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Resumo

No Modelo Padrão (SM), é previsto que o bosão de Higgs seja uma partícula
escalar e que suas interações não violem a simetria CP. Após a observação da
produção do bosão de Higgs em associação com um par de quarks top (tt̄H)
pelas experiências ATLAS e CMS em 2018, a observação de uma componente
ímpar à transformações de carga-paridade (CP) em um dos acoplamentos do bosão
de Higgs constituiria uma importante descoberta de física além do SM (BSM).
Recentemente, ATLAS e CMS procuraram essa componente em eventos tt̄H com
o Higgs decaindo em dois fotões. No entanto, o acoplamento entre o Higgs e os
fotões é induzido por loops e pode ser afetado por efeitos da nova física. Esta
tese descreve o estudo, atualmente na colaboração ATLAS, da natureza CP do
acoplamento de Yukawa do Higgs aos quarks top, por meio da análise de eventos
tt̄H no canal de decaimento H → bb̄. Também fornece projeções deste estudo do
Run 2 do Large Hadron Collider (LHC) ao LHC de alta luminosidade (HL-LHC).

A análise usa dados de colisão protão-protão coletados com o detector AT-
LAS durante o período do Run 2 do Grande Colisor de Hadrões (LHC) com uma
energia de centro de massa de

√
s = 13 TeV e luminosidade integrada total de

139 fb−1. São usados apenas eventos contendo um ou dois leptões no estado final
do decaimento do par de quarks top. Em seguida, os eventos são classificados
em regiões de acordo com o número de jatos e o número de b-jatos. Várias téc-
nicas multivariadas foram usadas para melhorar a sensibilidade da análise, uma
árvore da decisão reforçada (BDT) foi treinada para separar o sinal do fundo e
outra para distinguir entre diferentes cenários de CP. Variáveis sensíveis ao CP,
incluindo observáveis calculadas no referencial de laboratório e variáveis angulares
calculadas em referenciais específicos, foram usadas no ajuste e no treinamento das
BDTs. Um ajuste de verossimilhança é executado em todas as regiões de análise
para restringir as previsões de fundo e reduzir as incertezas sistemáticas. O valor
esperado para o ângulo de mistura CP é obtido desse ajuste.
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Resumo

Além disso, uma extrapolação da análise foi realizada nesta tese, a fim de
fornecer projeções sobre a medição do ângulo de mistura de CP para o LHC de alta
luminosidade (HL-LHC). Foram considerados diferentes cenários para a evolução
das incertezas sistemáticas com o aumento esperado da luminosidade. O valor
esperado para o ângulo de mistura de CP foi obtido para vários valores diferentes
de luminosidade até 3000 fb−1. Com as atuais incertezas sistemáticas, espera-
se que a produção de ttH pura CP-ímpar seja excluída com 99.73% de nível de
confiança (CL) apenas no final do projeto HL-LHC. A significância de exclusão
CP-ímpar é representada em função da luminosidade para cada um dos cenários
considerados, e os efeitos dos vários tipos de incertezas são avaliados.

Palavras-Chave: Bosão de Higgs, Produção associada à quarks top, Violação
CP, HL-LHC, Yukawa
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Abstract

In the Standard Model (SM), the Higgs boson is a scalar particle with no
CP-violating interactions. After the observation of the Higgs boson production in
association with a top quark pair (tt̄H) by ATLAS and CMS in 2018, the measure-
ment of an odd charge-parity (CP) component in one of the Higgs boson couplings
would constitute an important discovery of physics beyond the SM (BSM). Re-
cently, ATLAS and CMS searched for such a component in tt̄H events with the
Higgs decaying into two photons. However, the coupling between the Higgs and
the photons is loop-induced and could be modified by effects of new physics. This
thesis describes the ongoing study of the CP nature of the Higgs Yukawa coupling
to the top quarks by analyzing tt̄H events in the H → bb̄ decay channel, and
provides projections of this search from the Large Hadron Collider (LHC) Run 2
to the High-Luminosity LHC (HL-LHC).

The analysis uses the full Run 2 dataset of proton-proton collision collected
with the ATLAS detector at a center-of-mass energy of

√
s = 13 TeV and total

integrated luminosity of 139 fb−1. Only events containing either one or two leptons
in the final state from the decay of the top quark pair are used in the analysis.
Then, the events are classified into regions according to the number of jets and
the number of b-tagged jets. Two sets of multivariate classifiers are utilized to
improve the analysis sensitivity. One classifier targets the classification of signal
against backgrounds and the other targets the separation between different CP
scenarios. Several CP sensitive variables, including lab-frame observables and
angular variables calculated in specific frames, were used in the fit and in the
training of the BDTs. A profile likelihood fit is performed over all analysis regions
to constrain the background predictions and reduce the systematic uncertainties.
The expected value for the CP mixing angle is presented.

An extrapolation of the analysis is performed in order to provide projections
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on the measurement of the CP mixing angle for the HL-LHC. Different scenarios
for the evolution of the systematic uncertainties with the expected increase in
the luminosity were considered. The expected value for the CP mixing angle
was obtained for several different values of luminosity up to 3000 fb−1. With the
current systematic uncertainties, the pure CP-odd tt̄H production is expected to
be excluded with 99.73% confidence level (CL) only at the end of the HL-LHC
project. The CP-odd exclusion significance is represented as a function of the
luminosity for each of the scenarios considered, and the effects of the various types
of uncertainties are evaluated.

Keywords: Higgs boson, Top quark associated production, CP violation, HL-
LHC, Yukawa
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1
Introduction

The Standard Model (SM) of particle physics describes the known funda-
mental particles and their interactions. It is considered as one of the greatest
scientific achievements in recent times, predicting several processes and observ-
ables that were later confirmed by experiments. The Higgs boson discovery [1, 2]
at CERN by both the ATLAS and CMS collaborations in 2012 was a meaningful
accomplishment for experimental and theoretical particle physics. It was the last
particle of the SM to be observed and this discovery confirms the existence of
an associated Higgs field that is responsible for the generation of the weak boson
masses through the Electroweak Symmetry Breaking mechanism and, as a conse-
quence, the fermion masses through Yukawa couplings. Since the discovery, the
measured properties of the Higgs boson have shown a remarkable agreement with
the SM predictions. However, despite its success, the SM does not describe all of
the observed physical phenomena. In particular, it does not explain the baryon
asymmetry in the Universe and neither provides a candidate for dark matter.

The observed asymmetry between matter and antimatter could be explained
by introducing additional sources of charge-parity (CP) violation beyond the SM
(BSM), one of them could come from the Higgs sector. Several BSM models allow
for the Higgs boson to be a mixed state particle, resulting in a (CP-violating)
Yukawa coupling with two components, one CP-even and one CP-odd. The mixing
of these two components is dictated by an angle referred to as CP mixing angle.
Since a mixed state is still not excluded by experimental data, it is crucial to
determine the CP structure of the Yukawa couplings. The production of the Higgs
boson in association with a top quark-antiquark pair (tt̄H) is the best process
for this measurement, since it provides a direct access to the large top quark
Yukawa coupling. Unfortunately, the tt̄H production is a rare process, that was
only observed in 2018 [3, 4] at the Large Hadron Collider (LHC). It accounts for
only 1% of the total Higgs boson production cross section. For this reason, data
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from the High Luminosity LHC (HL-LHC) project, which is a future upgrade to
the LHC that aims to increase its luminosity, will be needed to obtain sensitivity
for this measurement. The goal of the HL-LHC upgrade is to expand the LHC
potential for new discoveries and precision in the measurements of rare processes.

This thesis describes an ongoing search for the tt̄H CP-odd component using
the full Run 2 dataset of proton-proton collision collected during 2015 and 2016
with the ATLAS detector at a center-of-mass energy of

√
s = 13 TeV, correspond-

ing to a total integrated luminosity of 139 fb−1. The analysis targets the single
lepton and dilepton channels of the Higgs decay mode to b-quarks, which is the
Higgs boson decay mode with the largest branching fraction. This channel suffers
from the presence of a large and badly modelled irreducible background from the
production of top-quark pairs with two additional b-jets (tt̄bb̄), which makes the
analysis even more challenging.

In addition, this thesis provides projections on the measurement of the CP
mixing angle for the HL-LHC and gives predictions of when the pure CP-odd tt̄H
production will be excluded with 99.73% confidence level (CL). The systematic
uncertainties are expected to change during the running of the HL-LHC and it is
a significant challenge to predict their values. Therefore, different scenarios were
considered and the expected CP-odd exclusion was obtained for each one of these
scenarios.

In Chapter 2 of this thesis, an overview of the theoretical formulation of
the SM is presented, followed by a description of the Higgs mechanism and the
Yukawa couplings. The Higgs boson production and decay modes at the LHC are
also introduced, together with the experimental status of the Higgs boson.

Chapter 3 introduces CERN’s LHC and the HL-LHC project. It also details
the ATLAS detector, its components and the trigger and data acquisition system.

In Chapter 4, the state of the art regarding the study of tt̄H CP properties is
presented with its theoretical motivations. The chapter starts with a description
of the tt̄H production, followed by an explanation of CP sensitive variables used
in this thesis, and by the experimental status of tt̄H CP-odd production.

Chapter 5 summarizes the generation of Monte Carlo samples and presents the
signal and background samples used in the analysis, as well as the data samples. It
also describes the reconstruction and identification of physical objects. In addition,
a comparison between a fast detector simulation with the ATLAS full simulation is
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also given, with the intention of validating the modelling of substructure variables
of large-R jets.

Chapter 6 describes the analysis strategy. This chapter details the event
selection and classification into regions, as well as the techniques applied for dis-
tinguishing between the CP-odd and CP-even tt̄H production and the background.
It also explains the fit used to measure the expected CP mixing angle, the system-
atic uncertainties present in the analysis and a comparison between two different
strategies that could be applied.

In Chapter 7, a discussion of the main results is presented. The chapter starts
by describing the expected limit for the CP mixing angle. Then, the results of
the study of the projected sensitivity of the HL-LHC to the CP mixing angle is
presented. The analysis is extrapolated for higher values of luminosity and effects
of different scenarios for the systematic uncertainties are considered.

Finally, in chapter 8, an overall summary of this thesis is given and conclusions
are drawn.
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2
The Standard Model of Elementary

Particles

The SM is described with significant detail in this chapter, starting with an
overview of its particle content in Section 2.1 and the underlying group structure,
and the Lagrangian density that governs the particle fundamental interactions and
describes the theory in Section 2.2. Particular emphasis is given to the Higgs mech-
anism of Electroweak Symmetry Breaking (Section 2.3), explaining how particles
acquire mass through the interaction with the Higgs field (Section 2.4). Then, the
production and decay channel of the Higgs boson and other experimental aspects
of the Higgs production are presented in Section 2.5 and 2.6. Finally, a descrip-
tion of the discovery of the Higgs Boson and of its measured properties is given in
Section 2.7.

2.1 Overview

The SM is a gauge field theory that describes the interactions of elementary
matter with three of the four known fundamental forces: the electromagnetic force,
the weak nuclear force, and the strong nuclear force (the gravitational force is not
included). Fundamental particles in the SM are divided into fermions and bosons.
Fermions are spin-1/2 particles that obey Fermi-Dirac statistics and compose all
the known matter in our Universe. Bosons are integer spin particles that obey
Bose-Einstein statistics. The gauge bosons, which are spin-1 bosons, act as force
carriers and mediate the interactions between particles. All the particles described
by the SM and their properties (mass, electric charge, color charge, spin) are
summarized in Figure 2.1.
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Figure 2.1: Particles and interactions of the SM. The diagram shows the three
generations of fermions (quarks and leptons), the gauge vector bosons (gluons,
photon, W±, and Z), and the scalar Higgs boson. The masses are displayed in the
left upper corner of each box, the electric and color charge are displayed in the
right upper corner and the spin in the right lower corner. Image adapted from [5].

Quarks and Leptons are fermions, there are six flavors of quarks and six flavors
of leptons. They are organized into three families, each family is constituted by
two quarks and two leptons. There are in total 12 fermions, each associated with
an antiparticle with the same mass but with opposite electric charge and quantum
numbers.

Quarks are the fundamental constituents of hadrons, each of them carries one
of the three color charges of Quantum Chromodynamics (QCD), named red, green
and blue, and a fractional electric charge of Quantum Electrodynamics (QED).
The different flavors of quarks are named as up (u), down (d), charm (c), strange
(s), top (t) and bottom (b). As shown in Figure 2.1, the quarks in the top row
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carry electric charge of q = 2/3|e|, whereas the quarks in the bottom row have
q = −1/3|e|.

Leptons carry no color charge, they are divided into the electrically charged
leptons: the electron (e), muon (µ) and tau (τ), with electric charge q = −|e|, and
their electrically neutral neutrino counterparts: the electron neutrino (νe), muon
neutrino (νµ) and tau neutrino (ντ ).

The interaction between fermions occurs through the exchange of gauge bosons
and each gauge boson mediates one interaction. The photon (γ), which is electri-
cally neutral and massless, mediates the electromagnetic interaction and couples
with all electrically charged particles (charged leptons, quarks, and charged gauge
bosons), this interaction is described by quantum electrodynamics (QED).

The gluon (g) exists in eight different states, it is the mediator of the strong
nuclear force and interacts with all particles that carry color charge (quarks and
gluons). The gluons themselves carry color, therefore in addition to mediating the
strong interaction, they also participate in it. This makes quantum chromody-
namics (QCD), the theory that describes strong interactions, more complicated
than QED.

The W+, W− and Z bosons are the mediators of the weak nuclear force. All
quarks and leptons participate in weak interactions. There are two types of weak
interactions: the charged one, mediated by the W+ and the W− bosons, and the
neutral one, mediated by the Z boson. The W+ and the W− have a mass of
80.379± 0.012 GeV [6] and electric charge of q = +|e| and q = −|e|, whereas the
Z boson has a mass of 91.1876 ± 0.0021 GeV [6] and is electrically neutral. The
significant masses of its mediators explain the extremely short range of the weak
force, which is about 0.1% of the diameter of a proton. The weak interaction is
also the only known interaction capable of changing the flavor of quarks and that
violates charge-parity (CP) symmetry.

In addition to quarks, leptons and gauge boson, one electrically neutral scalar
boson (spin-0) is needed to make the SM a consistent theory. This scalar boson
is called Higgs boson and has a mass of 125 GeV. The Higgs field, from which
excitations originate the Higgs boson, is related to a mechanism called Higgs mech-
anism [7–12]. This mechanism is responsible for giving rise to the non-zero masses
of the weak interaction gauge bosons (W+, W− and Z) through a process called
“Electroweak Symmetry Breaking” (discussed in Section 2.3).
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2. The Standard Model of Elementary Particles

2.2 The Standard Model Lagrangian

In a quantum field theory, every particle is described as an excitation of a
quantum field that is defined over all spacetime. All the interactions of the fields
are described by a Lagrangian density L̂, which is Lorentz invariant, i.e. is the same
for every reference frame. Besides, the SM is a local gauge theory, which means
that L̂ is invariant under certain local gauge transformations. The underlying
gauge symmetry of the SM is SU(3)C ⊗SU(2)L⊗U(1)Y , the product of the color
symmetry groups SU(3)C that describes QCD and strong interactions, SU(2)L
that describes the weak isospin interactions between the left-handed fermions, and
U(1)Y that describes the weak hypercharge interactions, that differ between the
left- and right-handed fermions. The weak and electromagnetic interactions are
unified in the electroweak SU(2)L ⊗ U(1)Y group, which describes the Glashow-
Weinberg-Salam electroweak theory.

According to Noether’s theorem [13], to every differentiable symmetry gener-
ated by local actions there corresponds a conserved current and a conserved charge.
The color charge, the weak isospin (I) and the weak hypercharge (Y = 2(Q−I3))1

are the respective conserved charges associated with each symmetry group. The
SU(3)C group is non-abelian2, has coupling gs and 8 Hermitian gauge fields, these
are the 8 gluon fields represented as Gi

µ(i = 1,...,8). The SU(2)L group is non-
abelian, has coupling g and 3 gauge fields W i

µ(i = 1,2,3). The U(1)Y group is
abelian, has coupling g′ and one gauge field Bµ. The SU(2)L ⊗ U(1)Y symmetry
is spontaneously broken due to the Higgs mechanism (explained in section 2.3),
leading to the mixing of W i

µ and the Bµ gauge fields to form the two charged W±

bosons, the neutral Z boson of the weak interactions and the photon γ of the
electromagnetic interactions. In this process the Z and W± acquire mass.

The standard model Lagrangian density can be written as the sum of the
gauge, fermion, Higgs, and Yukawa terms:

L̂SM = L̂g + L̂f + L̂H + L̂Y . (2.1)

The first term, which is the gauge term, describes the self-interaction between the

1Q is the electric charge and I3 is the projection of the weak isospin along the z-axis
2A group is called Abelian if all the generators of the group commute.
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gauge fields. It is given by

L̂g = −1
4Ĝ

i
µνĜ

µνi − 1
4Ŵ

i
µνŴ

µνi − 1
4B̂µνB̂

µν , (2.2)

where the field strengths for SU(3)C , SU(2)L, and U(1)Y are, respectively,

Ĝi
µν = ∂µĜ

i
ν − ∂νĜi

µ − gsfijkĜj
µĜ

k
ν i, j, k = 1, ..., 8 (2.3)

Ŵ i
µν = ∂µŴ

i
ν − ∂νŴ i

µ − gεijkŴ j
µŴ

k
ν i, j, k = 1, 2, 3 (2.4)

B̂µν = ∂µB̂ν − ∂νB̂µ, (2.5)

with fijk and εijk being the structure functions of SU(3)C and SU(2)L. The fact
that SU(3)C and SU(2)L are non-Abelian gives rise to the third terms of equations
(2.3) and (2.4), resulting in self-interactions between the gauge fields. Since the
U(1)Y group is abelian there is no self-interactions between photons, which is
equivalent to saying that the photon carries no electric charge.

Table 2.1: Q, I3 and Y quantum numbers of all Standard Model fermions.

Fermions Q I3 Y

qmL

 2/3

−1/3


 1/2

−1/2


 1/3

−1/3


umR, dmR 2/3,−1/3 0, 0 4/3,−2/3

lmL

 2/3

−1/3


−1

−1


 0

−1


emR 0 −2 1

The second part of the Lagrangian of equation (2.1) describes the fermion
fields and their interactions with the gauge fields. It is given by

L̂f = q̄mLiγ
µDµqmL + l̄mLiγ

µDµlmL + ūmRiγ
µDµumR (2.6)

+ d̄mRiγ
µDµdmR + ēmRiγ

µDµemR + ν̄mRiγ
µDµνmR, (2.7)

where m = 1, 2, 3 denotes the family, the subscripts L and R represent the left
and right chirality components of the respective field and D̂µ is the gauge co-
variant derivative. Table 2.1 summarizes the quantum numbers Q, I3 and Y for
all the fermion fields. The left–handed fermions are weak isodoublets, while the
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right–handed fermions are weak isosinglets:

qmL =
u
d


L

,

c
s


L

,

t
b


L

lmL =
νe
e−


L

,

νµ
µ−


L

,

ντ
τ−


L

(2.8)

umR = uR, cR, tR νmR = νeR, νµR, ντR (2.9)

dmR = dR, sR, bR emR = e−R, µ
−
R, τ

−
R . (2.10)

The covariant derivatives acting on the various fermion fields are given by

D̂µq̂mL =
(
∂µ + igs

2 λαĜ
α
µ + ig

2 τβŴ
β
µ + ig′

6 B̂µ

)
q̂mL (2.11)

D̂µl̂mL =
(
∂µ + ig

2 τβŴ
β
µ −

ig′

2 B̂µ

)
l̂mL (2.12)

D̂µûmR =
(
∂µ + igs

2 λαĜ
α
µ + 2ig′

3 B̂µ

)
ûmR (2.13)

D̂µd̂mR =
(
∂µ + igs

2 λαĜ
α
µ −

ig′

3 B̂µ

)
d̂mR (2.14)

D̂µν̂mR = ∂µν̂mR (2.15)

D̂µêmR =
(
∂µ − ig′B̂µ

)
êmR, (2.16)

where λα(α = 1,...,8) are the Gell-Mann matrices and τβ(β = 1,2,3) are the Pauli
matrices. Since the right-handed fermions transform as isosinglets under SU(2)L
they will not interact with the weak fields (τβŴ β

µ are 2 × 2 matrices in SU(2)L
space) and the W± gauge bosons will couple only to the left-handed fermions, as
seen in equations (2.11 - 2.16). In addition, the quarks transform as color triplets3

under SU(3)C and the leptons as color singlets, thus only the quarks will interact
via strong interaction (λαĜα

µ are 3× 3 matrices in color space).

Another consequence of the left-handed fermions being SU(2)L doublets and
right-handed fermions being singlets is that an explicit mass term for the fermions
(−mf ψ̄ψ) is forbidden in the Lagrangian. This term mixes the left- and right-
handed components and is not invariant under isospin transformations. Simi-
larly, the mass terms for the gauge bosons (e.g. −m2

WW
i
µW

µi) are not invariant
under gauge transformations. The mechanism that allows the construction of a

3The color indices have been suppressed for simplicity.
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meaningful gauge theory, which can include mass terms for the gauge bosons and
fermions, will be presented in the following sections together with the Higgs (L̂H)
and Yukawa (L̂Y ) terms of the Lagrangian.

2.3 Electroweak Symmetry Breaking

Up to this point, there are no mass terms in the Lagrangian. All fermions and
gauge fields are massless. The gluons and photons are indeed massless. However,
the electroweak vector bosons have been proved to be massive. Including a mass
term for the weak bosons or for the fermions in the Lagrangian would violate the
local SU(2)L⊗U(1)Y gauge invariance, which is needed to ensure that the theory
is renormalizable. These masses are included by the Higgs mechanism without
violating gauge invariance by introducing an SU(2)L Higgs doublet with weak
isospin I3 = 1/2 and hypercharge Y = 1:

φ̂ =
φ̂+

φ̂0

 = 1√
2

φ̂1 + iφ̂2

φ̂3 + iφ̂4

 (2.17)

The Lagrangian for the Higgs field is

L̂H =
(
D̂µφ̂

)† (
D̂µφ̂

)
− V̂ (φ̂†φ̂), (2.18)

where V̂ (φ̂†φ̂) is the Higgs potential and the gauge covariant derivative is given by

D̂µφ̂ =
(
∂µ + ig

2 ~τ ·
~̂Wµ + ig′

2 B̂µ

)
φ̂, (2.19)

when acting on the φ̂ field.

The Lagrangian L̂H is invariant under SU(2)L⊗U(1)Y transformations. The
potential is written in the most general and renormalizable form consistent with
the SU(2)L ⊗ U(1)Y gauge invariance

V̂ (φ̂†φ̂) = µ2φ̂†φ̂+ λ
(
φ̂†φ̂

)2
. (2.20)

The first term of equation (2.20) is a mass term and the second is a self-
interaction term. We can require λ to be positive to ensure that V̂ (φ̂†φ̂) is bounded
from below. V̂ (φ̂†φ̂) can take two different forms according to the value of µ2. If
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(a) (b)

Figure 2.2: The shape of the Higgs potential for µ2 > 0 (a) and µ2 < 0 (b). In the
first case, the minimum is unique and lies at the center of the potential, whereas
in the second case there is a set of minima which lie on a circle. By choosing a
particular point in the circle of minima and setting this to be the ground state,
the symmetry is spontaneously broken.

µ2 is positive (µ2 > 0), the potential V̂ (φ̂†φ̂) simply describes a scalar field with
mass µ. In that case the ground state or the vacuum state (configuration in which
the energy of the field is minimized) is unique and corresponds to 〈0| φ̂ |0〉 = 0, as
shown in Figure 2.2a. However, if µ2 is negative (µ2 < 0), the minimum of the
potential occurs for

〈0| φ̂†φ̂ |0〉 = 1
2 〈0|

(
φ̂2

1 + φ̂2
2 + φ̂2

3 + φ̂2
4

)
|0〉 = −µ

2

2λ. (2.21)

As shown in Figure 2.2b, the ground state is degenerate, there is an infinite
set of minimum values for the potential. These values are found to lie on a circle
and when one of these values is chosen as the ground state, the symmetry is
broken. This vacuum does not hold the same symmetry of the initial Lagrangian.
Whenever this occurs we say that the symmetry was spontaneously broken. For
example, if we choose 〈0| φ̂i |0〉 = 0 for i = 1, 2, 4 and 〈0| φ̂3 |0〉 =

√
−µ2/λ, the

vacuum expectation value will be

〈0| φ̂ |0〉 = 1√
2

0
v

 with 〈0| φ̂3 |0〉 ≡ v =
√
−µ2

λ
. (2.22)

To determine the excitations (i.e. the particle spectrum), it is necessary to
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expand the fields around their value at the minimum. Oscillations about equation
(2.22) can be parametrized by

φ̂(x) = 1√
2

exp
(
−i~τ · ~̂θ(x)/v

) 0
v + Ĥ(x)

 , (2.23)

where τi(i = 1,2,3) are the Pauli matrices.

The three θ̂(x) can be removed by an appropriate gauge transformation φ̂→
φ̂′ = exp

(
i~τ · ~̂θ(x)/v

)
φ̂. The field φ̂ will be rotated into the form

φ̂′(x) = 1√
2

 0
v + Ĥ(x)

 . (2.24)

Thus, of the four scalar fields, the only one that does not vanish after the
rotation is the Ĥ(x) field, the three θ̂(x) fields were removed. The Hermitian
scalar field Ĥ(x) is understood as the physical Higgs boson. The gauge choice of
equation (2.24) is called unitary gauge.

The θ̂(x) fields are Goldstone bosons. It can be shown, by the Goldstone’s
theorem [19], that a massless scalar spinless particle, known as Goldstone boson,
appears when a continuous symmetry is spontaneously broken. For a local gauge
symmetry the Goldstone bosons disappear from the spectrum and the massless
gauge boson associated with the broken symmetry will acquire mass and a third
polarization state (longitudinal polarization), this is the Higgs mechanism.

Each broken symmetry is associated with one massless Goldstone boson. The
massless gauge fields that correspond to spontaneously broken non-Abelian sym-
metries will acquire mass, whereas those gauge fields that correspond to respected
symmetries will not. If SU(2)L ⊗ U(1)Y symmetry were completely broken we
would expect four Goldstone modes. However, the vacuum choice (eq. 2.22) car-
ries no electric charge, Q = (I3 +Y/2) is conserved and the vacuum will be invariant
under U(1)Q transformations. So, since the U(1)Q symmetry of electromagnetism
is conserved, the photon will remain massless and we expected only three of the
four degrees of freedom from the original Higgs doublet to be Goldstone bosons.
These three degrees of freedom will become the longitudinal polarization state of
the three W+, W− and Z bosons and make them massive (A massless particle
has only two transverse polarization degrees of freedom). The fourth degree of
freedom will become a scalar particle, the Higgs boson.

13
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Introducing equation (2.24) into equation (2.18) and defining the Ŵ±
µ , Ẑµ and

Âµ fields as

Ŵ±
µ = 1√

2
(
Ŵ 1
µ ∓ iŴ 2

µ

)
(2.25)

Ẑµ = cos θW Ŵ 3
µ − sin θW B̂µ (2.26)

Âµ = sin θW Ŵ 3
µ + cos θW B̂µ, (2.27)

with θW the weak mixing angle, defined by

sin θW = g′√
g2 + g′2

cos θW = g√
g2 + g′2

, (2.28)

the full Lagrangian for the Electroweak Symmetry Breaking becomes:

L̂H = 1
2∂µĤ∂

µĤ +
[
m2
W Ŵ

+µŴ−
µ + m2

Z

2 ẐµẐµ

](
1 + Ĥ

v

)2

− V̂ (Ĥ), (2.29)

with the potential given by

V̂ (Ĥ) = 1
2m

2
HĤ

2 +
√
λ

2mHĤ
3 + λ

4 Ĥ
4 − m4

H

16λ with mH =
√

2µ2. (2.30)

As expected, the second term of equation (2.29) now includes the mass terms
for the W± and Z fields, while the photon remains massless. The (tree-level)
masses are given by

mW = gv

2 ; mZ =
√
g2 + g′2v

2 ; mA = 0 (2.31)

implying the relation
mW

mZ

= cos θW (2.32)

Equation (2.29) also contains the interaction terms between the vector bosons
and the Higgs (i.e. ZZH, W+W−H, ZZHH and W+W−HH). The first term
of equation (2.30) is a (tree-level) mass term for the Higgs boson, which is given
by mH =

√
2µ2 =

√
2λv. The value of mH cannot be calculated by the theory,

since it depends on the coupling λ which is a free parameter. The potential also
includes terms for the Higgs self-interactions between three and four Higgs bosons.
The couplings are represented in Figure 2.3.
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Figure 2.3: Interactions between the Higgs boson and weak bosons V ≡ W±, Z
and Higgs self-interactions, the couplings are represented in each vertex.

2.4 Fermion Masses

It is possible to introduce in the Lagrangian an SU(2)-invariant interaction
between the fermions and the Higgs doublet. These couplings are called Yukawa
couplings and, after the spontaneous breaking of symmetry, these couplings will
generate the mass terms for the fermions. The Yukawa Lagrangian can be ex-
pressed in the from

L̂Y = −yel̄mLφ̂emR − ydq̄mLφ̂dmR − yuq̄mLφ̂CumR + h.c., (2.33)

where h.c. means Hermitian conjugate of the preceding terms, φ̂C = iτ2φ̂
† is the

charge-conjugate of φ̂ and the couplings yf are arbitrary.
Substituting equation (2.24) in the Yukawa Lagrangian gives

L̂Y = −1√
2

(v +H)
(
yeēmLemR + ydd̄mLdmR + yuūmLumR

)
+ h.c. (2.34)

= 9meēmem 9mdd̄mdm 9muūmum 9
me

v
ēmemH 9

md

v
d̄mdmH 9

mu

v
ūmumH, (2.35)

where the second line was obtained using ψ̄LψR + ψ̄RψL = ψ̄ψ and defining me =
yev/

√
2, md = ydv/

√
2 and mu = yuv/

√
2. The fermions, except for neutrinos, have
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acquired masses by coupling with the Higgs boson after spontaneous symmetry
breaking. Yukawa terms cannot be written for the neutrinos since the SM contains
no νR state, leaving neutrinos massless. However neutrinos masses can still be
included in the SM with Majorana terms.

The last tree terms of equation (2.35) describe the interactions, represented in
Figure 2.4, between the fermions and the Higgs boson. The coupling is proportional
to the fermion masses, which have to be measured, and the Higgs couples most
strongly to the heaviest fermion.

H

f

f̄

mf
v

Figure 2.4: Higgs boson coupling to massive fermions.

2.5 Higgs Boson Production at the LHC
As seen in the previous sections, the Higgs couplings to the bosons and

fermions are proportional to the corresponding particle mass, which means that the
Higgs production and decay modes are dominated by processes involving couplings
between the Higgs and heavy particles, such as the third generation of fermions
an the weak vector bosons. The Higgs does not couple to massless gauge bosons
(photons and gluons). Their interactions cannot occur at tree-level and need to be
mediated by a loop of quarks (mainly top and bottom quarks, due to their large
masses) or W± bosons (only in the photon case).

The dominant processes for producing Higgs bosons in pp collisions at the
LHC, in order of decreasing cross section, are: gluon-gluon fusion (ggF ), vec-
tor boson fusion (V BF ), vector boson-associated production or “Higgsstrahlung”
(V H), and Higgs associated production with tt̄ and bb̄ (qqH). Figure 2.5 shows
examples of Feynman diagrams for those production modes. The theoretical cross
section for each production mode is given in Table 2.2 and plotted as a function
of the center-of-mass energy

√
s for mH = 125 GeV in Figure 2.6.
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The ggF process is the dominant production mode for the Higgs boson at
the LHC, contributing about 87% of the total Higgs cross section. This significant
contribution is owing to the large presence of gluons in proton collisions.

g

g

H

q

q

H

q′

q′

V

(a) Gluon fusion (pp→ H). (b) Vector boson fusion (pp→ qqH).

q̄

q

V

H

V ∗

g

g

H

t, b

t̄, b̄

(c) Vector boson associated (d) Heavy quarks associated
production (pp→ V H). production (pp→ tt̄ (bb̄)H).

Figure 2.5: Feynman diagrams of the dominant production modes for the Higgs
boson at the LHC.

The second most probable production mode is V BF , in which the Higgs is
produced fromW± or Z bosons that originate from two initial state quarks. These
quarks will scatter through to the final state and form two jets. This channel
contributes about 7% of the total Higgs cross section.

The V H process occurs when one quark and one antiquark interact to from an
off-shell vector boson that radiates a Higgs boson and one on-shell vector boson.
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This final state vector boson will further decay into leptons or hadrons. The
contribution of this process is smaller due to the fact that the initial state antiquark
does not come from the valence of the colliding protons but from the sea.
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Figure 2.6: Higgs boson production cross sections as a function of the center-of-
mass-energies. The theoretical uncertainties are indicated as bands [20].

Table 2.2: SM Higgs boson production cross sections for mH = 125.09 GeV in pp̄
collisions at

√
s = 13 and 14 TeV [20]. The fraction f of the total cross section is

shown together with the expected number of events N, considering an integrated
luminosity of 147 and 350 fb−1 for the Run 2 and 3, respectively.

√
s = 13 TeV

√
s = 14 TeV

σ (pb) f (%) N σ (pb) f (%) N

ggF 48.51+7.8%
−9.9% 87.137 7.13 · 106 54.60+7.8%

−9.9% 87.091 1.91 · 107

V BF 3.922+2.3%
−2.0% 7.045 5.77 · 105 4.442+2.3%

−2.0% 7.085 1.55 · 106

WH 1.370+2.4%
−2.6% 2.461 2.01 · 105 1.510+2.3%

−2.6% 2.409 5.28 · 105

ZH 0.882+5.4%
−4.6% 1.584 1.30 · 105 0.983+5.4%

−4.8% 1.568 3.44 · 105

ttH 0.498+9.4%
−12.8% 0.895 7.32 · 104 0.603+9.6%

−12.8% 0.962 2.11 · 105

bbH 0.486+20.1%
−23.9% 0.873 7.14 · 104 0.552+20.1%

−24.1% 0.88 1.93 · 105

tH 0.0028+4.6%
−4.0% 0.005 4.12 · 102 0.0032+4.5%

−3.9% 0.005 1.12 · 103
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The qqH production is the mechanism with the smallest contribution, where
one Higgs an two final state heavy quarks are produced from a pair of gluons or a
pair of quark-antiquark. The tt̄H channel is a extremely important process that
gives direct access to the Higgs Yukawa coupling to top quarks and can be used
to probe the CP nature of the Higgs boson. The importance of the tt̄H channel
will be further discussed in section 4.1.

2.6 Higgs Boson Decay Modes
The Higgs will predominantly decay into the heaviest pairs of weak vector

bosons or fermions (H → V V̄ , f f̄) if the decay mode is kinematically allowed
(mH > 2mV,f ). As a result, since mH < 2mt, an on-shell Higgs cannot decay into
pairs of top quarks despite its large Yukawa coupling. Therefore, the decay into
pairs of bottom quarks is the one with the highest branching ratio. In the case of
a Higgs decaying into a pair of W± or Z bosons, one of the bosons needs to be
off-shell for the decay to be kinematically allowed. The Higgs can also decay into
pairs of massless gauge bosons through loops of massive particles. The dominant
decay modes are H → bb̄ and H → WW ∗, followed by H → gg, H → τ+τ−,
H → cc̄, H → ZZ∗, H → γγ, H → Zγ and H → µ+µ−. The branching ratios of
the different Higgs decay channels are plotted as a function of the Higgs mass in
Figure 2.7. Table 2.3 shows the decay branching ratios for a Higgs boson with a
mass of 125.09 GeV.

The sensitivity of a search channel does not depend only on the corresponding
branching ratios. The production cross section, the reconstructed mass resolution,
the selection efficiency and the level of background in the final state also need to
be considered. For a Higgs boson with mass mH = 125 GeV, the decay channels
H → γγ and H → ZZ∗ → 4l provide the best resolution of the reconstructed mass
as the detected photons and leptons can be very precisely measured. Although the
H → bb̄ and H → WW ∗ channels have large branching ratio, the reconstructed
mass resolution is lower. The H → bb̄ channel is not easily distinguished from its
large QCD background, the b-jets originated from this channel are identified with
considerably worse resolution than the one achieved with leptons and photons.
The H → WW ∗ channel contains either jets or neutrinos in the final state. The
latter cannot be directly detected and must be reconstructed from the missing
energy. Hence, in spite of the small branching ratio, channels including photons
and leptons may still be preferred.
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Figure 2.7: Higgs boson branching ratios and their uncertainties for the mass
range around 125 GeV [20].

Table 2.3: Higgs boson branching ratios and Higgs total width together with their
total relative uncertainties for a SM Higgs boson with mH = 125.09 GeV [20].

Decay channel Branching ratio (%)

H → bb̄ 58.09 +2.14%
−2.18%

H → WW ∗ 21.52 +2.64%
−2.6%

H → gg 8.18 +8.21%
−8.15%

H → τ+τ− 6.256 +2.77%
−2.74%

H → cc̄ 2.884 +7.75%
−3.41%

H → ZZ∗ 2.641 +2.62%
−2.59%

H → γγ 0.227 +3.27%
−3.33%

H → Zγ 0.1541 +7.26%
−7.37%

H → µ+µ− 0.02171 +2.8%
−2.86%

ΓH = 4.100 · 10−3 +2.32%
−2.31% GeV

2.7 Higgs Boson Discovery and Properties
The discovery of a particle with a mass around 125 GeV and consistent with

the Higgs boson was announced by both the ATLAS [1] and CMS [2] collaborations
on the fourth of July 2012. The Higgs boson was a remarkably difficult particle to
be observed and the search had been ongoing for almost half a century. This is due
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to the fact that its mass depends on the coefficient λ of the Higgs self-coupling,
as seen in section 2.3. The numerical value of λ is not given by the theory and it
cannot be obtained by any other observable. Experiments could not look for the
Higgs boson at a specific mass and had to be designed for any value of mH .

Figure 2.8: Invariant mass distribution of the four leptons (a) and diphoton system
(b) overlaid with the results of the fits and the background in each case [21].

After the discovery, the primary goal of the Higgs studies has been to obtain
precise measurements of the different Higgs parameters and properties, such as
measurements of its mass, decay width, coupling constants, spin and parity quan-
tum numbers in order to verify if the discovered Higgs boson is consistent with
the SM predictions. A combined measurement [22] of the Higgs boson mass was
performed by ATLAS and CMS with information from both the H → ZZ∗ → 4l
and H → γγ channels. The measurement is derived from a combined fit to the
four-lepton and diphoton invariant mass spectra. Figure 2.8 shows examples of
these distributions. The various results obtained by ATLAS and CMS can be
combined to produce a more precise value. The latest combined measured mass
of the Higgs boson performed using Run 1 data at

√
s = 7 and 8 TeV was found

to be
mH = 125.09± 0.21 (stat)± 0.11 (syst) GeV. (2.36)

Once the mass is know, the production cross sections and decay branching ra-
tios of the Higgs boson predicted by the SM can be precisely calculated. The signal
strength parameter µ is commonly used to characterize the Higgs boson yields and
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compare the predicted values for production and decay to the experimental results.
The signal strength can be defined as

µ = µi × µf = σi ×BRf

(σi ×BRf )SM
, (2.37)

where σi is the cross section of the production mode i and BRf is the branching
ratio of the decay channel f . The values of σi and BRf cannot be measured sepa-
rately since each detected process involves a production and a decay, and only the
product of µi and µf can be extracted experimentally. The most recent measure-
ment of the global Higgs signal strength obtained by the ATLAS collaboration is
[23]

µ = 1.13± 0.05 (stat)± 0.05 (exp)+0.05
−0.04 (sig th)± 0.03 (bkg th) (2.38)

where the total uncertainty is decomposed into components for statistical uncer-
tainties, experimental systematic uncertainties, and theory uncertainties on signal
and background modelling. The measurement is in agreement with the SM pre-
dictions.

In order to obtain values of the Higgs couplings and search for possible devi-
ations from the SM predictions, the expected SM Higgs cross sections and partial
decay widths are scaled by coupling modifiers kj as [24]

(σ ·BR) (i→ H → f) = σSM (i→ H) ·BRSM (H → f) ·
k2
i k

2
f

k2
H

(2.39)

where kj = 1 denoting SM predictions, with j = i,f for the initial and final states
of the process, respectively. kH is one scale factor for the Higgs boson total width.
With this parameterization, known as the kappa framework, the expected coupling
strengths can be tested through fits to the experimental data, combining data from
several different channels.

As seen in section 2.3 and 2.4, the SM predicts a linear relation between
fermion couplings to the Higgs boson and fermion masses, and a linear relation
between vector boson couplings to the Higgs boson and the square of vector boson
masses. The reduced couplings used in the parameterization are defined as yf =
kfmf/v for fermions and yV =

√
kV mV/v for vector bosons. Figure 2.9 shows a

summary of the best-fit results for the Higgs boson couplings obtained by ATLAS
and CMS, displaying a trend consistent with the SM predictions.
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Figure 2.9: Higgs boson reduced coupling strength modifiers to the different
fermions and vector bosons measured by ATLAS and CMS using Run 1 data,
as a function of the particle mass [25].

It is also essential to probe the Higgs boson spin (J), charge conjugation (C)
and parity (P) quantum numbers. In the SM, the Higgs is a scalar and CP-even
particle (JPC = 0++), which means that it is invariant under CP-transformations.
The ATLAS and CMS collaborations have searched for CP-odd contributions in
the Higgs boson couplings to gauge bosons, and so far all results are in agreement
with the CP-even SM prediction [26–29]. However, these channels probe only the
bosonic couplings. The measurement of the Higgs boson couplings to fermions
may provide information that the bosonic channels do not, since these couplings
are sensible to CP-odd contributions at tree-level, whereas the bosonic ones are
not. Exploring the Yukawa couplings structure is essential to fully understand
the observed Higgs boson. Such structure could indicate a CP violation in the
Higgs sector, which could potentially help in the explanation of baryogenesis. The
importance of this measurement is further addressed in Chapter 4.
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3
The LHC and the ATLAS Detector

In order to test the theory and its predictions, sophisticated particle acceler-
ators are required to provide high energy collisions at high rates, as well as multi-
layer detectors that can efficiently identify and reconstruct the different types of
particles originated from the collisions. In this chapter, a brief introduction of the
Large Hadron Collider (LHC) is given, together with its foreseen High-Luminosity
upgrade. In the second part of this chapter, the ATLAS detector and all of its
components is described, as well as the trigger and data acquisition systems.

3.1 The Large Hadron Collider

The Large Hadron Collider [30], located at CERN (European Organization
for Nuclear Research), is the world’s most powerful superconducting hadron ac-
celerator and collider. It lies between 45 and 170 m under the France-Switzerland
border near Geneva, in a 26.7 km tunnel that first hosted the Large Electron-
Positron Collider (LEP). The LHC was built to explore new energy frontiers and
explain some of the most fundamental questions of physics.

The LHC was designed to collide proton beams with a center-of-mass energy
of 14 TeV and luminosity of 1034 cm−2s−1. It was also designed to collide heavy
ions, in particular, lead (Pb) nuclei, with an energy of 2.8 TeV per nucleon and
a peak luminosity of 1027 cm−2s−1. To achieve such high energies, the particles
need to pass through a series of systems that successively increase their energy.
The protons obtained by the ionization of hydrogen atoms are injected into the
linear particle accelerator LINAC 2, where they are accelerated to an energy of
50 MeV. Then, the protons are accelerated by the Proton Synchrotron Booster
(PSB) up to 1.4 GeV, by the Proton Synchrotron (PS) up to 25 GeV, and by the
Super Proton Synchrotron (SPS) up to 450 GeV. Finally, the proton beam is split
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and injected into the LHC. The beams are introduced into different LHC beam
pipes in opposite directions, where the beams are further accelerated and reach
their final energy.

Inside the LHC, the particles circulate in bunches of approximately 1011 pro-
tons, with a bunch spacing of 25 ns. Then the bunches collide at four crossing
points, around which the detectors are positioned. Each detector is dedicated
to certain kinds of study: ATLAS (A Toroidal LHC ApparatuS) [31] and CMS
(Compact Muon Solenoid) [32] are general-purpose detectors, ALICE (A Large
IonCollider Experiment) [33] is designed to study the quark-gluon plasma in Pb-
Pb and p-Pb collisions, and LHCb (LHC-beauty) [34] is dedicated to the study of
bottom quark physics.

One important concept of particle accelerators is the notion of Luminosity,
which measures the capacity of a particle collider to produce the demanded number
of interactions. It is used to quantify the performance of the collider. For a given
process i, the number of events Ni can be obtained by the product of the produc-
tion cross section σi of this process and the time integral over the instantaneous
luminosity L(t):

Ni = σi

∫
L(t) dt. (3.1)

For bunched beams the instantaneous luminosity can be expressed by

L =
N2
pnbfrev

4πσxσy
F, (3.2)

where Np is the number of protons contained in each bunch, nb is the number of
bunches injected at the LHC per revolution, frev is the beam revolution frequency
(≈ 11 kHz), σx and σy characterize the transverse dimensions of the beam and F
is the geometric luminosity reduction factor, which is a small correction factor to
account for collisions with a transverse offset or crossing angle between beams at
the interaction point.

Table 3.1 summarizes the main operation parameters of the LHC for each
data taking period until the end of Run 2. Figure 3.1 shows the total integrated
Luminosity delivered by the LHC and recorded by ATLAS during the Run 2. The
detectors start working only after the beams circulating in the beam pipe are stable
so the total luminosity recorded by the detectors will be different from the total
delivered by the LHC.
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Figure 3.1: Cumulative luminosity delivered to ATLAS (green) and recorded by
ATLAS (yellow) during stable beams for pp collisions at 13 TeV center-of-mass
energy in LHC Run 2 [35].

Table 3.1: Typical LHC running parameters for pp collisions during operation in
Run 1 (2010 - 2012) and Run 2 (2015 - 2018), shown together with the design
parameters [35–39]. In 2017, the LHC was run in two configurations: standard,
with bunch spacing of 25 ns, and ‘8b4e’, denoting a pattern of eight bunches
separated by 25 ns followed by a four bunch-slot gap. Values are presented for
both configurations.

Run 1 Run 2
Parameter 2010 2011 2012 2015 2016 2017 2018 Design

Beam energy (TeV) 3.5 3.5 4.0 6.5 6.5 6.5 6.5 7.0
Max number of bunch pairs 368 1380 1380 2232 2208 2544/1909 2544 2808

Bunch population (1011 protons) 1.0 1.3 1.5 1.1 1.1 1.1/1.2 1.1 1.15
Bunch spacing (ns) 150 50 50 25 25 25/8b4e 25 25

Max peak luminosity (1034 cm−2s−1) 0.021 0.35 0.77 0.5 1.3 1.6 1.9 1.0
Total integrated luminosity (1fb−1) 0.048 5.5 22.8 4.0 38.5 50.2 63.4 -
Number of Interactions per Crossing 9.1 20.7 13.4 25.1 37.8 36.1 24
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By increasing the luminosity, the number of collisions per bunch crossing will
increase and, with it, the probability of observing a rare process. However, due
to the large bunch density, multiple interactions can occur simultaneously. The
overlap of the electronic signals from these additional interactions with the primary
event is known as pile-up, it increases with the luminosity and presents a significant
challenge to physics analyses. Figure 3.2 shows the distributions of pile-up for the
data collected by the ATLAS experiment during the LHC Run 2.
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Figure 3.2: Luminosity-weighted distribution of the mean number of interactions
per crossing for the 13 TeV data from 2015 - 2018 collected by the ATLAS exper-
iment. The time averaged pile-up, 〈µ〉, per year is shown [35].

3.1.1 The High-Luminosity Large Hadron Collider

The High-Luminosity Large Hadron Collider (HL-LHC) [41–43] project is an
upgrade to the LHC that proposes a boost in the performance of the machine
to increase its potential for physics discoveries. The project is planned to start
in 2027 and aims to increase the instantaneous luminosity by at least a factor of
five beyond its initial design value. This luminosity will allow for the HL-LHC to
collect a dataset about one order of magnitude larger than what would be expected
by the end of 2023 with the LHC baseline program. The timeline for LHC program
including the HL-LHC upgrade is represented in Figure 3.3.
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Figure 3.3: LHC plan for the next decade and beyond showing the energy of the
collisions and the luminosity. After the third long shutdown (LS3) the machine
will be in the High Luminosity configuration [41].

At the start of the operation of the HL-LHC, the ATLAS experiment will have
collected a dataset corresponding to an integrated luminosity of roughly 300 fb−1.
The HL-LHC program is expected to provide ten times more integrated luminosity,
3000 fb−1, during an operating period of approximately 10 years. An instantaneous
luminosity of 7.5 × 1034 cm−2s−1 and a performance of more than 300 fb−1 per
year is required in order to accomplish this goal. The collisions will be held at
a center-of-mass energy of

√
s = 14 TeV, in a pile-up environment of 140 − 200

simultaneous events and bunch spacing of 25 ns.

An increase in luminosity means that there will be more collisions per bunch
crossing and therefore more data will be collected. This will lead to a considerable
improvement in the experimental precision of the SM measurements. Besides that,
it will provide access to rare processes not previously seen and extend the precision
of important measurements that may hint for the existence of physics beyond the
SM. For example, the measurements of the coupling of the Higgs boson to SM
particles is expected to reach a level where the effects of new physics could possibly
be seen. Furthermore, the HL-LHC will be able to probe the Higgs pair production,
which gives access to the Higgs trilinear self-coupling, providing constraints on the
Higgs potential and improving our understanding of the EWSB mechanism.
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With the increase in the integrated luminosity and presumed potential gains
in technique, several studies were performed [44–46] to estimate the future perfor-
mance of the HL-LHC, as well as to predict the expected systematic uncertainties
of physics results. General recommendations were defined for the HL-LHC un-
certainties. Theoretical uncertainties are considered to be reduced by a factor of
two of the current values, due to higher-order calculation and reduced PDF un-
certainties [47]. Intrinsic statistical uncertainty in the measurement is divided by
a factor of

√
L/Lref , where L is the projection integrated luminosity and Lref the

luminosity of the reference Run-2 analysis. The same factor is also usually applied
for experimental systematic uncertainties but, since these systematic uncertainties
will never be negligible, a limit for this factor is set to 50% of the currently value.

3.2 The ATLAS Detector

The ATLAS detector is one of two general-purpose detectors at the LHC.
It is located at interaction Point 1 in a cavern 100 m below ground. Being a
cylindrical shaped detector with dimensions of 44 m in length and 25 m in height,
it is the most voluminous detector at the LHC. It consists of distinct subsystems
wrapped concentrically in layers around the interaction point, in the center of the
detector, to measure the trajectory, momentum, and energy of particles, allowing
the identification of each particle. The charged particles trajectories are bent
by a large magnet system, in order to obtain an accurate measurement of the
momentum of these particles.
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Figure 3.4: Schematic representation of the coordinate system used by the ATLAS
collaboration (left) and values of pseudorapidity (η) shown on a polar plot. (right).
Images taken and adapted from [48].
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ATLAS uses a right-handed coordinate system, with its origin being set at the
nominal interaction point in the center of the detector. The z-axis is determined
by the direction of the beam line, while the x-y plane is set transverse to it.
The x-axis pointing towards the center of the LHC ring and the y-axis pointing
upwards. Cylindrical coordinates can be used in the transverse plane, with φ

(−π < φ < π) being the azimuthal angle around the z-axis and r the radius
pointing outside the detector. The pseudorapidity η is preferred over the polar
angle θ (0 < θ < π) to describe the angle of a particle relative to the beam
direction since rapidity differences (∆η) are Lorentz invariant under boosts along
the z-axis. The pseudorapidity is defined as

η = − ln
(

tan θ2

)
. (3.3)

The angular distance between particles in the pseudorapidity-azimuthal plane can
be defined as

∆R =
√

∆φ2 + ∆η2 (3.4)

Figure 3.4 shows a representation of the ATLAS right-handed coordinate sys-
tem as well as a representation of η for different values of the polar angle θ.

Table 3.2: Performance goals of each component of the ATLAS detector [31]. The
units for pT and E are in GeV. The ⊕ symbol represents the sum in quadrature.

Detector component Required resolution η coverage
Measurement Trigger

Tracking σpT/pT = 0.05%pT ⊕ 1% ±2.5
EM calorimetry σE/E = 10%/

√
E ⊕ 0.7% ±3.2 ±2.5

Hadronic calorimetry (jets)
barrel and end-cap σE/E = 50%/

√
E ⊕ 3% ±3.2 ±3.2

forward σE/E = 100%/
√
E ⊕ 10% 3.1 < |η| < 4.9 3.1 < |η| < 4.9

Muon spectrometer σpT/pT = 10% at pT = 1 TeV ±2.7 3.1 < |η| < 4.9

The major components of the ATLAS detector are the Inner Detector (ID),
the electromagnetic and hadronic calorimeters (ECAL and HCAL), the Muon
Spectrometer (MS) and the Magnet System, which are illustrated in Figure 3.5
and will be detailed in the following sections. Table 3.2 summarizes the general
performance goals of each component of the ATLAS detector.
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Figure 3.5: Cutaway diagram of the ATLAS detector, illustrating the Inner Detec-
tor (pixel detector, solenoid magnet and transition radiation tracker), the Liquid
Argon Calorimeters, the Tile Calorimeter, the Muon Detectors, and the toroid and
solenoid magnets [49].

3.2.1 The Inner Detector

The Inner Detector (ID) [50–53] is the tracking system of the ATLAS de-
tector, it is the closest component to the beam pipe and is responsible for the
reconstruction of charged particles trajectories and for the determination of their
momenta. The ID provides excellent coverage up to |η| < 2.5 and full coverage
in φ, with a transverse momentum resolution of σpT/pT = 0.05%pT ⊕ 1% in the
plane perpendicular to the beam axis and transverse impact parameter resolution
of 10 µm for high momentum particles in the central η region.

As the charged particles pass through the ID, they ionize the medium of
the multiple layers of the detector. The trajectories of these particles can be
reconstructed from the individual electronic signals left in the different layers.
The layout of the ID is illustrated in Figure 3.6. It consists of three different sub-
components: the Pixel Detector [54], the Semiconductor Tracker (SCT) [55] and
the Transition Radiation Tracker (TRT) [56]. Each sub-component is divided into
two regions, a barrel region, in which the components are arranged in concentric
cylinders around the beam direction, and end-cap regions, in which the components
are located on disks perpendicular to the beam axis. The three sub-layers are
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immersed in a magnetic field of 2 T parallel to the beam axis. The magnetic field,
which is generated by a superconducting solenoid (Section 3.2.4) that extends over
a length of 5.3 m and a diameter of 2.5 m, induces the deflection of the charged
particles and allows the measurement of their momenta.

Figure 3.6: Cutaway diagram of the ATLAS inner detector, illustrating the Pixel
detectors and the barrel and end-cap regions of the Semiconductor Tracker and of
the Transition Radiation Tracker [57].

The pixel detector is the innermost layer of the ID and, therefore, receives the
largest flow of particles, which requires the greatest granularity. The pixel tracker
consists of 1744 silicon pixel modules arranged in three concentric barrel layers and
two end-caps of three disks each. It provides at least three measurement points for
particles emanating from the collision point. Each module contains 47232 pixels
of size 50 × 400 µm2 and a spatial hit resolution of 14 µm in the (r,φ) plane and
115 µm along z. In May 2014 the Insertable B-layer (IBL) [58] was installed to add
an additional fourth pixel layer at a smaller radius, between the beam-pipe and
the pixel detector, as shown in Figure 3.7. This upgrade was intended to enhance
the track and vertex reconstruction and thus allow for a better identification of
jets originating from b-quarks.

The SCT is positioned outside the Pixel detector and consists of 4088 modules
of stereo silicon-strip sensors arranged in four concentric barrels layers and two end-
caps of nine disks each. The sensors are composed of two layers of 6 cm long silicon
strips. The layers of strips are arranged at a small angle of 40 mrad, allowing the
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Figure 3.7: Detailed layout of the Inner Detector, including the Pixel Detector,
the Semiconductor Tracker (SCT), the Transition Radiation Tracker (TRT) and
the new Insertable B-Layer (IBL) [58].

measurement of both r and φ. Then, every barrel or disk will produce two strip
measurements which are combined to build space-points. The SCT will provide
eight precision measurement (four space-points) for each track.

The TRT is the outermost sub-detector layer of the ID. It consists of 298304
proportional drift tubes, referred to as straws, with a diameter of 4 mm. The
straws are parallel to the beam axis in the barrel region and are radially arranged in
wheel-like structures in the end-cap regions. The tubes are filled with a gas mixture
based on Xe (70%), CO2 (27%) and O2 (3%). Whenever a charged particle passes
through the drift tubes, it ionizes the gas mixture inside the tubes. The produced
ions move in the electric field and generate a detectable signal proportional to
the energy left by the particle. This measurement allows the distinction between
different types of particles, such as electrons from heavier charged hadrons. The
TRT tubes provide about 36 hits per track.

3.2.2 The Electromagnetic and Hadronic Calorimeters

Most of the particles that leave the ID (except muons and neutrinos) are
stopped by the calorimeter system. This system is designed to provide precise en-
ergy deposition measurements with a good position accuracy. The electromagnetic
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calorimeter (ECAL) covers the region |η| < 3.2 and provides measurements of the
energy of electrons and photons, whereas the hadronic calorimeter (HCAL) covers
the region |η| < 4.9 and provides measurements of the energy of hadronic showers
(jets). The ATLAS calorimeter system is illustrated in Figure 3.8.

Both ECAL and HCAL are sampling calorimeters. Sampling calorimeters
are made of alternating layers of an absorber material, which reduces the particle
energy and induces showering, and an active material that provides the signal. The
electromagnetic calorimeter is composed of layers of lead absorbers interleaved with
electrodes immersed in Liquid Argon (LAr) active material. It is divided into a
barrel region (|η| < 1.475) and two end-cap components (1.375 < |η| < 3.2). The
barrel region consists of two identical half-barrels, separated by a small gap at the
center, and each end-cap calorimeter is divided into two coaxial wheels.

Figure 3.8: Cutaway diagram of the ATLAS calorimeter system, illustrating the
barrel and end-cap regions of the Electromagnetic and Hadronic Calorimeters [59].

The HCAL is composed by the Tile calorimeter (TileCAL), the LAr hadronic
end-cap calorimeter (HEC) and LAr forward calorimeter (FCAL). The TileCAL is
located directly outside the ECAL system and provides a coverage range of |η| <
1.7. It uses steel as the absorber and scintillating tiles as the active material. The
HEC extends the end-cap coverage out to |η| < 3.2 and consists of two independent
wheels in each end-cap, placed directly behind the ECAL end-cap. The wheels are
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composed of parallel copper absorber plates interleaved with 8.5 mm LAr gaps as
the active medium. The FCAL is composed of three modules in each end-cap: The
innermost layer uses copper as an absorber and is optimized for electromagnetic
detection, the other two layers use tungsten as an absorber and are optimized for
hadronic showers detection. The FCAL cover the range of 3.1 < |η| < 4.9.

3.2.3 Muon Spectrometer

The Muon Spectrometer (MS) surrounds the calorimeter system and is re-
sponsible for the identification and measurement of momenta of muons, which are
the only charged particles expected to leave the calorimeters. The MS covers the
pseudorapidity range of |η| < 2.7. The tracking is based on the deflection of muons
due to the presence of a magnetic field generated by toroidal magnets, which con-
sist of a barrel toroid magnet of 1 T in the |η| < 1.4 region and end-cap toroids
magnet of 0.5 T in the region 1.6 < |η| < 2.7. In between 1.4 < |η| < 1.6, the
magnetic field is a combination of the fields produced by both toroids.

Figure 3.9: Schematic diagram showing a quarter-section of the ATLAS muon
system in a plane containing the beam axis [60].

The MS is composed of four types of muon chambers: the Monitored Drift
Tubes (MDT), the Cathode Strip Chambers (CSC), the Thin Gap Chambers
(TGC) and the Resistive Plate Chambers (RPC). The layout of the Muon Spec-
trometer is shown in Figure 3.9. The MDT provide precise measurements of the
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momentum in the pseudorapidity range |η| < 2.7, except in the innermost end-cap
layer where their coverage is limited to |η| < 2. In this region the CSC are used in-
stead, due to their higher rate capability and time resolution. The two fast trigger
chambers TGC and RPC are used to complement the tracking system, the RPC
in the barrel region (|η| < 1.05) and the TGC in the end-cap (1.05 < |η| < 2.4).
These trigger chambers are capable of generating track information within a few
tens of nanoseconds after the passage of the particle, as well as bunch-crossing
identification.

3.2.4 Magnet System
The ATLAS magnet system is composed of one central solenoid [61], which

provides the Inner Detector with a longitudinal magnetic field, and a toroidal
magnet system [62, 63] that generates the field for the Muon Spectrometer. Figure
3.10 shows the layout of the ATLAS magnet system.
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Figure 3.10: Schematic view of the layout of the ATLAS magnet system, illus-
trating the barrel toroid, the two end-cap toroids and the central solenoid. The
central solenoid lies inside the calorimeter volume [31].

The central solenoid is a superconducting magnet positioned between the ID
and the ECAL with 5.8 m in length with inner diameter of 2.46 m and outer diam-
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eter of 2.56 m. The solenoid produces an axial magnetic field of 2 T in the center of
the ID and was carefully optimized to keep the material as transparent as possible
to traversing particles. The evenness and strength of this magnetic field induce
the bending of highly energetic particles, allowing their moments to be measured
with great precision. In addition, particles with small values of momentum (below
hundreds of MeV) will loop repeatedly in the field and are unlikely to be measured.

The toroidal magnet system is located outside the HCAL and within the
Muon Spectrometer. The toroidal system achieves a complete angular coverage
with three very large air-cored toroids, a barrel toroid magnet and two end-cap
toroids. This system provides a field of 1 T, in the barrel region, and 0.5 T, in the
end-cap region, for the Muon Spectrometer. Each toroid is composed of eight air-
core superconducting coils. The overall size of the barrel toroid system is 25.3 m
in length, with inner diameter of 9.4 m and outer diameter of 20.1 m. While the
end-cap toroids are 5 m deep, with inner diameter of 1.6 m and outer diameter of
10.7 m.

3.2.5 The Trigger and Data Acquisition System

Due to the large Luminosity and bunch-crossing frequency, the LHC produces
roughly 109 proton collisions per second and, consequently, produces an enormous
amount of data that cannot be stored, thus selective triggering is needed. The
Trigger and Data Acquisition system (TDAQ) [64–66] performs a run-time event
selection that effectively rejects the less interesting events and significantly reduces
this large amount of data to a more manageable one. The TDAQ for the Run 2,
shown in Figure 3.11, includes a hardware-based first-level trigger (L1) and a
software-based high-level trigger (HLT).

The L1 process information from the calorimeters and the muon spectrometer
to perform the initial event selection. It aims to identify signatures from high
transverse momentum muons, electrons, photons, jets, and τ leptons decaying
hadronically. It also searches for events with large total transverse energy and large
missing transverse energy. The trigger identifies detector coordinates in η and φ
where these objects were detected as regions of interest (RoI). These coordinates,
the type of event identified and the energy is stored in the RoI data that will
be subsequently used by the HLT. The L1 trigger decides whether to store the
event in less than 2.5 µs after the bunch crossing. This reduces the approximately
40 MHz input event rate to approximately 100 kHz.
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The data from the RoIs received from L1 as well as the data from the full event
can be used in the HLT where it is processed through sophisticated reconstruction
and selection algorithms using high granularity calorimeter information, tracking
information from the ID, and precision measurements from the muon spectrome-
ter. The threshold cuts and the particle identification are improved due to better
information on energy deposition and track reconstruction in the inner detector.
The event rate is reduced from the L1 input of 100 kHz to approximately 1 kHz.
The events selected by the HLT are stored for further analysis.

Figure 3.11: Diagram of the ATLAS Trigger and Data Acquisition system in Run
2 showing expected peak rates and bandwidths through each component [67].
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State of the Art

This chapter presents the state of the art of tt̄H searches and studies of the
CP properties of the top quark Yukawa interaction. The importance of obtaining
a precise measurement of the top quark Yukawa coupling through tt̄H production
is addressed in Section 4.1, together with a description of this channel. The La-
grangian considered in this analysis for the top Yukawa coupling that accounts
for a possible CP-odd component is detailed in Section 4.2. Then, Section 4.2.1
describes several CP sensitive variables that were used during the training of mul-
tivariate techniques and in the fitting. Finally, Section 4.2.2 gives an overview of
the experimental status of the tt̄H production and CP measurements.

4.1 The tt̄H production
As seen in the Section 2.7, it is necessary to investigate the structure and

the CP properties of the top quark Yukawa coupling. The measurement of a CP-
odd component in one of the Higgs boson couplings would constitute an important
discovery of new physics. Furthermore, it could potentially help in the explanation
of the observed asymmetry between matter and antimatter in the Universe, which
requires new sources of CP violation in addition to the ones predicted by the SM.

The top quark has the strongest Yukawa coupling1 to the Higgs boson due to
its large mass. Deviations from the SM would be more evident in this coupling,
which makes it a strong candidate for this measurement. On-shell top quarks are
too massive to be produced in any Higgs boson decay. Instead, the coupling yt
can be directly2 obtained through tt̄H and tH (tHjb and WtH) processes. The

1From equation (2.35) we have yt =
√

2mt/v ≈ 1. This value may indicate a possible special
role of the top quark in the EWSB mechanism.

2The top quark lifetime is small (≈ 0.5×10−24 s [6]), it decays before occurring hadronization
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ATLAS and CMS Collaborations reported in 2018 the first observation of the tt̄H
production [3, 4]. Figure 4.1 shows examples of tree-level diagrams for this process.
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Figure 4.1: Tree-level Feynman diagrams for the tt̄H production at the LHC.

The top quarks decay mainly into a W boson and a bottom quark, with a
branching fraction of (95.7±3.4)% [6]. Then the bottom quark hadronizes and the
W boson can decay hadronically, into a quark-antiquark pair, or leptonically, into
a charged lepton and the corresponding neutrino. Table 4.1 shows the branching
fraction of the different top quark decay modes.

Table 4.1: Top quark branching ratios [6].

Decay channel (t→ Wb) Branching ratio (%)

t→ eνeb 13.3± 0.6
t→ µνµb 13.4± 0.6
t→ τντb 7.1± 0.6
t→ qq̄b 66.5± 1.4

Three different channels are expected for the tt̄H process, according to the
possible decay modes of the W boson originated from the decay of the two top
quarks:

• The all-hadronic channel, where both W bosons decay hadronically. Al-
though this channel present the highest branching ratio (about 46%), it is
extremely challenging to distinguish it from the large multijet background,
in view of the large number of jets in its final state.

and transfers its spin information directly to its decay products.
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• The dilepton channel, where both W bosons decay leptonically. This chan-
nel has the lowest branching ratio (about 9%) and it is less precisely re-
constructed because of the two neutrinos in the final state. However, it is
easily distinguished from the background due to the presence of two isolated
leptons.

• The single lepton or l+jets channel, where one W boson decays leptonically
and the other decays hadronically. This channel contains one lepton (and
only one neutrino) in its final state and, thus, it presents a clean signature
with a higher branching ratio of about 30% (not including the τ leptons,
which further decay into hadrons or leptons and are treated separately).
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Figure 4.2: Tree-level Feynman diagrams for the tt̄H(H → bb̄) channel, including
the subsequent decays of the top quarks.

At the LHC, the tt̄H production accounts for only 1% of the total Higgs
boson production cross-section (Figure 2.6). In order to compensate this small
cross-section, analyses may take advantage of the large branching fraction of the
H → bb̄ decay channel (Figure 2.7). However, this channel also suffers from the
presence of an overwhelming background of tt̄+jets events and a tt̄bb̄ irreducible
3 component, which is badly modelled and introduces challenges to the analysis.
The tt̄H(H → bb̄) channel is represented in Figure 4.2 and is the channel used in
this thesis.

3The irreducible background has the same final state particles as the ones we are searching for.
The more stringent requirements are applied to eliminate this background, more signal events
are lost. This creates a trade off between background rejection and signal acceptance.

43



4. State of the Art

4.2 Study of the tt̄H CP Properties

Deviations to the top Yukawa coupling from the SM may be described as [20]

L̂htt = −kt
yt√

2
ˆ̄ψtψ̂tĥ, (4.1)

where kt parameterizes deviations from the SM Yukawa coupling to the top quark
from equation (2.35). A value of kt = 1 corresponds to the SM case, and kt 6= 1
would have a direct impact on the tt̄H cross-section. The current measurements are
consistent with the kt = 1 case within an uncertainty of approximately 20% [3, 4].
However, the effects of physics BSM could also arise from a different top Yukawa
coupling structure and not only by deviations in the total tt̄H cross-section. This
would originate significant differences also on the predicted tt̄H kinematics.

The existence of CP-odd Higgs boson is predicted by certain BSM models,
such as the two-Higgs doublet model and the MSSM. If multiple Higgs doublets
are considered, the resulting Yukawa coupling will contain two components, one
CP-even and one CP-odd [68]. The pure CP-odd scenario was already excluded
at 99.98% confidence level [26, 27]. However, couplings with a CP-odd component
are still permitted by experimental data [69].

The most general Yukawa Lagrangian that accounts for a possible CP-odd
tt̄H contribution can be written as [70]:

L̂′htt = −k′t
yt√

2
ˆ̄ψt (cosα + iγ5 sinα) ψ̂tĥ, (4.2)

where yt =
√

2mt/v is the SM Higgs Yukawa coupling, α represents the CP mixing
angle that regulates the relative phase of the scalar and pseudoscalar components,
and k′t is the generalized coupling modifier. The SM is obtained when |cosα| = 1
and k′t = 1, in that case h is the SM (CP-even) Higgs boson, which is usually rep-
resented by H (JCP = 0++). The quantity ψ̄tγ5ψt is a pseudoscalar, it transforms
as a Lorentz scalar as well as ψ̄tψt, but it is odd under parity transformations.
The pure pseudoscalar scenario occurs when cosα = 0, in that case h is usually
represented by A (JCP = 0+−).

The Lagrangian can also be written as

L̂′htt = − yt√
2

ˆ̄ψt
(
kt + iγ5k̃t

)
ψ̂tĥ with

kt = k′t cosα
k̃t = k′t sinα

(4.3)
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where the pure CP-even interaction is given by kt = 1 and k̃t = 0, while the pure
CP-odd interaction is given by kt = 0 and k̃t = 1.

4.2.1 Phenomenological Studies

Several variables, that are sensitive to the scalar and pseudoscalar components
of the fermions Yukawa couplings, have been extensively explored by recent phe-
nomenological papers [71–74] in order to achieve a better discrimination between
the different CP scenarios, and also to reduce the contribution from the dominant
irreducible background (tt̄bb̄). These observables exhibit significant differences
between the samples of pure CP-evens, pure CP-odd and the background. The
variables that show the greatest discriminating power can be used in the training
of a multivariate algorithm that may be used in the fit (Section 6.4).

The first set of observables used in this work includes angular variables that are
defined as a product of trigonometric functions of two distinct three-dimensional
angles calculated in different reference frames. Figure 4.3 shows examples of these
angular variables. The notation θxy represents the angle between the direction of
the y system, in the rest frame of x, and the direction of the x system, in the rest
frame of its parent system. In the phenomenological studies, these observables
were chosen based on the best forward-backward asymmetry, as well as the set
of variables that presented the lowest correlation between them. In this thesis,
the choice of variables was based on the classification efficiency of the multivariate
algorithm built with some of these variables. The procedure used in this thesis to
classify the CP structure of events is further detailed in Section 6.4 and 6.5.

Figure 4.3: Distributions of angular variables for the dilepton channel after event
selection and full kinematic reconstruction. The distributions are shown for pure
CP-even tt̄H and pure CP-odd scenario and for the tt̄bb̄ background [72, 73].
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In addition to the angular variables, another set of observables, defined in
terms of transverse and longitudinal projections of the particle momenta with
respect to the beam axis, was also used:

bf2(i, j) =
(~pfi × k̂z) · (~p

f
j × k̂z)

|~pfi ||~p
f
j |

(4.4)

bf4(i, j) =
(~pfi,z) · (~p

f
j,z)

|~pfi ||~p
f
j |

(4.5)

where ~pfi is the total momentum of the particle i and ~pfi,z its z-component, with
i,j = {t, t̄, h} and f being the reference frame where the momentum is measured.
k̂z corresponds to the beam line, which defines the z-direction. Figure 4.4 shows
the distribution of the bf2 for i = t and j = t̄ calculated at the tt̄h reference frame
and bf4 calculated at the laboratory frame.

Figure 4.4: Normalized btt̄h2 (tt̄) (left) and bLAB4 (tt̄) (right) distributions for pure
CP-even tt̄H and pure CP-odd scenario and for the tt̄bb̄ background, at NLO
including shower effects [74].

4.2.2 Observation of tt̄H Production and CP Measurements
The observation of the tt̄H production by the ATLAS and the CMS collab-

orations [3, 4] was announced in 2018 and proves the tree-level coupling of the
Higgs boson to the top quarks. The ATLAS measurement was obtained through
the combination of H → γγ and H → ZZ∗ → 4l decay channels with H → bb̄

and multilepton searches from Refs. [75, 76]. The analysis used a dataset corre-
sponding to an integrated luminosity of 79.8fb−1 at

√
s = 13 TeV collected in 2017

for the γγ and ZZ∗ decay modes, while for the other channels a 36.1fb−1 dataset
collected in 2015 and 2016 at

√
s = 13 TeV was used.
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The events in the single-lepton and dilepton channels were classified into non-
overlapping regions based on the total number of jets, as well as the number of
b-tagged jets at different b-tagging efficiency. A combined fit was performed to the
different regions of the individual analyses using the profile likelihood method4. All
Higgs boson production processes besides tt̄H production were considered as back-
ground and their cross sections were fixed to the SM expectations. The respective
cross-section uncertainties were treated as systematic uncertainties. Figure 4.5
shows the tt̄H signal strength measured in the analysis.

Figure 4.5: Measurements of the tt̄H production cross section divided by the
SM prediction. the statistical and systematic uncertainties, as well as the total
uncertainty are represented. The SM cross-section prediction is indicated by a red
vertical line, together with a grey band that represents its uncertainties [3].

In 2020, both the CMS and the ATLAS collaboration reported the first mea-
surement sensitive to the CP structure of the top Yukawa interaction in the
tt̄H(H → γγ) channel [77, 78]. The tt̄H(H → γγ) ATLAS analysis was per-
formed using 139 fb−1 of

√
s = 13 TeV pp collision data from 2015 to 2018 recorded

with the ATLAS detector. This analysis was based on two different independent
boosted decision trees (BDT) algorithmin order to improve the analysis sensitiv-
ity. One BDT is used to separate events into signal (tt̄H and tH events5) and into

4For a more detailed discussion on the profile likelihood method see chapter A
5tH production is also included as signal since it is particularly sensitive to variations from

SM due to destructive interference between CP-even and CP-odd tH diagrams. The tH cross
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background, and the other to discriminate between the two different CP scenarios
(CP-odd and CP-even).

The events are classified into different categories, according to the output of
the background rejection BDT. The number of categories and their boundaries are
optimized based on the discriminating potential between the CP-even and CP-
odd scenarios. In total, 12 categories were used in the hadronic region and 8 in
the leptonic region (where at least one top quark decays leptonically). Figure 4.6
shows the distribution of data in the hadronic channel in CP BDT as function of
background rejection BDT. The blue lines corresponds to pure SM signal, and the
red lines corresponds to pure CP-odd signal. The projections of the two BDTs are
also shown in the figure.

Figure 4.6: Two-dimensional BDT distribution in the selected data events from
the Hadronic region showing the Background Rejection BDT and CP BDT (left).
The inner (outer) lines capture 25% (50%) of the tt̄H and tH signal events for
CP-even (blue) and CP-odd (red) hypotheses. Together with the projections onto
the background rejection and CP BDT axes (right) [78].

A fit is performed to the diphoton invariant mass mγγ distribution in all the
categories simultaneously. The tt̄H production is observed with a significance of
5.2σ, assuming a CP-even coupling. The tH process is not observed with a limit
of 12 times the SM expectation at 95% confidence level. The analysis exclude
values of α greater than 43◦ at 95% confidence level and a pure CP-odd coupling
(α = 90) at 3.9σ. Figure 4.7 shows the observed 2D contour of k′t cosα and k′t sinα.

section strongly varies with α [79]. It is also present in the analysis after event selection and
gives sensitivity to the sign of the CP mixing angle (Section 7.1).
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Figure 4.7: Two-dimensional likelihood contours for k′t cosα and k′t sinα with ggF
and H → γγ constrained by the Higgs boson coupling combination [78].

In summary, all the measurements are in agreement with the SM and the analysis
constrain the pure CP-odd coupling. However, since the Higgs-photon coupling is
loop-induced, the H → γγ could be affected by BSM effects, and a search in the
H → bb̄ decay channel is still necessary.

The first analysis of the CP structure of the Yukawa coupling between the
Higgs boson and τ leptons [80] was also published in 2020 by the CMS collab-
oration. The study uses the full pp dataset collected at

√
s = 13 TeV by the

CMS detector in 2016, 2017 and 2018, corresponding to an integrated luminosity
of 137fb−1. The analysis selects events of ggF, VBF and VH production where
the Higgs decays into two τ leptons, and one τ decays to a muon and the other
hadronically or when both τ leptons decay hadronically. Several multivariate anal-
ysis techniques, that exploits angular correlations between the decay planes of the
τ leptons, are used to discriminate between the different decay modes and separate
the signal from background events. The analysis obtained a value of 4±17◦ for the
CP mixing angle at 68% confidence level and 4± 36◦ at 95% confidence level. The
pure CP-odd Higgs boson was exclude with 3.2σ. Figure 4.8 shows the obtained
contours on the τ Yukawa couplings.

In summary, all of these searches are consistent with the SM and severely
constrain the allowed parameter space for new physics. However, it is important
to study all Yukawa couplings since any deviation from a purely scalar interaction
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Figure 4.8: Two-dimensional likelihood contours in the (kτ , k̃τ ) plane [80], where
kτ and k̃τ are the reduced CP-even and CP-odd τ Yukawa couplings, respectively.

would be a direct indication of physic BSM. Besides, CP violation in the Higgs
couplings may be small, as expected in several BSM models, and more precise
measurements are required. These measurements are expected to be achieved
with the increase of the LHC luminosity and during the high luminosity LHC
(HL-LHC) plan (Section 3.1.1) or with future colliders. It would be interesting
to predict when such level of precision will be achieved. In this work projections
of the tt̄H(H → bb̄) analysis for higher values of luminosity are also presented in
Section 7.2 and the expected limits to the CP mixing angle for the HL-LHC are
obtained.
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5
Event Generation and Object

Reconstruction

In the first section of this chapter, the necessary techniques and concepts
behind the generation of Monte Carlo (MC) events and detector simulation are
briefly described. The MC event generators, as well as the data and MC samples
used in this analysis are presented. In the second section, the reconstruction of
final state objects is described in detail. Finally, in the third section, a study of
the validation of the fast detector simulation Atlfast-II [81] is presented, using
variables that exploit jet substructure information with tt̄H and tt̄ samples in the
boosted regime.

5.1 Monte Carlo Event Generation
The simulation of proton collisions plays an essential role in almost all ex-

perimental analyses and planning for future experiments. The simulated events
are obtained by tools called Monte Carlo event generators that use numerical MC
techniques to provide a detailed simulation of particle collisions. The collision is
described by a few main steps that take place at different energy scales: from very
short distance scales, up to the scale of hadron formation and decay. These can be
treated separately. At short distances, the constituent partons1 of the incoming
protons interact to produce a few energetic outgoing partons, leptons or gauge
bosons. The matrix elements (ME) of these hard processes are calculated with
perturbative QCD. At larger distances, the confinement of partons into hadrons
dominates. These soft processes cannot be calculated perturbatively but have to
be phenomenologically modelled.

1In the parton model, the hadrons are considered as a composition of point-like particles
called partons. These are quarks, antiquarks and gluons.
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As represented in Figure 5.1, the basic steps involved in the proton collisions
processes that need to be simulated are: the hard process, the parton shower, the
hadronization and the subsequent decay of hadrons.

Parton
Distributions

Hard
Scattering

Parton
Shower

Hadronization

Decay

fa(xa, µF ) fb(xb, µF )
a b

Figure 5.1: Diagram showing the structure of a proton-proton collision event
generation. The steps in the event generation chain are indicated in the figure.

For each collision between bunches of hadrons, only a small number of events
contain a high momentum-transfer process of interest. Since it is not feasible to
simulate all possible collisions, only the hard process is simulated, which is the
process with the highest momentum transfer in the event. The hard process can
be described by perturbation theory, as partons are asymptotically free at high
energies. The cross sections for a hard scattering process, such as pp → n, at
hadron colliders can be computed in collinear factorization through [82]

σ =
∑
ab

∫
dxadxbfa(xa, µF )fb(xb, µF )dσ̂ab→n(µF , µR) (5.1)

=
∑
ab

∫
dxadxbdΦnfa(xa, µF )fb(xb, µF )× 1

2ŝ |Mab→n|2(Φn;µF , µR), (5.2)

where fa(xa, µF ) and fb(xb, µF ) are the parton distribution functions (PDFs),
which are the probability densities associated to a parton of type (a) and (b)
carrying a given fraction x of the respective initial proton momentum. σ̂ab→n is
the cross section for the partonic process, that depends on the µF factorization
scale and on the µR renormalization scale. dΦn denotes the differential phase
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space element over the n final-state particles, 1/2ŝ represents the parton flux and
|Mab→n|2 is the ME squared of the partonic process.

Scattered color charges emit QCD radiation in the form of gluons. The initial
and final state parton involved in the hard process are colored particles and will
therefore radiate gluons. The gluons themselves will radiate others gluons and also
produce pairs of quark–antiquark. This will lead to showers of outgoing partons
called parton showers. As the parton shower evolves downwards in momentum
scale it reaches a point where perturbation theory breaks down and it is necessary
to switch to hadronization models. At low energy scales, the uncolored partons
start to bind together and form colorless hadrons. These models describe the
confinement of partons into hadrons. Many of the hadrons are produced in excited
states during hadronization and need to be further decayed into stable states. In
addition to the hard process, more than one pair of partons from the initial protons
may interact with each other. These secondary interactions form the underlying
event in each proton collision and contaminate the hard process that was already
simulated. The underlying event is also simulated using phenomenological models,
whose parameters are tuned using experimental data.

In this analysis, MadGraph5_aMC@NLO [83], PowhegBox [84–86], Open-
Loops [87, 88] and Sherpa [89] were used for the generation of events. To preserve
all spin correlations, the MadSpin package [90, 91] was used for decays at LO of
the events produced with MadGraph5_aMC@NLO. Together with Pythia8 [92–
94] or Herwig7 [95, 96], for the simulation of parton shower and hadronization.
The following section explains which generators were used for each samples.

After the simulation of parton showers, hadronization and decay of most of
the unstable particles, a further simulation can be performed to account for the
response of a specific detector and obtain a more realistic description of what
would be observed in the LHC. For physics analyses that require a high level of
accuracy, a complex detector simulation software, such as Geant4 [97], is used to
fully simulate the interactions of particles with the detector matter content, the
electronic response of each detector component, and the algorithms used to identify
and reconstruct the different physics objects. In this analysis, both the full ATLAS
detector simulation [98] based on Geant4 and a faster simulation [81] were used.
The fast simulation replaces the full Geant4 simulation by parameterizations of the
ECAL and HCAL showers. Both simulations were found to give similar results for
the variables used in this analysis.
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5.1.1 Data and Monte-Carlo samples

The proton–proton collision data used in this analysis were recorded by the
ATLAS detector from 2015 to 2018 at a center-of-mass energy of

√
s = 13 TeV,

and corresponds to a total integrated luminosity of 139.0 fb−1 for the full run-2
dataset.

The generated MC samples are divided into signal and background. For the
background samples, several processes were produced. The tt̄+jets, composed by
tt̄ +≥1b, tt̄ +≥1c, and tt̄+light jets, are the most relevant background processes
for this analysis, especially the large irreducible tt̄bb̄ production that is associated
to a large theory uncertainty on its modelling. The tt̄bb̄ samples were modelled
at NLO in QCD with PowhegBoxRes and OpenLoops, using Pythia8 for the PS
and hadronization. These samples were used as nominal tt̄+≥1b prediction. The
tt̄ + ≥1c and tt̄+light samples were generated at NLO with PowhegBox v2 and
Pythia8.230 for PS and hadronization.

In addition, other important backgrounds were also produced. The single
top and tW production were generated using PowhegBox v2 at NLO. The PS
and hadronization was modelled with Pythia8.230. The tt̄Z and tt̄W processes
were produced with MadGraph5_aMC@NLO v2.3.3 at NLO and Pythia8.210 for
showering and hadronization. The production of four tops, tZq and tWZ were
also produced with MadGraph5_aMC@NLO v2.3.3, but PS and hadronization
were modelled using Pythia8.230 for the tt̄tt̄ process and Pythia8.212 for tZq
and tWZ. Finally, Z+jets, W+jets and diboson production were generated with
Sherpa v2.2.1 and Sherpa PS. The diboson production was modelled at NLO
accuracy, while the Z+jets and W+jets processes were produced at NLO for up
to 2 jets, and LO for up to 4 jets.

Table 5.1 contains a list of the background samples used in the analysis and
the MC generators used in the production of each sample.

For the signal samples, the tt̄H samples were generated at NLO in QCD
using the MadGraph5_aMC@NLO generator and parton showers were modelled
with Pythia8. Three samples were generated using the Lagrangian described by
equation (4.3), that allows for a CP-odd term in the top–Higgs coupling. The
first for the SM (α = 0), the second corresponding to pure CP-odd interaction
(α = 90◦) and the other for the maximal mixing between CP-odd and CP-even
(α = 45◦). States with different CP composition were generated by reweighting the
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Table 5.1: Background samples generated in the analysis, the generators used to
simulate the process considered.

Sample QCD order ME Generator PS Generator
tt̄bb̄ NLO PowhegBoxRes and OpenLoops Pythia8

tt̄+≥1c and tt̄+light NLO PowhegBox v2 Pythia8.230
Single-top and tW NLO PowhegBox v2 Pythia8.230
tt̄V (V = Z,W ) NLO MadGraph5_aMC@NLO v2.3.3 Pythia8.210

tt̄tt̄ NLO MadGraph5_aMC@NLO v2.3.3 Pythia8.230
tZq LO MadGraph5_aMC@NLO v2.3.3 Pythia8.212
tWZ NLO MadGraph5_aMC@NLO v2.3.3 Pythia8.212

V+jets (V = Z,W ) NLO (up to 2j) +
LO (up to 4j) Sherpa v2.2.1 Sherpa PS

Diboson NLO Sherpa v2.2.1 Sherpa PS

pure CP-even and CP-odd signals as described in Section 6.6. Then, the sample
with maximal mixing was used for validating that procedure. The samples were
generated using the Higgs Characterization [99] model implemented in Feynrules
[100, 101], that accounts for the Yukawa coupling presented in Section 4.2.

The tWH and tHjb processes were also included as signal samples as discussed
in Section 4.2.2. These were also generated using the MadGraph5_aMC@NLO at
NLO in QCD and showered with Pythia8. For both processes, multiple samples
were used for different values of α and k′t: α from 0 to 90◦ in steps of 15◦ with
kt = 1, α = 0 with kt = (−1, 0.5, 2) and, finally, α = 45◦ with kt = 2.

5.2 Object Reconstruction
After the detection of the signals produced by the interactions of the parti-

cles and the detector components explained in Chapter 3.2, the events need to be
reconstructed into physical objects (such as electrons, muons or jets) so the mo-
mentum, the vertex and tracks of each particle, as well as the physical processes,
can be determined. Both the data and the MC samples need to be reconstructed
for the analysis. The main physics objects that are present in this work are elec-
trons, muons, jets, and b-jets, which are the possible final state objects of the
tt̄H(H → bb̄) channel.

5.2.1 Leptons

The reconstruction of electrons is performed by associating the clusters of
energy detected in the ECAL with reconstructed tracks in the ID [102]. The elec-
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tron candidates, originated from the decays of the top quarks, are required to
have pT > 10 GeV with |η| < 2.47 and be outside the calorimeter barrel–endcap
transition region (1.37 < |η| < 1.52). Then, an identification algorithm is applied
to determine whether the electron candidates are signal-like or background-like
(fake electrons) objects, such as jets or photons mimicking the electron signature.
This algorithm is based on a likelihood discriminant that combines variables re-
lated to the electron cluster and track measurements. Three identification working
points (WP) are typically provided: Loose, Medium, and Tight, with increasing
background rejection power. In this analysis, electrons must satisfy the Medium
identification criterion.

The reconstruction of muons is achieved by matching track segments or com-
plete tracks in the Muon Spectrometer (MS) with tracks reconstructed in the Inner
Detector (ID) [103]. The hits from both the ID and MS sub-detectors are used in
a global refit to obtain the combined track. Muons are usually first reconstructed
in the MS, then extrapolated inward and matched to an ID track. In this work,
muons are required to have pT > 10 GeV and |η| < 2.5.

Table 5.2: Reconstruction requirements for leptons used in this analysis. IPrφ/σIPrφ
is the transverse impact parameter significance, where IPrφ is the distance of
closest approach of the particle track to the beam axis. |IPz| is the longitudinal
impact parameter, which is the value of z of the point on the track that determines
IPrφ.

Electrons Muons τHad
pT > 10 GeV > 10 GeV > 25 GeV
|η| < 2.47 and not in [1.37, 1.52] < 2.5 < 2.5
IPrφ
σIPrφ

< 5 < 3 -
|IPz| < 0.5 mm < 0.5 mm < 1.5 mm

In addition to the electrons and muons, hadronically decaying tau leptons
(τHad) [104] are reconstructed from jets formed using the anti-kt algorithm [105]
with a distance parameter R = 0.4 and three-dimensional clusters of calorimeter
cells called topo-clusters [106]. Then, a multivariate discriminant is used to dis-
tinguish the τHad candidates from jets, based on the track collimation, further jet
substructure, and kinematic information. Three working points corresponding to
distinct tau identification efficiencies are defined. In this analysis, the τHad can-
didates must satisfy pT > 25 GeV, |η| < 2.5 and pass the Medium identification
working point.
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The requirements used in the reconstruction of leptons in this analysis are
represented in Table 5.2 .

5.2.2 Small-R Jets

Due to the QCD color confinement, the final state partons produced in the
collisions will hadronize and form collimated sprays of hadrons called jets. In this
analysis, the jets were reconstructed using the anti-kt algorithm implemented in
the FastJet package [107] using topo-clusters in the calorimeter as inputs. The
anti-kt algorithm involves a symmetric distance dij between pairs of objects i and
j given by

dij = min

(
1
p2
T,i

,
1
p2
T,j

)
∆R2

ij

R2 , (5.3)

where pT,i is the transverse momentum of the i-th object, ∆Rij is the angular dis-
tance (Section 3.2) between the i-th and j-th object, and R is the radius parameter
that governs the size of the cone. R was set to 0.4 and jets were required to have
pT > 25 GeV and |η| < 2.5. In addition, a jet vertex tagger (JVT) [108] algorithm
was used to identify jets consistent with the primary vertex and reduce the effect
of pileup.

5.2.3 Large-R Jets

The angular separation between two particles decaying from a symmetric two-
body decay of a massive particle can be expressed by

∆R ≈ 2m
pT

(5.4)

where m and pt are the mass and transverse momentum of the parent particle.
When the original particle has a high transverse momentum (boosted regime),
the angular separation between its decay products will be small, and they can be
contained in a single larger-radius jet referred as large-R jet. The large-R jet is used
to reconstruct all the decay products of the original particle as a single object/jet.
This approach is more efficient than reconstructing all of the products as individual
jets. Several observables, named substructure variables, can be constructed in
order to characterize the internal structure of the large-R jet and to identify the
original particle that produced the jet.

Usually, only a few choices of R are used for all analyses since every jet
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configuration (algorithm, radius and grooming parameters2) must be calibrated
to correct the reconstructed jet four-momentum and account for features of the
detector, the jet reconstruction algorithm and pile-up. One solution to this is to
build the large jets out of the constituents of small-R (R = 0.4) jets instead of
topo-clusters, using a jet reclustering technique [109]. This allows for a direct
propagation of the calibrations and systematic uncertainties associated with the
small-R jets, eliminating the need for any further calibration or uncertainty. Figure
5.2 compares a normal large-R jet with a reclustering one.

Figure 5.2: Example event which has been clustered using the anti-kT Rlarge = 1.0
(left) and with anti-kT Rlarge = 1.0 reclustered Rsmall = 0.3 anti-kT jets (right)
[109].

In this analysis, the anti-kT R = 1.0 reclustered jets took as input the anti-kT
small-R jets with R = 0.4. These reclustered large-R jets were required to have a
reconstructed invariant mass higher than 50 GeV, pT > 200 GeV and at least two
small-R jets inside. The resulting jets were, then, used to identify top quarks and
Higgs bosons in signal events in the boosted regime and decaying into collimated
hadronic final states.

2Due to the large area of large-R jets, these jets suffer from strong contamination of soft
particles coming from pile-up and underling events. Grooming algorithms are used to eliminate
these effects.
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5.2.4 b-tagged Jets

Jets that originate from the hadronization of a b quark, referred to as b-jets,
can be differentiated from the other jets by exploiting the special properties of
b-hadrons, such as the long lifetime that originates a displaced secondary vertex.
These jets are reconstructed via b-tagging algorithms that rely on multivariate
techniques. In this analysis, the MV2c10 tagger was used and trained on simulated
tt̄ events to discriminate b-jets from light jets and c-labelled jets [110]. The jets
were b-tagged at 60% and 70% efficiency WP (that corresponds to an average b-
tagging efficiency of 60% and 70%, respectively) for the dilepton and single lepton
resolved channels, and at the 85% efficiency WP for the single lepton boosted
channel.

5.2.5 Overlap Removal

An overlap removal procedure is applied to the reconstructed leptons and
small-R jets to prevent multiple objects being reconstructed from the same detec-
tor signals. The nearest jet within ∆Ry =

√
(∆y)2 + (∆φ)2 = 0.2 of a selected

electron is removed to avoid double-counting of electron energy deposits in the jet
reconstruction. If the closest jet that survives the selection is within ∆Ry = 0.4
of the electron, the electron is discarded.

5.2.6 Missing Transverse Energy

Since the protons collide along the beam axis, the total pT of the particles
after the collision must be zero to conserve energy-momentum. The neutrinos do
not interact with any component of the detector and leave an imbalance in the
measured transverse momentum. In the SM, this missing transverse energy (MTE)
may be attributed to the neutrinos, and it is calculated as the magnitude of the
negative vector sum of the pT of all selected reconstructed objects [111].

Emiss
x(y) = Emiss,e

x(y) + Emiss,µ
x(y) + Emiss,τ

x(y) + Emiss,γ
x(y) + Emiss,jets

x(y) + Emiss,soft
x(y) , (5.5)

where Emiss
x(y) is the x (or y) component of the MTE. Each term corresponds to the

negative sum of the energy of the objects e, µ, τ , γ, and jets. projected in the
x (or y) axis. The last term, which is called soft term, accounts for objects not
associated with any object passing the selection cuts. These can be ID tracks or
calorimeter signals.
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The magnitude of the MTE and the azimuthal angle φmiss can be calculated
by

Emiss
T =

√
(Emiss

x )2 + (Emiss
y )2 (5.6)

φmiss = arctan
(
Emiss
y

Emiss
x

)
. (5.7)

Due to conservation of the 4-momentum in the W boson decay, the neutrino
reconstruction is dictated by the relation

m2
W = (plep + pν)2, (5.8)

where, mW is the W boson mass, plep is the lepton 4-momentum and pν is the
neutrino 4-momentum, considering that the neutrino has zero mass and that the
missing transverse momentum components are the transverse momentum compo-
nents of the neutrino. In case two solutions for pν are found, the invariant mass of
the reconstructed leptonic top candidate (discussed in section 5.2.7) is computed
for both solutions, the pν value which gives the closest invariant mass to the top
mass is selected.

5.2.7 Higgs and Top Candidates

In the resolved regime (Section 6.2), a boosted decision tree referred to as
reconstruction BDT is used to match reconstructed jets to the decay products of
top quarks and Higgs bosons. The W boson, top quark and Higgs boson candi-
dates are built from combinations of jets and leptons. Simulated events are used
to iterate over all allowed combinations. The reconstruction BDT is trained to
distinguish between correct and incorrect jet assignments. In the training, invari-
ant masses and additional kinematic variables that exploit the event topology are
used as input.

In the single lepton resolved channel, the leptonically decaying W boson can-
didate is reconstructed from the lepton and neutrino four-momenta. The latter
is constructed form the MTE as described in the previous section. The hadron-
ically decaying W boson is build from a pair of jets. The top quark candidates
are formed from one W boson candidate and one jet. The Higgs boson is recon-
structed from the two b-jets. In the dilepton resolved channel, the top quarks are
reconstructed from one b-jet and one lepton, and the neutrinos are not considered
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in the reconstruction.

In the boosted regime, in order to achieve a better reconstruction matching of
Higgs and top final objects, a multi-class deep neural network (DNN) was trained
with tt̄H samples, using variables related to the reclustered large-R jets and its
constituents, to identify the parent particle that generated the large-R jet. The
DNN classify the jets into three categories: Higgs-boson, top quark and QCD jets.
The network outputs probabilities for each of the three possible labels: P(H) for
Higgs, P(T) top quarks and P(Q) for QCD jets. Figure 5.3 shows the probabilities
for the Higgs and top categories. The observed efficiency for the DNN identification
is 76% for the Higgs bosons and 67% for the top quarks.
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Figure 5.3: Output of the DNN for the Higgs and top categories, where P(Higgs)
+ P(Top) + P(QCD) = 1. A high discrimination power is shown.

The boosted Higgs bosons are reconstructed from large-R jets containing at
least two constituent jets, among which exactly two are b-tagged at the 85% WP.
The Higgs candidates must satisfy pT > 300 GeV and mrec

H ∈ [100− 140) GeV and
P (H) > 0.6. If more than one boosted Higgs candidate is found, the candidate
with the constituent jets invariant mass closest to the Higgs mass is selected.

If additional large-R jets are found with pT > 300 GeV and P (T ) > 0.3, they
are considered as potentially coming from one top quark that decays hadronically
and are used for the reconstruction of a hadronic top quark candidate. If more
than one boosted top quark candidate is found, the one with the mass closest to
the top quark mass is selected.

Following the identification of the boosted Higgs and the boosted hadronic
top candidates, a small-R jet is needed for the reconstruction of the leptonic top
candidate. The small-R jet, the reconstructed lepton and neutrino are used for the
reconstruction of the leptonic top candidate, which is required to have an invariant
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mass of mrec
tlep
∈ [130−200) GeV. In addition, the jet cannot be overlapping the two

jets utilized in the reconstruction of the Higgs and hadronic top candidates. In
case more than one small-R jet fulfill these requirements, the one with the greatest
transverse momentum is chosen. If no jet satisfying these requirements is found,
the leptonic top is defined only by the reconstructed lepton and neutrino.

If no hadronic top candidate is found, the invariant mass of the reconstructed
hadronic top and leptonic top are evaluated for all combinations of small-R jets not
overlapping with the Higgs candidate. Both masses are required to be inside the
interval [70−195) GeV. The combination with minimum value of the sum |mrec

thad
−

172.5|+ |mrec
tlep
− 172.5| is considered. If no combination is found, the hadronic top

is reconstructed from the three jets with the highest transverse momentum and
which are not overlapping with the Higgs candidate, whereas the leptonic top is
reconstructed only from the lepton and the neutrino.

5.3 Validating Substructure Variables with Atlfast-II

In a high-energy physics analysis, a realistic simulation of the detector re-
sponse, with an accurate description of the interactions between the particles and
the detector components, is essential. However, due to the large number of events
demanded by the rapidly increasing LHC luminosity, a full detector simulation
with small statistical uncertainty on MC samples can be challenging and extremely
time-consuming. In some cases, the use of a simplified and fast approach may be
a satisfactory alternative. A study [112], that might benefit future analysis, was
performed in this thesis to compare the fast detector simulation Atlfast-II [113]
with the ATLAS full simulation, and verify the modelling of substructure variables
of large-R jets using tt̄H and tt̄ MC samples.

Most of the CPU time required for fully simulating each event is spent in the
calorimeter systems. The Atlfast-II simulation applies the FastCaloSim package
[81, 114], which reduces the calorimeter simulation time to a few seconds per
event, using a parametrized simulation of the particle energy response and the
energy distribution in the ATLAS calorimeter. For the inner detector and the
muon system, Atlfast-II uses the Geant4 simulation.

The studied jet substructure variables include the n-Subjettiness (τwta1 , τwta2 ,
τwta3 ) [115, 116], ratios of n-Subjettiness (τwta32 , τwta21 ), energy correlation functions
(ECF1, ECF2, ECF3) [117], energy correlations ratios (D2, C2, E3) [118], the
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Kt distance between subjets during merging (Split12, Split23) [119] and others. In
addition to these variables, several kinematic observables were also studied, such
as the transverse momentum (pT), the pseudorapidity (η), the azimuthal angle (φ),
the energy (e) and the invariant mass (m) of the leading and subleading large-R
jets.

Considerable differences were found in the shapes of the distributions of these
observables. These differences are larger for the substructure variables than for the
kinematic variables. Figure 5.4 and 5.5 show examples of the mismodelling of some
of these observables in tt̄H and tt̄ events. Although the mismodelling appears to
be smaller for the samples of tt̄, it is still significant. A full simulation may be
necessary for a proper modelling of tt̄H and tt̄ events in the boosted regime.
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Figure 5.4: τwta21 distributions for the leading (left) and subleading (right) large-R
jets using tt̄H samples generated with AF-II and FS detector simulations [112].
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Figure 5.5: C2 distributions for the leading (left) and subleading (right) large-R
jets using tt̄H samples generated with AF-II and FS detector simulations [112].
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6
Analysis Strategy

In the long run, this analysis is intended to measure the CP properties of
the top-Higgs coupling, relying on the differential cross-sections with respect to
sensitive observables as well as the tt̄H inclusive cross-section. The first step in
this process is to demonstrate sensitivity to reject the pure CP-odd hypothesis.
Both the signal strength and the signal shape in CP-discriminating distributions
are constrained simultaneously. Events are classified according to the number
of jets and b-tagged jets at specific working points (WPs). Several multivariate
techniques were used to improve the analysis sensitivity. One boosted decision
tree (BDT) was trained to separate signal from background processes and a second
BDT to combine several CP-sensitive variables into a single classifier. The analysis
is performed using the signal (tt̄H and tH) and background MC samples described
in Section 5.1.1.

In the first section of this chapter, the trigger and selection applied to the
events are presented, followed by a detailed description of the classification of
events into signal and control regions in Sections 6.2 and 6.3, where the classifica-
tion BDT is described. Section 6.4 presents the CP classifier. Section 6.5 describes
the variables used in the fit in each region of the analysis. Section 6.6 explains the
parameterization of the tt̄H and tH yields as a function of α and k′t. The system-
atic uncertainties are presented in section 6.7 and the fit is described in Section
6.8. Finally, Section 6.9 compares two different analysis strategies and explains
why the simplified strategy was chosen.

As explained in Section 4.2, this analysis is based on two parameters of interest
(POI), the CP mixing angle α and the coupling modifier k′t. A detailed description
of all the statistical analysis techniques applied in this work to measure these two
parameters is presented in Appendix A.
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6.1 Event Selection
Before the analysis selection, events were recorded using unprescaled single-

lepton triggers with different pT thresholds. This means that only events with at
least one electron or one muon are selected. All the trigger menus and the pT
thresholds used are summarized in Table 6.1, for each of the four years of data-
taking. The recorded events were required to fire the low lepton pT threshold
triggers (20, 24 and 26 GeV) with additional isolation requirements or higher
threshold triggers (50, 60, 120 and 140 GeV) with a less restrictive identification
requirement (Section 5.2.1).

Table 6.1: Single-lepton trigger menus used in the single lepton and dilepton
channels in 2015 and 2016 to 2018, where peT and pµT represent the momentum
threshold for the electron and the muon, respectively.

Years Single-lepton triggers Threshold (GeV)

2015
HLT_e24_lhmedium_L1EM20VH peT = 24

HLT_e60_lhmedium peT = 60
HLT_e120_lhloose peT = 120

HLT_mu20_iloose_L1MU15 pµT = 20
HLT_mu50 pµT = 50

2016–2018 HLT_e26_lhtight_nod0_ivarloose peT = 26
HLT_e60_lhmedium_nod0 peT = 60
HLT_e140_lhloose_nod0 peT = 140
HLT_mu26_ivarmedium pµT = 26

HLT_mu50 pµT = 50

Then, events were divided according to the number of leptons accepted by the
trigger algorithm, into the single lepton (exactly one lepton) and dilepton channels
(exactly two leptons). In both channels, at least one reconstructed lepton, with
pt > 27 GeV, is required to match a lepton reconstructed by the trigger system,
within the angular distance ∆R > 0.15 and with the same flavor.

In the dilepton channel, the two leptons must have opposite electric charge,
and if the leptons are either two electrons or two muons, their invariant mass is
required to be greater than 15 GeV (to reject low-energy hadronic resonances, such
as the Υ meson) and outside of the Z-boson mass range 83− 99 GeV. In addition,
at least three jets are required, at least three of which must be b-tagged using the
70% efficiency WP (Section 5.2.4).

In the single lepton channel, at least four jets and one Higgs candidate are
required for the boosted category or at least five jets for the resolved category. In
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the boosted category, the Higgs candidate must have pT > 300 GeV and a DNN
score of P (H) > 0.6 (Section 5.2.7). While, in the resolved category, four of the
five jets must be b-tagged using the 70% efficiency WP, and only events which are
not in the boosted category are selected.

6.2 Signal and Control Regions
The selected resolved events, as described in the previous section, were clas-

sified into regions, depending on the number of leptons, the number of jets, the
number of b-tagged jets using the 60% and 70% WPs. The signal-enriched regions
are denoted as inclusive signal regions, while the regions with lower signal purity
are denoted as control regions. One signal region (SR≥4j,≥4b

inc ) and three control
regions (CR≥4j,3b

high , CR≥4j,3b
low , CR≥3j,3b

high ) were defined for the dilepton channel. For
the single lepton channel, one signal region (SR≥6j,≥4b

inc ) and two control regions
(CR≥5j,≥4b

high , CR≥5j,≥4b
low ) were defined, as well as one single boosted signal region

(SRboosted) for events in the boosted category. Table 6.2 summarizes the various
regions in which the events were divided.

Table 6.2: Summary of the event classification for each region of the analysis.

Region leptons jets b-tag Higgs candidates
70% 60%

SR≥4j,≥4b
inc

= 2 ≥ 4
≥ 4 - -

CR≥4j,3b
high

= 3
= 3 -

CR≥4j,3b
low < 3 -

CR≥3j,3b
high = 3 = 3 -

SR≥6j,≥4b
inc

= 1
≥ 6

≥ 4
- -

CR≥5j,≥4b
high = 5 ≥ 4 -

CR≥5j,≥4b
low < 4 -

SRboosted ≥ 4 - - ≥ 1

Regions with three b-tagged jets at the 70% WP in the dilepton lepton channel
and regions with five jets in the single lepton channel determine the control regions,
which are referred to as high or low control regions according to the signal to
background ratio. The control regions were used in a combined fit with the signal
regions to provide constraints on systematic uncertainties and to better separate
signal from background.

67



6. Analysis Strategy

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

Classification BDT

0

0.005

0.01

0.015

0.02

0.025

0.03

H CP eventt

H CP oddtt

b+btt
N

o
rm

a
liz

e
d

 E
v
e

n
ts

low

4b≥6j,≥
CR

high

4b≥6j,≥
CR

4b≥6j,≥
SR

Figure 6.1: Classification BDT output for samples of CP-even and CP-odd tt̄H
production as well as for the main background in the SR≥6j,≥4b

inc . The vertical lines
represent the boundaries of the regions resulting from the division based on the
signal to background ratio.

6.3 Signal Classification
The regions with events containing at least four jets in the dilepton channel

or at least six jets in the l+jets channel, and four b-tagged jets at the 70% WP
were referred to as inclusive signal regions since these regions exhibit a higher
percentage of tt̄H when compared to the control regions. However, these regions
still have a considerable percentage of background, especially tt̄bb̄ events. In view
of this, a BDT is trained to distinguish between the CP-even1 tt̄H signal from
the background and further split these regions according to its output. This BDT
is referred to as classification BDT. The resulting regions, which are summarized
in Table 6.3, are denoted with a subscript high or low depending on the signal-
to-background ratio. Figure 6.1 shows the BDT output used for splitting the
SR≥6j,≥4b

inc region.

Some input variables used in the training of the CP-BDT (discussed in the
next section) require the reconstruction of the top quark pair. In the dilepton
channel, some events will fail to be reconstructed due to the presence of two neu-
trinos in the final state. These events will be treated separately, and are classified
in the CR≥4j,≥4b

no-reco region.
1The dependence on the CP mixing angle is not significant and the background is rejected

well, as seen from Figure 6.1.

68



6. Analysis Strategy

Table 6.3: Summary of the inclusive regions separated into high and low signal
and control regions after the classification of events based on the output of the
classification BDT. The BDT selection range for each region is indicated in the
table. The boosted inclusive region is not divided into other regions, but a selection
is applied.

Inclusive region Resulting regions Classification BDT selection

SR≥4j,≥4b
inc

CR≥4j,≥4b
no-reco -

CR≥4j,≥4b BDT∈ [−1,−0.0862]
SR≥4j,≥4b

low BDT∈ [−0.0862, 0.1862]
SR≥4j,≥4b

high BDT∈ [0.1862, 1]

SR≥6j,≥4b
inc

CR≥6j,≥4b
low BDT∈ [−1,−0.128]

CR≥6j,≥4b
high BDT∈ [−0.128, 0.249]

SR≥6j,≥4b BDT∈ [0.249, 1]
SRboosted SRboosted BDT∈ [0.05, 1]

In addition, the boosted region is also considered as an inclusive signal re-
gion, and a selection is applied to the output of the BDT to reject most of the
tt̄+light background, while keeping the sensitivity to signal. Figure 6.2 and 6.3
show the expected composition of the different background events and the signal to
background ratios for each region of the l+jets and dilepton channel, respectively,
estimated from simulated events.
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Figure 6.2: Fraction of the different backgrounds (left) and signal purity (right)
for each region in the l+jets channel.

The toolkit for multivariate analysis (TMVA) [120] is used to train the classifi-
cation BDT on statistically independent MC samples, using variables that exploit
the differences between the kinematics of signal and background events, as well as
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b−tagging variables. In addition, in order to achieve a better signal purity, the
outputs of intermediate multivariate analysis (MVA) techniques are also used in
the training, such as the output of the DNN training (Section 5.2.7) and techniques
that explore the signal event topology and the properties of the possible jet-parton
combinations when reconstructing the Higgs-boson and top quark candidates. In
the dilepton channel, the BDT is trained against tt̄ + ≥1b backgrounds. In the
l+jets resolved channels, the BDT is trained against all tt̄ backgrounds. In the
l+jets boosted channel, the BDT is trained against all the backgrounds.
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Figure 6.3: Fraction of the different backgrounds (left) and signal purity (right)
for each region in the dilepton channel.

6.4 Classification of the CP Structure
After the classification of events according to the signal to background ra-

tio, the successfully reconstructed tt̄H events in SR≥4j,≥4b
inc regions of the dilepton

channel are used to train a second BDT, referred to as CP-BDT. This BDT is
trained with TMVA to separate CP-even-like and CP-odd-like samples. In the
training of the CP-BDT, CP-sensitive variables presented in Section 4.2.1 where
used as input variables, including the lab-frame observable b4(t, t̄) and angular
variables calculated in boosted reference frames. These variables were selected to
optimize the discrimination between the pure CP-even and pure CP-odd samples,
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and were ranked according to the effectiveness of their selection. A list of all these
observables is presented in Table 6.4. Figure 6.4 shows the distributions of the
two highest-ranked input variables and Figure 6.5 shows the distribution of the
CP-BDT output.

CP-BDT Input Variables

b4(t,t̄)

sin(θtt̄HtA )sin(θtAb2,H
)tA−H

sin(θHbtA )tA−Hsin(θHWtA
)tA−H

sin(θtt̄HtB )sin(θtBb1,H
)tB−H

sin(θtt̄HtB )cos(θtBb2,H
)tB−H

sin(θtt̄HtB )sin(θtAb2,H
)tA−H

sin(θtt̄HtB )sin(θtAb1,H
)tA−H

sin(θtt̄HtB )sin(θHbtA )tA−H

Table 6.4: Input variables used in the training of the CP-BDT. The variables are
arranged according to their relative importance in distinguishing between the two
CP scenarios, starting with b4(t, t̄) as the most important. θxy represents the angle
between y and x systems. y is calculated in the x frame and x in the frame of its
parent particles. A (and B) represents the closest (farthest) object from the Higgs
boson, while 1 (2) indicates the (sub-)leading object. A superscript indicates the
frame in which a variable is calculated.

The b4(t, t̄) observable, as defined in equation (4.5), is sensitive to angular
differences between the top and anti-top distributions in the final state [121]. In
CP-odd tt̄H production, the top quarks tend to be produced closer to the beam
pipe and in opposite directions more often than in CP-even tt̄H production. For
this reason, the b4(t, t̄) is the highest-ranked CP-sensitive variable in the CP-BDT
for the dilepton channel. The angles calculated in boosted reference frames are
also important since they probe the helicity information and spin correlations
[72, 73]. These variables are constructed using the helicity formalism [122] and,
by conservation of angular momentum, the top-quark spin is highly correlated to
the angular distributions of its decays.

The CP-BDT is only used in SR≥4j,≥4b
inc regions of the dilepton channel. For

the other regions, different CP discriminant variables are used as input to the fit.
The btt̄H2 (t,t̄) variable, as defined in equation (4.4), is used as discriminant in the
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l+jets channel. It exploits the smaller azimuthal separation between top quarks
in CP-odd tt̄H production. To enhance its discriminating power, the btt̄H2 (t,t̄)
observable is computed in the tt̄H rest frame [74, 121]. In the next section, all of
the variables used in the fit are presented for each region.
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6.5 Fitted Variables

In order to increase the sensitivity of the analysis to the CP-odd tt̄H pro-
duction and measure the CP mixing angle, CP discriminant variables are used as
input to a profile likelihood fit as described in Section 6.8. The fit is performed to
the signal and control regions, simultaneously, to constrain the backgrounds and
obtain the coupling modifier k′t and the CP mixing angle α. In control regions,
it can be more interesting to use well-modelled variables that are sensitive to the
presence of signal, instead of CP-sensitive variables, since these regions do not
contain a high percentage of signal. All the fitted variables are presented in Table
6.5 for each region.

Table 6.5: Summary of all the fitted variables used in each regions of the analysis
for the single lepton and dilepton channels.

Single Lepton Channel Dilepton Channel
Region Fitted Variable Region Fitted Variable

CR5j,≥4b
low ∆Ravg

bb̄

CR3j,3b
high

CR5j,≥4b
high CR≥4j,3b

low Yield
CR≥6j,≥4b

low CR≥4j,3b
high

CR≥6j,≥4b
high btt̄H2 (t,t̄) CR≥4j,≥4b

SR≥6j,≥4b SR≥4j,≥4b
low CP-BDT

SRboosted Class BDT
SR≥4j,≥4b

high

CR≥4j,≥4b
no-reco ∆ηll

The output of the CP-BDT is used in the dilepton regions resulting from
splitting of SR≥4j,≥4b

inc regions, except for the CR≥4j,≥4b
no-reco region. In this no-reco

region, the difference between the pseudorapidity of the two leptons (∆ηll) is used
instead. ∆ηll is significantly larger in CP-odd tt̄H production [123], and was
shown to be the highest-ranked CP-sensitive variable that does not require top-
quark pair reconstruction. A better significance is achieved when events that can
not be reconstructed are excluded from the CP BDT and are fitted separately to
the ∆ηll. Additionally, the CP BDT can be trained with only fully reconstructed
events. For this reason, ∆ηll is a preferred choice for CR≥4j,≥4b

no-reco .

In the single lepton SR≥6j,≥4b
inc regions, the btt̄H2 (t,t̄) variable is used in the fit.

The original strategy was to fit the CP-BDT in these regions of the single lepton
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channel as well, and not only for the dilepton channel. However, several studies
were carried out with the intention to simplify the analysis. It was shown that
fitting the btt̄H2 (t,t̄) in the single lepton channel gives almost the same sensitivity
as using the CP-BDT in this channel. Section 6.9 further details why fitting the
btt̄H2 (t,t̄) observable might be a better option for the single lepton channel.

In the CR3j,3b
high , CR≥4j,3b

low and CR≥4j,3b
high regions of the dilepton channel, only the

event yield is fitted, since the high statistics of these regions contribute to strongly
constrain the normalization of tt̄ + ≥1b and tt̄ + ≥1c backgrounds. On the other
hand, in the l+jets CR5j,≥4b

low and CR5j,≥4b
high regions, the fitted variable is the average

angular distance ∆Ravg

bb̄
between any pair of b−jets within the first four b−jets.

This variable is used to constrain the shape of the background.

Finally, the output of the classification BDT is used in the l+jets boosted
channel as input to the fit. The amount of signal in the boosted region is expected
to be enough to add sensitivity to the CP-odd coupling, due to the significantly
larger fraction of high−pT Higgs bosons expected in CP-odd tt̄H production, as
shown in Figure 6.6. For this reason, the classification BDT is chosen instead of a
CP discriminant in the SRboosted region.
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Figure 6.6: Higgs boson transverse momentum distributions at parton-level for
the pure CP-even and pure CP-odd tt̄H production.

Figure 6.7 shows the two-dimensional distributions of the CP-BDT output
as a function of the classification BDT output for the reconstructed events in the
dilepton SR≥4j,≥4b

inc regions. The events are plotted separately for CP-even and
CP-odd tt̄H production, as well as for the tt̄+jets background. Similarly, Figure
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6.8 shows the distributions of btt̄H2 (t,t̄) as a function of the classification BDT
output for the l+jets SR≥6j,≥4b

inc regions. The region’s boundaries are represented
in the figure as vertical lines and the binning of each region as horizontal lines.
In both cases, significant differences between the background, CP-odd signal, and
CP-even signal can be observed. Several bins are sensitive to the presence of a
CP-odd signal.

Figure 6.7: Two-dimensional distributions of the classification and CP BDTs, for
tt̄+jets (left), CP-even tt̄H (middle) and CP-odd tt̄H (right) in the fully recon-
structed dilepton SR≥4j,≥4b

inc regions. The vertical dashed lines represent the regions
boundaries, and the horizontal lines represent the bin edges in the CP BDT.

Figure 6.8: Two-dimensional distributions of the classification BDT and btt̄H2 (t,t̄),
for tt̄ + ≥1b (left), CP-even tt̄H (middle) and CP-odd tt̄H (right) in the l+jets
SR≥6j,≥4b

inc regions. The vertical dashed lines represent the regions boundaries, and
the horizontal lines represent the bin edges in btt̄H2 (t,t̄).

6.6 Signal Yields Parameterization
Since the signal samples of Section 5.1.1 are available only for a few points

in the (α, k′t) parameter space, the signal yields need to be parameterised as a
function of the mixing angle α and the coupling strength k′t to estimate these
two parameters and avoid having to simulate a significant large amount of events.
The expected yield from tt̄H process in a certain analysis bin in a given region is
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parameterised as a weighted sum of CP-even and CP-odd samples:

ytt̄H = yeven(k′t cosα)2 + yodd(k′t sinα)2, (6.1)

where yeven and yodd are the expected yields from the tt̄H samples for the pure
CP-even and pure CP-odd scenario, respectively. Any term that accounts for a
possible interference between CP-even and CP-odd contributions is neglected.

The parameterization of equation (6.1) was validated at truth-level in both
channels using several different variables, and was shown to be a good approxima-
tion. The validation was performed by comparing the results of this parameteriza-
tion to those obtained from the sample generated in the maximal mixing scenario
(Section 5.1.1). Figure 6.9 shows examples of variables used in this validation.

Mixed

Interpolation

0.004

0.006

0.008

0.01

0.012

0.014

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

b4(t,t)

0.9
0.95

1
1.05
1.1

Mixed

Interpolation

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0 50 100 150 200 250 300 350 400 450 500

pT(H)

0.9
0.95

1
1.05
1.1

Figure 6.9: Comparison of b4(t,t̄) (left) and Higgs transverse momentum (right)
distributions for the maximal mixing scenario (α = 45◦, k′t = 1) using the param-
eterization from equation (6.1) (labelled “Interpolation”) and using the samples
generated for this scenario (labelled “Mixed”) in the l+ jets channel.

For the tWH and tHjb processes, the parameterization can be expressed as

ytH/ySM =A(k′t cosα)2 +B(k′t sinα)2 + C(k′t cosα)+
+D(k′t sinα) + E(k′2t cosα sinα) + F,

(6.2)

where ytH is the expected yield for either tWH or tHjb processes separately. In
this case, the effects of destructive interference between the distinct amplitudes
proportional to the t-H and H-W couplings in the tWH process need to be consid-
ered [124]. This interference results in a large dependence of the tHjb and tWH

cross-sections on the coupling parameters. The third and fourth terms account
for the destructive interference between the t-H coupling and W-H coupling for
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the CP-even and CP-odd scenarios, respectively. The E term accounts for the
interference between CP-even and CP-odd t-H couplings. The F term represents
the pure W-H contribution. The leading order Feynman diagrams for tHjb and
tWH production and the t-H and W-H couplings are represented in Figure 6.10.
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Figure 6.10: Leading order Feynman diagrams for tHjb and tWH production,
where the Higgs boson couples either to the top quark (left and center) or the W
boson (right). The couplings are represented in the figure.

The coefficients for each bin are determined using a fit to the generated tHjb
and tWH signal MC samples (described in Section 5.1.1) at different values of the
mixing angle α and coupling modifier k′t. The best-fit values and uncertainties for
the coefficients of equation (6.2) are represented in Figure 6.11 for the single lepton
channel. The parameterizations of both samples were in good agreement with the
yields obtained directly from the MC samples. An example of the comparison
between the tH MC yields and the fit in one of the bins of the single lepton
boosted region is shown in Figure 6.12.
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Figure 6.11: Best-fit values and uncertainties for the coefficients of the tHjb (left)
and tWH (right) parameterization in the resolved regions of the l+jets channel.
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Figure 6.12: Parameterization of the tHjb (left) and tWH (right) samples in
the bin 1 of the l+jets boosted region for different values of α and k′t. The MC
yields are shown in black and the parameterization in red. The uncertainty in
the tH samples is propagated to the fitted coefficients, then propagates to the
parameterised yields.

6.7 Systematic Uncertainties

Different sources of systematic uncertainty affect the analysis sensitivity: ex-
perimental uncertainties, such as uncertainties related to the luminosity, pile-up
modelling and the identification and reconstruction of the physics objects, and
theory uncertainties related with the modelling of MC signal and background pro-
cesses. As described in Appendix A, several nuisance parameters can be assigned
to each source of systematic uncertainty for a more accurate treatment. The
various uncertainties may affect only the normalization of signal and background
samples, or also the shapes of the final discriminant distributions. All systematic
uncertainties included in the analysis are listed in Table 6.6, together with the
number of independent components of each systematic uncertainty and the type
(if it affects the normalization only or also the shapes) of the systematic.

The experimental uncertainties are related to the luminosity, pileup mod-
elling and reconstructed objects. An uncertainty of 1.7% is assigned to the value
of the luminosity. Uncertainties associated with reconstructed leptons arise from
the trigger, reconstruction, identification, isolation and resolution of the measure-
ment of the lepton momentum. Uncertainties associated with jets arise from the
efficiency of pileup rejection (jet vertex tagger), as well as jet energy scale and
resolution. The uncertainties associated with leptons and jet energy scales are
propagated to the missing transverse energy, and additional uncertainties in the
scale and resolution of soft terms are considered. Finally, uncertainties associated
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Table 6.6: Systematic uncertainties considered in the analysis. The type of the
systematic and the number of components are indicated in the table. "N" represents
that the uncertainty is taken as normalization-only for all processes and channels
affected, whereas "SN" represents that the uncertainty is taken on both the shapes
and the normalization.

Systematic uncertainty Type Components

Experimental Uncertainties
Luminosity N 1
Pileup modelling SN 1
Physics Objects

Electrons SN 7
Muons SN 15
Jet energy scale SN 31
Jet energy resolution SN 9
Jet vertex tagger SN 1
Emiss

T SN 3
b-tagging

Efficiency SN 45
Mis-tag rate (c) SN 20
Mis-tag rate (light) SN 20

Signal and Background Modelling
Signal
H branching fractions N 3
tt̄H cross-section N 2
tt̄H modelling SN 4
tH modelling SN 4

tt̄ Background
tt̄ cross-section N 1
tt̄+≥1c normalization N 1
tt̄+≥1b normalization N (free floating) 1
tt̄+ light modelling SN 4
tt̄+≥1c modelling SN 4
tt̄+≥1b modelling SN 6

Other Backgrounds
tt̄W cross-section N 2
tt̄Z cross-section N 2
tt̄W modelling SN 1
tt̄Z modelling SN 1
Single top cross-section N 3
Single top modelling SN 7
W+jets normalization N 3
Z+jets normalization N 3
Diboson normalization N 1
4t cross-section N 1
tZq and tWZ cross-sections N 3
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with b-tagging arise from b-tagging efficiency of jets and mis-tagging efficiency of
c-jets and light-jets.

The signal and background modelling uncertainties are theoretical uncertain-
ties and arise from theoretical branching fractions and cross-sections of simulated
MC samples, as well as from other aspects of the modelling to which the analysis is
sensitive that are estimated by comparing predictions of different MC generators.
While cross-section and branching fraction uncertainties affect only the normaliza-
tion of distribution, the latter can also affect the shapes. These uncertainties can
arise from the choice of NLO MC generator used for the simulation of the events,
initial and final state QCD radiation, underlying event, parton distribution func-
tions, as well as from the choice of parton shower and hadronization models.

In Section 7.1.1 the effect of the different sources of systematic uncertainties
is assessed. Uncertainties on the background modelling have the strongest impact
on the analysis presented in this thesis.

6.8 Measurement of the CP Mixing Angle
To extract the value of the CP mixing angle α, the distributions of the dis-

criminant variables (summarized in Table 6.5) from each region of the analysis are
combined into a profile likelihood fit2. A binned likelihood function L(α, k′t, ~θ),
that depends on the CP mixing angle α and the coupling modifier k′t, as well as
on the set of nuisance parameters ~θ that encode the effects of systematic uncer-
tainties, is constructed as a product of Poisson probability terms over all bins of
the analysis.

A scan is performed over all the allowed parameter space and the log-likelihood
function is minimized. The measured best-fit values correspond to the minimum
of the log-likelihood. Figure 6.13 shows an example of a scan performed to the
log-likelihood function.

In order to define the confidence intervals and hypothesis exclusion a test
statistic qα,k′

t
is built as:

qα,k′
t

= −2 ln L(α, k′t,
ˆ̂
~θ(α, k′t))

L(α̂, k̂′t, ~̂θ)
. (6.3)

2For a more detailed discussion on statistical analysis techniques and the maximum likelihood
estimator see Appendix A.
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Figure 6.13: Example of one-dimensional log-likelihood scan on α/π for the single
lepton channel.

where, α̂, k̂′t and ~̂θ are the measured best-fit values, while
ˆ̂
~θ(α, k′t) is the values of

θ that minimize the log-likelihood for a specific value of α and k′t. As explained
in Appendix A, qα,k′

t
can be asymptotically approximated to a χ2 distribution. A

certain point in the (α, k′t) plane can be excluded with a confidence level equal to
the cumulative χ2 distribution up to qα,k′

t
, and the exclusion contours can be built.

The number of expected events in a certain bin depends on α, k′t and the
nuisance parameters. The profile likelihood fit is performed simultaneously to all
signal and control regions as the expectations for signal and background are ad-
justed according to the corresponding systematic uncertainties, and their fitted
values correspond to the ones that best fit the data. This procedure takes advan-
tage of the highly populated background-dominated regions included in the fit to
constrain the nuisance parameters corresponding to each systematic uncertainty,
resulting in a simultaneous estimate of the POI and the nuisance parameters.

The tt̄ + ≥1b normalization factor is included in the likelihood function as a
free parameter. All the other nuisance parameters are implemented with Gaussian
or log-normal priors.

6.9 Analysis Simplification Strategy
In the first implementation of the analysis strategy, referred to as original

strategy, the CP-BDT was also trained in the single lepton channel and fitted in
the SR≥6j,≥4b

inc regions of this channel. However, several simplified strategies were

81



6. Analysis Strategy

tested, and the CP-BDT was replaced with the highest-ranked variable used in the
training of the dilepton channel, which was the btt̄H2 (t,t̄) observable. This is the
current strategy, which was used during the rest of this work and is summarized
in Table 6.5, and will be referred to as b2 simplification in this section.

The Asimov fit presented in Section 7.1, which uses a dataset constructed
from the SM expected values of signal and background in each bin, was performed
for the current b2 strategy and the original strategy. Figure 6.14 shows the one-
dimensional log-likelihood scan on α/π for the single lepton channel using both
strategies. It can be seen that fitting the btt̄H2 (t,t̄) in the SR≥6j,≥4b

inc single lepton
regions gives almost the same sensitivity as using the CP-BDT in this channel. A
loss of only 0.01σ is observed. In view of this, the btt̄H2 (t,t̄) observable was preferred
in this channel to reduce one layer of complexity of the analysis.

Figure 6.14: One-dimensional log-likelihood scan on α/π for the single lepton
channel using pure CP-odd Asimov data for the baseline strategy and the current
btt̄H2 (t,t̄) strategy. Note that the expected exclusion significance presented this
figure is different from the value obtained in Chapter 6.2. This is due to the fact
that one more nuisance parameter was introduced in the fit after this simplification
study.

In addition, a better background modelling is achieved, since most of the
important systematic uncertainties (Figure 7.4) are more constrained after the
simplification. Figure 6.15 shows the best-fit values of the background modeling
nuisance parameters obtained after the background only fits (discussed in Section
7.1.2) to data for the two strategies. It can be seen that some of the nuisance
parameters have their pulls and associated uncertainties reduced. A larger pull
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is observed for the tt̄ + ≥1b 4F radiation (initial state radiation). However, the
tt̄+≥1b 4F NLO generator, parton shower and 4FS vs 5FS are significantly more
constrained. Overall, fitting the btt̄H2 (t,t̄) in the single lepton channel seems to be
a good alternative to the CP-BDT without a significant loss of sensitivity.

Figure 6.15: Comparison of background modelling nuisance parameters from back-
ground only fits to the single lepton channel between the baseline strategy and the
current btt̄H2 (t,t̄) strategy. The green (yellow) area represent the ±1(2)σ intervals
on the post-fit systematic uncertainty. The points and horizontal bars represent
the pulls and constraints in units of standard deviation, respectively.
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7
Results

The main results of this work are described in this chapter. The expected
limit obtained for the baseline analysis of the CP mixing angle and the coupling
modifier are presented in Section 7.1. The combined CP-odd exclusion significance
and the exclusion contours are also given. The different sources of systematic
uncertainties are ranked according to their impact on the CP mixing angle in
Section 7.1.1 and the efficacy of the background model is assessed in Section 7.1.2.
In the second part of this chapter, the projections of the search from the LHC Run
2 to the HL-LHC are explored. Several luminosities are considered for different
scenarios of systematic uncertainties. The pure CP-odd exclusion significance is
taken as benchmark of the analysis sensitivity and is represented as a function of
the luminosity for each of these scenarios in Section 7.2.

7.1 Expected Limit for the CP Mixing Angle

In order to estimate the expected analysis sensitivity and background con-
straining power, the Asimov dataset was used. This dataset is constructed from
the exact expected values of signal and background, as predicted by the nominal
signal and background MC samples. It is used to validate the fit model and the
performance of the analysis before fitting the real data. Ideally, the best-fit val-
ues obtained for the POI when using an Asimov dataset are, by definition, their
nominal values.

For a pure CP-even Asimov dataset, the values obtained in a fit combining
both the single lepton and the dilepton channels for the mixing angle α and cou-
pling modifier k′t are

α/π = 0.00+0.29
−0.27 and k′t = 1.00+0.19

−0.22, (7.1)
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which corresponds to an expected uncertainty interval on α of [−0.27π, 0.29π]
(or [−48.5◦, 52.2◦]). An expected pure CP-odd exclusion significance of 1.60σ is
obtained for the combined fit. For the fit performed in the single lepton and
the dilepton channels separately, pure CP-odd exclusion significances of 1.29σ
and 0.98σ were obtained, respectively. Figure 7.1 shows the one-dimensional log-
likelihood scan of α/π for both channels and their combination.

The expected two-dimensional CP-odd exclusion contours using the (kt, k̃t)
parameterisation from equation (4.3) is shown in Figure 7.3. This figure shows
the pure CP-odd scenario outside the 1σ contour but inside the 2σ contour, and
the inverted coupling scenario inside the 1σ contour. Note that the figure shows
the best-fit point placed at (0.98,0.20) instead of (1.0,0.0) as expected from an
Asimov fit. This is due to a numerical error during the likelihood scan in this
parameterization, the scan does not have enough granularity to find the exact
minimum.
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Figure 7.1: One-dimensional log-likelihood scan for the l+jets, dilepton and com-
bined channels using pure CP-even Asimov data. The best-fit values for α and its
uncertainty is represented for each channel, together with the expected CP-odd
exclusions.

Similarly, the pure CP-odd case has also been studied. For this Asimov
dataset, the combined best-fit values for α and k′t are

α/π = 0.50+0.25
+0.84 ∪−0.84

−0.24 and k′t = 1.00+0.22
−0.29, (7.2)
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which corresponds to an expected exclusion significance of 1.88σ for a pure CP-
even signal. For the fit performed in the single lepton and the dilepton channels
separately, CP-even exclusion significances of 1.68σ and 0.70σ were obtained, re-
spectively. The one-dimensional log-likelihood scans for all the channels and the
combination are shown in Figure 7.2. Figure 7.3 also shows the expected two-
dimensional CP-even exclusion contours using the (kt, k̃t) parameterisation.
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Figure 7.2: One-dimensional log-likelihood scan for the l+jets, dilepton and com-
bined channels using pure CP-odd Asimov data. The best-fit values for α and its
uncertainty is represented for each channel, together with the expected CP-even
exclusions.

It can be seen that the log-likelihood scans are asymmetric. For example, the
α/π = 0.5 minimum is preferred over α/π = −0.5 in the scan of Figure 7.2. This
asymmetry is due to the presence of the tH signal. As seen from equation (6.2),
the tH yields and, consequently, the analysis are sensitive to the sign of the CP
mixing angle α.

The ATLAS analysis based on the tt̄H (H → γγ) channel, described in Section
4.2.2, excluded the pure CP-odd scenario at 3.9σ with stronger constraints to
the allowed parameter space. As expected, the study presented in this work,
using the H → bb̄ decay channel, seems to be less sensitive to the t-H coupling
parameters, since this channel has several experimental challenges that the H →
γγ channel does not. For example, the presence of an overwhelming multijet
background, while the H → γγ has a unique and well defined final state with two
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Figure 7.3: Expected exclusion contour in the (kt, k̃t) plane for the combined,
dilepton and l+jets channels using pure CP-even (left) and CP-odd (right) Asimov
data.

photons. Nevertheless, searching for a CP-odd component in the H → bb̄ decay
channel is still necessary, since the H → γγ is loop-induced and may not be model
independent (i.e. can be affected by effects of BSM physic), while the H → bb̄

channel provides a direct measurement.

7.1.1 Impact of systematic uncertainties

To assess the impact of the many sources of systematic uncertainties, several
one-dimensional log-likelihood scans are performed across the allowed range of α
using Asimov data (described in Section 7.1), where each scan is performed for each
nuisance parameter, by fixing the corresponding parameter to its pre-fit value and
allowing all other nuisance parameters to vary. The nominal model is compared
with the model where each systematic uncertainty was removed from the fit, and
the impact on the uncertainty of α is given by the square root of the quadratic
difference between the 65% CL intervals of each case.

Figure 7.4 shows the impact of the 6 highest-ranked systematic uncertainties
using the combined fit (dilepton and single lepton channels). The uncertainties
related to the tt̄ background (especially tt̄+≥1b) modelling have the largest impact
on α.
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Figure 7.4: Impact of the highest ranked systematics for the combined fit. The
values on the horizontal axis give the impact on α/π.

The highest-ranked uncertainty is due to the choice of tt̄ + ≥1b NLO MC
generator, this uncertainty is calculated by comparing samples generated with
MadGraph5_aMC@NLO+Pythia8 (Section 5.1.1) with the nominal samples gen-
erated with PowhegBox+Pythia8.

The tt̄+≥1b initial state radiation and tt̄+≥1b fraction also presented a large
impact on α. The former is obtained by varying several settings on the nominal
samples, such as the strong-coupling constant and the amount of QCD radiation.
The latter is assigned to the relative importance of the subcomponents (tt̄ + 1b,
tt̄+ 1B and tt̄+≥2b) included in the tt̄+≥1b background, and it is obtained by
comparing the fractions of each subcategory in samples of PowhegBox+Pythia8
and PowhegBox+Herwig7.

The tt̄+≥1b 4FS vs 5FS (4-flavor versus 5-flavor schemes) systematic uncer-
tainty is also highly-ranked. This uncertainty arises from a comparison between
background samples of tt̄+≥1b generated with PowhegBox+Pythia8 in the 4-flavor
scheme with those generated in the 5-flavor scheme.

The tt̄ + ≥1c normalization factor and the ATLAS FTAG B0, which is an
experimental uncertainty related to b-tagging efficiency, presented a noticeable,
but smaller, impact on α as well.
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7.1.2 Background-Only Fit

A comparison between distributions of data and MC has been performed in
bins where the signal to background ratio is small (≤ 7.7% of the total expected
yield) to assess the accuracy of the background model. This comparison has been
carried out before and after a fit performed to data using only background MC

1.6 1.8 2 2.2 2.4 2.6 2.8 3
avg

bbR∆

0.5

0.75

1

1.25

D
a

ta
 /
 P

re
d

.

prob = 0.312χ/ndf = 7.1 / 6 2χ
0

200

400

600

800

1000

1200E
v
e

n
ts

-1= 13 TeV, 139.0 fbs

Single Lepton

4b lo≥

5j
SR

Pre-Fit

Data

Htt

=0αcosHtt

tH

4Fb+ tt

c+ tt

t+l, 4tt

Other

V+ tt

Total

Uncertainty

2705.0

60.6

0.0

3.1

1376.0

386.9

264.7

141.1

29.0

2261.4

l+jets CR5j,≥4b
low

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

Htt

2
b

0.5

0.75

1

1.25

D
a

ta
 /
 P

re
d

.

prob = 0.132χ/ndf = 7.1 / 4 2χ
0

500

1000

1500

2000

2500E
v
e

n
ts

-1= 13 TeV, 139.0 fbs

Single Lepton

6ji,4bi@70 1

Pre-Fit

Data

Htt

=0αcosHtt

tH

4Fb+ tt

c+ tt

t+l, 4tt

Other

V+ tt

Total

Uncertainty

5849.0

78.3

0.0

2.9

3154.5

517.5

219.1

241.7

69.5

4283.6

l+jets CR≥6j,≥4b
high

0 0.5 1 1.5 2 2.5 3 3.5 4

ll
ηδ

0.5

0.75

1

1.25

D
a

ta
 /
 P

re
d

.

prob = 0.112χ/ndf = 10.3 / 6 2χ
0

20

40

60

80

100

120

E
v
e

n
ts

-1= 13 TeV, 139 fbs

Dilepton

no-reco

4b≥4j,≥
CR

Pre-Fit

Data

Htt

tH

1b≥+ tt

1c≥+ tt

+ l, 4t, tHtt

+Vtt

Other

Total

Uncertainty

354.0

16.9

0.2

236.6

14.4

4.5

8.2

24.3

305.0

Dilepton CR≥4j,≥4b
no-reco

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

CP BDT (-1.0<BDT<-0.0862)

0.5

0.75

1

1.25

D
a

ta
 /
 P

re
d

.

prob = 0.022χ/ndf = 16.7 / 7 2χ
0

20

40

60

80

100

120

140

160

180E
v
e

n
ts

-1= 13 TeV, 139 fbs

Dilepton
4b≥4j,≥

CR

Pre-Fit

Data

Htt

tH

1b≥+ tt

1c≥+ tt

+ l, 4t, tHtt

+Vtt

Other

Total

Uncertainty

420.0

6.9

0.1

304.4

17.8

4.6

7.1

8.8

349.7

Dilepton CR≥4j,≥4b

Figure 7.5: Pre-fit distributions for the CR5j,≥4b
low , CR≥6j,≥4b

high , CR≥4j,≥4b
no-reco , CR≥4j,≥4b

regions before background only fit.

90



7. Results

(no signal is considered). The modelling of all the distributions that are used to
perform the fit, as well as the distributions of the input variables to the CP BDT,
has been inspected. Figure 7.5 and 7.6 shows the pre- and post-fit agreement
between data and MC distributions of some variables that are used in the fit
in the dilepton and single lepton channels. The distributions show a reasonable
agreement in these regions, which is reflected by relatively high (> 0.5) p-values.
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The best-fit values and associated uncertainties for the nuisance parameters
associated to the background modelling are presented in Figure 7.7. The pulls
are obtained after the background only fits to data for the single lepton, dilepton
and combined channels. The pulls are calculated from the difference between the
best-fit value (θ̂) and the nominal value (θ0) of the nuisance parameters, divided
by their pre-fit uncertainty (∆θ).

Overall, deviations of the fitted nuisance parameters from their nominal values
are small and compatible between the two channels. In the combined fit, the
pulls are smaller and the nuisance parameters are slightly more constrained. In
addition, the dilepton channel compensates for the large nuisance parameter pull
in the tt̄+≥1b 4F initial state radiation, which is observed in single lepton channel,
and that was discussed in Section 6.9. This pull is smaller in the combination and
it is still the only pull larger than one standard deviation.

It is also interesting to note that the dilepton channel is particularly important
to constrain the tt̄+≥1c background. This is reflected in a significant decrease of
the pull for the tt̄+≥1c normalization uncertainty in the combination.

Figure 7.7: Background modelling nuisance parameters from background only fits
to the l+jets, dilepton and combined channels. The green (yellow) area repre-
sent the ±1(2)σ intervals on the post-fit systematic uncertainty. The points and
horizontal bars represent the pulls and constraints in units of standard deviation,
respectively.
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7.2 HL-LHC Sensitivity to CP Mixing Angle

In order to obtain the expected sensitivity of the analysis for higher values
of luminosity and predict when the CP-odd component will be excluded with a
significance of 3σ, Asimov fits are performed using Asimov data produced for
different values of luminosity (139, 300, 1000, 2000 and 3000 fb−1). The expected
pure CP-odd exclusion significance is obtained for each of these values, serving as
a benchmark of the expected analysis sensitivity.

Due to technical reasons only the single lepton channel is used in the fits
for this study. However, the dilepton channel is essentially used to constrain the
tt̄+ ≥ 1c background and the significance is not significantly improved when both
channels are combined, as seem from Figure 7.1. The effects of different systematics
uncertainties on the future expected sensitivity can still be assessed using only the
single lepton channel, which dominates the sensitivity.

A decrease in the systematic uncertainties due to detector improvements and
higher data statistics is expected to be achieved with the HL-LHC. In view of this,
several scenarios were considered for the evolution of systematic uncertainties:

• Statistical Only Scenario: This scenario is included for comparison and only
considers statistical uncertainties.

• Run 2 Scenario: This scenario assumes that the systematic uncertainties
will remain unchanged with respect to the LHC Run 2 period.

• 50% Systematic Uncertainties Scenario: This scenario assumes that both
theory and experimental systematic uncertainties will decrease over time.
All the systematics included in the current Run-2 analysis are reduced by a
factor two with respect to their relative uncertainty values. Except for the
luminosity uncertainty, which is reduced to 40% of its original value. This
scenario is similar to the YR18 scenario referred in [44].

• No Instrumental Uncertainties Scenario: In this scenario all of the experi-
mental uncertainties, including luminosity uncertainty, are removed from the
fit to assess the effect of these uncertainties in the significance.

• No Theory Uncertainties Scenario: This scenario neglects all of the theo-
retical uncertainties related with the simulation and modelling of processes.
The theoretical cross section uncertainties are still included in this scenario.

• No Cross Section Uncertainties Scenario: In this scenario all of the theoret-
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ical cross section uncertainties of processes are removed to assess the effect
of these uncertainties in the significance.

Table 7.1: Considered uncertainty scenarios and the changes applied to each type
of systematic uncertainty in each scenario.

Source Uncert. Stat. Only Run 2 Syst. 50% Syst. No Inst. No Theory No Cross Sec.
Instrumental None Unchanged 0.5 None Unchanged Unchanged

Int. Luminosity None Unchanged 0.4 None Unchanged Unchanged
Theory (shapes) None Unchanged 0.5 Unchanged None Unchanged
Cross Section None Unchanged 0.5 Unchanged Unchanged None
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Figure 7.8: Expected CP-odd exclusion in standard deviations σ as a function of
the LHC luminosity. Several different scenarios for the systematic uncertainties
are displayed.

A list containing the changes applied to each type of systematic uncertainty
for each scenario is presented in Table 7.1. The expected CP-odd exclusion is
represented as a function of the LHC luminosity for each scenario in Figure 7.8.

The scenario with only statistical uncertainties exhibits a significant increase
in the expected exclusion significance. In this scenario, an exclusion greater than
3σ would be achieved for the current LHC luminosity. If there were no systematic
uncertainties the significance would evolve with the square root of the luminosity,
while in the other scenarios it would evolve logarithmically. This reveals that the
significance is being strongly limited by systematic uncertainties.
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For the Run 2 scenario, the 3σ exclusion significance is expected to be obtained
for a luminosity of approximately 3000fb−1. This value is expected to be reached
only at the end of the HL-LHC plan (Section 3.1.1) approximately in year 2035.

In the optimistic 50% Syst. scenario, where the uncertainties are divided by
a factor of two, an expected exclusion significance greater than 3σ is obtained for
a luminosity of about 900fb−1, which is expected to be reached approximately in
year 2027. For 3000fb−1, an exclusion of 4.27σ is expected.
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Figure 7.9: One-dimensional log-likelihood scan for the l+jets channel using pure
CP-even Asimov data for different values of luminosity. The expected CP-odd
exclusions are shown for each luminosity. The scans were obtained using the Run
2 systematic uncertainty scenario.

A large increase in the significance is obtained for the case were uncertainties
on the modelling of processes are neglected (represented in red). Although this sce-
nario is not fully realistic, it reveals that improvements in theoretical calculations
at higher orders of accuracy are demanded. Besides, when no cross section uncer-
tainty is considered, only a small difference is achieved when comparing to the Run
2 scenario. This means that the uncertainties on the shapes of the distributions
have a more significant impact on the expected significance than the theoretical
cross sections. The impact of the instrumental uncertainties on the significance
also appears to be far less extreme than the impact from the uncertainties on the
modelling.
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Run 2 Uncert.
L = 139fb−1

Run 2 Uncert.
L = 3000fb−1

Figure 7.10: Expected exclusion contour for the l+jets channel using pure CP-even
Asimov data for a luminosity of 139 (left) and 3000 fb−1 (right). These contours
were obtained using the Run 2 systematic uncertainty scenario.

No Theory Uncert.
L = 139fb−1

No Theory Uncert.
L = 3000fb−1

Figure 7.11: Expected exclusion contour for the l+jets channel using pure CP-even
Asimov data for a luminosity of 139 (left) and 3000 fb−1 (right). These contours
were obtained using the scenario where the theoretical uncertainties on the shapes
of distributions are neglected.
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The log-likelihood scan on α and the expected CP-odd exclusion obtained
with the Run 2 systematic uncertainty scenario are represented in Figure 7.9 for
each luminosity. Figure 7.10 shows the expected exclusion contours in the (kt, k̃t)
plane using this pessimistic scenario for the current luminosity and for 3000 fb−1.
For 3000 fb−1, the pure CP-odd scenario is outside the 3σ contour, while the
inverted coupling scenario is outside the 1σ contour and inside the 2σ contour.

Figure 7.11 shows the expected contours for the current luminosity and for
3000 fb−1 using the scenario where the theoretical uncertainties on the shapes
of distributions are removed. For 3000 fb−1, the pure CP-odd scenario and the
inverted coupling scenario are outside the 3σ contour, and the coupling parameters
are severely more constrained when compared to the Run 2 scenario.
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8
Conclusion

This thesis describes the search for CP-odd tt̄H production, in the H → bb̄ de-
cay channel. The analysis uses a dataset of proton-proton collisions corresponding
to an integrated luminosity of 139 fb−1 at a center-of-mass energy of

√
s = 13 TeV

collected during the LHC Run 2 by the ATLAS detector. Events in the dilepton
and single lepton channels are classified into control and inclusive signal regions
according to the final state particles of each event, such as the number of jets and
the number of b-tagged jets. A boosted decision tree (BDT) is used to discriminate
between signal and background events in the inclusive regions and further divide
these regions. A profile likelihood fit is performed simultaneously to all analysis
regions to determine the CP mixing angle and the coupling modifier, as the ex-
pectations for signal and background are adjusted according to the corresponding
systematic uncertainties. Several CP-discriminant variables are used in the fit,
including the CP-BDT which combines several CP-sensitive variables into a single
classifier.

The analysis relies on CP-sensitive observables to discriminate between dif-
ferent CP scenarios and measure the CP mixing angle and the coupling modifier
of the top Yukawa coupling. In addition to these CP-discriminant distributions,
other variables are fitted in the control regions of the analysis, in order to constrain
the normalization and shapes of the background. Despite the fact that these are
not sensitive to the CP of the t-H coupling, they help to improve the sensitivity
and robustness of the analysis.

For a luminosity of 139 fb−1, the pure CP-odd coupling is expected to be
excluded at 1.60σ when both channels are combined in a fit to an Asimov dataset
that follows the Standard Model expectations. When the fit is performed only in
the single lepton channel, which dominates the analysis sensitivity, an expected
CP-odd exclusion of 1.29σ is obtained. While with the dilepton channel, which is
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particularly important for constraining the tt̄+≥1c background, an exclusion sig-
nificance of 0.98σ is achieved. The expected two-dimensional confidence intervals
on the (kt, k̃t) plane are derived. The inverted coupling scenario (i.e. k′t = −1) is
expected to be inside the 1σ contour.

The impact of the many sources of systematic uncertainties in the analysis
sensitivity was investigated. It was shown that the uncertainties with the greatest
impact on the CP mixing angle are the ones related with the modelling of the
tt̄ + ≥1b background. In addition, a background-only fit was performed to the
regions with small signal to background ratio in order to assess the accuracy of
the background model. A fairly reasonable agreement was observed with high
p-values.

Furthermore, the current analysis strategy was compared with an older ver-
sion, in which the CP-BDT was also being fitted in the single lepton channel. How-
ever, it was shown that fitting a CP-discriminant variable referred to as btt̄H2 (t,t̄)
is almost as good as fitting the CP-BDT in this channel. The analysis sensitivity
decreases by just 0.01σ when applying this simplification. In addition, a better
background modelling is achieved when the btt̄H2 (t,t̄) observable is used.

This work also explores projections of this search from the LHC Run 2 to the
HL-LHC. The projections are based on the single lepton channel of the analysis.
Integrated luminosities of up to 3000 fb−1 are considered in the projections, with
different scenarios for the expected systematic uncertainties. The pure CP-odd
top Yukawa coupling is expected to be excluded with a significance greater than
3σ after 3000 fb−1 in the Run 2 uncertainties scenario. In the 50% systematics
scenario, this same exclusion is predicted to be achieved before 1000 fb−1. In
this scenario, the expected sensitivity of the search will be improved by almost a
factor of 3 by the end of the HL-LHC program. However, when only statistical
uncertainties are considered, the Run 2 luminosity is enough for an exclusion of
3.57σ. Clearly, the systematic uncertainties are significantly limiting the precision
of the measurement.

In addition, three more scenarios were also considered by removing specific
types of systematic uncertainties to asses its effects on the exclusion significance.
The uncertainties on the modelling of processes, which is dominated by uncer-
tainties on the modelling of background, presented the greatest impact on the
expected significance. In summary, the sensitivity to the signal is strongly limited
by the mismodelling of background, and a better understanding of the theory, with
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higher orders of accuracy calculations, especially for the background events, would
strongly benefit the analysis.

During this work, the author participated and actively contributed to several
stages of an ATLAS analysis, which is expected to be published soon. Among these
contributions, we highlight the tH parameterization as a function of the mixing
angle α and the coupling strength k′t from Section 6.6 and the modelling of back-
ground presented in Section 7.1.2, as well as fit studies and analysis simplification
strategies, such as the btt̄H2 alternative to the CP-BDT as CP-discriminant variable
in the dilepton channel, mentioned in Section 6.5. The author also presented the
projections of this search for the HL-LHC in Section 7.2 and a comparison between
distributions of large-R jet substructure variables using Atlfast-II and full detector
simulation in Section 5.3.
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A
Statistical Analysis Techniques

In this analysis, two parameters of interest (POI) are being considered, the
CP-mixing angle α and the coupling modifier k′t. The POI are the unknown pa-
rameters of the theoretical model that predicts the distribution of the observables,
and the objective of the analyses is to measure these parameters. In view of this, a
text-statistic that considers the two POI is required. The following sections cover
all the techniques applied for the measurement these parameters, starting with an
explanation of the maximum likelihood estimator, followed by a description on how
the uncertainties on the parameters of interest and the significance are measured.
Finally the test statistic used for measuring the CP-mixing angle α and the one
used for simultaneously measuring α and the coupling modifier k′t are discussed.

A.1 The Maximum Likelihood Estimator

For a sample of N measurements of variables ~x = x1, ..., xl, with distributions
that take into account both intrinsic physics randomness (theory) and detector
effects described according to some unknown parameters, the probability density
functions f that describe the data are expressed as a likelihood function:

L(~x; ~µ, ~θ) =
N∏
i=1

f(xi1, ..., xil;µ1, ..., µk, θ1, ..., θm). (A.1)

The parameters can be divided into POI, represented as ~µ, and nuisance pa-
rameters, represented as ~θ. The nuisance parameters are the additional parameters
that need to be taken into account when evaluating the POI. The values of the
POI depend on the values of the nuisance parameters, and these parameters arise,
for example, due to the finite resolution of the detectors, miscalibrations, presence
of background, etc.

The parameters for which the theoretical probability density functions best fits
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the experimental data sample corresponds to the set of parameters that maximizes
the likelihood function. The maximum likelihood method consists in determining
the parameter set that corresponds to the maximum value of the likelihood func-
tion. This is equivalent to minimizing the − logL(~x; ~µ, ~θ), which may be more
convenient since the product of all the terms is transformed into a sum of loga-
rithms. Usually, a scan around the minimum value is performed to determine the
uncertainty contour in the fitted parameters.

This analysis is divided into several regions (Section 6.2), each with multiple
bins of observables. The number of events in each bin follows a Poisson distribution
and the expected number of events in each bin depends on the unknown parameters
of the theory that one wants to estimate. A binned likelihood function is built as
a product of Poisson probability terms over all the bins considered in the analysis:

L(~n; ~µ, ~θ) =
nbins∏
i=1

e−νi(µ1,...,µk,θ1,...,θm)νi(µ1, ..., µk, θ1, ..., θm)ni
ni!

, (A.2)

where, nbins is the number of bins, ni is the number of entries for each bin i

and νi is the expected number of entries, that depends on the parameters ~µ and
~θ. This approach is usually preferred when dealing with an extensive number of
measurements N and when the implementation of an unbinned likelihood would
demand intensive computing power.

In addition, a constraint term for the nuisance parameters is introduced in
the likelihood function:

L(~n; ~µ, ~θ) =
nbins∏
i=1

Poiss(ni; νi(µ1, ..., µk, θ1, ..., θm))
m∏
j=1

G(θ0
j ; θj), (A.3)

where m is the number of nuisance parameters and θ0
j is the nominal value of each

nuisance parameter, which is distributed according to one PDF G(θ0
j ; θj), usually

a Gaussian or log-normal distribution. The nominal value is usually an estimation
of the true value of the nuisance parameter, and its fitted value corresponds to the
one that best fits the data. Background-dominated regions, referred to as control
regions, are used to constrain the systematic uncertainties on the measurement.
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A.2 The Profile Likelihood Ratio

The profile likelihood method is commonly used in LHC analyses for the
treatment of nuisance parameters. Is is based on a likelihood ratio that is used to
construct a test statistic and test a certain POI against its alternatives over the
parameter space:

λ(~µ) = L(~x; ~µ,
ˆ̂
~θ(~µ))

L(~x; ~̂µ, ~̂θ)
, (A.4)

where, in the denominator, ~̂µ and ~̂θ are the best fit values of ~µ and θ, which are

fitted simultaneously. Whereas, in the numerator,
ˆ̂
~θ(~µ) corresponds to the best fit

value of ~θ obtained for a fixed alternative value of ~µ.

The following test statistic can be build for the purpose of establishing a limit
on the parameters ~µ.

qµ = −2 log λ(~µ), (A.5)

which, by construction, has a minimum at qµ(~̂µ) = 0. A scan around the minimum
can be performed to determine the uncertainty in the value of ~̂µ, given by the
intersection with − log λ(~µ) = 0.5 that corresponds to a significance of 1σ.

The p-value can be calculated to quantify the level of agreement between a
hypothesized ~µ and the data as

pµ =
∫ ∞
qµ,obs

f(qµ|~µ)dqµ, (A.6)

where f(qµ|~µ) is the PDF of qµ assuming that ~µ is true. In the limit of large samples
and considering that the Wilks’ theorem [125] holds (i.e. ensuring that the true
values of the evaluated parameters lie within the permitted parameter space), the
test statistic qµ will be asymptotically distributed as f(qµ|~µ) ≈ χ2

k with degrees of
freedom equal to the number of components in ~µ = (µ1, ..., µk). The hypothesized
~µ can be excluded at a certain confidence level (CL) if the p-value is found below
a specified threshold. The confidence interval is build for a certain CL with the
values of ~µ that cannot be excluded for that value of CL. In this limit, the exclusion
significance of ~µ can be approximated to Zµ ≈

√
qµ =

√
−2 log λ(~µ) [126].

For the implementation of the statistical analysis, the TRexFitter [127] frame-
work was used. All parameters were allowed to vary, with the constraints that
−π ≤ α ≤ π and 0 ≤ k′t, and the log-likelihood function was minimized to obtain
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the best-fit values of the CP-mixing angle α and the coupling modifier kt.

In order to obtain the confidence intervals and hypothesis exclusion, a test
statistic qα was constructed as

qα = −2 ln L(α, ˆ̂
k′t(α),

ˆ̂
~θ(α))

L(α̂, k̂′t, ~̂θ)
, (A.7)

where, α̂, k̂′t and ~̂θ are the measured best-fit values, while ˆ̂
k′t(α) and

ˆ̂
~θ(α) are the

values of k′t and θ that minimize the log-likelihood for a specific value of α. One-
dimensional scans are performed along the allowed range of α.

A second test statistic qα,k′
t
was build to define the confidence region in the

(α, k′t) plane. qα,k′
t
was defined as

qα,k′
t

= −2 ln L(α, k′t,
ˆ̂
~θ(α, k′t))

L(α̂, k̂′t, ~̂θ)
. (A.8)

In this case, two-dimensional scans of qα,k′
t
are performed along α and k′t and the

confidence region was represented in the (kt, k̃t) parameterization (see equation
4.3).
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