibrated with Z — pp events having no genuine E%iss source. Con-
tributions are only expected due to limited detector acceptance and resolution and
from object reconstruction. The calibration with expected contributions originating
from undetected neutrinos is tested with W — ev, and W — puv,, events [241].

5.3 Overlap Removal

Detector signatures can be ambiguous and cause overlap with each other. An overlap
removal procedure is applied to avoid double-counting of objects. It selects one of
the overlapping objects while rejecting the remaining ones. The following overlap
removal sequence is applied:

e If two electron candidates share a track or have an overlapping cluster within
AR < 0.1, the lower pr is removed.
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Any mhaq within AR < 0.2 of an electron or muon is removed.

If a loose electron overlaps with a loose muon within AR < 0.1, the muon is
removed if it is reconstructed from a track or calorimeter deposit consistent
with a minimum ionising particle, else the electron is removed.

If a loose electron overlaps within AR < 0.2 with a jet candidate and the jet
candidate is not a b-tagged or has pt > 200 GeV, the jet candidate is removed
and the object is kept as an electron.

If a loose muon is ghost-matched to a jet candidate within AR < 0.4 and the
jet candidate is not b-tagged, the object is interpreted as a muon if the jet
candidate has less than three tracks with pt > 500 MeV.

If a loose Thaq candidate is found to be within AR < 0.2 of a jet candidate, the
jet candidate is removed and the 7,4 candidate is kept.

If a jet candidate satisfies the previous overlap removal steps and overlaps with
a loose lepton in a cone with radius R = 0.044-10 GeV /pr jep, With a maximum
radius of 0.4, the jet candidate is kept, while the lepton candidate is removed.
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Analysis Strategy for the ttH Multi-Lepton Process

12+27 | 20+ 27

N

2088 + 1z 4

Number of 754
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1 2 3 4

Number of light 7

Figure 6.1: Overview of the ¢t H multi-lepton analysis channels.

Six analysis channels are defined depending on the Higgs boson decay mode and sub-
sequent decay mode of decay products, together with the top quark decay mode. The
channels are split by the number of light leptons ¢ = e, ;1 and hadronically decaying 7
candidates, called m,q, after applying the overlap removal sequence from Section [5.3]
An overview is presented in Figure there are two zero m,,q channels called
20SS+0mh,q and 364074, one channel with exactly one m,q called 26SS+17,q, and
two channels with two 7,9 referred to as 1/+27,,9 and 200S+27,.9. The four-
lepton channel 4¢ requires four light leptons and is inclusive for m,,q candidates.
The individual channel preselection targeted Higgs boson decay modes and domi-
nant background sources are described in the following sections, while an overview
is presented in Table Machine learning techniques are used to separate ttH
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events from background ones in all analysis channels; however, in some, an attempt
is made to separate tH events additionally. The machine learning scores define
signal-enriched regions called signal regions (SR) and background-enriched control
regions (CR), constraining respective backgrounds.

There are two categories of backgrounds: the first is called irreducible backgrounds,
which cannot be suppressed by different object definitions due to their inherent simi-
lar signature. For the t#H (bb) analysis, the t£+bb process is an irreducible background
due to the same final state signature with the main difference in the origin of the bb
pair. Similar for the ttH — 4/ process with main 4rreducible background being 7,
if the top quark pair and Z boson decay to leptons. The final state has the same
number of expected b-jets originating from the top quark pair and the number of ex-
pected light leptons with only kinematic differences. However, the ZZ background,
especially ZZ+ > 1c and ZZ + light contribution, is mostly suppressed by b-tagging
requirements and enters the 4/ regions due to the high expected production cross-
section. Those backgrounds are usually referred to as reducible backgrounds. For
the ttH (bb) analysis, contributions of the tf + jets background, namely tf + c¢ and
tt + light, are reducible, since they can be similarly suppressed by tighter require-
ments on b-tagging.

Another main category of reducible backgrounds originates from non-prompt and
fake leptons, which are suppressed by tighter requirements on lepton selection and
isolation. KEstimating non-prompt and fake lepton backgrounds is difficult due to
their significant dependencies on those requirements and the chosen analysis region.
A detailed discussion on the estimation is found in Chapter

A complete overview of regions for the ¢ttH multi-lepton analysis is presented in
Figure [6.2] combining individual channel preselection with machine learning scores,
defining SRs and CRs. Non-prompt and fake backgrounds are estimated in designed
regions enriched in these backgrounds and orthogonal to the channel preselection.

In the following, the machine learning techniques are discussed with a focus on dense
neural networks in Section and boosted decision trees in Section [6.1.2]since they
are used in other analysis channels. The preselection description and application of
the neural network for the 4¢ channel is presented in Section [6.2] including a discus-
sion of the training and evaluation. The construction of SR and CRs for the 4/ is
also presented. An overview of the other analysis channels and their strategy is given
in Section [6.3] to Section In the last Section [6.7] the reconstruction strategy for
the Higgs boson transverse momentum is discussed.
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Channel

QZSS + OThad

3@ + 0mn had

40

Target ttH decay

Trigger

t — blyy,t — bgq’ and
H — WW — lvqq

t — blyy, t — blyy and
H— WW — lvqq
t — blyy,t — bgq' and
H—->WW — fl/gfl/g
t — blyy,t — bgq' and
H — ZZ — lvyqq or vy
Single- and Dilepton

t — blyy, t — blyy and
H—->WW — &/gfl/[
t — blyy, t — blyy and
H — ZZ — lvyqq or Lvy

Thad candidates 0 0 —
Lepton counting ==2T: pr > 15GeV ==3 T, T,L: pr > 15,15,10 GeV ==4L: pr > 10GeV
Lepton details SS OS to others: L pp > 10 GeV >i4=0
SS pair: T pt > 15GeV m (Illl) ¢ [115 GeV, 130 GeV]
OS pair: |m (¢) — mz| > 10 GeV OS: m (£0) > 12GeV
and m (€4) > 12 GeV
Central jets >3 >2 >2
b-jets >1 (@85 %W P) > 1 (@85 %W P) > 1 (@85 %W P)
Channel 2055 + 1mhaq 2008 + 2Thad 10 + 2T

Target ttH decay

Trigger
Thad candidates
Lepton counting

Lepton details

Central jets
b-jets

t — blyy,t — bgq' and
H — 77 = lvgvyThaae

t — blyg, t — blyy and
H—7tr — Thad¢Thad V¢

Single- and Dilepton

==1M: pp > 20GeV
==2 M: pt > 15GeV

==2 OS M: pp > 20 GeV
==2O0S L: pr > 10GeV

SS pair: |m (€€) — myz| > 10GeV  OS pair: |m (€0) — mz| > 10 GeV

>3
> 1 (@85%WP)

and m (€4) > 12 GeV
>2
> 1 (Q77%WP)

t — blyy,t — bgq' and
H — 7777 = ThadVeThade
Singlelepton
==2 OS M: pt > 20GeV
==1L: pr > 27GeV

>2
>0 (@77 %WP)

Table 6.1: An overview of applied selection criteria to define the six analysis channels.
The object definitions relevant analysis objects are defined in Chapter
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Figure 6.2: Overview of the ttH multi-lepton analysis regions per analysis channel
split by the number of loose light leptons and 71,4 candidates. The regions are
further divided by either MVA defined after applying the channel preselection or
regions targeting specific backgrounds. These regions are designed to be orthogonal
to other analysis regions.
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6.1 Machine Learning Introduction and Application

Separating signal events from background events is crucial for each analysis to en-
hance sensitivity to the signal process and constrain backgrounds. Some analyses
featuring resonances like H — ZZ* — 4¢ or H — 7 can achieve a good separation
between signal and background by simple cuts on the invariant mass of the four lep-
tons or on the diphoton invariant masﬂ and rely on the extrapolation of background
estimate outside the invariant mass cuts to the signal enriched region. However,
most analyses have difficult background processes with inherently similar final state
signatures and kinematics and no clear or golden variable for separation. A set of
cuts can be applied to increase signal sensitivity further. Still, with an increasing
number of input variables, this task gets more complex and underlying correlations
between variables are often hidden. Therefore, machine learning algorithms are used
to increase the performance.

Machine learning algorithms use a given dataset to maximise a performance measure
or learn from experience to fulfil a defined task. There are several training strategies
with different applications:

o Supervised Learning is used for classification tasks with labelled training data.
This strategy is commonly used in particle physics analyses to classify events
from simulation. The inputs are usually low-level kinematic variablesEL or high-
level features built from them by imposing physical constraints and knowledge
about the target procesaﬂ True labels are provided to evaluate the performance
and improve the classification. Satisfactory modelling of kinematic distribu-
tions is crucial for the training to avoid biases. After the training procedure,
the algorithm can classify data events with no true label.

o Unsupervised Learning uses no prior information of the training dataset, forcing
the algorithm to identify common patterns in the dataset. The strategy is
usually used for incomplete datasets with unknown properties, such as anomaly
detection or pattern recognition tasks.

o Reinforcement Learning is based on real-time decision making. The algorithm
learns through trial and error by getting feedback by a binary or continuous
succession score. The most prominent applications are self-driving cars or
robotic manipulation tasks.

There are several machine learning models based on the aforementioned learning
strategies. For the ttH multi-lepton analysis and especially for the 4/ channel, a

"However, machine learning models such as BDTs are also used for the reconstruction of the
top quark system [115] or further event classification after applying a cut on the diphoton invariant
mass [117] increasing separation.

2Low-level variables are the kinematic properties of physics objects, like the transverse momen-
tum or pseudorapidity of jets or leptons.

3Most common candidates for the t#H multi-lepton analysis are invariant masses of lepton pairs
or the distance between them.
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dense neural network (DNN) is used for signal and background separation utilising
the supervised learning approach. Graph neural networks (GNN) and boosted de-
cision trees (BDT) are used to reconstruct the Higgs boson transverse momentum.
The remaining analysis channels use BDTs for signal and background separation
tasks. In the following, a brief overview of dense neural networks and boosted deci-
sion trees is given, followed by the application of the former one for the 4¢ channel
and overviews on the application of the latter ones for the remaining channels of the
ttH multi-lepton analysis.

6.1.1 Dense Neural Networks
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Figure 6.3: An example of a fully connected neural network. A feed-forward network
is shown; information flows only in one direction from the input layer to the output
one. This type of neural network is used for the 4¢ channel.

Neural networks are motivated by the structure of human brains with neurons and
connections between them. However, there are conceptual differences between bio-
logical and artificial neural networks. A dense neural network is organised in three
parts, as shown in Figure having an input layer, an output layer, and several
hidden layers. The number of neurons in the input layer reflects the number of input
features, such as kinematic variables of an event, fed into the network. In contrast,
the output layer indicates the number of classes the classification task defines. The
number of hidden layers with the number of neurons for each layer can be arbitrarily
chosen. However, the performance of the neural network may change. In Figure
neurons are connected to each neuron of the next layer, allowing information only
to flow in one direction from the input to the output layer. Therefore, such net-



6.1 Machine Learning Introduction and Application 75

works are called fully connected and feed-forward H Neurons are used to process
signals, while chemical reactions trigger biological neurons; artificial neurons use ac-
tivation functions to process information to the next one. The activation functions
are continuously differentiable and feature non-linear behaviour, resulting in non-
trivial solutions. The most commonly used activation functions are rectified linear
unit (ReLU ﬂ exponential linear unit (ELU), scaled exponential linear unit (SELU),
or leaky rectified linear unit (Leaky ReLU), with definitions found in Appendix
Some activation functions have special properties for score interpretations: for a
multiclass neural network, the softmax function

exp (z;)

Ej exp (xj)7

for a neuron ¢, while j runs over all neurons in the output layer, can be used for
probabilistic interpretation as it defines a probability distribution with ), a (z;) = 1.
For binary scores, saturated functions like the sigmoid are used, fulfilling a similar
purpose. The calculation of the output for a neuron is given by

a(z;) = (6.1)

Yy =a Zwi'wrl-b (6.2)

(2

with z; as input from the previous layer and weight w; and bias b from the current
layer, evaluated with the activation function a. During training, sometimes referred
to as learning, weights w; are adjusted using the back-propagation method [242] to
improve the performance on the training data. The performance is evaluated using
a loss function L (y’ ,y), measuring the distance between the true value y and the
value 1/ predicted by the model. The weights are updated according to the gradient
of the loss function. The back-propagation is computationally expensive and is done
by successively applying the chain rule. There are several algorithms used for the
back-propagation, such as the stochastic gradient descent (SGD) or NAdam algo-
rithm [243]. The PyTorch library is used for model building and training [244].

The training procedure involves several techniques to increase a model’s performance
and avoid owverfitting, which refers to models being sensitive to noise in the training
dataset, resulting in poor performance on unseen data and, therefore, small gener-
alisation ability. Overfitting can be prevented by adding penalty terms to the loss
function, favouring smaller weights [245|246], or by setting a percentage of input
values for neurons of a given layer to be zero. The latter is called dropout [247|. It
reduces the number of model parameters and avoids the model relying on specific

4Biological neural networks are neither fully connected nor feed-forward; they also feature leaky
behaviour.

5Negative input values are always mapped to be zero, resulting in a loss of information for those
values and, in extreme cases, to the inactivity of neurons. Nevertheless, this function is commonly
used due to its simplicity. The Leaky ReLLU function is an alternative since it corrects the loss of
information.
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nodes. The early stopping mechanism is a method to monitor overfitting by evalu-
ating the model on a validation set. The training is terminated once the validation
loss function does not improve.

6.1.2 Boosted Decision Trees

NJets >3

no yes
e AR (fo, jet) > 2.0
no yes
DT 15t jer < 130 GeV e
no yes

Figure 6.4: An example of a decision tree with a depth of three. The variables are
chosen from the list of input features from the 2/SS+07,,q channel.

Boosted decision trees (BDT) are a multivariate analysis tool used in high-energy
particle physics. Decision trees are a set of decisions which binary split input data
based on selected input features [248-250]. A sketch of a decision tree is shown in
Figure [6.4] for a simplified analysis, splitting the dataset by a given value and with a
depth of three. The terminal nodes are called leaves and represent a class label, or
if the output score is a continuous variable, it can be interpreted in a probabilistic
manner. The latter is called a regression tree. A learning process can be induced by
maximising a metric for information gain or minimising entropy for each node split,
improving the tree structure. The learning process is terminated if some criteria are
matched, like the depth of trees, or no improvement is observed. Multiple decision
trees can be combined into a single, much stronger classifier [251] by boosting method
forming a forest. Each created decision tree will be assigned a weight corresponding
to its accuracy. The final combined classifier is the weighted sum of the individ-
ual tree output classifier. There are three commonly used boosting algorithms: the
adaptive boost algorithm (AdaBoost) algorithm [252], the eXtreme Gradient Boost-
ing (XGBoost) algorithm [253|, and the Gradient Boosting algorithm [254]. The
former was commonly used in early Run 2 analyses. However, all mentioned BDTs
used for t¢H multi-lepton analysis use the latter algorithm based on the gradient
descent method. BDTs are characterised by a set of tunable parameters, like the
maximal depth of a tree, sometimes also defined by the number of terminal nodes
or leaves. Another characteristic is the maximal number of used input features per
tree, with features randomly selected from the full set of features. In the context
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of the AdaBoost algorithm, trees including input features with no separation power
will be disfavoured, and a small weight will be applied. Other parameters are the
used loss function, learning rate, or number of total trained trees.

6.2 The 4/ Channel
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Figure 6.5: An overview of Higgs boson and top quark pair decay modes covered by
the 4¢ channel. The values are based on truth information obtained from simulation
after applying preselection criteria. On the left side, the various Higgs boson decay
modes are presented, while on the right, the most dominant decay mode H — WW*
is further classified by the individual decay modes of the W bosons. Below, the
decay modes of the top quark pair are shown, with the dileptonic decay being the
most dominant.

The 4¢ channel preselection requires four light leptons with a minimal transverse
momentum of pt > 10 GeV using both single- and dilepton triggers. The loose lep-
ton definition presented in Section is used for all four leptons. In Appendix [C]
an optimisation of the used lepton definition is presented, disfavouring tighter def-
initions. The sum of charges of four leptons needs to add up to zero. Each event
requires at least two central jets with at least one b-jet passing the 85 % DL1r work-
ing point.

There are some requirements on lepton combinations. For each same-flavour opposite
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sign (SFOS) lepton pair, the invariant mass needs to be m (€+€*) > 12GeV, to re-
duce contributions of low-mass resonance quarkonia decays. Events with an invariant
mass of the four leptons close to the Higgs boson mass, m (4¢) ¢ [115GeV, 130GeV],
are vetoed. It ensures statistical orthogonality to other H — ZZ* — 4/ analyses,
like Ref. [73]. In the previous t¢H multi-lepton analysis, an additional requirement is
applied by vetoing every SFOS pair with |m (¢¢) —myz| < 10 GeV. This cut efficiently
reduces most backgrounds but would remove = 30 % of signal events. Since statis-
tical uncertainties are expected to dominate, such signal reduction is to be avoided.
Therefore, the Z-veto is dropped. Instead, the channel strategy uses neural networks
to perform similarly regarding background suppression while keeping the signal ¢t H
events.

The veto on the four lepton invariant mass close to the Higgs boson mass has a
significant impact on the 4/ final state, effectively suppressing the H — ZZ* decay
mode, and results in H - WW?* — fy,lv; decay mode being the most dominant one.
A pie chart based on truth information from simulation demonstrates the different
fractions of Higgs boson decay modes covered by the 4¢ channel in Figure It
also provides a finer categorisation of the dominant H — WW™* decay mode. Addi-
tionally, the top quark decay modes are presented, showing that the top quark pair
almost always decays dileptonically.

The dominant prompt backgrounds for the t¢tH — 4¢ process arise from ttZ pro-
duction with dileptonic decaying top quark pair and Z — #¢, and from diboson ZZ
production with both bosons decaying to leptons. Other minor prompt backgrounds
originate from tWZ and tttt. The most dominant non-prompt background arises
from tt production with two additional non-prompt leptons. The estimation of the
non-prompt backgrounds is described in Section Table shows the expected
yields after applying preselection criteria. The preselected events are utilised to train
a dense neural network (DNN). In Figure various distributions of kinematic vari-
ables like transverse momentum of leptons are presented, but also high-level variables
like invariant masses of lepton pairs or scalar sum of transverse momentum for jets
Hr jets- Particularly, variables such as the missing transverse energy or jet and
b-jet multiplicities demonstrate a satisfactory level of modelling. In Appendix [D] a
collection of kinematic variables for the preselection is presented, including post-fit
distributions.

6.2.1 Neural Network Approach for the 4/ Channel

In the following, the various aspects of applying a three-class dense neural network
for the 4¢ channel are presented, aiming to separate ttH signal events from ttZ
and ZZ background ones and starting from the selection of used input features,
followed by the treatment of negative event weights and splitting of the dataset into
training, testing, and validation sets. Afterwards, the neural network architecture
and training are explained, and then the performance is evaluated.
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Figure 6.6: Pre-fit data MC comparison for lepton- and jet-related variables. The
blue hashed bands represent each bin’s MC-statistical and systematic uncertainties.
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Input Features for the Neural Network

Object  Variable Symbol(s) # Variables: 22
Leptons Distances between Lepton Pairs — AR;; (¢4) 6
Invariant Masses of Lepton Pairs m;; (¢0) 6
Scalar Sum of pr Hr)ep 1
Four Lepton Invariant Mass m (40) 1
Number of SFOS Pairs NSFOS 1
Jets Number of (b-) Jets NJets, Nh-Jets 1+1
Scalar Sum of pr Hr jets 1
Efrniss Magnitude ETmiSS‘ 1
Other Stransverse Masses Mratop (€0), M2 Boson (€£) 1+1
Effective Invariant Mass Mg, 0y pmiss 1

Table 6.2: A list of twenty-two input variables for the DNN for the 4¢ channel.

The neural network uses twenty-two high-level variables as input features, with an
overview presented in Table In particular, the invariant masses of all six lepton
pair combinations m;; (¢€) are fed into the neural network since they give rise to
the presence of potential Z boson candidates. Appendix [E] presents shape compar-
isons between the three processes for all input features. The invariant masses of
lepton pairs for ttZ and ZZ tend to have a peak around the mass of the Z boson,
while no such trend is observed for ttH, as shown in Figure [E.1l Together with
the charge and flavour information of all four leptons, combined into the number
of SFOS lepton pairs, similar features are provided to the network used for the
previously applied Z-veto. To further pronounce the relationship between leptons,
distances between lepton pairs AR;; (¢¢) are used, targeting different spatial separa-
tions, adding further information about the leptons and their origin. Furthermore,
the scalar sum of transverse momentum Hr, 1, and invariant mass of all four lep-
tons m (4¢) are added as lepton-related features. Jet-related variables are used to
improve further separation between processes involving a top quark pair, ttH and
ttZ, from diboson ones. Significantly, the number of b-jets and jets demonstrate good
separation, as the top quark pair results in a more significant amount of hadronic
activity. This is further pronounced by the scalar sum of the transverse momentum
of jets Hr jets, as additional jets generated by gluon splitting in ZZ events tend
to be softer, compared to jets induced by the heavier final state of ttH and tt_Zﬁ
The missing transverse momentum El}liss provides the best separation between ZZ
and the remaining processes, as no genuine contribution is expected from the former
one. Only the magnitude E%iss is fed into the network. Additionally, variables are
constructed to explore further the different decay signatures of the boson decays,
Z — €0 and H — WW?™* — fvlyv, or the top quark pair system. In the following, the
effective invariant mass and stransverse mass are introduced.

5This trend is observed for the individual transverse momentum distributions for each jet. How-
ever, this information is passed down to the scalar sum of transverse momentum for jets Hr, jets.
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Effective Invariant Mass

The spatial information of EX® is used for the construction of the effective invariant
Mass My, g, pmiss.. 1t focuses on the separation of ttH and ttZ events by exploiting the
different decay modes ttZ — 402y and tt (H — WW?*) — 4¢4v, utilising the presence
of more neutrinos in the final state of t#H and its impact on the magnitude and
spatial components of ErTniSS. The effective invariant mass was used in the previous
analysis and is constructed as follows: find the closest lepton to the hardest b-jet
and the lepton with opposite charge closest to another jet or b-jet. These leptons are
likely to originate from the top quark system, while the remaining opposite charge
leptons originate from either a Higgs boson or Z boson. The effective invariant mass
Mg, pq miss. 19 then defined as the invariant mass of these leptons together with EMiss,
Since the dileptonic top quark decay also involves neutrinos, the effective invariant
Mass My, p, pmiss. does not feature a peak around the Higgs boson mass for t£H events,
but is slightfy smeared as shown in Figure
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Figure 6.7: Shape comparison of the effective invariant mass and the two stransverse
masses for all three target processes ttH, ttZ, and ZZ. All distributions are nor-
malised to unity.

Stransverse Mass

The stransverse mass is commonly used in beyond SM searches and is closely related
to the transverse mass mgr The latter assumes that the undetected particle, cre-
ated during the collision, is massless, being an appropriate assumption for W boson
decays. However, the stransverse mass does not require such an assumption. For
a pp collision induced process, creating a particle pair, which each is subsequently
decaying into an observed particle with transverse momentum pf}i and unobserved

particle with transverse momentum p?iss’i, the stransverse mass [255] is defined as:

; 2 (. 0 iss,1 2 (.0~ iss,2
Mpo = Hllnp%iss [max <mT (pT ’p,lnjlss ) ,m2 (pT ’pr71111sS )>] . (63)
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Since the exact splitting is unknown, Equation [6.3] requires a minimisation over all

possible momenta, p?iss’l and p?iss’z under the constraint that their sum is equal to

the amount of observed missing transverse momentum p%ﬁss. Two variables are intro-
duced to adapt the stransverse mass to the 4/ final state, focusing on the top quark
pair system while the other explores the bosonic part. Using the same labelling of
leptons as for the effective invariant mass, the stransverse mass of the top quark pair
Mo mop (£0) is constructed using the leptons likely originating from the top quark
pair and EITniSS. Figure compares the shape between the three targeted processes.
The stransverse mass of the top quark pair Mg 1op (¢4) for t¢H and t¢Z are similar
due to the presence of the top quark pair and may be utilised for better separation
of the ZZ process. The stransverse masses for the boson candidate M72 Boson (¢£) is
constructed similarly. However, it uses the remaining leptons, which are also used for
the effective invariant mass. For t£Z, the transverse masses for the boson candidate
tend to be harder, compared to ttH as shown in Figure The stransverse masses
for the boson candidate and top quark pair are similar for ZZ.

Dataset and Negative Weight Treatment

The number of used MC events for each target process is shown on the left in Fig-
ure [6.8| and defines the size of the dataset. The dataset is split into two statistically
independent folds using the k-folding method for training, validation, and testing.
The first fold uses 50 % of the dataset for training while remaining 37.5 % for valida-
tion and 12.5% for testing. The second fold combines testing and validation sets as
training and splits the previously used training set into validation and testing with
the same fractions. The data sets of ttH and ttZ are supplemented by adding alter-
native systematic samples, mentioned in Section Next to the increase in training
data, the alternative samples may provide robustness against systematic effects. On
the right side of Figure the relative fraction of MC statistics for each sample
with respect to the full dataset is shown in blue. Furthermore, in red, the fraction
of negative MC weights is shown for all three processes with respect to the full dataset.

During event generation, negative event weights occur to avoid double-counting dur-
ing matching NLO matrix element contributions to the parton shower. They impact
both the normalisation and shape of input distributions. The largest fraction cor-
responds to the ttZ process caused by the MC@QNLO method. The ttH sample is
generated with POWHEG matched with PYTHIA using the POWHEG method, result-
ing in a tiny fraction of negative MC weights. Negative weights will cause problems
when calculating the gradient and loss, as the loss for each event is scaled with the
event weight and may become negativeﬂ There are several strategies to deal with
negative weights: remove the negative ones and only use positive ones, set every

"This issue occurs if the calculated loss across a batch becomes negative. Using higher batch sizes
may decrease the chance of getting negative loss values and, therefore, a sign flip for the gradient
calculation.
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event weight to unity, or take the absolute value of each weight. These strategies
have the downside of changing the shape and normalisation of the input distribu-
tions. To remove negative weights while preserving both shape and normalisation, a
correction factor
C— _2iWi (6.4)
Zw¢>0 Wi
is derived to compensate for negative weight contributions. The corrected event
weights w] used during the training are calculated by scaling the positive weights
with the correction factor:
w; = Cw;. (6.5)

The remaining negative weights are set to zero and, therefore, dropped from the
training. The impact of the different strategies on the input distributions is studied
in Appendix [F] The approach of using a scale factor for correcting the missing neg-
ative weights is used, as it provides a satisfactory compensation of negative weights,
especially for the ttZ and ZZ data sets.

Neural Network Architecture and Training

Multiple hyperparameters control the training and architecture of the dense neural
network. A list of parameters is presented in Table [6.3] defining the architecture
of the network, like the number of hidden layers and nodes per layer, but also the
used activation functions. Other parameters, like the learning rate, dropout in-
dex, or batch normalisation index, influence the training. Different combinations
of hyperparameter settings are tested to determine the combination with the best
performance, defined as the lowest mean loss concerning both folds. In total, 250
neural networks are trained with hyperparameters randomly chosen within a defined
range. In Table an overview of the used ranges and settings is presented, to-
gether with the best configuration. The neural network size is limited to three to ten
hidden layers, each containing between 30 and 250 nodes chosen in step sizes of ten
nodes. The learning rate controls the step size along the calculated gradient and,
therefore, towards the globalﬂ minimum. Choosing minimal learning rates will slow
the training process, while large learning rates will cause divergent behaviour. All
models have a batch size of 1064, use the softmax function as the output function,
and Adam as optimiser [256]. The categorical cross-entropy

CE == yelog (y(x),), (6.6)

with y. as the label of class ¢ and y (z),. as the prediction for an input z, is used
as loss function for all models. All models have a dropout probability of 25 % for
regularisation. The optimised model applies dropout from the second to the fifth
hidden layer. Batch normalisation is performed for the optimised model at the layers

8The loss function landscape may also have local minima.
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with index 0,1,2,3,5. The training is terminated by an early stopping mechanism,
checking the change of the loss function for the validation, A, over a selected
number of epochs, called patience. It effectively stops the training if there is no
improvement in the validation loss. All models use a patience of 150 training epochs
with a minimal change of the loss function of Ay, = 0.001.

T T T
. I e s
Nr of Events: 108142.0
. Ww<0
ttH
Nr of Events: 119351.0
tz
Nr of Events: 514421.0
L L L L L L
10° 20 40 60 80 100 120 140

Raw MC Events Percentage of Events

Figure 6.8: The size of the used dataset in terms of raw MC events for each process
ttH, ttZ, and ZZ. The MC statistics are increased by adding alternative systematic
samples for ttH and ttZ. On the right side, the fraction of MC events for each process
and the fraction of negative events for each process concerning the total dataset are
presented. The largest fraction of total events and negative weights contribution is

ttZ.

Hyperparameter

Values

Configuration
after Optimisation

Type Classification DNN Classification DNN
Hidden Layers mavx: %U 6
min: 3
max: 250
Nodes per Hidden Layer min: 30 210, 100, 230, 160, 160, 170

Activation Functions
Activation Functions Combination

step size: 10
Relu, Elu, Selu, LeakyRelu

max: 0.0005

Elu, Selu, LeakyRelu, LeakyRelu, Selu, LeakyRelu

Learning Rate min: 0.00005 0.00055
Batch Size 1064 1064
Output Function Softmax Softmax
Loss Function Categorical Cross-Entropy Categorical Cross-Entropy
Optimiser Nadam Nadam
Dropout Probability 25% 25%
Dropout Index - 1,2,3,4
Batch Normalisation Indeces - 0,1,2,3,5
Patience 150 150
Apin, 0.001 0.001

Table 6.3: A list of the hyperparameters used during the optimisation. The config-
uration for the best model is presented on the right.
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Neural Network Performance and Evaluation

Performance evaluation is the final step after training a neural network model. The
loss function for the training and validation set as a function of the training epoch
for both folds is shown in Figure Both loss functions decrease and saturates.
The early stopping mechanism terminates the training since the validation loss does
not decrease over 150 training epochs. Overtraining is not observed since training
and validation loss converge similarly. In the beginning, the training loss is over a
large range greater than the validation loss. This is caused by the usage of dropout
features, which artificially reduce performance during training. The effect decreases
till the end of the training step. The DNN output classifiers for the t¢H response
for both folds are presented in Figure [6.10] The background is the combination of
ttZ and ZZ. A clear separation between classified ttH and remaining background
contributions is observed for both folds.

To further evaluate the performance, especially in contrast to the testing set and
fold of the classifier, receiver operating characteristics curves, called ROC curves,
are used. ROC curves are used for binary classification evaluation. However, it can
be expanded for multiclass by favouring one class while combining the remaining
classes. The ROC curve evaluates for a given classifier cut the true positive rate
versus the false positive rate. The area under the curve (AUC) is then a measure for
the classifier’s performance, with a perfect classifier having an AUC of unity, while
a random guess would result in an AUC of 0.5.

In Figure the ROC curves for all three output classifiers are presented with
the AUC values provided for each fold and training and testing set. There are no
significant differences between the training or testing AUC values compared within
the two folds for each classifier, indicating no large statistical fluctuations or biases
of the two used folds. Comparison of the AUC values for training and testing for a
given fold gives rise to generalisation performance. Large deviations would indicate
different performances on the training and unseen testing sets, hence a tiny gener-
alisation performance. For all three classifiers, the testing and training AUC values
are compatible with each other, indicating no large sign of overtraining and good
generalisation performance. The AUC values for the ZZ output classifier are the
closest to unity as the model can separate ZZ from the remaining events easily.

This is also reflected in the confusion matrix in Figure [6.12 comparing the model’s
prediction with true labels with a perfect classifier represented by a diagonal confu-
sion matrix. The model can separate ZZ events effectively; the largest misclassifica-
tion occurs with ttZ due to the presence of on-shell Z bosons. Most misclassification
occurs between ttH and ttZ categories due to their similar signature with the main
difference in the distributions of the invariant mass of lepton pairs and number of
neutrinos in the final state affecting E%liss.

To quantify the importance of an input, the permutation feature importance method
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is applied by randomly shuffling an input feature and measuring the performance in
terms of AUC. The difference of reduced AUC and nominal AUC,,, normalised
to the nominal AUC,yy, is used as a metric and is given by:

AAUC AUC,om — AUC

P = AUCom = AUCwm (6.7)

For input features with tiny importance, the ZP will be close to zero since the relative
performance difference is tinyﬂ A ranking of the permutation importance for every
input feature for all three classifiers is shown in Figure [6.13] The most important
input features for all three classifiers are the missing transverse energy E%‘iss, fol-
lowed by the invariant masses of lepton pairs. Especially for the ZZ classifier, E%liss
is highly ranked since ZZ production is expected to have no genuine Effniss contri-
bution. For ttH and ttZ, the importance arises from the different decay modes of
the additional boson, since the top quark pair decay is on average simﬂarﬂ The
Higgs boson decay H — WW* — (*u,/~ 1y involves additional neutrinos compared
to the Z — £/~ decay, affecting the expected Efrniss distributions. Furthermore, the
different decay modes of the involved boson influence the invariant mass and flavour
combination of lepton pairs: SFOS lepton pairs are expected to have an invariant
mass close to the Z boson mass. Thus, the invariant masses are important for the
model’s performance.
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Figure 6.9: The loss as a function of the training epochs evaluated for both folds’
training and validation sets.

9The permutation feature importance method is not only sensitive to the importance of a single
input feature but also to the correlation of that input feature with other ones. However, in both
cases, the input features are highly ranked.

10Small differences occur due to the mass of the Higgs boson compared to the Z boson, changing
the recoiling system the top quark pair system.
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Figure 6.12: The confusion matrix compares the predicted labels for all three classes
ttH, ttZ, and ZZ with the true labels.
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6.2.2 Definition of SR and CR for the 4/ Channel
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Figure 6.14: The two-dimensional planes to show the score response for a class as
a function of the remaining scores. The property of the softmax output function
summing up all scores to unity leads to the triangular shape. At the top left, the
ttH response is shown, while on the right, the t£Z one. The bottom one shows the
Z 7 response.

The output classifier of the neural network can be interpreted in a probabilistic man-
ner due to the usage of the softmax output function, assigning each event a likelihood
to originate from ttH, ttZ, or ZZ production, with the sum of likelihoods equal to
unity. The previously mentioned normalisation conditions can be used to visualise
the individual scores in a two-dimensional plane with an axis as the remaining scores
as shown in Figure [6.14 The ZZ events are mostly separated from the remaining
ttH and ttZ events due to their distinct signature and with the highest ZZ response
at DNN,zy and DNN,; close to zero as shown on the bottom of Figure The
response for ttH is mostly accumulated along DNN,;, demonstrating the difficulty
of separating tt H and ttZ due to their similar signature. For ttZ, the same behaviour
is observed.

The classification scores define the ttH SR, enriched with t¢tH and ttZ sensitive
bins, and a ZZ CR. The definitions of the 4¢ analysis regions are based on the ZZ
score DNNyzz with cuts obtained from the optimisation presented in Appendix [G]
The region definitions read as follows:

e SRy7y: Preselection and DNNzz < 0.1 and
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e CRzz: Preselection and DNNz, > 0.1.

The expected yields for the analysis regions are shown in Table There are no
further cuts on the DNN,z; or DNN,z, score, instead the DNN,y distribution is
used since it has a natural separation between the remaining process as seen on the
left side in Figure The ZZ contribution is split according to the flavour
compositions of additional jets created by gluon splitting. The classification relies
on truth information of hadrons embedded in jets. If a ZZ event has a jet contain-
ing a b-hadron, it is labelled as ZZ+4 > 1b; if the jet contains a c-hadron but no
b-hadron, it falls into the ZZ+ > 1c¢ category. The remaining ones are classified as
Z 7 + light and contain light quark or gluon jets. This classification is also used in
other analyses like t£(H — bb), as described in Ref. [122]. The CRzz uses the b-jet
multiplicity as fitted distribution since it entangles the different flavour compositions
of additional jets as shown in Figure [6.15] Pre-fit uncertainties are shown, including
both statistical and systematic uncertainties.

Kinematic variables are presented to validate the data to MC agreement after ap-
plying the DNNzz score cut. In Figure the transverse momentum for each
lepton together with the invariant mass of lepton pairs and all four leptons, the jet
and b-jet multiplicity and the scalar sum of transverse momentum for leptons and
jets, and EITrliSS are presented, using the first seven bins of the SR, enriched with ttZ
events, acting as ttZ CR. In Figure the same variables are shown but using
the CRzz selection. As for the preselection, the ttZ sensitive part of the SR,y
and CRzz regions demonstrate a satisfactory level of data to MC agreement. The
complete set of pre- and post-fit distributions of the DNN input features is presented

in Appendix

" The splitting of the DNN,zy score distribution is also unnecessary since both defined t#H SR
and ttZ CR will use the DNN,;z score as fitted distribution.



6.2 The 4¢ Channel

Process Preselection SRyzn CRzz
ttH 15.31+1.87 13.44+1.85 1.87 4+ 0.30
tz 148.39+1.42 117.60+0.73  30.79 + 1.50
ZZ+ > 1b 39.40 + 3.78 216+0.27 37.24+3.78
ZZ+ > 1c 30.77 £+ 2.58 1.17+£0.13  29.60 & 2.58
Z7 + light 28.90 4 4.38 0.754+0.15  28.15+4.38
tWZ 17.67+6.79 12.284+6.13 5.39 + 2.70
wZz 1.04£0.16 0.53+0.12 0.51+0.11
Other Prompt  12.88 +1.84 8.14 4+ 1.44 474 +1.15
w7 Fake 0.31+0.07 0.20 +0.05 0.11+0.05
eI Fake 0.25+0.07 0.15+0.04 0.10 £ 0.06
et Fake 0.27 £ 0.04 0.11+£0.03 0.16 +0.03
double Fake 1.37+£0.32 1.37+0.32 0.0+0.0
Other Fake 1.02 £ 0.58 0.36 +0.18 0.76 + 0.45
Total MC 298 + 12 158 + 7 139 + 10
data 301 155 146

91

Table 6.4: The expected yields after applying the 4¢ preselection and SR and CR
selection for the various processes and data, including systematic uncertainties. The
Z 7 process is split by the flavour of additional jets using the HF classification algo-

rithm. The fake and non-prompt lepton categories are explained in Section
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Figure 6.17: Distributions of the transverse momentum of four leptons, the scalar
sum of transverse momenta of leptons and jets, the invariant mass of lepton pairs

and four leptons, jet and b-jet multiplicity, and E.

uncertainties are shown as blue hashed bands.
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6.3 The 3/+07m,,q Channel

The 3/+07,.q channel is sensitive to both ttH and tHE| processes. The preselection
is shown in Table and requires three light leptons with a total charge of £1.
Unlike the 4¢ channel, which is inclusive in the number of m,,q candidates, the 3/
channel applies a veto on 73,,q9 candidates. The lepton with opposite charge with re-
spect to the remaining leptons needs to be loose (L), see Section with a minimal
transverse momentum of pp > 10 GeV. The other same-sign leptons need to pass
tight (T) criteria with a minimal transverse momentum of pr > 15 GeV. Additional
requirements are applied to lepton pairs to reduce certain backgrounds. Applying
a Z-veto cut on each same-flavour opposite sign, |m (¢) — my| < 10 GeV, reduces
ttZ contribution, while m (€+£_) > 12 GeV reduces contributions of low-mass res-
onance quarkonia decays. Furthermore, the preselection requires at least two jets
with at least one b-jet passing the 85 % working point. The 3(+07,,q channel targets
dileptonic (single-leptonic) top quark pairs decays and H — WW™* with one (two)
leptonic decaying W bosons. The dominant prompt background contributions arise
from ttZ, ttW, and diboson production V'V, mainly W Z, and non-prompt and fake
contributions from ¢t production.

The 3/+0mhaq channel uses a multiclass BDT with six categories: ttH, tHjb, ttW,
ttZ, VV, and tﬂ The input features are a collection of low- and high-level vari-
ables of lepton, jets, and Effniss and their relation in terms of angular separation and
invariant masses. The most essential features for the ttH separation are the number
of jets and the invariant masses of lepton pairs. For the tH classification, in addition
to the invariant masses of lepton pairs, jet-related variables such as the transverse
momentum and distance to leptons are essential. The largest misassignments of ttH
are to the ttZ and ttW category. The definition of the signal and control regions
is based on optimised cuts on the output ClaSSiﬁeIE into a ttH and tH SR, and
five CRs targeting each dominant background. To better estimate the ¢tZ and V'V
processes, two CRs are also designed to target events failing the Z veto of the pres-
election. The number of jets further splits them: the V'V CR requires two or three
jets, while the t¢Z CR has at least four or more jets. The previously defined CRs
target the on-shell components of the t£Z and V'V processes.

6.4 The 2(SS+0m,,q Channel

The 25S+07y,4 channel uses a four-dimensional multiclass BDT to separate signal
ttH and tH events from the overwhelming background. Using single and dilepton
triggers, the preselection requires two tight (T) same-sign leptons with transverse
momentum pp > 15GeV and no m,q candidates, and at least three reconstructed

12Sometimes also referred to as tHjb.

13A reweighting procedure is used to increase the statistics on this contribution, also improving
shapes of physics variables.

14 As in the 4¢ channel, the classifier is interpreted probabilistically.
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jets with at least one b-jet passing the 85 % DL1r working point. A summary of the
preselection is found in Table [6.1] The 20SS+0m,.q targets single-lepton top quark
pair decays and single-lepton H — WW* decay modes. The most dominant prompt
backgrounds arise from ¢tW, ttZ, and VV production, with fakes originating pre-
dominantly from ¢t production.

The BDT approach targets the categories ttH, tHjb, ttW, and Other, including
ttZ, tt, VV, and other minor contributions. In contrast to the 4¢ and 3/-+0m.q
channels, the input features of 2¢SS+407m,,q focus more on jets and their relation to
the leptons. High-level variables such as distances, invariant masses, and low-level
kinematic information are used. The linear discriminant LD = 0.6 X + 0.4HS"
is also added as input and is motivated by a good performance, observed in the
ttH multi-lepton analysis of the CMS collaboration [257]. The most crucial input
features are the number of jets, the invariant masses of both leptons and the average
distance between all reconstructed jets. The largest misclassification of ttH occurs
with the W category. The output classifiers define SR and CRs with the maximum
score value defining the category: Two SRs for ttH and two CRs for W, split by
the lepton charges, and a tH SR. The Other category defines a CR with primary
contributions from diboson and ttZ production.

6.5 The 2(SS+17m,.q Channel

The 20SS+1m,,q channel uses both single and dilepton triggers. It requires two light
leptons with same-sign and pr > 15 GeV, passing the Medium (M) lepton definition
as described in Table Events with an invariant mass of |m (€¢) — myz| < 10 GeV
are rejected. One m,,q candidate with minimal transverse momentum of > 20 GeV
passing the Medium working point is required. Furthermore, at least three recon-
structed jets with at least one b-jet passing the loosest working point of 85 % are
required. The 2¢SS+17},,q channel targets single-leptonic tt decays with H — 777~
with one 1,4 and one leptonic 7 decay. The main backgrounds arise from irreducible
ttZ and ttW contributions, reducible diboson production mainly from W27, and light
lepton and 7,4 fakes originating from ¢t production.

The 2¢SS+17,,q channel uses a three-class BDT to separate ttH signal events from
ttW and tt ones using events passing the channel preselection. To increase the used
MC statistics of ¢ for the training, a reweighting procedure similar to the 2/SS+07p.q
channel is used. The input features focus on high-level variables, emphasising the
relation of the two lepton systems and reconstructed jets or Efrniss. After utilizing a
large set of input features, the unimportant ones are removed. The most important
features are the number of jets and the invariant mass of the leading lepton and Efrniss.

The signal region for the 20SS+17,,q4 channel is defined using the preselection but
with a tighter selection of at least four reconstructed central jets. These bins are
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pure in ttH signal and use the ttH BDT response to further separate background
events.

6.6 The 200S+27m,2q9 and 1/427m,,9 Channels

Both channels require two opposite-sign 7,,q candidates passing Medium (M) work-
ing point, having a minimal transverse momentum of pt > 20 GeV. The 200S+27y,4
channel uses both single and dilepton triggers, further requiring two opposite-sign
Loose (L) leptons with pr > 10GeV and |m (¢0) — mz| > 10GeV and m (¢¢) >
12 GeV to reduce contamination from ttZ events and low-mass resonance decays,
respectively. Furthermore, at least one b-jet passing 77 % working point is required.
The 200S+27.q channel targets dileptonic ¢ decays with H — ThaqThad, as illus-
trated in Table The preselection is used for the BDT training, attempting to
separate ttH events from the background using a binary classification model. The
input features have a large focus on the di-m,,q system, with the maximum pseudo-
rapidity of the two m,.q leptons and azimuthal separation of the di-,,q system and
EEE“SS as the most essential features. The preselection is used as SR with the binary
classification score as fitted distribution.

The 1442m,,q channel uses only single-lepton triggers, and in addition to the 7y.4
requirements, one Loose (L) lepton with pr > 27 GeV, at least three reconstructed
jets, with at least one b-jet passing 77 % DL1r working point, defining the ttH
SR. The tH SR is defined similarly, requiring maximal two reconstructed jets. A
summary of the selection is found in Table The ttH 1/+27,q channel targets
single-lepton ¢t decays and the H — T2qThad decay mode. Binary BDT classification
models are trained per region, separating ttH or tH against background contribu-
tions. A similar set of features is used, with the same features being most important
for the ttH response. The most important feature of the tH BDT response is the
visible invariant mass of the di-m,,q system. The BDT responses are used as fitted
distribution for both SRs.

6.7 Higgs Boson Transverse Momentum Reconstruction

The measurement of the ttH production rate in bins of the transverse momen-
tum of the Higgs boson p¥ is based on the Simplified Template Cross Sections
(STXS) [70]. It uses six bins of reconstructed transverse momentum ranging from
pi < 60GeV, 60 < pH < 120GeV, 120 < p < 200GeV, 200 < pH < 300GeV,
300 < pjff < 450 GeV, and p¥ > 450 GeV. The Higgs boson rapidity is required to
be |yf| < 2.5. An additional bin for |y| > 2.5 is added, inclusive in pZ. However,
the expected contribution is negligible.

The reconstruction of the transverse momentum of the Higgs boson is done with
a graph neural network (GNN) [258] using events entering the signal regions of the
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304+0mhaq and 26SS+07p,4 channels. Each event is represented as a graph with nodes
representing final state particles or global features. Nodes are connected by edges,
providing kinematic information. The following features are used to predict Higgs
boson pr STXS bins:

e Nodes: pr,n, ¢, charge, b-tagging score, or particle type like lepton, jet, or Effniss,
o Edges: AR, An, A¢, and invariant masses between object pairs,

e Global: number of central and forward jets, number of pile-up u, the scalar
sum of transverse momenta of jets, leptons, and all visible objects, all lepton
pr, mass M, pr sum of all lepton pairs or leptons with E%liss, together with
A¢ and An of all two lepton combinations.

The graphs are fully connected and target the STXS bins. The performance during
the training is evaluated with truth information obtained from McC simulations. The
best performance is observed for the high STXS bin regime with pg > 300 GeV and
with ttH events targeting the H — WW* decay mode. Considerable misclassifica-
tion occurs within the lower regimes with p¥ < 200 GeV.

In the 27,4 channels, a BDT approach is used to reconstruct the transverse mo-
mentum of the Higgs boson. As input features, it uses the di-m,.q visible transverse
momentum, the distance between the di-m,,q system and its invariant mass. The
best reconstruction performance is observed for the 27,4 channels with events tar-
geting the H — 77 decay mode in the lower STXS bin regime with p¥ <200 GeV.

Due to limited statistics, no attempt for the reconstruction is made for the 4¢ and
2055417h.q channels. They are included in the fit, but a minor sensitivity is ex-
pected. The first and second STXS bins are merged. Furthermore, the last three
bins are also combined to create a single template.
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CHAPTER [

Fake Background Estimation for the ttH Multi-Lepton Analysis

Can you tell me what a fake
lepton is?

The author’s question to
students during every top quark
meeting.

Most analyses performed by the ATLAS collaboration use the presence of leptons in
the final state. The main advantages are better trigger performance and the suppres-
sion of QCD multijet background. Furthermore, leptons have higher resolutions and
more minor uncertainties associated with the reconstruction than jets. In leptonic
final states, another type of background than QCD inferred processes becomes dom-
inant. It originates from the misidentification of lepton properties, misreconstruction
of other physics objects as leptons, or from leptons not associated with the primary
collision. These leptons are often called charge misidentified, fake, or non-prompt,
respectively. These background contributions depend strongly on the lepton defini-
tion and selected analysis region. In contrast, an adequately reconstructed lepton
associated with the hard scattering process is called promplﬂ They are associated
with the hard or primary scattering vertex due to the short lifetime of electroweak or
Higgs bosons. Furthermore, they inherit natural isolation since the decaying boson
recoils against the remaining systemﬂ

In Figure a sketch of various sources of charge misidentified, fake, and non-
prompt leptons is presented. Charge misidentification occurs for electrons with large

Leptons from leptonic T decays are also considered as prompt.
2With more considerable hadronic activity, the isolation of prompt leptons tends to decrease.
However, it is still more significant compared to non-prompt ones.
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transverse momentum and, therefore, with a small track curvature. This can lead to
ambiguities during the track fitting. It can result in mismeasured curvatures and an
incorrectly reconstructed electron charge. Bremsstrahlung causes the second source,
with the produced photon creating an electron-positron pair. The positron may be
reconstructed, assigning an incorrect charge. This background is most dominant in
regions with same-sign lepton pairs. The charge misidentification is negligible for
muons since they are minimal ionising particles and rarely undergo Bremsstrahlung.
Furthermore, the muon spectrometer measures additional tracks of muons, reducing

the probability of charge misidentification.

Charge Non-Prompt Non-Prompt
Misidentification Lepton Lepton
—~
2 £
]
2
[
Mismeasured Lepton passes Material
Curvature Isolation Criterion Conversion
Charge Non-Prompt Fake
Misidentification Lepton Lepton
—~
2 8
]
£ %
A

Jet fails Jet reconstructed

Reconstruction as Lepton

Bremsstrahlung

Figure 7.1: A sketch of various sources of charge misidentification, fake leptons,
and non-prompt leptons. The charge misidentified, fake, and non-prompt lepton is

marked in red.
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Non-prompt leptons are real leptons that do not originate from the primary colli-
sion. They are decay products of hadrons embedded in jets. The hadrons and decay
products are often boosted in one direction. Therefore, isolation requirements are
an effective tool to suppress this background. However, leptons from (semi-)leptonic
hadron decays may pass the isolation criterion as shown in Figure [7.1] They may
also pass if the jet candidate is improperly reconstructed or fails a selection criterion.
Non-prompt leptons are categorised by the flavour of the hadron. They are called
heavy-flavour non-prompt if they originate from c-hadron or b-hadron decays. If
they originate from light-flavour hadrons, like pions or kaons, they are called light-
flavour. Another source of non-prompt electrons originates from the conversion of
highly energetic photons v — e*e™ with the subsequent reconstruction of an electron
or positron. The conversion often happens inside the active material of the detector,
granting them the name of material conversions. For muons, this source is negligi-
ble. Other sources are Dalitz decays of pions, like 7% — eTe™v. Their detection is
difficult since the decay process leaves tracks in the ID and energy deposits in the
ECAL but only little activity in the HCAL.

Fake leptons are misidentifications or reconstructions of other physics objects as
leptons. Light quark jets or gluon jets can be misidentified as electrons as they leave
tracks in the inner detector and energy deposits in the electromagnetic calorimeter
system as depicted in Figure Muons are reconstructed using additional infor-
mation from the Ms. Particle leakage to the MS can occur due to highly energetic
hadronic showers escaping the HCAL. This phenomenon is called punch-through and
can lead to misidentification of muons.

The simulation of charge misidentified, fake, and non-prompt leptons is not reliable.
The rate depends on the definition of the physics object and the selected analysis
regions. In the case of conversion, misidentification, and leptons from hadron de-
cays, the simulation requires precise modelling of the detector response, which is
challengingﬂ Due to the generally low rates in some phase space, generating events
containing only misidentified, fake, and non-prompt leptons would consume many
computer resources. The simulation relies on MC generators and detector simulations
like GEANT4, with the latter being the most expensive part.

The rate of charge misidentified electrons is estimated in Z — ee events, comparing
opposite sign and same sign lepton pair requirements. Fake and non-prompt lepton
backgroundsﬁ are estimated by (semi-) data-driven techniques such as the template
method and the fake factor method [259]. The template method is used in the 44, 3¢,

3The detector simulation is the most expensive part of the simulation chain. Non-prompt leptons
are created before entering the detector material. However, the detector response is crucial to decide
whether the lepton is isolated or the jet in which the lepton is embedded fails jet identification.

4In the following, the term fake will be used as a synonym for both fakes and non-prompt leptons
even if the former does not involve real leptons, while the latter does. Using the term fake for both
emphasises the fact that they are not prompt leptons.
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20SS+07haq, 20SS+1m,,q channels. The shapes of kinematic variables are obtained
from MC simulation while adjusting the normalisation or fake rates from data with
control regions enriched with target fake lepton backgrounds. It is a semi-data-driven
technique since it partially relies on MC simulation. In the 2SS+17,,q channel, the
method is extended for estimating m,,q fake rates. The fake background templates
are estimated by simultaneous fit with free-floating fake norm factors in all regions.
This corrects the template normalisation to data and propagates the correction to
other regions. This method requires good shape agreement between data and the
fake template. In particular, characteristic kinematic variables, like the transverse
momentum of fakes, are required to be compatible between the control and signal
regions.

The fake factor method is used in the 144-271,,4 and 200S+27,,4 to estimate Tyhaq
fakes. This method relies on two lepton or m,,q definitions, with a looser and tighter
one. The relation between the definitions is used to estimate a fake factor, extrapo-
lating from the CRs to the SR. Fake factors are often calculated in bins of transverse
momentum and corrected for shape and normalisation.

Section presents the estimation of the fake background for the 4¢ channel. It
provides an overview of the various sources of fakes and the designed control re-
gions. The estimation of the fake background for the 3¢ and 2¢SS+07,,q channels
is shown in Section followed by a brief overview for the 2¢SS+17,,q channel
in Section [7.3] For the 200S+27m,,4 and 1/+27,,4 channels, the fake background
estimation is presented in Section [7.4]

7.1 Fake Background Estimation in the 4/ Channel

In the SR, the most dominant contribution originates from events having two addi-
tional fake leptons, as shown on the left side of Figure [7.2] The double fake back-
ground can be decomposed into single fake lepton contributions. The decomposition
is justified since the individual fake rates are uncorrelated. The SR’s most significant
fraction of double fakes originates from t¢ production as shown in Figure A no-
table contribution enters due to the large tf production cross-section in association
with extra jets. The single fake background originates primarily from WZ, tW Z,
and tttt productionlﬂ The triple fake background is negligible in the signal-sensitive
bins and is estimated from MC simulations due to an unreliable classification based
on samples simulated with SHERPA.

The dominant fake background contributions in the 4¢ channel originate from heavy-
flavour electron fakes e and heavy-flavour muon fakes pH¥. They are created in
semi-leptonic c-hadron and b-hadron decays. Additionally, the background from

5The contribution from ¢ production in the single fake category originates from misclassification
of fake leptons as prompt ones.
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Figure 7.2: On the left side, the fake lepton multiplicity for events entering the 4¢ SR
is shown. In the middle, the DNNzy response in the SR for double fake events per
process is shown, while on the right side, the response for single fake lepton events
is shown.

light-flavour electron fakes el enters the signal-sensitive regions of the 4¢ channel.
These e"F fakes are created predominately in decays of light-flavour hadrons such as
kaons and pions. The classification of leptons into the fake categories is based on in-
formation obtained from Mc simulation®l Contributions of other sources of fakes are
small and are combined into the Other-Fake background. It contains contributions
from charge misidentification, conversions, muon fakes from light-flavour hadrons,
and leptons, which cannot be classified based on information from McC simulatiorﬂ
The Other-Fake background is solely estimated from MC simulations. The fake lepton
combinations of double fakes in the SR are shown in Figure with fakes ordered
in transverse momentum. The most significant contributions are double e™F fakes
and combinations of heavy-flavour fakes and e fakes from tf production.

7.1.1 Fake Control Region Definition for the 4/ Channel

Three regions are defined for the normalisation estimation of the dominant fake
background sources for the 4¢ channel. Table summarises an overview of selec-
tion criteria. All three fake regions require the same lepton definition used in the 4¢
regions. Furthermore, the regions are designed to be orthogonal to any other anal-
ysis region. Therefore, a veto on the 3/+07,,q channel preselection is applied. The
criterion of no SFOS lepton pairs reduces contributions from WZ and Z+jets pro-
duction, defining a region almost purely populated with tf events. The heavy-flavour
CRs, CRur and CR ur, are defined by the lepton flavour combination pFete® and
eTp®pt, respectively. The same-sign lepton with the lower transverse momentum is
expected to be the fake lepton. Both heavy-flavour fake regions apply the same jet

This is often called truth information.
"This contribution is tiny compared to the other background contributions.
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Figure 7.3: An overview of the various double fake contributions entering the SR is
shown. The fake contributions are pt ordered, and OF denotes the Other-Fake cat-
egory, including conversion fakes, fakes from light muon decays, or fakes originating
from m,q decays. Only statistical uncertainties are shown.

chion CR“HF CREHF CRELF

Lepton definition LLL

pr requirement > 10 GeV

Lepton charges Yigi=*1

Lepton details no SFOS pairs |m (u*u’) —myz| <10GeV
[m (3€) —mgz| > 15GeV

Lepton flavours eTp®p® uFetet pEpFet

Central jets >2

b-jets 85 % DL1r >1 ==0

Additional requirements - ERmiss < 20 GeV

veto 304+07,.q preselection

Table 7.1: Summary of the fake CR selections for the 4¢ channel. The lepton defini-
tions are given in Table

requirements as the 4¢ channel: at least two central jets and at least one b-jet passing
the loosest DL1r working point of 85 %. To estimate the normalisation of elF fakes,
a region enriched with Z+jets events is designed. It requires a muon pair with an
invariant mass close to the Z boson mass. The reconstructed electron is the fake
lepton candidate. To reduce prompt contributions from diboson W Z production, a
cut on E%ﬂss is applied. To further reduce contamination from V~ production with
subsequent photon conversion, a veto on the three-lepton invariant mass close to
the Z boson mass is applied. It reduces final-state photon radiation contribution.
Conversion fakes from V'~ are estimated solely from McC simulation due to an unre-
liable fake classification using information from samples simulated by SHERPA. A
large systematic uncertainty is applied to cover potential mismodelling. Similar jet
requirements are applied for the CR Lr with at least two central jets. However, it is
required that no b-jet passes the loosest working point; it reduces the contamination
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from eMF fakes.

The expected yield for all three fake CRs is presented in Table and the ex-
pected contributions from various production processes are shown in Table [7.3] In
Figure[7.4] Figure and Figure [7.6] different kinematic variables are presented for
the fake regions CR ur, CReur, and CRur, respectively. The transverse momen-
tum and pseudorapidity of the leptons, the scalar sum of transverse momenta for
jets and leptons, and the jet multiplicity are shown. In Appendix the post-fit
distributions are presented. The efF fake contribution is reweighted with respect to
data due to an observed shape mismodelling of the transverse momentum of the fake
lepton candidateﬂ All previously mentioned distributions in the CR ur and CR,Lr
demonstrate a satisfactory shape agreement between MC simulation and data. Af-
ter applying the reweighting procedure a satisfactory shape agreement between MC
simulation and data is also observed for the CR ur.

The CR,vr uses for a better separation of the et and e!'F' fake contributions Emiss
as a discriminant. Due to different decay chains of heavy-flavour hadrons, decaying
viab—flv+Xorb—c+Y - lv+ X, E%‘iss tends to have a harder spectrum. The
heavy-flavour fake CRs use the fake lepton candidate transverse momentum as fitted
distribution since the fake rate is expected to depend on the transverse momentum.
The fake CR, distributions are shown with pre-fit uncertainties in Figure

Process CRnr CRur CRr
ttH 24.6+266  20.7+£222 0.03£0.02
ttz 3274097 2424011 1.79+£0.21
ZZ+ > 1b 1214£0.01  0.724+0.03  2.36 +0.39
77+ > 1c 1.2340.01  0.584+0.11 14.84 +0.70
ZZ + light 1.704+0.24  045+0.07 341.3+25.5
tWZz 1.894+0.95  1.01+051  0.80+0.47
wZ 9.90£1.98  3.49£0.70 470.7+99.6
Vy 0.0+ 0.0 0.0 £0.0 286.6+13.0
Other Prompt 120 % 22 38.9+15.3 11.89+3.25
pF Fake 0.544+0.09  11244+48  0.07£0.05
e’ Fake 726 + 32 0.01£0.01 400.6 £ 27.9
el'F Fake 184 +2 0.09£0.01 1055+ 106
Other Fake 158 + 79 7244362 83.7+729
Total MC 1265 + 89 1287+£62 2660 & 231
data 1208 1167 2993

Table 7.2: The expected yields for the fake regions CRur, CR ur, and CR,rr. Pre-
fit uncertainties are shown.

8 An additional systematic uncertainty is applied as described in Section



106  Chapter 7. Fake Background Estimation for the ttH Multi-Lepton Analysis

Process CReHF CRMHF CReLF
ttH 24.6 4= 2.66 20.742.22 0.03 4 0.02
itz 32.7£0.97 242+£011 1.79+£0.21

ZZ+ > 1b 1.21£0.01 0.72+0.03 2.36 £0.39
ZZ+ > 1lc 1.23£0.01 0.58+0.11 14.84 £0.70
ZZ + light 1.70 £0.24 0.45+0.07 341.3+25.5

tWZ 1.89+£0.95 1.01£0.51 0.80 £0.47
wZz 9.90 £1.98 3.49£0.70 470.7+99.6
Ve 0.0 £0.0 0.0£0.0 286.6 £ 13.0
V + jets 15.5£2.92 9.41+0.08 1547+ 69
tt 998 + 32 1140 £ 48 0.04 £ 0.02
Other 70.5£1.9 55.1+1.2 126 +3.4

Table 7.3: The expected yield contribution for the fake regions CR.ur, CR ur, and
CR.vr split by process contribution. Pre-fit uncertainties are shown.
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Figure 7.4: A collection of kinematic variable distributions in the CR,ur. The
transverse momentum and pseudorapidity of the leptons are shown. Furthermore,
the scalar sum of transverse momenta of jets and leptons and the jet multiplicity are
presented. Total pre-fit uncertainties are shown as blue hashed bands.
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Figure 7.5: A collection of kinematic variable distributions in the CR_ur. The trans-
verse momentum and pseudorapidity of the leptons are shown. Furthermore, the
scalar sum of transverse momenta of jets and leptons and the jet multiplicity are
presented. Total pre-fit uncertainties are shown as blue hashed bands.
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Figure 7.6: A collection of kinematic variable distributions in the CR,Lr. The trans-
verse momentum and pseudorapidity of the leptons are shown. Furthermore, the
scalar sum of transverse momenta of jets and leptons and the jet multiplicity are
presented. Total pre-fit uncertainties are shown as blue hashed bands.
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Figure 7.7: Pre-fit distributions for the three fake CRs. Total pre-fit uncertainties
are shown as blue hashed bands.

7.1.2 Fake Sources in the 4/ Signal Region

The template method allows to separate different fake sources, targeting each source
separately with a CR. The dominant sources of fakes are illustrated in Figure
The predominant source of heavy-flavour fakes in the respective CRs originates from
b-jets from top quark decays. This is also applied to the SR. However, fakes may
originate from additional (b—) jets in the SR. In Figure [7.9| ¢t events are categorised
based on the flavour of additional jets similar to the ZZ process, described in Sec-
tion[6.2.2} The heavy-flavour fake CRs are dominated by t#+light contributions with
M and pHY fakes originating from b-jets from top quark decays. The SR contains
a non-negligible contribution of t#+ > 1b events with e and pHF fakes originating
from b-jets from top quark decays or from additional b-jets, as illustrated on the right

CR,pnr and CReur CRvr SRy

Figure 7.8: A sketch of the different fake sources in the 4¢ regions and fake CRs.
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of Figure Light-flavour fakes in the CR_ir mostly originate from light-flavour
jets. This source is compatible with the SR. Additional modelling uncertainties to
processes creating fakes are applied to cover the differences in fake sources. Uncer-
tainties associated with the modelling of ¢t events with additional b-jets are covered
by comparing tt+ > 1b events generated in the five-flavour scheme with events gen-
erated in the four-flavour scheme . Systematic uncertainties on the initial-
and final-state QCD radiation are also included.

In Figure the shapes of the transverse momentum of fakes from the CRs are
compared with ones from the signal-sensitive bins of the SR. Only statistical uncer-
tainties are shown. The observed shapes are compatible between the SR and CRs.
Fake normalisations are estimated in their respective CR and applied to the SR dur-
ing a simultaneous fit. Double fake contributions are normalised with the product
of measured normalisations, depending on the fake lepton flavour combination.
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Figure 7.9: A comparison of tf events with additional b-jets, c-jets, or light jets for
the heavy-flavour CR and the SR. Only statistical uncertainties are shown.

7.1.3 Fake Background Normalisation Factors

The fake normalisation factors are free-floating parameters measured in a simulta-
neous fit. The normalisation factors are determined with a fit to ATLAS datall The
normalisation factors for the dominant fake backgrounds are:

N (M) = 0.957014,
N (') = 0.927508,
N (¥ = 1.141)33.

All three normalisation factors are compatible with unity.

9A complete description of the fit procedure is found in Chapterlgl
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Figure 7.10: Shape comparison of the fake lepton candidate’s transverse momentum
of the corresponding CRs. They are compared to fakes from the five signal-sensitive
bins of the SR. Double fake events are accounted for both fake contributions.

7.2 Fake Background Estimation in the 2/SS+0m,,q and
3(+0Thaa Channels

The fake estimation in the 2SS+0m,,q and 3/+07,,q channels uses a semi-data-
driven estimation approach similar to the 4¢ channel. Different fake backgrounds
arising from other sources, like conversions, are essential. Furthermore, heavy-flavour
fakes from the 2¢SS+07,q and 34-07,,q channels are incompatible with ones from
the 4¢ channel since different lepton definitions are used. Two control regions are
selected to estimate the normalisation of fake backgrounds from material and inter-
nal conversions. There are six additional regions for the background estimation of

Control Region Conversion Heavy-Flavour Fakes
]Vjets 2 0 2 2
Npjets@85 % 0 1
Lepton Definition LMM TMezy, Meo Ty MepMe,
Lepton Flavours ppe* 20SS
pr requirement [GeV] 10,15,15 15,15
Lepton Requirement  |m3f 95 — myz| > 10 GeV mr <g07 E¥1iss> < 950 GeV for
‘muz — TTLz‘ < 10GeV
™ d M., T
Thad candidates (M) 0 ex AT e
Region Split Int-Con Mat-Con e/uXTMez, Mep T, MezMey
Region Name 3lIntC 3¢(MatC QEtt(e)T]wex, 2€tt(e)MexT7 2£tt(e)Mex]\Jex

2065 ()T Mo 2065 (10) Mo 2065 (1) Mo Mo

Table 7.4: Summary of the fake CRs for the 2SS+0m,,q and 3/4+07,,4 channel. The
lepton definitions are summarised in Table The label e* denotes the internal
conversion (Int-Con) candidate and material conversion (Mat-Con) candidate, as

defined in Section
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heavy-flavour fakes, populated with ¢f events. The regions are split by the flavour of
the fake lepton and the definition of leading and sub-leading lepton. Table [7.4] shows
an overview of the selection criteria defining the CRs. The normalisation factors are
estimated in a simultaneous fit with signal extraction.

7.3 Fake Background Estimation in the 2/SS+17,.q
Channel

In the 20SS+17,q channel, the dominant fake background is a mixture of e and
pHF fakes from tf and diboson production and 7,,q fakes. The primary sources of
the latter are misreconstructed gluon and quark jets. A non-negligible contribution
of events with double fakes enters the signal region. The fake background estimation
uses the same strategy as the 4¢ channel. Normalisation factors are measured in
data and applied to the signal regions. A product of normalisation factors is applied
if an event contains multiple fakes. Control regions where the normalisation factors
are measured are defined similarly to the signal region of the 2/SS+17,,q4 channel.
However, they use a looser requirement of exactly two or three central jets. There
are four control regions that target expected background contributions from light
lepton fakes. They require two same-sign leptons and are defined by the lepton
flavour combinations. An additional control region is designed to target m,.q fakes.
It uses the same selections as the other fake regions but requires an opposite-sign
lepton pair with both leptons passing the medium lepton definition, as discussed in
Section The normalisation factors of the fake backgrounds are estimated in a
simultaneous fit with the signal extraction.

7.4 Fake Background Estimation in the 200S+27,,q and
1/4-2m2a Channels

For both 27y,,4 channels, the dominant fake background arises from double and sin-
gle Thaq fakes from ¢t production. The dominant source is light quark jets. Minor
sources originate from gluon-initiated jets, heavy-flavour jets, and misidentified light
leptons. For the fake 7y,,q estimation, the fake factor method [259] is used. It uses
the extrapolation from a 7,4 fake enriched CR to the SR using fake factors. The CR
has the same definition as the SR with the difference that only m,,q candidates are
selected failing the RNN medium working point but passing the very loose one. The
fake factor fr, , is defined as the ratio of 7,4 candidates entering the SR over those
entering the CR. The regions are further split by different jet and b-jet requirements,
targeting different fake sources initiated by tt and Z + jets production, respectively.
A summary of selection requirements is found in Table The fake factors are
measured with respect to data in the CRs and applied to the SR for correcting the
rate of m,q candidates. They are split in bins of pt and 7 for both 1- and 3-prong
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Thad candidates, respectively.

Selections Z + jets CR tt CR
Trigger Selection Single- and Dilepton Triggers
Lepton Flavours 20 SS
Lepton Definition L,L

pr requirement [GeV] 10,10
Lepton requirement |mee —mz| <10GeV  |my — myz| > 10 GeV
Numerator Fake Scale one Tp,q passing RNN medium
Denominator Fake Scale one Thaq failing RNN medium
]Vjets > 0 > 1
Nb-jets 0 >1

Table 7.5: The CR selection for the fake estimation for the 27,4 channels. The
numerator and denominator are used to define the fake factors.



CHAPTER 8

Systematic Uncertainties

There are various sources of uncertainties considered in the ¢t H multi-lepton analy-
sis. Statistical uncertainties arise from the probabilistic nature of the measurement
and are limited by the number of expected or observed events. Furthermore, sys-
tematic uncertainties always influence measurement, classified into experimental and
modelling. The modelling uncertainties include theory ones, providing uncertainties
on background cross-sections.

The experimental uncertainties are associated with the experimental setup, mainly
the ATLAS detector with inefficiencies in detection, identification, reconstruction,
and calibration of analysis-related physics objects, but also uncertainties on the in-
tegrated luminosity.

The modelling ones are related to the MC simulations and their modelling of kine-
matics, affecting normalisation and shape. The MC simulation is a chain of multi-
ple steps from matrix element generation, parton showering, and hadronisation to
detector simulation, described in Chapter Every step requires a choice of used
parameters or model assumptions such as choice of renormalisation and factorisation
scales or generator-specific parameters like hqamp for POWHEG or the merging scale
for SHERPA. The specific choice defines a nominal configuration, while variation on
those parameters is used to evaluate the impact on predictions.

In Section 8.1 uncertainties for the experimental setup are discussed, followed by
an overview of modelling and theory uncertainties in Section [8.2] and Section [8.2.1
respectively. The handling of systematic uncertainties is shown in Section An
overview of all systematics, including other channel-specific ones, is found in Sec-

tion [R4l
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8.1 Experimental Uncertainties

Luminosity and Pile-Up

The uncertainty on the integrated luminosity for the full Run 2 data set is 0.83 %
and has an impact on each process considered in the analysis. The luminosity and
its uncertainty are measured using van der Meer beam separation scans described
in Ref. [260]. The scale factors for pile-up are applied to simulated events match-
ing data, while uncertainties are obtained by varying the scale factors within their
uncertainties.

Charged Lepton Uncertainties

Charged lepton-related uncertainties arise from trigger, identification, and recon-
struction. For electrons and muons, scale factors for the identification and isolation
are derived with the tag-and-probe method using resonance cases like Z — £¢ and
J/1p — L events. The scale factors account for differences between MC simulations
and data and are measured in statistical independent bins of pr and 7 [222,224,227].
The energy and momentum calibration for muon is performed using Z — up and
J/©¥ — pp events, exploiting knowledge on the mass of the mother particle. A simi-
lar procedure is applied to electrons, however, using Z — ee and J/¢ — ee events.
The measurements are influenced by many systematic uncertainties, which are re-
duced to create a simplified uncertainty model for the derived lepton scale factors.
A summary of the applied systematic uncertainties is found in Table

Jet Uncertainties

As described in Section the calibration of jets is performed in multiple steps.
Uncertainties arise from the jet energy scale (JES) and jet resolution scale (JER) cal-
ibration and JVT requirements. The calibration of JES is derived from test-beam
data, collision data, and MC simulations, while JER is tested in dijets events using the
balance method [232,261},262]. The measurement involves multiple sources of sys-
tematic uncertainties and is reduced by eigenvector decomposition to 31 systematic
components for JES and 13 for JER, respectively. The efficiencies for the jet vertex
tagger are tested in Z — pp+jets events. Using the tag-and-probe method to derive
scale factors and uncertainties to account for differences between MC simulation and
data. An overview of the applied systematic uncertainties is found in Table

Flavour Tagging Uncertainties

Tagging of b-jets plays an important role in every analysis featuring top quarks.
The efficiency of the b-tagging algorithm is measured in control regions with respect
to data targeting specific flavours [263,264]. Correction factors for b-jets and their
uncertainties are derived using dileptonic ¢t events, while c-jet correction factors
use jets originating from W boson decays in tf events [265]. For light flavour jets,
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dijet events are used [266]. The uncertainties in the tagging of b-, ¢-, and light-
flavour jets are evaluated as a function of pr, including a bin-to-bin correlation. The
various sources of systematic uncertainties arise from modelling differences in MC
simulation or experimental ones. The latter is reduced by eigenvector decomposition
into a smaller set of uncorrelated systematic uncertainties. Additional systematics
for the high pt regime of jets are included. An overview of the applied systematic
uncertainties is found in Table

Missing Transverse Energy Uncertainties

The missing transverse energy Effmss is defined as the negative sum of all hard objects
and soft signal [241]. The hard object corresponds to reconstructed analysis objects,
with their uncertainties propagated to the uncertainty of the hard term of Effniss.
The soft term includes tracks not matched to the primary vertex nor associated
with any physics object. In events with no genuine E‘T]rliss contribution, like Z — uu
events, the hard and soft terms are expected to be perfectly balanced [267]. However,
detector resolutions and other inefficiencies spoil this balance, allowing the test of
three quantities of the soft term. All three are different projections with respect to
the hard term of E%‘iss; (parallel) scale, parallel resolution, and transverse resolution.
The systematic uncertainties for the three quantities are the maximal disagreement
obtained from data with respect to MC simulations for a set of p]%ard bins. Modelling
uncertainties on the MC simulations are also considered.

8.2 Modelling Uncertainties

For the ttH multi-lepton analysis, multiple uncertainties regarding the modelling of
the signal process and important background processes are considered. The uncer-
tainties range from variations on the used PDF set to variations of generator-specific
settings and tunes. Other sources include the choice of matrix-element generator,
parton shower, and hadronisation models. Uncertainties are always evaluated with
respect to a nominal configuration, described in Section

The ttH Signal Process

Uncertainties on the choice of uy and pp and its impact are evaluated by varying both
scales independently by a factor of two up and down with respect to the central value
along with ISR ag variations in the PYTHIA A14 tune. The matching between the
matrix-element generator and parton shower is evaluated by comparing the nominal
configuration with an alternative setup, varying the p%ard parameter, described in
Ref [160]. The impact of the parton shower and hadronisation model choice is
assessed by comparing the nominal sample with an alternative one, using the same
POWHEG events interfaced with HERWIG, see Section Uncertainties related
to QCD FSR and ISR are predicted by the parton shower. They are evaluated by

varying the aISSR according to the tune variations VAR3C UP and VAR3C DOWN with
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respect to the nominal configuration predicted by the A14 tune and varying aESR by

a factor of two up and down with respect to the central value. The PDF uncertainties
are evaluated by the PDF/LHC recommendations, reducing the uncertainties down
to a small set of independent ones by eigenvector decomposition, as described in
Ref. [268]. The Higgs boson decay branching fraction uncertainties are applied,
following the recommendation of Ref. [70]. Furthermore, an uncertainty on the
theoretical NLO calculation of the ttH production cross-section is applied with 9 %
arising from QCD scale variations and additional 4 % from PDF+ag variations.
Additionally, for the 27 channels, a variation of the branching ratio for H — 77
decays is applied, following the description in Ref. [70].

Background Processes

Systematic uncertainties on the modelling of ttW, ttZ, tt, and diboson processes arise
from the choice of pg and pp. They are evaluated in a similar fashion as for the ttH
signal process by varying the uz and up by a factor of two up and down with respect
to the central value. PDF uncertainties on the background process are only applied
to ttW, following the same recommendations as for the ttH process. The parameter
choice of the matrix-element generator and parton shower algorithm for ¢tW is com-
pared to an alternative sample generated with MADGRAPH5_aMC@QNLO and show-
ered with PyTHIA 8 FxFx [173]. An additional systematic uncertainty on the parton
shower model is applied, comparing POWHEG+PyYTHIA 8 and POWHEG+HERWIG
7 and evaluating the difference with respect to the nominal prediction by SHERPA.
For the ttZ and tttt process, the uncertainties on the parton shower are evaluated
by comparing the nominal prediction with an alternative sample. The alternative
samples use the same events but evaluate the parton showering and hadronisation
with HERWIG 7, see Table The modelling of additional jets for t£Z production
and its uncertainties are derived by aISSR variations. Similar to the ttH signal pro-
cess, the tune variations VAR3C UP and VAR3C DOWN of the A14 tune are used.

Systematic uncertainties on ¢t production are used for the 4¢ channel to cover dif-
ferent sources of fake leptons in the SR and fake CRs. Uncertainties on the ISR
and FSR of ¢t and the parton shower are evaluated in a similar fashion as for the
ttH samples. Uncertainties on the modelling of additional b-jets are accessed by
comparing events generated in the four-flavour scheme, evaluated with respect to
the corresponding contribution of the nominal #¢ sample, a description of the four-
flavour scheme sample is found in Section Only shape effects of the previously
mentioned ¢t uncertainties are considered. The normalisation of the e and pHF
backgrounds originating predominantly from ¢¢ production is estimated during the
fit procedure.

All other analysis channels use PLIV requirements to suppress fake contributions.
PLIV-related uncertainties are applied to these channels, excluding the 4¢ one.
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8.2.1 Theory Uncertainties

Uncertainties on the predicted theory cross-section of minor backgrounds are applied
to cover missing higher-order corrections. An uncertainty of +30% is applied for
the V H and triboson production cross-section. The production cross-section of ttt
process has a slightly higher uncertainty of +35%. Other processes like tWZ or
ttWW have 450 % cross-section uncertainty. The ¢Z production has an uncertainty
of 5% on the production cross-section. An asymmetric uncertainty on tttf production
of Ao :J_riggz is applied, with the upper variation covering the central value of the
ATLAS measurement [269], and the down variation reflecting the theoretical ¢ttt
cross-section uncertainty. The HF fraction of ¢t +jets, namely tt+ > 1c and ti+ > 1b,
have an =50 % uncertainty. For the 4¢ channel, the 1V production cross-section has
an uncertainty of +50 %[H Furthermore, the remaining contributions of fake leptons
of the 4¢ channel are taken from Mc simulation with an uncertainty of +50 % applied.

8.3 Handling of Systematic Uncertainties

For the statistical analysis, systematic uncertainties are implemented as templates
with a corresponding nuisance parameter with a description of the fit procedure found
in Section [9.1] The systematic templates can be modified to either reduce statistical
fluctuations or enforce correct variations with respect to a central nominal value. In
the following, some strategies are described for dealing with such issues.

Symmetrisation

Most systematic uncertainties feature an up-and-down variation with respect to the
nominal configuration, like the systematic uncertainties on pui and py. However,
some systematic uncertainties show highly asymmetric behaviour with respect to
the nominal template, causing problems during the fitting procedure. There are
multiple symmetrisation strategies commonly used to avoid such behaviour. This
analysis uses only one-sided and two-sided symmetrisation proceduresﬂ The one-
sided approach is usually applied to systematic uncertainties with a single variation
and mirrors the variation around the nominal prediction, creating an opposite varia-
tion. The two-sided symmetrisation is characteristically applied to systematic uncer-
tainties with two variations, vyp and vgown, calculating the symmetrised variations
per bin:

oYM — ‘UUP‘ _‘Udown‘

. (8.1)

2 Unominal

'During the combined fit procedure, this uncertainty is dropped and replaced with normalisation
factor, which is free-floating in all analysis regions.

2There are other methods, like taking for each bin the sum of both absolute values for up and
down variation and applying half of it around the central value or applying for each bin the maximum
of up and down variation symmetric around the central value.
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The resultant symmetrised variations are applied symmetrically around the nominal
prediction vpominal- This scheme has no effect if the systematic variations are already
symmetric with respect to the central value.

Smoothing

The template describing systematic uncertainties can suffer from statistical fluctua-
tions causing constraints or unreasonabl(ﬂ behaviour of nuisance parameter during
the determination of the t£H signal strength. These fluctuations are caused by low
available MC statistics in certain analysis phase spaces. Smoothing methods are used
for some systematic templates to compensate for those fluctuations by averaging
statistics across bins, removing spikes and smoothing the distributions. The used

smoothing algorithm is 353QH TWICE [270]. It uses running medians of three (z§3)>

and of five (zl@), they are calculated for a set of ordered values (y;) as:

<zi(3)> = median (Yi—1, ¥, Yi+1) , (8.2)
8.2
(zf5)> = median (y;—2, ¥i, Yi+2) -

The algorithm performs running medians of three first, followed by five, and again
by three, giving the algorithm its characteristic name. The applied sequence merges
or flattens peak structures. However, it has two shortcomings. The first can cured
by an interpolation using a quadratic function, adding the character Q to the name,
and resolving artificial three-value long flat structures caused by the running median
sequence. The second issue arises from the discontinuity problem and is solved by
running means or Hanning means:
1 1 1

%= A + 5% + Vhast (8.3)

explaining the H in the name. The last part of the name TWICE refers to the proce-
dure of twicing, preventing over-smoothing.

8.4 Overview of Systematic Uncertainties

Furthermore, there are channel-specific uncertainties, like reweighting uncertainties
for the 27,,4 channels on the 7,,q pT and m,.q fake origins, evaluated similarly to the
e pr uncertainty for the 4¢ channel. Other uncertainties correct for mismodelling
of the number of jets for diboson production, deriving correction factors with respect
to data.

A summary of used systematic uncertainties considered in the ¢t¢H multi-lepton
analysis is presented in Table It includes all systematic uncertainties regard-
ing experimental, modelling, and theory uncertainties, together with information

3Unreasonable in the sense that the nuisance parameter is more sensitive to those statistical
fluctuations rather than to the variation induced by the systematic uncertainty.
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on applied symmetrisation or smoothing. Per default, all uncertainties affect both
normalisation and shape, which is denoted with (SN). However, some systematic
uncertainties only affect either normalisation (N) or shape (S). During the combina-
tion of all analysis channels, uncertainties on the cross-section of ttW and W Z are
dropped and replaced with free-floating normalisation factors. PLIV-related system-
atic uncertainties are not applied for the 4¢ channel.

There are channel-specific uncertainties. For the 4¢ channel, a mismodelling of
the transverse momentum of efF fakes is observed. The transverse momentum is
reweighted with respect to data. An additional uncertainty is introduced, which uses
the reweighted distribution as the nominal prediction and the non-reweighted one
as a reference. In Appendix [H], the non-reweighted distribution is presented. In the
2Thad channels, m,,q fake origins are treated similarly. Other uncertainties correct for
the mismodelling of the number of jets for diboson production, deriving correction
factors with respect to data. The rates on charge-misidentified leptons are taken
from MC simulation in the 3¢40m,,q and 2SS+407,,q channels. An uncertainty of
20% is applied to them. For the 2¢SS+1m,.q channels, additional uncertainties on
the mismodelling of the 1,9 fake pr are applied. The procedure follows the same
approach as for the el transverse momentum mismodelling in the 4¢ channel.
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Systematic Uncertainty Type Symmetrisation Smoothing Channel Components
Experimental
Luminosity N - - all 1
Pile-Up SN - - all 1
JVT SN - - all 1
Flavour Tagging SN - - all 95
Jet Energy Scale SN two-sided v all 35
Jet Energy Resolution SN two-sided v all 13
E%’iss scale and resolution SN one-sided v all 3
Electron Trigger+reco+ID+isolation SN two-sided - all 4
Electron Scale+Resolution SN two-sided - all 3
Electron PLIV SN two-sided and one-side - excluding 4¢ 14
Muon Trigger+reco+ID+isolation SN two-sided - all 10
Muon Scale+Resolution SN two-sided - all 3
Muon PLIV SN two-sided and one-side - excluding 4¢ 20
Modelling of Signal and Background Processes
ttH ME Alternative SN one-sided v all 1
ttH PS Alternative SN one-sided v all 1
ttH py and pp Variation SN one-sided v all 2
ttH PDF ag Variation N - - all 1
ttH PDF Variation SN one-sided v all 30
ttH ISR and FSR Variation SN two-sided v all 2
Higgs Branching Ratio SN - - all 5
ttW ME Alternative SN one-sided - all 1
ttW PS Alternative SN one-sided - all 1
ttW pp and pp Variation SN one-sided - all 2
ttW PDF ag Variation N - - all 1
ttW PDF Variation SF one-sided - all 30
ttZ A14 Tune Variation SN one-sided v all 1
ttZ PS Alternative SN one-sided v all 1
ttZ pr and pp Variation SN one-sided - all 2
77 pg and pp Variation SN one-sided - all 2
WZ pg and pp Variation SN one-sided - all 2
tttt ME Alternative SN one-sided - all 1
tttt PS Alternative SN one-sided - all 1
ttttuy and pp Variation SN one-sided - all 2
tt PS Alternative SN one-sided v 40 1
tt hdamp. Variation SN one-sided v 40 1
tt pur and pp Variation SN one-sided - 40 2
tt ISR and FSR Variation SN two-sided - 40 2
tt + HF Cross-section N one-sided - 40 and 30 + 07haq 2
tt + e"Fpr Mismodelling S one-sided - 40 2
tt+ > 1b 4F vs. 5F Shape S one-sided - 40 1
Theory Uncertainties
ttH Cross-section N - - all 1
ttH Cross-section for STXS N - - all 5
ttW Cross-section N - - 40 1
W Z Cross-section N - - 40 1
VVV Cross-section N - - all 1
tttt Cross-section N - - all 1
ttt Cross-section N - - all 1
ttWW Cross-section N - - all 1
tW Z Cross-section N - - all 1
tW H Cross-section N - - all 1
V H Cross-section N - - all 1
V= Cross-section N - - all 1
tH jb Cross-section N - - all 1
tZ Cross-section N - - all 1
Other-Fake Cross-section N - - 40 1

Table 8.1: A list of systematic uncertainties used for the ¢ H multi-lepton analy-
sis and for the 4¢ channel. Uncertainties can affect both normalisation and shape,
denoted by SN, while only affecting shape is labelled with S and N for only normal-
isation, respectively. Furthermore, the symmetrisation and smoothing options are
given.



CHAPTER 9

Statistical Analysis and Results

Determining the signal strength, cross-section, or other parameters of interest, like
the CP angle a4, is a crucial task in an analysis. Predictions can be tested and
excluded by comparing them to data using statistical tools.

In the following, the various tools and results are presented. The profile likelihood fit
procedure is explained in Section The different types of (pseudo-) datasets are
discussed. The fit models for the 4¢ channel are studied in Section The signal
strength measurement of the ¢t H process ji;zp in the non-resonant ttH — 4¢ channel
is presented in Section [9.3] The combination of all channels, which are described in
detail in Chapter @, is presented in Section The results feature the inclusive tt H
production cross-section and the production cross-section in STXS bins of the Higgs
boson transverse momentum.

9.1 The Profile Likelihood Fit

The measurement of physics quantities like cross-section values is performed using
the binned profile likelihood method. In this sense, a model is a collection of all anal-
ysis regions, namely signal and control region set of nuisance parameters (NP) 5,
reflecting the various sources of systematic uncertainties, with free-floating param-
eters for the signal strength p = own/o8M, and normalisation factors E, constraining
important backgrounds. The profile likelihood fit tests the presence of ttH signal
in data with respect to MC simulation prediction, acting as SM reference for each
involved process. This is also reflected in the definition of the signal strength as a

value of unity would be compatible with the SM case, while values of zero would

Validation regions are not considered in the fitting procedure. However, the estimated fit result
is applied to the validation region to check modelling or overall consistency.

123
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indicate no presence of a signal. The binned profile likelihood for the signal plus
background hypothesis for a set of data 7 is defined as

L(wd®)= T 11 P<m,7«|usz-,r (0.%) + B., (91!5)>
r€Regions i€Bins (9.1)

X H G (6;) .

JENP

The data for a given bin ¢ of a region r is n;,, while Sim(g7 E) is the signal prediction,
and Bmﬂ(é‘, E), the background one. As a counting experiment, the underlying sta-
tistical distribution follows a Poisson distribution P. The nuisance parameters are
included in the likelihood as a constraint term with Gaussian functional form, inter-
polated and extrapolated by three discrete values, being the nominal prediction and
the up and down variations for each systematic represented by a nuisance parame-
ter, as described in Section on symmetrisation techniques. The Gaussian term
suppresses large deviations with respect to the nominal value, acting as a penalty
term.

With all components of the likelihood, the fit procedure is a multi-dimensional Like-
lihood maximisation problem, estimating not only the parameter of interest (POI)E|
and its uncertainty, but also the normalisation factors k and nuisance parameters.
The maximisation problem is translated into a minimisation problem of the negative
logarithm of the likelihood function. The minimisation is done in steps of gradi-
ent and Hessian matrix calculation until a termination criterion is matched. The
estimated fit parameter defines the post-fit configuration. Consequently, distribu-
tions and their uncertainties entering the fit are labelled as pre-fit. Following the
Neyman-Pearson lemma [271], the likelihood ratio

L<u> 1,9])
L(uzl,é)

is the optimal discriminator for testing the hypothesis of the signal being present
against the no-signal hypothesis. The likelihood ratio A (u) only depends on the
POI and follows a x? distribution for large data samples. Therefore, a p-value
and significance o can be calculated without creating resource-consuming pseudo-
experiments [272]. The implementation of the statistical analysis is done using the
HisTFACTORY package [273] for statistical model building, further using ROOFIT [274]
and ROOSTATS [275| libraries of the ROOT software library [276].

M) = (9.2)

This analysis uses three fit models to study the 4¢ channel. An Asimov dataset
uses no ATLAS data and replaces data 7 in Equation with their respective MC

2There can be multiple parameters of interest.
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prediction for each bin and region. In this setup, all free-floating parameters, namely
p and E, are expected to be unity by construction. The estimated uncertainty on
these parameters is a first study on the expected precision of the POI and normalisa-
tion factors, providing this method with the name of sensitivity study. Furthermore,
NPs are not expected to be pulled away from their nominal position. However, con-
straints may occur.

A hybrid Asimov dataset is a mixture of Asimov data, often constructed for the SR
or signal-sensitive bins, and regions and bins unblinded to ATLAS data. A modified
pseudodata set for the SR or signal-sensitive bins is constructed: A fit excluding the
SR or signal-sensitive bins is performed with ATLAS data. The determined fit param-
eters are propagated to the SR or signal-sensitive bins, creating a modified Asimov
dataset. A second fit considers the unblinded regions and modified data, creating
the most realistic fit scenario possible before unblinding all regions and bins. In this
setup, free-floating parameters and NP can diverge from unity, showing possible nor-
malisation differences between ATLAS data and MC prediction. Especially for fake
backgrounds, discrepancies occur since MC simulations are not expected to model
the rate of fake leptons correctly. Furthermore, NP may be pulled, compensating
differences between MC and data.

The last configuration is the fully unblinded scenario; all regions and bins are un-
blinded to ATLAS data.

9.2 Fit Model Study for the 4/ Channel

To study the signal sensitivity and the behaviour of the fit model with respect to
data in CRs and low signal-sensitive bins, an Asimov- and Hybrid Asimov fit are
performed. They use both regions from 4¢ phase-space, shown in Figure and
all three fake CRs, presented in Figure[7.7 The pre-fit background compositions for
all regions are shown as pie-charts in Figure demonstrating a satisfactory pu-
rity for all regions, helping to constrain important background normalisation factors.

The signal strength .z, together with the normalisation factors of the most im-
portant prompt backgrounds N (t#Z) and N(ZZ), and fake backgrounds N (eflF),
N (pHF) and N (') are free-floating in all setups. To reduce the complexity of the
fit, systematic uncertainties with a small impact on the systematic template nominal
configuration are dropped. This method is referred to as pruning. It has shape and
normalisation thresholds, deciding to drop or keep systematic uncertainties. The 4¢
channel uses a shape threshold of 0.2 and normalisation threshold of ().05@ System-
atic uncertainties with an impact larger than 99 % are also pruned. The pruning
thresholds and their impact on the fit model are presented in Appendix [l

3The shape impact is determined by normalising variations and nominal prediction of systematic
templates to unity and evaluating bin-wise.
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Figure 9.1: A pie chart with the pre-fit background composition for each region
entering the 4/ analysis.

The fit using Asimov pseudodata estimates a signal strength of
pegrr = 1.002085 = 1.00ZG83 (stat.) 11 (sys.), (9.3)

which corresponds to an expected significance of 1.800 for the 4¢ channel. The dom-
inant source of uncertainty arises from data statistics, while the primary source of
systematic uncertainties originates from modelling, in particular from signal mod-
elling. The remaining normalisation factors of backgrounds are shown in Figure [9.2
on the left side. The NP grouped by the three subcategories are shown in Fig-
ure [9.4] By construction, there are no pulls visible. Moreover, no large constraints
on the NP are observed. The correlation matrix between fit parameters is shown
in Figure Only correlations with an absolute value of correlation larger than
20 % are presented. Large correlations are expected between systematic uncertain-
ties of the py for diboson production and N'(ZZ), between N (e''F) and N () due
to contributions in both CRs and the Other Fake cross-section with the HF fake
normalisations due to the presence in both CRs. A large expected anti-correlation
between the ttH signal strength 1,777 and the background normalisation of the dom-
inant background t£Z process is observed. Minor correlations are observed between
the signal strength and the normalisation factors of the e and pHF background.
They are caused due to the presence of those backgrounds in the signal-sensitive bins.
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The ranking of NP and background normalisation factors presented in Figure [9.§]
is based on their impact on the signal strength. Four fits are performed, fixing the
pre-fit value with either the up and down variation of its uncertainty or using the
post-fit values instead. The impact is the difference between the nominal configu-
ration and the resulting signal strength using one of the fits. The black markers
correspond to pulls of the NPs relative to their nominal value of 0 = 0. The red
markers show the pulls of normalisation factors with respect to their nominal position
fp = 1. The sixteen highest-ranked parameters are shown. They are a mixture of
normalisation factors, modelling uncertainties, and experimental ones. The largest
impact, as expected, arises from the ¢Z normalisation. Further systematic uncer-
tainties are from the theoretical calculation of the t¢tH production cross-section and
systematics associated with the jet energy scale. Other NPs, such as the tf e pp
modelling or the ¢t 4FS systematic, indirectly impact the signal strength through
the fake normalisation factors, which are also highly ranked. Uncertainties on cross-
sections of tttt, ttW, and tW Z production are also ranked. Most notably, the tttt
cross-section uncertainty has an impact on the signal strength due to the presence
of tttt contributions in the signal-sensitive bins.

The fit using the hybrid Asimov pseudodata estimates a signal strength of
iz = LA0PST = 11079T% (st ) 015 (sys.). (9.4

It corresponds to a significance of 1.80¢ for the 4¢ channel. Similarly to the fit using
Asimov pseudodata, data statistics is the driving source of uncertainties, followed
by uncertainties of the predicted production cross-section of the signal process. In
Figure 9.2 on the right side, the measured normalisation factors are shown. The
normalisation factors for the prompt processes ttZ and ZZ are consistent within
1o with the SM model prediction. The normalisation factors of the efF and elF
are consistent with unity. However, for the pHF background, the normalisation is
slightly smaller than unity. The post-fit distributions in all five analysis regions are
shown in Figure [9.3] a satisfactory data MC agreement is observed for all unblinded
regions and bins. A blinding threshold of 15 % for the signal-to-background ratio is
used. Therefore, the last five bins of the SR distribution are blinded and replaced
with Hybrid Asimov pseudodata during the fit.

The pulls and constraints of nuisance parameters are illustrated in Figure Only
minor pulls are present for the experimental NPs. The most noticeable are related to
Effniss and are caused by the observed data MC offset in the CR Lr. Other pulls are
observed for the modelling systematics, in particular for the modelling of the ¢t pro-
duction with additional b-jets, comparing events generated in the five-flavour scheme
with four-flavour scheme ones. The pull is caused in the CR_ur with data prefer-
ring the five-flavour scheme variation of the distribution. For the theory category,
the Vv cross-section is pulled. However, the V'~ contribution predominately enters
the CR,Lr, but not as a prompt contribution, but with the photon converted to an
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electron conversion fake. The modelling of the rate of such contributions for this
phase-space region is poor; corrections via the cross-section are therefore expected.
The slight pull of the ttW cross-section is caused by the CR_ur and CR ur, having
a descent ttW contribution. Differences in the correlation coefficients between the
Asimov setup and the Hybrid Asimov setup, shown in Figure are tiny. Most
notable is an increased correlation between the normalisation factors of the e and
e backgrounds. It is caused by the presence of both fake backgrounds in both fake
CRs and the normalisation correction in the CR, vr.

The ranking shown in Figure on the right is similar to the Asimov case, with
the expected largest impact originating from the t¢Z normalisation and the uncer-
tainty on the theoretical ttH production cross-section. None of the highest-ranked
nuisance parameters show large pulls or constraints nor have significant correlation
coefficients with the signal strength.

To further demonstrate the stability of the fit setup, a likelihood scan is performed
in a signal strength range of ;g € [0.0,2.0] with thirty fit results, including the
best-fit value. The differences of logarithmic likelihoods —AIn (L) with respect to
the best-fit value as a function of the signal strength are shown in Figure for
both fit setups. The result is a smooth curve with quadratic behaviour with a global
minimum at the best-fit value. The 1o interval, corresponding to the uncertainty on
the signal strength, is defined by the —Aln (L) = 0.5 values.
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Figure 9.2: The estimated values for the signal strength, background normalisation,
and fake lepton normalisation for the fit model using Asimov pseudodata in the 4¢
channel on the left side. On the right side, the estimated parameter of the fit using
Hybrid Asimov pseudodata is shown.
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Figure 9.3: Post-Fit distributions included in the fit to extract the signal sensitivity
for the 4¢ channel of the ttH multi-lepton analysis. The error bands include both
systematic and statistical uncertainties. The five signal-sensitive bins of the SR are
blinded and, during the fitting procedure, replaced with a modified Asimov dataset.
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Figure 9.4: The pulls and constraints of the nuisance parameters for the experimen-
tal, modelling, and theory subcategories for the fit to Asimov pseudodata.



9.2 Fit Model Study for the 4¢ Channel

1 0
(B-6,)/08

Instrumental

PRW DATASF

MU TTVA SYST

MU TTVA STAT

MU SCALE

MU RESBIAS

MU Isol SYST

MU ID SYST LOWPT
MU ID SYST

MU ID STAT

MU CB

MET Scale

MET Perp

MET Para

VT

JES PU Rho

JES PU PtTerm

JES PU OffsetNPV
JES PU OffsetMu
JES NP Stat6

JES NP Stat4

JES NP Stat3

JES NP Stat2

JES NP Statl

JES NP Mod4

JES NP Mod3

JES NP Mod2

JES NP Mod1

JES NP Mix3

JES NP Mix2

JES NP Mix1

JES NP Detl

JES Flavor Per Jet Hadronization HF
JES Flavor Per Jet Hadronization
JES Flavor Per Jet Shower HF
JES Flavor Per Jet Shower
JES Flavor Resp prop
JES Etalnter Stat
JES Etalnter NonClosure 2018data
JES Etalnter Model
JER Eff9

JER Eff8

JER Eff7

JER Effé

JER Eff5

JER Eff4

JER Eff3

JER Eff2

JER Eff12

JER Eff11

JER Eff10

JER Eff1

JER DatavsMC MC16
ATLAS FTAG pTExtrapolation C1
ATLAS FTAG pTExtrapolation B2
ATLAS FTAG pTExtrapolation BO
ATLAS FTAG L7
ATLAS FTAG L6
ATLAS FTAG L4
ATLAS FTAG L2
ATLAS FTAG L15
ATLAS FTAG L13
ATLAS FTAG LO
ATLAS FTAG C9
ATLAS FTAG C8
ATLAS FTAG C7
ATLAS FTAG C6
ATLAS FTAG C5
ATLAS FTAG C4
ATLAS FTAG C3
ATLAS FTAG C2
ATLAS FTAG C18
ATLAS FTAG C17
ATLAS FTAG C16
ATLAS FTAG C15
ATLAS FTAG C14
ATLAS FTAG C11
ATLAS FTAG C10
ATLAS FTAG C1
ATLAS FTAG CO
ATLAS FTAG B9
ATLAS FTAG B8
ATLAS FTAG B7
ATLAS FTAG B6
ATLAS FTAG B5
ATLAS FTAG B4
ATLAS FTAG B35
ATLAS FTAG B3
ATLAS FTAG B27
ATLAS FTAG B2
ATLAS FTAG B18
ATLAS FTAG B17
ATLAS FTAG B16
ATLAS FTAG B15
ATLAS FTAG B14
ATLAS FTAG B13
ATLAS FTAG B12
ATLAS FTAG B11
ATLAS FTAG B10
ATLAS FTAG B1
ATLAS FTAG BO
Electron Reconstruction
Electron Isolation

Ey Scale

Ey RES

-2

-2

-1 0 1
(86,108

-1 0

(8:6,)/00

131

Modelling

ti+21c XS

tt+21b XS

ti ISR Variation

ti FSR Variation

ttet” p, Modelling

tt 4FS vs 5FS

tiZ PS Alternative

ttw Mo Variation

W [ Variation

a, Variation

ttw PS

ttW PDF4LHC15 nlo 8
ttW PDFALHC15 nlo 7
ttW PDF4LHC15 nlo 6
ttW PDF4LHC15 nlo 20
ttW PDFALHC15 nlo 2
ttW PDF4ALHC15 nlo 18
ttW PDF4LHC15 nlo 17
ttW PDF4LHC15 nlo 15
ttW PDFALHC15 nlo 14
ttW PDF4LHC15 nlo 13
ttW PDF4LHC15 nlo 0
ttW ME+PS

tEH 1, Variation

ttH e Variation

ttH PS Alternative

ttH PDF4LHC15 nlo 9
ttH PDF4LHC15 nlo 8
ttH PDF4LHC15 nlo 6
ttH PDF4LHC15 nlo 5
ttH PDF4LHC15 nlo 4
ttH PDF4LHC15 nlo 3
ttH PDF4LHC15 nlo 28
ttH PDFALHC15 nlo 27
ttH PDF4LHC15 nlo 24
ttH PDF4LHC15 nlo 23
ttH PDF4LHC15 nlo 22
ttH PDFALHC15 nlo 21
ttH PDF4LHC15 nlo 20
ttH PDF4LHC15 nlo 2
ttH PDFALHC15 nlo 16
ttH PDF4LHC15 nlo 15
ttH PDF4LHC15 nlo 14
ttH PDF4LHC15 nlo 12
ttH PDFALHC15 nlo 11
ttH PDF4LHC15 nlo 1
ttH PDF4LHC15 nlo 0
ttH ME Alternative (pT hard)
tiH ISR

tiH FSR

titt PS Alternative

WZ p Variation

ZZp, ‘ariation

ZZ p_ Variation
d

Theory

W x-section

HWW x-section

Dgy tTH STXS theory unc.
Dy, tTH STXS theory unc.
Dy tTH STXS theory unc.
Dy tTH STXS theory unc.
By, tTH STXS theory unc.
ttH Production x-Section
ttt x-section

Z x-section

tWZ x-section

tWH x-section

tHjb x-section

it x-section

WZ x-section

Vy x-section

VWV x-section

VH x-section

Other Fake x-section
BRH ~ 771)

BRH - 2Z

BR(H - other)

Figure 9.5: The pulls and constraints of the nuisance parameters for the experimen-
tal, modelling, and theory subcategories for the fit to Hybrid Asimov pseudodata.
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Figure 9.6: The correlation matrix between nuisance parameters, normalisation fac-
tors, and signal strength from the fit using Asimov pseudodata is presented. Only
correlations with an absolute value above 20 % are shown.
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Figure 9.7: The correlation matrix between nuisance parameters, normalisation fac-
tors, and signal strength from the fit using Hybrid Asimov pseudodata is presented.
Only correlations with an absolute value above 20 % are shown.
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Figure 9.8: The ranking plots for the sixteen highest ranked parameters. The fit to
Asimov pseudodata is presented on the left side, while the Hybrid Asimov pseudodata
is used on the right side.
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Figure 9.9: Scans of the profile likelihood are shown. For each scan, thirty fits,
including the best-fit value configuration, are performed. On the left side, the fits
used Asimov pseudodata, while on the right side, Hybrid Asimov pseudodata is used.
The 1o interval is defined via —AlIn (L) = 0.5 and provides the uncertainties on the
estimated signal strength.
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9.3 Fit to Atlas Data in the 4/ Channel

The fit setup with all analysis bins unblinded to ATLAS data and applied systematics
described in Chapter [§| determines a signal strength of

0.67 0.66 0.13
Wi = 0.531“&53 = 0.53f0'51 (stat.)iro‘13 (sys.),

corresponding to an observed (expected) significance of 0.950 (1.80c¢). The normal-
isation factors for important background contributions are presented in Figure [9.10
No large differences between the background normalisation factors are observed com-
pared with the Asimov and hybrid Asimov fit setups. The 4¢ channel is dominated
by statistical uncertainties. The largest source of systematics uncertainties arises
from modelling ones. The pulls and constraints of NP are presented in Figure [9.11
There are no significant differences observed compared to the fit to hybrid Asimov
pseudodata. The correlation matrix between the fit parameters is presented in Fig-
ure Similarly, no significant difference is observed compared to the other fit
setups. The ranking of NP and background normalisation factors are presented in
Figure with the normalisation of the tZ background as the fit parameter with
the largest impact on the signal strength. Only small differences in the ranking are
observed compared to the fits to pseudodata. The most significant one is on the
predicted ttH production cross-section. In the fit to ATLAS data, it has a minor
impact caused by the smaller observed central value for u . The normalisation of
the " background becomes the second leading fit parameter in terms of impact on
the signal strength. Systematic uncertainties on backgrounds become more impor-
tant due to the smaller presence of signal in the sensitive bins. Notable systematics
are the parton shower modelling of ¢¢Z and the uncertainty on the tttt production
cross-section. Other experimental systematics which have a significant impact on
the signal in the Asimov and hybrid Asimov setup, like the JES NP Mod 4 one,
are lower ranked for the unblinded fit. It is caused by the observed smaller central
value compared to other setups. Generally, systematics associated with backgrounds
become more significant for the fit to ATLAS data.

The likelihood scan for the signal strength 7 is presented in Figure(9.14] The scan
demonstrates a smooth curve with a global minimum at the observed central value.
The 1o interval for the upper limit can be constructed, providing a good estimate on
the upper uncertainty of ;777 The determination of the lower limit is difficult. The
variation of pzy towards negative values reduces the signal contribution in the last
and most signal-sensitive bin of the SR;zy that results in negative expected yields. A
constraint on u;7g being semi-positive is applied to avoid such behaviour. The lower
limit and uncertainty are interpreted to estimate the background-only hypothesis.

The post-fit distributions for all five analysis regions of the 4¢ channel are presented
in Figure A satisfactory agreement between MC simulation and ATLAS data
is observed. Table presents the post-fit yields for the 4¢ channel regions. The
post-fit background compositions are given in Figure [9.16] Post-fit distributions for
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validation are presented in Appendix They demonstrate a satisfactory data MC
agreement for the 4/ regions and fake regions.
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Figure 9.10: The estimated values for the signal strength, background normalisation,
and fake lepton normalisation for the fit using ATLAS data in the 4¢ channel.

Process SRy CRzz CRur CRMHF CR,r
ttH 7.14 +7.67 0.99 +1.07 13.1 +£14.0 11.0+11.8 0.02+0.02
ttZ 122.4+17.0 32.03 +4.45 34.0 +£4.47 25.24+3.51 1.86+0.38
ZZ+ > 1b 2.33 £0.32 40.44 + 5.36 1.34 +0.21 0.79+0.11 2.63+0.60
ZZ+ > 1c 1.26 +£0.17 29.60 4+ 2.58 1.36 +0.22 0.63+0.15 16.83+2.74
Z 7 + light 0.81 £0.15 32.24 +4.26 1.82 +0.28 0.494+0.09 372.7+75.8
tWZz 11.15 £ 5.96 4.90 £+ 2.62 1.72+0.92 0.924+0.49 0.754+0.46
wWZzZ 0.53 +£0.12 0.54+0.11 10.2 £1.95 3.58 +£0.69 491.6 +98.5
Other Prompt 8.14 +£1.38 4.65+1.14 110 + 18 32.0+12.6 11.50+3.13
T Fake 0.18 +0.05 0.10 +0.04 0.49 +0.09 1027 4+ 52 0.05 +0.04
ef'F Fake 0.14 +0.04 0.09 + 0.06 684 + 93 0.01 £0.01 385.4+63.1
elF Fake 0.14 £0.05 0.19 +0.05 211 +41 0.09 +£0.02 1260 4222
double Fake 1.31 £0.29 0.0+0.0 - - -
Other Fake 0.33£0.16 0.69 +0.40 143 + 69 65.6 +31.5 63.7+50.0
Total MC 155 + 14 147 + 12 1213 £+ 36 1167 £ 35 2984 + 63
data 155 146 1208 1167 2993

Table 9.1: The post-fit yields for the 4¢ channel regions.
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Figure 9.11: The pulls and constraints of the nuisance parameters for the experi-
mental, modelling, and theory subcategories for the fit to ATLAS data.
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Figure 9.13: The ranking for the sixteen highest ranked parameters for the fit to

ATLAS data is shown.
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Figure 9.14: A scan of the profile likelihood for the fit to ATLAS data is shown.

Thirty fits, including the best-fit value configuration, are performed.
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Figure 9.15: Post-Fit distributions for the 4¢ channel of the tt H multi-lepton analysis
after a fit to ATLAS data. The error bands show total uncertainties.
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9.4 Combined Fit for the inclusive ttH Cross-Section
and STXS Setup
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Figure 9.17: The observed signal strengths for all analysis channels and their com-
bination. This figure is taken from Ref. [15]

The 4¢ channel is part of the t¢H multi-lepton analysis. As described in Chapter |§|
and depicted in Figure the analysis is split into various channels based on the
number of light leptons and 7,4 candidates. The individual channel-specific results
are determined with a similar strategy compared to the 4¢ channel: training of a
MVA-based model for signal and background separation with the subsequent def-
inition of SR and CR based on those MVA scores. Additionally, orthogonal CRs
are defined to constrain fake backgroundﬂ For all channels, the expected signal
strength is extracted using a profile likelihood fit, including systematic uncertain-
ties, described in Chapter [8.4 with an overview in Table The signal strength
Wiy is a free-floating parameter in all analysis regions. The same is applied to the
normalisation factors for the dominant prompt backgrounds originating from ttZ,
ttW, and diboson production. The various normalisation factors for the fake contri-
butions are not correlated through the full analysis since different lepton definitions
and fake estimation techniques are used.

The measured signal strength is:
pregmr = 0.6325:3 = 0.63%5:17 (stat.) Ty (sys.) (9.5)

This corresponds to observed (expected) significance of 3.30 (5.30). The observed
signal strengths for all six analysis channels are presented Figure[9.17} The measured

4There are two additional CRs for the 3¢, which target prompt backgrounds.
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production cross-section is found to be:
o = 3217592 fb (9.6)

The compatibility with the Standard Model prediction of 507f§8 fb is 7.2%. The
largest deviation is observed in the 2¢SS+17,,q channel which is caused by down-
ward fluctuation in data in signal sensitive bins. The largest impact on the ttH
cross-section originates from the normalisation of the dominant backgrounds ttZ and
ttW and from systematic uncertainties related to the tttt production cross-section
and the modelling of the t¢WW background [15].

The Higgs production cross-section is also measured in STXS bins of the transverse
momentum of the Higgs boson. The reconstruction is performed using a GNN for
the 0m,aq channels and a BDT for the 27,4 as described in Chapter[6.7] No attempt
for the reconstruction of the Higgs transverse momentum is made for the 4¢ and
20554 1m,,q channels due to limited statistics. They are included in the fit, but their
contribution to overall sensitivity is small. Figure [9.18) presents the observed signal
strengths for the STXS bin. The measurement agrees well with the SM prediction
in the lower part of the Higgs transverse momentum spectrum corresponding to the
p:,H < 120 GeV STXS bin, but also in the higher STXS bin with qu{ > 200 GeV.
The measured value for the STXS bin which covers a Higgs transverse momentum of
120 GeV < qu{ < 200 GeV is lower than the SM prediction and is caused by a down-
ward fluctuation in data and anti-correlation effects between the different STXS bin
measurements. The compatibility of the STXS measurement with the SM prediction
is 28 %, while the compatibility with the inclusive fit is 55 % [15].

ATLAS Vs =13 TeV, 140 fb™
HTotal Unc. [l Stat. only = SM+Theory
ly <25 Total Stat.
1041 4037
p? <120 GeV l o 0.78 040  -0.36
120 GeV <p"'<200 GeV |  fegpe| 0.08 5% os
1064 4056
p? =200 GeV F o 119 061 053
-1 0 1 2 3 4 5 6 7

SM
ottH / o

Figure 9.18: The determined signal strength for STXS bins in the combined fit setup
using ATLAS data. This figure is taken from Ref. [15]
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Summary and Outlook

The ttH process provides a unique opportunity to test the SM prediction of the
Yukawa coupling between the top quark and the Higgs boson. But it is also sensi-
tive to various predictions for physics beyond the SM. The Yukawa coupling and,
therefore, the ttH production plays a significant part in studying the Higgs mech-
anism and self-coupling of the Higgs boson. The latter becomes vital for correctly
predicting differential cross-section measurements. The interplay between the top-
Higgs Yukawa coupling and the Higgs self-coupling is especially sensitive to models
exploring the vacuum stability of the universe. Furthermore, the ¢t¢tH production is
used to study sources of CP violation in the Higgs sector. The Yukawa coupling can
be extended with a pseudoscalar term and coupling modifiers. The introduction of
an additional CP mixing angle a; mixes scalar CP-even with pseudoscalar CP-odd
contributions. The impact on the production cross-section of the ttH and tH pro-
cesses can be tested, and specific mixing scenarios can be excluded while others are
favoured by the data.

This measurement uses multi-lepton final states and targets the H — WW*, H —
Z27*, and H — 771 decay modes with a single- or dileptonic decay of the top quark
pair. The analysis is split into six channels defined by the number of light leptons and
hadronically decaying taus in the final state. The selection of unique multi-lepton
final states suppresses most QCD-initiated backgrounds. Instead, the dominant
background sources are from ttW, ttZ, and diboson production. The ttW process
suffers from large discrepancies between MC prediction and measurements. With an
improved modelling of this particular process, including missing higher-order Feyn-
man graphs and corrections, a dominant background of the ¢ H multi-lepton analy-
sis can now be reliably estimated. Due to multiple leptons in the final state, other
reducible backgrounds originating from fake, non-prompt, and charge-misidentified
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leptons become significant. These backgrounds are suppressed with dedicated exper-
imental tools and estimated with targeted methods. All channels utilise multivariate
techniques to separate signal and background events and to define signal and control
regions for important backgrounds.

This thesis presents the measurement of the t¢H production cross-section in the
non-resonant ttH — 4¢ channel using the full Run 2 dataset corresponding to an
integrated luminosity of 140fb~! of proton-proton collisions at a centre-of-mass en-
ergy of /s = 13TeV. The 4¢ channel targets primarily the H — WW* — (vlv
Higgs boson decay mode with dileptonic decaying top quarks. The analysis uses a
dense neural network approach to separate ttH signal events from ¢£Z and diboson
background contributions. The neural network scores define distinct regions with
complementary sensitivity to the targeted signal and backgrounds. Non-prompt and
fake lepton backgrounds are estimated using control regions designed to target the
respective backgrounds. Various systematic sources affect the measurement. Their
effects are estimated and included in the measurement. They cover various sources
from the experimental setup, the modelling of the signal process and dominant back-
ground processes, and cross-sections of minor backgrounds. The signal strength with
respect to the SM prediction is determined by a profile likelihood fit, taking all sys-
tematic uncertainties into account.

The signal strength for the ¢t¢H production in the 4¢ channel is expected to be

pzg = 1.007550 = 1.007082 (stat.) 017 (sys.) (10.1)

using Asimov pseudodata. The observed signal strength is found to be

pegrr = 0531057 = 0.537080 (stat.) 1515 (sys.) (10.2)
which corresponds to an observed (expected) significance of 0.940 (1.810) for a
SM Higgs boson with a mass of 125 GeV. The precision of the measurement is
primarily limited by statistical uncertainties. Systematic uncertainties play a minor
role. The most significant systematic uncertainties arise from the normalisation and
modelling of the dominant background process ttZ, the normalisation of the ¥ non-
prompt background, and uncertainties on the production cross-section of background
processes, like tttt production, that contribute to the signal region. Compared to the
previous measurement using data collected in the years 2015, 2016, and 2017 of Run 2
corresponding to an integrated luminosity of 80 fb~! both systematic and statistical
uncertainties have improved. The previous analysis of the ¢t H multi-lepton process
estimated a signal sensitivity of:

per = 1.0075:35 = 1.007358 (stat.) T555 (sys.), (10.3)

using Asimov pseudodata. The expected significance was 1.40 [277]. The 4¢ chan-
nel signal strength presented in this thesis is compared to the previous analysis by
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scaling down the integrated luminosity of the Run 2 dataset to match it with the
years 2015, 2016, and 2017 of Run 2. Furthermore, it is assumed that systematic
uncertainties behave similarly. The resulting signal strength using the down-scaled
Asimov pseudodata is estimated to be

peger = 1004055 = 1.00ZG7 (stat.) Lo 1g (sys.) - (10.4)

The result corresponds to an expected significance of 1.40. The projection of the
previous measurement to the full Run 2 dataset [277] is shown in Table The
comparison of the measurement presented in this work (previous measurement) with
the up-scaled (down-scaled) projection demonstrates that statistical uncertainties
slightly exceed what is expected solely from increased data statistics.

The expected integrated luminosity for Run 3 is assumed to be 300fb~! collected
with an increased centre-of-mass energy of /s = 13.6 TeV. For the combination
of Run 2 and Run 3 with an expected total integrated luminosity of 440fb~!, the
expected signal sensitivity for the non-resonant 4¢ channel is:

pirr = 1005052 = 1.0010:83 (stat.) T4 16 (sys.) . (10.5)

The corresponding expected significance is 30. The projection neglects the increased
cross-section values due to higher centre-of-mass energy. It is, therefore, a lower
bound on the signal sensitivity. Significant constraints due to larger statistics are
not observed. The high-luminosity Luc (HL-LHC) is expected to collect 3ab™*
of data. Assuming similar systematic uncertainties and negligible change of cross-
sections, the expected signal strength for the non-resonant 4¢ channel is estimated
to be:

pee = 1.007530 = 1.00704] (stat.) T3 (sys.) (10.6)

The expected significance is 4.630. The systematic and statistical uncertainties reach
similar values with the extensive increase in statistics. An adapted strategy and op-
timisation of physics objects need to be applied to exceed 5o. An overview of the
expected signal sensitivities is summarised in Table[I0.1] Furthermore, the expected
significances for ttH and post-fit yields for the t¢H and dominant background ttZ
process are shown.

By combining the 4¢ channel measurement with the other analysis channels [15], a
signal strength of

puer = 0.6370:10 = 0.63701F (stat.) T010 (sys.) (10.7)

is obtained. It corresponds to an observed (expected) significance of 3.3¢ (5.30) for
a SM Higgs boson with a mass of 125 GeV. The measured production cross-section
is

o = 32117597 fb (10.8)
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[ Ldt ttH ttZ I Significance
;Eo%becl 228 £ 50 25204178  1.007023 = 1.00+917 (stat.) 018 (sys.) 4.630
R“’"ﬁosz"” 3 42416 370437  1.007932 = 1007039 (stat.) TS (sys.) 30
1%&,21 1349 118+17  1.00TJE = 1.00+3:%Y (stat.) * 17 (sys.) 1.80
P mjec;g}ﬁflfwn fo TT465 67412 100799 = 1.001092 (stat.)*0 18 (sys.) Ldo
Prm;g?b‘é?alysm 31403 50£08 1.0074% = 1.00739 (stat.)T03] (sys.)  ldo
Previous Aﬁﬁfybsﬁ Projection w105 91 1.00*97 = 1.00*9T (stat.) T35 (sys.) 170

Table 10.1: The expected post-fit ttH and tt~Z yields, estimated signal strength, and
expected significance for ttH are presented for different projections of integrated
luminosity. The change in centre-of-mass energy is neglected, and systematic un-
certainties are assumed to behave similarly. The previous measurement, which uses
80fb~! of collected data, follows a different analysis strategy. Its result and projec-
tion to the full Run 2 dataset are also presented.

and has compatibility of 7.2% with the Standard Model prediction of 5071“?8 fb.
The large deviation from the SM expectation in the 26SS+17y,4 channel is caused
by downward fluctuation in data in the signal sensitive bins of that channel. Both
statistical and systematic uncertainties influence the measurement. The normalisa-
tion of the dominant irreducible backgrounds processes ttZ and ttWW have a major
influence on the measurement. Leading systematic uncertainties are related to the
tttt production cross-section and the modelling of the ¥ background process.

The results of the measurement of the ttH signal strengths in STXS bins of the
Higgs boson transverse momentum are summarised in Table The large devia-
tion between the observed values and SM expectation for the STXS bin which covers
a Higgs transverse momentum of 120 GeV < p¥ < 200 GeV is driven by a downward
fluctuation in data and anti-correlation effects between the different STXS bin mea-
surements. Nevertheless, the compatibility of the STXS measurement with the SM
prediction is 28 %. Furthermore, the compatibility with the inclusive measurement
is 55 % [15].

The tt H multi-lepton analysis strategy is based on the separation of signal and back-
ground events using multivariate techniques. These techniques become increasingly
popular in ATLAS analyses and will also be used for Run 3. The multivariate ap-
proach is not only for separating signal and background contributions but also for
suppressing fake leptons, a leading limitation of multi-lepton analyses. The lepton
definitions used in the ttH multi-lepton analysis use the PLIV tool, which already
outperforms standard isolation criteria. For Run 3, an improved version will be used
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pH Range STXS Bin Wil owp [fb] oM [fb]
pH <120 CeV 01 0.78104% 2317122 297+
120 GeV < pH < 200 GeV 2 008758 1075 1271,
pH > 200 GeV 345 1197080 92792 (e

Table 10.2: The observed signal strengths and cross-sections for each STXS bin. The
SM expectation for the cross-sections are given as reference. All values are taken
from Ref. [15].

called Prompt Lepton Isolation Tagger (PLIT). Other limitations originate from un-
certainties on the predicted ttH production cross-section and ttW modelling.

The results of the ttH multi-lepton analysis will be combined with other measure-
ments like the t#(H — bb) and tt(H — ~7) ones in which not only the inclusive tZH
production cross-section is measured, but also the production cross-section in STXS
bins of the Higgs boson transverse momentum, providing an even deeper insight into
properties of the Higgs mechanism.
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APPENDIX A

List of MC Samples

An overview of the full list of data and MC samples used in this analysis is found in
Table to The names include a r- and p-tag. The former indicates the MC
campaign, while the latter shows the used ATLAS software version. Only r-tag r9364,
corresponding to the mc16a campaign and run year 2015 and 2016, are presented.
Other r-tags are 710201 for mc16d and year 2017 and 10726 for mc16e for the year
2018. Samples simulated with ATLAS fast simulation are marked with a star (*).
Samples can be inclusive in numbers of jets or split into single- and dilepton con-
tributions. The V+jets samples are split into slices of the scalar sum of transverse
momentum and additional filter for heavy flavour jets. The V' samples are split by
the transverse momentum of the prompt photon.

Year

Name

2015
Run 2 2016
2017
2018

datal5_13TeV.AllYear.physics_Main
datal6_13TeV.AllYear.physics_Main
datal7_13TeV.AllYear.physics_Main
datal8_13TeV.AllYear.physics_Main

.PhysCont . DAOD_HIGGSD1 . grp15_v01_p4309
.PhysCont . DAOD_HIGGSD1 . grp16_v01_p4309
.PhysCont .DAOD_HIGG8D1.grp17 v01 p4309
.PhysCont .DAOD_HIGG8D1.grp18 v01 pa309

Table A.1: An overview of data containers of collected data for Run 2.
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Appendix A List of MC Samples

Process  Description MC sample name
ttH all-hadronic (nominal) mcl16a_13TeV.346343.PhPy8EG_A14NNPDF23 _NNPDF30ME_ttH125 allhad.deriv.DAOD _HIGG8D1.e7148 _s3126 r9364 p4498
ttH single-lepton (nominal) mcl6a_13TeV.346344.PhPy8EG_A14NNPDF23 NNPDF30ME_ttH125 semilep.deriv.DAOD _HIGG8D1.e7148 s3126 r9364 _p4498
ttH dilepton (nominal) mc16a-13TeV.346345. PhPyS8EG_A14NNPDF23_NNPDF30ME_ttH125 dilep.deriv.DAOD_HIGGSD1.e7148_s3126_r9364_p4498
{iH ttH all-hadronic (PS alt.) mcl16a_13TeV.346346.PhH7EG H7UE_NNPDF30ME_ttH125 allhad.deriv.DAOD_HIGG8D1.e7148_a875 r9364 pd418
ttH single-lepton (PS alt.) mc16a_13TeV.346347.PhH7EG H7UE_NNPDF30ME_ttH125 _semilep.deriv.DAOD HIGG8D1.e7148 a875 r9364 p4418
ttH dilepton (PS alt.) mcl6a_13TeV.346348.PhH7EG H7UE_NNPDF30ME_ttH125 dilep.deriv.DAOD_HIGG8D1.e7148_a875 r9364 p4418
t7H all-hadronic (ph*™ var.)  mc16a13TeV.602067.PhPy8EG_A14_ttH125 pThardl allhad.deriv.DAOD_HIGGSD1.e8435_s3126_r9364 pdd16
ttH dilepton (]J!}Md var.) mcl16a_13TeV.602068.PhPy8EG_A14 ttH125 pThardl dilep.deriv.DAOD HIGG8D1.e8435_s3126 r9364 p4416

ttH single-lepton (p"d var.)  mc16a_13TeV.

602069 .

PhPy8EG_A14_ttH125 pThardl semilep.deriv.DAOD _HIGG8D1.e8435_s3126 19364 p4416

t1Z — ee (nominal) mci6a_13TeV. 504330 . aMCPy8EG NNPDF30NLO_A14N23L0_ttee.deriv. DAOD_HIGGED1 . 8255 53126 19364 pd416
17 — pup (nominal) ncl6a_13TeV.504334. aMCPy8EG NNPDF30NLO_A14N23L0_ttmumu. deriv.DAOD_HIGGSD1 . e8255_s3126_r9364_pa416
tZ — 77 (nominal) ncl6a-13TeV.504342. aMCPy8EG NNPDF30NLO_A14N23L0 tttautau.deriv. DAOD_HIGGED1 . e8255_53126_r9364 pdd16
t1Z — e (Al4 up var.) mci6a_13TeV.504332. aMCPy8EG NNPDF30NLO_A14N23L0_ttee_A14Var3cUp. deriv.DAOD_HIGGBD1 . e8255_ a875 9364 p5035
tZ — pp(A14 up var.) nc16a_13TeV. 504336 . aMCPy8EG NNPDF30NLO_A14N23L0_t tmumu_A14Var3cUp. deriv. DAOD_HIGG8D1 . e8255_a875_r9364_p5035
tHZ — 17 (AH up var.) mc16a_13TeV.504344 . aMCPy8EG NNPDF30NLO_A14N23L0_tttautau A14Var3cUp.deriv.DAOD_HIGG8D1.e8255_a875 r9364 _p5035
iz t1Z — e (Al4 down var.) nci6a-13TeV. 504331 . aMCPy8EG NNPDF30NLO_A14N23L0_ttee_A14Var3cDown.deriv.DAOD_HIGGED1 . 8255 a875_r9364_p5035
tZ — pp (Al4 down var.) mci6a_13TeV. 504335 . aMCPy8EG_NNPDF30NLO_A14N23L0_t tmumu_A14Var3cDown . deriv. DAOD_HIGGED1 . e8255_a875 9364 _p5035
tiZ — v (A14 down var.) ncl6a_13TeV.504343. aMCPy8EG_NNPDF30NLO_A14N23L0_tttautau A14Var3cDown. deriv.DAOD_HIGGSD1 . e8255_a875_r9364_p5035
ncl6a-13TeV.410397 . MadGraphPythia8EvtGen ttbar wbee MEN30LO-A14N23L0.deriv.DAOD_HIGGED1 . e6086_s3126_T9364_pa308
rare top samples nci6a_13TeV.410398. MadGraphPythia8EvtGen_ttbar wbmumu MEN30LO_A14N23L0.deriv.DAOD_HIGGED1 .e6086 53126 9364 _pd308
nci6a-13TeV.410399. MadGraphPythia8EvtGen ttbar wbtautau MEN30LO_A14N23L0.deriv.DAOD_HIGGSD1 . e6086_s3126_r9364_p4308
ttZ — ee (IOW mass) mc16a_13TeV.410276.aMcAtNloPythia8EvtGen MEN3ONLO_A14N23L0_ttee m11_1.5.deriv.DAOD_HIGG8D1.e6087_s3126_r9364 pdd16
tZ — pp (low mass) nci6a 13TeV.410277.aMcAtNLoPythia8EvtGen MEN3ONLO_A14N23L0_ttmumumll 1 5.deriv.DAOD_HIGGSD1 . e6087_s3126_T9364 pad16
tZ — 7 (low mass) nci6a-13TeV.410278. aMcAtNloPythia8EvtGen MEN3ONLO_A14N23LO0_tttautaumll 1 5.deriv.DAOD_HIGGED1 . e6087 53126 9364 pd416
W (nominal) mci6a-13TeV.700168.Sh 2210 ttW.deriv.DAOD_HIGGED1 . e8273_s3126_T9364 pasis
tiW EW (nominal) nci6a_13TeV.700205.Sh_2210_ttW_EWK.deriv.DAOD_HIGG8D1 . e8307 53126 19364 p4590
W (FxFx) ncl6a-13TeV.501720. aMCPy8EG_A14NNPDF23LO_ttW_FxFx01jNLO . deriv.DAOD_HIGGSD1 . 68352 s3126_r9364 pad16
Hw W EW (ME alt) nci6a-13TeV.412123. MGPySEG_A14 NNPDF23LO_Ewttlsm.deriv.DAOD_HIGGED1 . 67843_a875 9364 pdd16

nc16a_13TeV.
W (PS alt.) mc16a-13TeV.
nc16a_13TeV.
nc16a_13TeV.

600793

.PhPy8EG_A14NNPDF23_ttWm_EW.deriv.DAOD_HIGG8D1.e8343_s3126 r9364 p4418
600794 .
600795.
600796 .

PhPy8EG_A14NNPDF23_ttWp_EW.deriv.DAOD_HIGG8D1.e8343 53126 _r9364_p4592
PhPy8EG_A14NNPDF23_ttWm_QCD.deriv.DAOD_HIGG8D1.e8343_s3126 r9364 pdd18
PhPy8EG_A14NNPDF23_ttWp_QCD.deriv.DAOD_HIGG8D1.e8343 3126 19364 p4418

t#tf (nominal) nci6a 13TeV.412043. aMcAtNloPythia8EvtGen A14NNPDF31_SM4topsNLO.deriv.DAOD_HIGGED1 . e7101 875 r9364_pdd16
thtt titi (ME alt.) mc16a_13TeV.700355.Sh 2211 tttt muQHT2.deriv.DAOD_HIGGED1. e8351 53126 19364 pdd16

titt (PS alt.) nc16a 13TeV.412044. aMcAtNloHerwig7EvtGen H7UE_SM4topsNLO. deriv.DAOD_HIGG8D1. 67102 s3126_r9364_pdd16

t# dilepton (nominal) mc16a 13TeV.410472. PhPy8EG_A14 ttbar hdamp258p75_dil.deriv.DAOD_HIGGED1.e6348_s3126_r9364 _pd308

ncl6a_13TeV.411076.PhPyS8EG_A14_ttbar hdamp258p75_dil BBFilt.deriv.DAOD HIGGED1 .e6798_a875 19364 padi6

ttbar+HF ncl6a_13TeV.411077.PhPy8EG_A14_ttbar hdamp258p75_dil BFiltBBVeto.deriv.DAOD_HIGGBD1 . e6798 a875_r9364 pddl6
i ncl6a_13TeV.411078.PhPySEG_A14_ttbar hdamp258p75_dil CFiltBVeto.deriv.DAOD_HIGG8D1. e6798 a875_r9364 pdd16

17+ bb (4FS) nci6a-13TeV.601226.PhPy8_A14 NNPDF31_ttbb_4FS bzd5 dilep.deriv.DAOD_HIGGED1.e8388.a875 r9364 p5561

t# single-lepton (PS alt.) mcl6a-13TeV.411233. PovhegHerwig7EvtGen tt hdamp258p75_713_SingleLep.deriv.DAOD_HIGGED1 . e7580_s3126_T9364 pas16

t# dilepton (PS alt.) ncl6a_13TeV.411234. PovhegHerwig7EvtGen tt hdamp258p75_713.dil.deriv. DAOD_HIGG8D1 . e7580_s3126 9364 _pdd16

1t single-lepton (hgamp alt.) mc16a-13TeV.410480.PhPy8EG_A14_ttbar hdamp517p5_SingleLep.deriv.DAOD_HIGG8D1.e6454_a875 9364 pdd16

t# dilepton (hqamp alt.) nci6a 13TeV.410482. PhPySEG_A14_ttbar hdamp517p5.dil.deriv.DAOD_HIGGED1 .e6454_a875_r9364 pad16

27 40 nci6a_13TeV. 364250 . Sherpa 222 NNPDF30NNLO 1111 .deriv.DAOD_HIGGED1 . e5894 53126 9364 _pdd16

WZ = lylt mcl6a_13TeV. 364253 . Sherpa 222 NNPDF30NNLO_111v.deriv.DAOD_HIGGED1 . e5916_s3126 9364 p4d16

27 — bty ncl6a_13TeV. 364254 . Sherpa 222 NNPDF30NNLO_11vv.deriv.DAOD_HIGGSD1 .e5916_s3126 9364 pdd16

WZ = tve ncl6a_13TeV. 364255 . Sherpa 222 NNPDF30NNLO 1vvv.deriv.DAOD_HIGGED1 . e5916_53126 9364 _pdd16

27 — 000l + jj mci6a 13TeV. 364283 . Sherpa 222 NNPDF30NNLO_1111jj_EW6.deriv.DAOD_HIGGED1 . 6055 53126 9364 p4308

WZ = lugll + jj ncl6a_13TeV. 364284 . Sherpa_222 NNPDF30NNLO_111vjj_EW6.deriv.DAOD_HIGG8D1 . e6055_s3126 9364 p4d308

ZZ — lvgve + jj mc16a_13TeV.364285.Sherpa 222 NNPDF30NNLO_11vvjj_EW6.deriv.DAOD_HIGG8D1.e6055_s3126 r9364 p4308

Diboson

WW = tuplvg + jj (SS, EW4) mc16a 13TeV.
WW — luglvg + jj (SS, EW6) mci6a13TeV.

72 — 00t (low mass) mc16a_13TeV.
WZ — iyt (low mass) mc16a_13TeV.
27 — Uy (low mass) mc16a_13TeV.
9977 — (¢ (m(4l) > 130)  mci6a_13TeV.
9927 — (000 (m(41);130) mci6a_13TeV.
9922 — vy mc16a_13TeV.
GgWW = Lyl mc16a_13TeV.
9927 — Uy mc16a_13TeV.

364286 .

364287

345705

345723

Sherpa 222 NNPDF30NNLO_11vvjj_ss_EW4.deriv.DAOD_HIGG8D1.e6055_s3126 r9364 p4308

.Sherpa 222 NNPDF30NNLO_11vvjj_ss EW6.deriv.DAOD HIGG8D1.e6055_s3126_r9364 p4308
364288.
364289.
364290.

Sherpa_ 222 NNPDF30NNLO_1111_lowM11PtComplement.deriv.DAOD_HIGG8D1.e6096_s3126 r9364 p4416
Sherpa 222 NNPDF30NNLO_111v_lowM11PtComplement.deriv.DAOD_HIGG8D1.e6133_s3126 r9364 pdd16
Sherpa_ 222 NNPDF30NNLO_11vv_lowM11PtComplement.deriv.DAOD_HIGG8D1.e6096_s3126 r9364 pdd16

.Sherpa 222 NNPDF30NNLO_ggll11 OM41130.deriv.DAOD_HIGG8D1.e6213 53126 _r9364_p4308
345706.
345715.
345718.

Sherpa-222 NNPDF30NNLO-ggl111 130M41.deriv.DAOD HIGG8D1.e6213 53126 r9364_p4396
Sherpa 222 NNPDF30NNLO_ggllvvInt.deriv.DAOD _HIGG8D1.e6525_s3126 r9364 _pd396
Sherpa_222 NNPDF30NNLO_ggllvvWW.deriv.DAOD_HIGG8D1.e6525_s3126 r9364 p4396

.Sherpa 222 NNPDF30NNLO_ggllvvZZ.deriv.DAOD_HIGG8D1.e6213_s3126 r9364 p4396

Table A.2: An overview of MC samples used in the analysis. Only samples from the
mcl6a campaign are shown, having a r-tag of r9364. Other campaigns are mc16d
and mc16e with r-tags r10201 and r10724, respectively. The p-tags describe the used
software release version. Samples processed with ATLAS fast simulation are marked

with a star (*).
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Process Description MC sample name

mc16a_13TeV.364156.Sherpa_221 _NNPDF30NNLO_Wmunu MAXHTPTVO_70_CVetoBVeto.deriv.DAOD_HIGG8D1.e5340_s3126_r9364_p4416
W = pv, + jets .
mcl16a_13TeV.364169.Sherpa_221 _NNPDF30NNLO_Wmunu MAXHTPTV1000_E_CMS.deriv.DAOD_HIGG8D1.e5340_s3126 _r9364_p4416

mc16a_13TeV.364170.Sherpa_221 _NNPDF30NNLO_Wenu MAXHTPTVO_70_CVetoBVeto.deriv.DAOD_HIGG8D1.e5340_s3126 _r9364_p4416
W = e, + jets
mcl16a_13TeV.364183.Sherpa_221 NNPDF30NNLO_Wenu MAXHTPTV1000_E_CMS.deriv.DAOD_HIGG8D1.e5340_s3126_r9364_p4416

mcl16a_13TeV.364184.Sherpa_221 _NNPDF30NNLO_Wtaunu MAXHTPTVO0_70_CvetoBVeto.deriv.DAOD_HIGG8D1.e5340_s3126_r9364_p4416
W = 7u, + jets .
mcl16a_13TeV.364197.Sherpa_221 _NNPDF30NNLO_Wtaunu MAXHTPTV1000_E_CMS.deriv.DAOD_HIGG8D1.e5340_s3126_r9364_p4416

mcl6a_13TeV.364100.Sherpa 221 NNPDF30NNLO_Zmumu MAXHTPTVO_70_CvetoBVeto.deriv.DAOD HIGG8D1.e5271 s3126 19364 _p4416

Zppe+ jets .

mcl6a_13TeV.364113.Sherpa 221 NNPDF30NNLO_Zmumu MAXHTPTV1000_E_CMS.deriv.DAOD_HIGG8D1.e5271 _s3126 19364 p4416
V + jets
et mcl6a_13TeV.364114.Sherpa 221 NNPDF30NNLO Zee MAXHTPTVO0_70_CvetoBVeto.deriv.DAOD _HIGG8D1.e5299 s3126 r9364 p4416

Z — ee + jets e
mcl6a_13TeV.364127.Sherpa 221 NNPDF30NNLO _Zee MAXHTPTV1000_E_CMS.deriv.DAOD HIGG8D1.e5299 _s3126 r9364 p4416
mcl6a_13TeV.364128.Sherpa 221 NNPDF30NNLO _Ztautau MAXHTPTVO_70_CVetoBVeto.deriv.DAOD_HIGG8D1.e5307_s3126_r9364 pd416

Z — 7T + jets cee
mcl6a_13TeV.364141.Sherpa 221 NNPDF30NNLO Ztautau MAXHTPTV1000_E_CMS.deriv.DAOD_HIGG8D1.e5307_s3126 19364 p4416
mc16a_13TeV.364198.Sherpa 221 NN3ONNLO_Zmm M1110_40 MAXHTPTVO0_70_Bveto.deriv.DAOD_HIGG8D1.e5421 s3126 r9364 p4416

Z = pp + jets (low mass) ...
mcl6a_13TeV.364203.Sherpa 221 NN3ONNLO_Zmm M1110_40 MAXHTPTV280_E_CMS BFilter.deriv.DAOD_HIGG8D1.e5421 s3126 r9364 p4416
mc16a_13TeV.364204.Sherpa 221 NN3ONNLO_Zee M1110_40 MAXHTPTVO0_70_BVeto.deriv.DAOD_HIGG8D1.e5421 s3126 r9364 p4416

Z — ee + jets (low mass) ...
mcl6a_13TeV.364209.Sherpa 221 NN3ONNLO Zee M1110_40 MAXHTPTV280_E_CMS BFilter.deriv.DAOD_HIGG8D1.e5421 s3126 r9364 p4416
mc16a_13TeV.364210.Sherpa 221 NN3ONNLO_Ztt M1110_40 MAXHTPTVO0_70_BVeto.deriv.DAOD_HIGG8D1.e5421 _s3126 r9364 p4416

Z — 77 + jets (low mass) ...
mc16a_13TeV.364215.Sherpa 221 NN3ONNLO_Ztt M1110 40 MAXHTPTV280_E_CMS BFilter.deriv.DAOD_HIGG8D1.e5421 s3126 r9364 p4416
mcl6a_13TeV.364500.Sherpa 222 NNPDF30NNLO eegamma pty_7_15.deriv.DAOD_HIGG8D1.e5928_s3126 r9364 p4308

Z —eetry e
mcl6a_13TeV.364504.Sherpa 222 NNPDF30NNLO eegamma pty_140_E_CMS.deriv.DAOD_HIGG8D1.e5928_s3126 r9364 _p4308
mcl6a_13TeV.364505.Sherpa 222 NNPDF30NNLO mumugamma pty_7_15.deriv.DAOD HIGG8D1.e5928 _s3126_r9364 p4308

Z = ppp+y e
mcl6a_13TeV.364509.Sherpa_222 NNPDF30NNLO mumugamma pty_140_E_CMS.deriv.DAOD_HIGG8D1.e5928 3126 _r9364_p4308
mcl6a_13TeV.364510.Sherpa 222 NNPDF30NNLO_tautaugamma pty_7_15.deriv.DAOD_HIGG8D1.e5928_s3126 r9364 p4308

Z 1T+ .

vy mcl6a_13TeV.364514.Sherpa 222 NNPDF30NNLO tautaugamma pty_140_E_CMS.deriv.DAOD_HIGG8D1.e5928_s3126 r9364 p4308

mcl6a_13TeV.364521.Sherpa 222 NNPDF30NNLO_enugamma pty_7_15.deriv.DAOD_HIGG8D1.e5928 3126 r9364 p4308
W —eve + v
mcl6a_13TeV.364525.Sherpa 222 NNPDF30NNLO_enugamma pty_140_E_CMS.deriv.DAOD_HIGG8D1.e5928 s3126 19364 _p4308

mc16a_13TeV.364526.Sherpa 222 NNPDF30NNLO munugamma pty_7_15.deriv.DAOD HIGG8D1.e5928_s3126 r9364 p4308
W = i+
mcl6a_13TeV.364530.Sherpa 222 NNPDF30NNLO munugamma pty_140_E_CMS.deriv.DAOD_HIGG8D1.e5928 3126 19364 _p4308

mc16a_13TeV.364531. Sherpa_222 NNPDF30NNLO_taunugamma pty_7_15.deriv.DAOD_HIGGSD1 .e5928_s3126_r9364_pd308
W =7t +7v
mc16a_13TeV. 364535 . Sherpa_222 NNPDF30NNLO_taunuganma_pty-140_E_CMS.deriv.DAOD_HIGG8D1.e5928_s3126_r9364_p4308

mc16a_13TeV.410644 . PowhegPythia8EvtGen_A14_singletop_schan_lept_top.deriv.DAOD_HIGGSD1.e6527_s3126_r9364_p4308
mc16a-13TeV.410645. PowhegPythia8EvtGen_A14_singletop_schan_lept_antitop.deriv.DAOD_HIGG8D1.e6527_s3126_r9364_p4308
mc16a_13TeV.410658. PhPyS8EG_A14_tchan BWS0_lept_top.deriv.DAOD_HIGGSD1.e6671_s3126_r9364_pd308

mc16a_13TeV.410659 . PhPy8EG_A14_tchan BWS0_lept_antitop.deriv.DAOD_HIGG8D1.e6671_s3126_r9364_pd308

s-channel
Single Top

t-channel

WWW — 330 mc16a_13TeV.364242. Sherpa_222 NNPDF30NNLO_WWW_313v_EW6 . deriv.DAOD_HIGGSD1.e5887_s3126_r9364_p4308
WWZ — 4620 mc16a_13TeV.364243. Sherpa_222 NNPDF30NNLO_WWZ_412v_EW6 .deriv.DAOD_HIGGSD1.e5887_s3126_r9364_p4308
WWZ - 2040 mc16a 13TeV. 364244 . Sherpa 222 NNPDF30NNLO_WWZ_214v_EW6 . deriv.DAOD_HIGGSD1. e5887_s3126_r9364_p4308
vvv WZZ - 51y mc16a_13TeV . 364245 . Sherpa_222 NNPDF30NNLO_WZZ_511v_EW6 .deriv.DAOD_HIGG8D1.e5887_s3126_r9364_p4308
WZZ — 3630 mc16a_13TeV. 364246 . Sherpa_222 NNPDF30NNLO_WZZ_313v_EW6 . deriv.DAOD_HIGGSD1.e5887_s3126_r9364_p4308
ZZZ — 6l0v mc16a_13TeV.364247.Sherpa 222 NNPDF30NNLO_ZZZ 610v_EW6.deriv.DAOD_HIGG8D1.e5887_s3126_r9364_p4308
ZZZ — 4620 mc16a 13TeV. 364248 . Sherpa 222 NNPDF30NNLO_ZZZ_412v_EW6 . deriv.DAOD_HIGG8D1. e5887_s3126_r9364_p4308
227 — 20w mc16a_13TeV. 364249 . Sherpa_222 NNPDF30NNLO_ZZZ_214v_EW6 . deriv.DAOD_HIGGSD1.e5887_s3126_r9364_p4308
ow mc16a_13TeV.410646 . PowhegPythia8EvtGen_A14_Wt_DR_inclusive_top.deriv.DAOD_HIGG8D1.e6552_s3126_r9364_p4308
mc16a_13TeV.410647 . PowhegPythia8EvtGen A14 Wt DR_inclusive_antitop.deriv.DAOD_HIGGSD1.e6552_s3126_r9364_p4308
ttt nc16a13TeV.304014 . MadGraphPythia8EvtGen A14NNPDF23_3top_SM.deriv.DAOD_HIGGSD1 . e4324 53126 r9364_pd308
HWW mc16a 13TeV.410081 . MadGraphPythia8EvtGen A14NNPDF23_ttbarii.deriv.DAOD_HIGG8D1. e4111 s3126 r9364_pd308
Other tz mc16a_13TeV.410560. MadGraphPythia8EvtGen A14_tZ 4f1 tchan noAllHad.deriv.DAOD_HIGG8D1.e5803_s3126_r9364_p4308
tWZ mcl16a_13TeV.410408.aMcAtNloPythia8EvtGen tWZ_Ztoll minDR1.deriv.DAOD_HIGG8D1.e6423 53126 r9364 p4308
Vi mc16a 13TeV.342284 . Pythia8EvtGen A14NNPDF23LO_WH125_inc.deriv.DAOD_HIGGBD1. e4246_s3126 r9364_pd308
mc16a_13TeV.342285. Pythia8EvtGen A14NNPDF23LO_ZH125_inc.deriv.DAOD_HIGGSD1.e4246_s3126_r9364_pd308
tH jb mc16a_13TeV.346799. allcAtNloPythia8EvtGen tHjb125 4f1 CPalpha O ML_2L.deriv.DAOD_HIGG8D1.e8018_a875_r9364_p4308 *
tWH mc16a13TeV.508776 . aliCPy8EG_tWH DR1_PS. deriv.DAOD_HIGG8D1 . e8419_a875_r9364_pdd16 *

Table A.3: An overview of MC samples used in the analysis. Only samples from the
mcl6a campaign are shown, having a r-tag of r9364. Other campaigns are mc16d
and mc16e with r-tags r10201 and r10724, respectively. The p-tags describe the
software version used for the release. Samples processed with ATLAS fast simulation
are marked with a star (*). Samples for the V+jets process are provided in slices of
the scalar sum of transverse momentum with an additional filter on heavy-flavour
jets. The V~ samples are further split by the transverse momentum of the photon.
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APPENDIX B

Activation Function Definitions

The definitions of the used activation functions are:

Rectified linear unit (Relu) : a (z) = max (0, 2)

z, if 2>0

Rectified linear unit (Elu) : a (2) = .
a-(exp(z) —1), if 2 <0

Rectified linear unit (Selu) : a (z) = A- [max (0,2) 4+ min (O, - (exp(z) — 1))]

Rectified linear unit (LeakyRelu) : a (2) = max (0, z) + & - min (0, 2) .
(B.1)
The parameter of the Elu function is set to be a = 1. For the Selu function, the

parameters are A &~ 1.67 and ¢ ~ 1.05; the exact values are found in Ref. [244]. The
negative slope parameter of the LeakyRelu function is k = 0.01.
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APPENDIX C

Lepton Definition Optimisation

Alternative lepton definition combinations are studied with the four loose lepton
combination (LLLL) as a baseline. Using the lepton definitions from Chapter
four tighter combinations are defined and compared in terms of signal background
ratio S/B, signal significance S/vB, and expected yields for ttH with the baseline
combination. The first combination (LLMM) requires the two leading lepton to fulfil
loose requirements while the remaining passes the medium definition. The leading
leptons are generally less likely to be non-prompt due to their more considerable
transverse momentum. Therefore, tighter requirements are applied to the subleading
leptons. The second combination (MMMM) requires all lepton candidates to pass
the medium definition. The third and fourth combinations are similar to the previous
ones, but the tight lepton definition is used instead of medium. In Table the
expected yields after applying preselection for the signal process tt H, the most crucial
prompt background processes, the non-prompt lepton contributions, and the values
for S/B and S/vB for every lepton combination are presented. The tighter lepton
definition combination reduces most non-prompt contributions but also removes 63 %
up to 83 %, while not increasing the signal to background ratio S/B or the signal
significance S/vB. The baseline combination LLLL is used.
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Combination ‘LLLL LLMM MMMM LLTT TTTT

ttH | 1530 5.64 4.29 3.94 261

tt7 148.38  71.23 56.68 52.77  37.50
ZZ+b 39.39  20.08 16.32 15.34  11.38
77 +¢ 30.76  15.67 12.78 11.79  8.90
Z7 + light 28.9 14.71 11.89 11.09  8.24
tWZz 17.67  9.01 7.28 6.56 4.64
Other Prompt | 8.2 3.43 2.72 2.78 2.10
eHF Fake 0.27 0.03 0.01 0.03 0.01
pHE Fake 0.38 0.01 0.00 0.00 0.00
et Fake 0.26 0.08 0.01 0.07 0.01
double Fake 1.79 0.08 0.00 0.01 0.00
Other Fake 0.42 0.04 0.02 0.02 0.02
Total | 291.74 140.03 112,01 10441 75.38
S/B 0.055  0.042 0.040 0.039  0.036
S/VB 0.921  0.487 0.413 0.393  0.306

Table C.1: A comparison of expected yields after applying the preselection for the
40 channel for various combinations of lepton definitions. Using the loose lepton
definition for all four leptons results in the best value for S/B and S/vB. The lepton
definitions are presented in Chapter and in Table



APPENDIX D

Validation Plots

Distributions of kinematic distributions in the 4¢ channel are presented, applying
the preselection criteria. In Figure the low-level kinematic information of lep-
tons are shown. They include the transverse momentum and the pseudorapidity of
all four leptons. The following kinematic variables are used as input for the dense
neural network in the 4¢ channel. Figure presents the invariant masses of lep-
ton pairs and their spatial separation. In Figure [D.3] the invariant mass of four
leptons, the scalar sum of the transverse momentum of leptons and jets, and the
jet and b-jet multiplicity are shown. Furthermore, the two stransverse masses, the
effective invariant mass, E%iss, and the number of SFOS lepton pairs are presented.
All distributions show total pre-fit uncertainties including statistical and systematic
uncertainties. The post-fit distributions are shown in Figure [D.4] Figure and

Figure [D.6

Distributions of neural network input features in the 4¢ channel are presented in
the following. In Figure [D.7] the invariant masses and spatial separation between
lepton pairs are presented for the ttZ-sensitive part of the SR;;;;. Other variables
like the invariant mass of four leptons, scalar sum of the transverse momentum of lep-
tons and jets, jet and b-jet multiplicity, stransverse masses, effective invariant mass,
E?iss, and the number of SFOS lepton pairs are shown in Figure Total pre-
fit uncertainties, including statistical and systematic uncertainties, are shown. The
post-fit distributions with total post-fit uncertainties are shown in Figure and
Figure The same pre-fit distributions are presented in Figure and Fig-
ure but for the CRzz. The post-fit distributions are presented in Figure
and Figure |D.14]

In Figure Figure and Figure different kinematic variables are pre-

177



178

sented for the fake regions CR ur, CR.ur, and CR.vr, respectively. The transverse
momentum and pseudorapidity of the leptons, the scalar sum of transverse momenta
for jets and leptons, and the jet multiplicity are shown. Total post-fit uncertainties,

Appendix D Validation Plots

including statistical and systematic uncertainties, are shown.
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Figure D.1: Pre-fit distributions of lepton-related low-level variables after applying
the preselection. The transverse momentum and pseudorapidity of leptons are pre-

3rd Lepton

4th Lepton n

sented. Total pre-fit uncertainties are shown.
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Figure D.2: Pre-fit distributions of lepton-related high-level variables after applying
the preselection. The invariant masses and spatial separation of lepton pairs are
presented. Total pre-fit uncertainties are shown.
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Figure D.3: Pre-fit distributions of high-level variables after applying the preselec-
tion. The invariant mass of four leptons, the scalar sum of the transverse momentum
of leptons and jets, the jet and b-jet multiplicities, stransverse masses, effective in-
variant mass, E%iss, and the number of SFOS lepton pairs are presented. Total
pre-fit uncertainties are shown.
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Figure D.4: Post-fit distributions of lepton-related low-level variables after applying
the preselection. The transverse momentum and pseudorapidity of leptons are pre-
sented. Total post-fit uncertainties are shown.
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Figure D.5: Post-fit distributions of lepton-related high-level variables after applying
the preselection. The invariant masses and spatial separation of lepton pairs are
presented. Total post-fit uncertainties are shown.
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Figure D.6: Post-fit distributions of high-level variables after applying the preselec-
tion. The invariant mass of four leptons, the scalar sum of the transverse momentum
of leptons and jets, the jet and b-jet multiplicities, stransverse masses, effective in-
variant mass, E%liss, and the number of SFOS lepton pairs are presented. Total
post-fit uncertainties are shown.
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Figure D.7: Pre-fit distributions of lepton-related high-level variables in the t{Z-
sensitive part of the SRyf.. The invariant masses and spatial separation of lepton
pairs are presented. Total pre-fit uncertainties are shown.



185

.E F T T T T T T T g 60— T T T T T | E T T T T
S 451 ¢ Data | Gl g r # Data WtH ] g # Data W
(1 E {s=13Tev, 140 fo '@tz Wzz+21b w b s=13Tev, 140 o' Wtz Wzz+21b @ 100(Vs =13 TeV, 140 fb ' [ltz Wzz+21b
A0EttH-ML 4L Mzz+21c  [Dzz+ight 50[ttH-ML 4L Clzz+ight #H-ML 4L Mzz+21c  [Jzz+light
5] 2 Bins mwz mwz [ ttZ Bins ttZ Bins mwz mwz
E Pre-Fit [JOther Prompt[ll " Fake W Fake ] [JOther Promptfll u* Fake
30 WeFake  [e Fake 40| e Fake | WeFake  [eFake |
E [Edouble Fakes[ll Other Fake double Fakes[Other Fake-| [Edouble Fakes[ll Other Fake |
25 77 Uncertainty - 7 Uncertainty Bl 777 Uncertainty =
20 ]
15F ) 2 B
10F . 1
E 1 i
5 ]
3 O nditec s b 5 % emdi-36/s
& 125 || £ 125 £ 125 i
- | -~ - > 450 ) » 2 Ui
3 1 ‘ T *¥ ‘ 3 s 5549 »///,w//y%/w////// 2 /////%
T b4 5
& 0.75] 8 075 B 075
0% 106 200 300 400 500 600 700 %% o 2 3 4 5 26
m(4l) [GeV] Hr Lepron [GEV] Jet Multiplicity
2 r T T 1 e A R R AN RS B L B B o o BRI
§ 1401 # Data H q 8 gf ® Data WttH 4 t ® Data WtH ]
o /s =13 TeV, 140 fo ' [ltz Wzz+21b o E Vs =13 TeV, 140 fo ' Wtz Wzz+21b o [ Vs =13TeV, 140 fo ' [lttz Wzz+=1b
120[ttH-ML 4L Mzz+21c [Dzz+ight 7o ttH-ML 4L Mzz+21c [Jzz+light SO ttH-ML 4L Dzz+21c [zz+ight
[ ttZ Bins mwz mwz ] F ttz Bins mwz mwz [ tZ Bins mwz wz ]
100 Pre-Fit [1Other Prompt[ll 1+ Fake 60[Pre-Fit [JOther Prompt[ll " Fake 40;Pre-Fi( [JOther Prompt Iy Fake
F We* Fake  [eFake E We*“Fake [l Fake E We* Fake  [le Fake
[ louble Fakes[ll Other Fake | 50 [ double Fakes[llOther Fake] L [Edouble Fakes[llOther Fake]
i 7 Uncertainty | E 7/ Uncertainty 7 Uncertainty 1
L V. 2707, ] 3 ]
L ] 40 ]
2 ] 30 4
] 20 b
| 10| +
. R Lad
T 10 Xeindf = 0613 2 1 x2ndf,= 55710 g 1o
st L b L T , s A
g h ' 8 r s 'Y 1 1
8 0.75 8 0.75 [ T T i 8 0.75 { T o ‘ ‘ !
05 7 2 25 0% 20 40 60 80 100 120 140 0% 20 40 60 80 100 120 140
b-Jet Multiplicity (85% WP) Stransverse Mass my,(Il) [GeV] Stransverse Mass m _ (Il) [GeV]
‘E 50 T T T T T T T T ™ g F T T T T ] E F T T T T
3 L # Data [ [G] ] g b ¢ Data W+ 4 g 180 ¢ Data W+
w [ s=13TeV, 140 fb @tz Wzz+21b L gyl {s=13TeV, 140 fo ' Wtz Wzz+21b o [ Vs =13 TeV, 140 fo [tz Wzz+21b
[ ttH-ML 4L Dzzezlc  [Ozz+ight ] [ ttH-ML 4L Mzze2lc  zz+light ] 160 tH.mL 4L Mzze21c  [zz+light
40tz Bins mwz mwz 3 I ttZ Bins mwz mwz q 140[_Z Bins mwz mwz
L Pre-Fit [JOther Promptll u* Fake | 40[-Pre-Fit [JOther Promptllu** Fake - [ Pre-Fit [JOther Promptfill u* Fake
L We'F Fake 'F Fake n We Fake 'F Fake ] 120 e Fake etF Fake
30— [Edouble Fakes[ll Other Fake-| r [ double Fakes[llOther Fake | E
r ZJ Uncprtainty ] 30 7 Uncertainty | 100[—
L 4 N ] 80
20— - L ] F
[ ] 200 3 £
[ ] L 60
r L 40
1o0p 10F £
[ r 200
3 g ]
: \ L] B I
g = s
g i T 1 £ o) 8
50 100 150 200 250 300 350 400 450 500 % 50 100 150 200 250 0 7 2 3 3
m(,LMET) [GeV] E miss [GeV] Number of SFOS Pairs

Figure D.8: Pre-fit distributions of high-level variables in the ttZ-sensitive part of
the SR;7y. The invariant mass of four leptons, the scalar sum of the transverse
momentum of leptons and jets, the jet and b-jet multiplicities, stransverse masses,
effective invariant mass, E%liss, and the number of SFOS lepton pairs are presented.
Total pre-fit uncertainties are shown.
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Figure D.9: Post-fit distributions of lepton-related high-level variables in the t{Z-
sensitive part of the SR;. The invariant masses and spatial separation of lepton
pairs are presented. Total post-fit uncertainties are shown.
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Figure D.10: Post-fit distributions of high-level variables in the ttZ-sensitive part
of the SRyzy. The invariant mass of four leptons, the scalar sum of the transverse
momentum of leptons and jets, the jet and b-jet multiplicities, stransverse masses,
effective invariant mass, E%iss, and the number of SFOS lepton pairs are presented.
Total post-fit uncertainties are shown.
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Figure D.11: Pre-fit distributions of lepton-related high-level variables in the CRzz.
The invariant masses and spatial separation of lepton pairs are presented. Total
pre-fit uncertainties are shown.
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Figure D.12: Pre-fit distributions of high-level variables in the CRz.
mass of four leptons, the scalar sum of the transverse momentum of leptons and jets,
the jet and b-jet multiplicities, stransverse masses, effective invariant mass, E%liss
and the number of SFOS lepton pairs are presented. Total pre-fit uncertainties are

shown.
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Figure D.13: Post-fit distributions of lepton-related high-level variables in the CRzz.
The invariant masses and spatial separation of lepton pairs are presented. Total post-
fit uncertainties are shown.
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Figure D.14: Post-fit distributions of high-level variables in the CRzz. The invariant
mass of four leptons, the scalar sum of the transverse momentum of leptons and jets,

the jet and b-jet multiplicities, stransverse masses, effective invariant mass, E%liss

)

and the number of SFOS lepton pairs are presented. Total post-fit uncertainties are

shown.
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Figure D.15: Post-fit distributions of kinematic variables in the CR ur. The trans-
verse momentum and pseudorapidity of the leptons are shown. Furthermore, the
scalar sum of transverse momenta of jets and leptons and the jet multiplicity are
presented. Total post-fit uncertainties are shown.
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Figure D.16: Post-fit distributions of kinematic variables in the CR_ur. The trans-
verse momentum and pseudorapidity of the leptons are shown. Furthermore, the
scalar sum of transverse momenta of jets and leptons and the jet multiplicity are
presented. Total post-fit uncertainties are shown.
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Figure D.17: Post-fit distributions of kinematic variables in the CR_r. The trans-
verse momentum and pseudorapidity of the leptons are shown. Furthermore, the
scalar sum of transverse momenta of jets and leptons and the jet multiplicity are
presented. Total post-fit uncertainties are shown.



APPENDIX E

Shape Comparison of DNN Inputs

The shape of input distributions for all three targeted processes, ttH, ttZ, and
Z 7, are compared in Figure to Figure All distributions are normalised to
unity. Figure presents the invariant mass and distance between lepton pairs.
In Figure further lepton-related variables, such as the number of SFOS, the
scalar sum of the transverse momentum of all four leptons and their invariant mass,
are shown. Jet-related variables such as the number of central and b-jets, together
with the scalar sum of transverse momentum, are shown in Figure [E.3] Figure [E.4
presents other variables, such as ErTniSS, the effective invariant mass, and the two con-
structed stransverse masses. The low-level variables, such as transverse momentum
and pseudorapidity, are compared in Figure
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Figure E.1: Comparison of the invariant masses of lepton pairs and their distances
for all three target processes ttH, ttZ, and ZZ. All distributions are normalised to
unity.
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APPENDIX F

Negative Weight Treatment

Negative weights influence the training as they change the normalisation and shape
of input distributions. Furthermore, negative weights can cause a change of sign,
resulting in negative loss values. The treatment of negative weights and impact on
distributions is shown in Figure for the ttH samples, in Figure for the ttZ
samples, and in Figure [F.3] for the ZZ samples. The nominal prediction, consider-
ing both negative and positive events, is compared with scaling the positive weights
with a correction factor, compensating for negative weight contributions. Further-
more, the nominal prediction is compared with taking the absolute value of weights
or only positive weights. The scaling method provides a satisfactory treatment of
negative events, preserving normalisation and shape, especially for t£Z, having the
most significant fraction of events with negative weights.
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Figure F.1: Comparison of different negative weight treatments with respect to the
expected nominal prediction, including both negative and positive event weights, on
input distributions for the t¢H samples.
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Figure F.2: Comparison of different negative weight treatments with respect to the
expected nominal prediction, including both negative and positive event weights, on
input distributions for the t£Z samples.
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APPENDIX G

Signal and Control Region Optimisation for the 4¢ Phase-Space

A control region for ZZ events can be designed by applying a cut on the DNNz»
score, splitting the preselection into ZZ events and remaining ttH and ttZ ones.
The cut should be optimised to enhance the signal over background ratio and signal
significance. On the left in Figure the signal-to-background ratios and signal
significance for the remaining ttH and ttZ regions as a function of the DNNzz are
shown. The expected signal and background yields are presented on the right as a
function of the DNNz; score. To maximise signal-to-background ratio and signal
significance, a cut of DNNzz = 0.1 is chosen. Decreasing the cut would remove
signal events, diluting the expected signal sensitivity. At the same time, a larger cut
would increase the expected signal yield but also disproportionately the expected
background contribution, as seen on the right in Figure
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Figure G.1: On the left side, the signal-to-background ratios and signal significance
for the signal-enriched region of the preselection as a function of the applied cut on
the DNN 4z score. On the right side, the ttH and background yields are presented
for the signal-enriched region of the preselection after applying different cuts on the
DNN_zz score.



APPENDIX H

Transverse Momentum Reweighting

A mismodelling of the transverse momentum of e''F fakes is observed in the CR ur.
The shape of the transverse momentum distribution for efF fakes is reweighted
with respect to data. The non-reweighted distribution is presented on the left side of
Figure The reweighted one is shown on the right side. An additional systematic
uncertainty is introduced, which takes the reweighted distribution as nominal and the
non-reweighted one as a reference. Both distributions show total pre-fit uncertainties.
The mentioned systematic uncertainty is applied for the reweighted distribution.
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Figure H.1: On the left side, the non-reweighted distribution of the transverse mo-
mentum of the fake lepton candidate in the CR_ur is shown. On the right side, the
reweighted distribution is presented. Total pre-fit uncertainties are shown.
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APPENDIX |

Pruning for the 4¢ Channel

m no pruning 0.05 0.1 0.2
shape

no pruning - —0.48% —237T% —241%
0.05 —-0.12% —0.67T% —-264% —2.66%
0.1 -0.21% —0.74% -273% —-2.76%
0.2 -0.21% —067T% -2775% —-2.18%

Table 1.1: The relative change of expected sensitivity of the 4¢ channel using Asi-
mov data with respect to the no pruning case using a pruning threshold of zero for
both normalisation and shape. Various shape and normalisation pruning threshold
combinations are tested, using values of 0.05, 0.1, and 0.2. The thresholds for the 4¢
channel are 0.05 for normalisation and 0.2 for shape.

Multiple shape and normalisation pruning thresholds are tested using combinations
of values with 0.05, 0.1, and 0.2. In Table the relative change of sensitivity on
g using Asimov data for threshold combinations are shown; the relative change
is evaluated with respect to the non-pruning setup, using a shape and normalisation
threshold of zero. With higher thresholds, the expected sensitivity increases. The
chosen pruning thresholds for the 4¢ channel are 0.05 for normalisation and 0.2 for
shape, increasing the expected signal sensitivity by 0.67 %, which is much smaller
than the expected sensitivity on p;zm using the Asimov pseudodata. Furthermore,
systematics with a normalisation impact larger than 99 % are dropped.
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