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Abstract
Dipartimento di Scienze Matematiche, Informatiche e Fisiche (DMIF)

Doctor of Philosophy

by Mohammed I. H. Faraj

Since the top-quark is the heaviest elementary particle in the Standard Model (SM), with

a mass close to the scale of electroweak symmetry breaking[1, 2], it plays an essential

role in many models (SM and beyond SM (BSM)), and it might answer several questions

still unanswered in the SM. For this reason, I tackled this topic in different ways. This

thesis presents a study of the tracking-efficiency performance of the Inner Detector of

the ATLAS experiment to reconstruct pion tracks in data and simulated events. Also, it

presents analyses of different processes involving top quarks. The first one is the study

of four-top-quark production in the single-lepton and opposite-sign dilepton final states,

where a new method has been developed to reject backgrounds in the signal region for

both channels. The second search looks for the existence of new particles as predicted

by several theoretical BSM models, which are the Topcolor Assisted Technicolor model

(TC2) [3–5], and the Randall-Sundrum model [6–9]. No evidence for resonant productions

of top-quark pairs is found. As a result, expected limits are set on the production cross-

section times branching ratio of these models at 95% confidence level. Both these analyses

are based on data from proton-proton collisions at a centre-of-mass energy
√
s = 13 TeV

collected by the ATLAS experiment at the Large Hadron Collider (LHC) at CERN and

simulated Monte Carlo (MC) events as predicted from the SM and BSM models.
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Chapter 1

Introduction

Since the break of dawn humankind has been wondering about Nature. Among other

things, human beings have been trying to understand which elementary components

Nature is made up of. There have been then many theories and experiments conducted

to arrive at a comprehensive answer to the fundamental question: What is the world

made of?

Starting from the twentieth century, we changed our knowledge about particles and their

properties after the great discoveries of different sub-atomic objects such as electrons,

protons, neutrons, and photons. We found that classical mechanics cannot describe ob-

jects at very small length scales and which move at speed (close to the speed of light).

Special Relativity and Quantum Mechanics were needed to describe these particles, and

by combining these two theories, we got the Quantum Field Theory, which describes

all the elementary particles and their interactions. Furthermore, with the study of the

cosmic rays and the huge advancements in experimental equipment, such as the particle

colliders, several elementary particles were identified, which interact with each other via

four fundamental forces: strong, weak, electromagnetic, and gravitational.

In the world of elementary particles, at small length scales and high speeds, the most

powerful model that describes properties and interactions of these particles is the Stan-

dard Model (SM) [10, 42]. This model was developed and built as a result of lengthy

experimental and theoretical researches. The SM combines the Quantum Electrodynam-

ics theory known as Glashow–Weinberg–Salam electroweak theory [43–45] (GWS model)
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Introduction 2

which describes the electroweak interaction processes (such as beta decay, leptons interac-

tion, heavy leptons decay, etc.) and the Quantum Chromodynamics QCD, that describes

the interaction of strongly interacting particles (hadrons) [46, 47]. This model classifies

all the building blocks of matter and their properties, such as parity, charges, colour,

etc. together with their interactions. Also, we can predict and calculate different physics

quantities to describe particle interactions, like cross-section, decay width, lifetime, etc.

However, the SM is incomplete, since the gravitational force is not included in this model,

and the idea of unification between all forces cannot be accomplished within the SM. Also,

Dark Matter, and neutrino masses and oscillation are not predicted. Many theories try

to find and describe new areas in physics that are not covered by the SM.

The SM was developed on the base of the results of many experiments performed to

complete our knowledge and understanding of fundamental particles. Many experiments

also searched for particles predicted from other theories beyond the Standard Model,

such as Supersymmetry (SUSY). However, up to now, none of these theories have been

confirmed.

From the 1970s up to nowadays, there has been an impressive development in high energy

accelerators and detectors which help us to provide us with an in-depth look into the world

of fundamental particles, understand their interactions with different materials, how they

create and annihilate in various processes, and how our universe has been created. The

Large Hadron Collider (LHC) is the most powerful machine that provides us with a huge

amount of data at different collision centre of mass energies. The LHC is hosted in the

CERN laboratory, close to the Geneva town. It is a circular collider whose circumference

is 27 km, located 100 meters underground. It is designed to provide the scientists with

different data by colliding proton-proton (pp), heavy ions and proton heavy-ion. The

centre of mass-energy for the collisions
√
s was increased from 7 TeV in 2008 to 13 TeV

in 2015.

LHC hosts four main detectors (CMS, LHCb, ALICE and ATLAS detectors), each one

built for different purposes. They intend to cover many scientific fields such as SM or

beyond SM physics, plasma physics, dark matter, etc. For this thesis, I analysed data

collected by the ATLAS detector. ATLAS is the largest detector in the world, composed

of three main layers to detect all fundamental and composite particles.
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The top quark is the heaviest in between the known elementary particle predicted by the

SM, which plays a crucial role in particle physics. Its mass is ∼ 170 times larger than

the proton mass and ∼ 40 times larger than the second heaviest elementary particle in

the SM, the bottom quark. Due to its large mass close to the electroweak symmetry

breaking, as well as to the value of its Yukawa coupling to the Higgs boson close to unity,

it might play a crucial role in searches for new physics beyond the SM. In the LHC, the

dominant process for top-quarks production is in pairs via strong interaction, referred to

as top-antitop (tt̄) process.

In the ATLAS experiment at the LHC, a large number of top-antitop pairs is produced

which allows a precise measurement of the process cross-section essential for searches

predicted by the SM, e.g. four-top-quark production and by several BSM theories where

new particles decaying into top-antitop pairs, e.g. Z ′, graviton, may appear.

In this thesis, three works are presented which use data collected in proton-proton col-

lisions at the centre of mass-energy
√
s = 13 TeV with the ATLAS experiment at the

LHC. The first one is a performance study which evaluates the efficiency of reconstruct-

ing pion track in data and simulated events. The second one develops the χ2–method to

reconstruct two top quarks decaying hadronically in the single-lepton and opposite-sign

dilepton final states using simulated data generated at
√
s = 13 TeV. The last one is

which is the core of the thesis, is the search for top-antitop quark resonances produc-

tion where upper limits are set on the cross-sections for new physics particles in dilepton

channel.

In the following, chapters are organised as follows: Chapter 2 gives an introduction to

the Standard Model, to the top-quark physics and the new physics predicted by several

BSM theories. Chapter 3 describes the LHC and one of the general-purpose detectors,

ATLAS detector. In Chapter 4, particles reconstruction and identification are presented,

and the observables used in the analyses are shown. An introduction to tracks and

vertices reconstructions, and to the efficiency measurement of reconstructing pion track,

is presented in Chapter 5. In Chapter 6, a new method based on χ2 is presented to

reconstruct top-quarks in the SM production of four-top-quark. Finally, search on new

physics particles decaying to top-antitop quark pairs is presented in Chapter 7.



Chapter 2

Theoretical Framework

The SM of particle physics is the theoretical framework of this thesis. Up to now, the SM

proved to be in excellent agreement with all the collected results in the present and past

experiments, including by the LHC and Tevatron. However, it is not considered to be

a complete theory since it does not cover many-particle physics aspects, such as gravity,

neutrino oscillations and the existence of dark matter in the universe.

In this chapter, an overview of the SM is given in Section 2.1 The electroweak theory

and the theory of strong interactions are covered in more detail in Section 2.1.1 and

Section 2.1.3, respectively. Top quark production and decay mechanisms, in particular,

are discussed in details in Section 2.2 since the top quark plays an essential role within the

SM as well as in theories beyond the Standard Model (BSM). Finally, a short overview of

some BSM, which can be interesting for the work presented here is given in Section 2.3.

2.1 The Standard Model of Particle Physics

The SM is a theoretical framework which describes elementary particles (Matter) and

their interactions (Forces) [43–48]. As of today, it is the most accurate theoretical model

describing the submolecular world, capable of providing correct predictions and confirmed

by several experiments. The SM is based on the idea of local gauge symmetries, which

are combined and lead to conservation laws according to the Noether Theorem.
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The SM of particle physics classifies the visible matter, which forms ∼5% of the Universe,

and their interactions. Besides, it includes a mass-generating mechanism, referred to as

the Higgs mechanism, which is responsible for particle masses. Within the SM, the gauge

group of quantum electrodynamics (QED) is combined with the weak interaction, leading

to a unified theory known as the theory of electroweak interactions. It combines as well

the gauge group of the electroweak theory with one of the theory of the strong interaction

(Quantum Chromodynamics or QCD). Gravity, which is the fourth force in nature, can

not be included in the SM due to the mathematical limitations at high energy scales,

where it has a negligible effect compared to other forces.

In the SM, elementary particles (matter) are fermions with spin 1
2

divided into six leptons

and six quarks. These fermions are then classified into three families (generations), as

shown in table 2.1. Each family contains pairs of leptons and quarks. Additionally, each

fermion has its anti-particle with opposite quantum numbers, like charges and parity, but

with the same mass.

Leptons Quark

Particle Charge[e] Mass
GeV

Particle Charge[e] Mass
GeV

First generation e− -1 0.00051 d −1/3 0.0047
νe 0 10−9 u +2/3 0.0022

Second generation µ− -1 0.1056 s −1/3 0.95
νµ 0 10−9 c +2/3 1.275

Third generation τ− -1 1.776 b −1/3 4.18
ντ 0 10−9 t +2/3 173

Table 2.1: Leptons and Quarks in the SM with their properties [37].

In the quantum-relativistic framework units (c = 1, ~ = 1, e = 1) of the SM, forces are

transported by gauge bosons, which are quanta of gauge fields. The gauge vector bosons

in the SM with spin-one are listed with their properties in table 2.2. Each boson associated

with one of the interactions included in the SM. Additionally, there is a scalar boson with

spin-zero called the Higgs boson presented in table 2.2, and it will be introduced in the

following section ( 2.1.2).
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Gauge Boson Interaction Charge[e] Mass
GeV

Spin

γ Electromagnetic 0 < 1× 10−27 1
W± Weak ±1 80.379± 0.015 1
Z0 Weak 0 91.1876± 0.0021 1
gluon Strong 0 0 1

Table 2.2: SM gauge vector bosons properties and their associated interactions [37].

2.1.1 Electroweak Interactions

In the 1960s, Glashow, Salam and Weinberg proposed the first theoretical attempt to

unify QED (Quantum Electrodynamics) [43, 45] with the theory of weak interactions

[44], introducing the theory of electroweak interactions. It combines the symmetries of

the gauge groups SU(2) (weak interactions) and U(1) (QED), to produce the electroweak

SU(2)L × U(1)Y where U(1)QED ⊂ SU(2)× U(1). Therefore, this theory describes both

the electromagnetic and weak charged current processes.

The first part of the symmetry group, SU(2)L, introduces the so-called the weak isospin,

T, which can be written in the form of Ti = τi/2, i = 1, 2, 3 (τi are the Pauli-matrices) and

they correspond to three massless gauge fields Wµi . Since in group theory, the number of

SU(N) generators, which corresponds to the number of gauges, is equal to N2−1, where

N is the group dimension. On the other hand, the U(1)Y symmetry group introduces the

hypercharge (Y ), and it corresponds to one massless gauge field, Bµ. The hypercharge,

Y , is associated with the electric charge and T3 is the third component of the weak isospin

via the Gell-Mann Nishijima formula:

Y = 2(Q− T3) (2.1)

Left-handed fermions (ψL) and right-handed anti-fermions are represented as doublets

with isospin T3 6= 0 under the SU(2) transformation, and they interact via the exchange

of the gauge bosons W± and Z0. While the right-handed fermions (ψR) and left-handed

anti-fermions are singlets with T3 = 0 and they interact via the exchange of a Z0 boson

and γ only.
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The full Lagrangian of the electroweak interactions can be written as

LEW = ψ†L iγ
µ Dµ ψL + ψ†R iγ

µDµψR − 1
4
W i
µνW

µν
i − 1

4
BµνB

µν (2.2)

where the first two terms describe particles interactions while the last two terms are

related to the gauge fields interactions. The gauge bosons (Aµ, Zµ and W±
µ ) in this model

are massless particles because they are described as linear combinations of massless gauge

files.

The covariant derivative in the electroweak interactions for ψL fermions is given as,

Dµ = ∂µ + ig τi
2
W i
µ + i g′

2
Y Bµ (2.3)

while for ψR fermions, the covariant derivative is

Dµ = ∂µ + i g′

2
Y Bµ (2.4)

where g and g′ are the coupling constants for SU(2) and U(1), respectively.

The physics fields (gauge bosons) can be derived, using the previous covariant derivatives

and from the linear combinations of the gauge fields Wµ and Bµ,

Aµ = W 3
µ sin(θW ) +Bµ cos(θW ) (2.5)

Zµ = W 3
µ cos(θW )−Bµ sin(θW ) (2.6)

W±
µ = 1√

2
(W 1

µ ∓W 2
µ ) (2.7)

where Aµ, Zµ and W±
µ correspond to the gauge bosons, photon, Z-boson and charged

W -boson fields, respectively. θW is the Weinberg-angle, which describes the mixing be-

tween SU(2) and U(1). It is defined in terms of the weak and electromagnetic coupling

constants, as:

sin(θW ) = g′√
(g2+g′2)

or tan(θW ) = g′

g
(2.8)
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Furthermore, sin2(W ) measured experimentally from the Z decay in different channels to

be [37]:

sin2(W ) = 0.23122± 0.00012 (2.9)

The electroweak theory also describes the weak interactions between quarks from dif-

ferent generations through the exchange of a charged W -boson. The down-type (q′)

eigenstates are connected to their mass eigenstates by the unitary Cabibbo-Kobayashi-

Maskawa (CKM) mixing matrix (VCKM) [37, 49],


d′

s′

b′

 = VCKM


d

s

b

 (2.10)

VCKM =


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 =


0.97420± 0.00021 0.2243± 0.0005 (3.94± 0.36)× 10−3

0.218± 0.004 0.997± 0.017 (42.2± 0.8)× 10−3

(8.1± 0.5)× 10−3 (39.4± 2.3)× 10−3 1.019± 0.025


(2.11)

where |Vij| is the probability of transition between qi and qj via the exchange of a charged

W -boson. VCKM is a diagonal matrix with |Vij| ≈ 1, which means the probability of

transition between quarks of the same generation is dominating [50, 51].

2.1.2 The Higgs Mechanism

Experimentally the gauge bosons, W± and Z0, are found to be massive particles with

mass 80.379 ± 0.012 GeV and 91.1876 ± 0.0021 GeV [37], respectively. On the other

hand, including the gauge boson mass terms in the electroweak theory violate the gauge

invariance. In order to solve this problem, an extension has been added to the electroweak

Lagrangian introducing a new field (φ):

LHiggs = (Dµφ)† (Dµφ) + µ2φ†φ− λ(φ†φ)2 (2.12)

where the first term is the kinetic energy of the Higgs field, and the last two terms are

the gauge field interaction and the Higgs potential, respectively. φ is a new scalar field,
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referred to as the Higgs field, and it is given by a doublet of two complex scalar fields in

SU(2)× U(1) representation:

φ =
1√
2

φ1 + iφ2

φ3 + iφ4

 (2.13)

The shape for the potential term in the LHiggs is shown in Figure 2.1. As one can see,

Figure 2.1: The shape of potential V (φ) = 1
2µ

2φ2 + 1
4λφ

4 for λ > 0 and for the cases
(a) µ2 > 0 and (b) µ2 < 0 [10].

the expectation value for the vacuum (v) is given by:

v = ±
√
−µ2

λ
(2.14)

If the free parameters λ and µ in the last two terms of LHiggs are chosen to be λ > 0

and µ2 < 0, the vacuum state, which corresponds to the lowest energy state of Higgs

field, does not occur at φ = 0. Therefore, the expectation value for the vacuum will be

non-zero; they will be at φ = +v and φ = −v. The choice of the vacuum state will break

the symmetry, and it is referred to as spontaneous symmetry breaking. As a result of the

spontaneous symmetry breaking, the mass term problem is solved without violating the

gauge invariance. The gauge bosons masses are then given in terms of the expectation

value for the vacuum state as:

MW = g v
2
, MZ = v

2

√
g2 + g′2, Mγ = 0 (2.15)

From this mechanism, known as the Brout-Englert-Higgs mechanism [52–55], turns out

the existence of a new scalar particle with spin = 0 and mass equal to
√

2µ, which is known
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as Higgs boson. In 2012, The ATLAS and CMS experiments at the LHC announced for

the first time the discovery of this new particle [56–58]. The Higgs boson has a mass

mH = 125.09±0.21(stat)±0.11 (sys) GeV, and it has no electric charge or colour charge

[37].

The Higgs mechanism for the spontaneous symmetry breaking in the electroweak theory

also can be used to generate the masses for the fermions by adding another term to the

SM Lagrangian. It is describing the coupling between fermions and the Higgs field. The

mass for fermions is given as:

Lyukawa = yfφψ̄L
f
ψR

f + h.c (2.16)

mf = v√
2
yf (2.17)

where yf is another coupling constant referred to as Yukawa coupling (proposed by Wein-

berg), and proportional to the fermion mass [42]. From this relation turns out that,

massive particles are those which have the most significant coupling to the Higgs field.

Therefore, the top quark, which is the most massive elementary particle with a mass

173.± 0.4 GeV, has the largest coupling to the Higgs field with yf ≈ 1 [37].

2.1.3 Quantum Chromodynamics

The Quantum Chromodynamics referred to as QCD, is the theory which describes the

strong interactions, and is based on the non-Abelian symmetry group, SU(3). In strong

interaction, a new quantum number is defined, carried by the quarks and by the SU(3)

force carriers, the gluons. This quantum number is the colour charge since for each quark

can occur in one of three states red(r), green(g) and blue(b). Anti-quarks can have three

different anti-colours. Colour has been proposed as a solution for the violation of Pauli’s

principle for quarks in a bound state, for example, baryon with the state uuu. The gauge

bosons, which are eight gluons, carry (r + b + g) ⊗ (r̄ + b̄ + ḡ) − (rr̄ + bb̄ + gḡ) colour

charges. Hence, they can have self-interactions. The only bound states invariant under

the SU(3) transformations and that can be observed experimentally are the colourless



Theoretical Framework 11

bound states. These states are grouped into two configurations, baryons (q̄q̄q̄ or qqq) and

mesons (qq̄), which are referred to as hadrons [10].

The QCD Lagrangian, which describes the strong interactions, is:

LQCD =
∑

q iq̄γ
µDµ q − 1

4
Ga
µνG

µν
a (2.18)

where q(q̄) is the quark (anti-quark) field, respectively, while Gµ
aν is the gluon fields. The

covariant derivative for the SU(3) symmetry group is given by:

Dµ = ∂µ + igsTaG
a
µ (2.19)

where Ta, the generators, are three-dimensional matrices with a = 1, , 8 which can be

expressed in terms of the Gell-Mann matrices. The gs is a coupling constant, related to

the coupling strength αs by:

αs = g2
s

4π
(2.20)

Indeed, the coupling constant, αs, is not a real constant, but it depends on the energy

scale:

αs(Q
2) = 12π

(33−2nf ) log( Q2

ΛQCD
2 )

(2.21)

The parameter nf is the number of quark flavours, (nf = 6), while Q2 is the momentum

transfer and ΛQCD is a scale defined to be ≈ 200 MeV. αs(Q
2) decreases at high energies

(small distances), which means the quarks can be considered as free particles and referred

to as asymptomatic freedom. On the other hand, quarks and gluons (Partons), cannot

appear as free particles at large distances (small Q2). When trying to separate quarks,

as shown in Figure 2.2, a pair of quarks with the opposite colour charge will be created

from the vacuum, and new bound states will appear. This phenomenon is one of the

main features of QCD, and it is called colour confinement [59–61].
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Figure 2.2: Schematic plot of the confinement principle, which a new bound state is
created in the attempt to separate two quarks.

2.2 Top Quark Physics

In 1995, the last fermion predicted by the SM, the top quark, was discovered at the

Tevatron collider by the CDF and D∅ experiments [1, 2]. It is the most massive elementary

particle in the SM with a mass close to the scale of electroweak symmetry breaking,

mTop = 173.0±0.4 GeV [37]. Besides, it is predicted to have the largest coupling constant

to the Higgs field, yTop ≈ 1. Furthermore, from the SM prediction, the top quark has a

very short lifetime τTop ≈ 5 × 10−25 sec, which means it has a lifetime shorter than the

hadronisation scale. As a consequence, the spin information of the top quark is passing

to its decay products, and it provides a unique opportunity to study the bare quark.

The top quark plays an essential role in the SM and many BSM models, and it is predicted

to have a large coupling besides the SM Higgs boson to many new particles. Therefore,

studying and measuring the top-quark properties with high precision is crucial for several

BSM analyses, which predict the production of new massive particles in association with

the top quark. In the LHC, top quarks are produced in pairs via strong interaction or

single top via weak interaction in association with a b-quark, light-quarks or a W -boson

(see Ref[62–66]). In this thesis, the study of SM four-top-quark production, as well as the

search for top-pair resonances, are presented. In the following, the top quark productions

and decays are discussed.

2.2.1 Top quark strong production

Top quarks at the hadron colliders, p-p or p-p̄ collisions are mainly produced in pairs

via the strong interaction. At the leading-order (LO) in perturbation theory, top pairs

are produced either by gluon-gluon (gg) fusion or quark-antiquark annihilation (qq̄), as
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shown in Figure 2.3. There are also, higher-order diagrams for tt̄ production such as

the next-leading-order (NLO) ones where tt̄ pairs are produced from quark-gluon (qg)

scattering, as shown in Figure 2.4a, and from gluon bremsstrahlung or virtual corrections

to the LO (see Figure 2.4).

(a) (b)

(c) (d)

Figure 2.3: Feynman diagrams for tt̄ production via (a-c) gg fusion and (d) qq̄ anni-
hilation.

The centre-of-mass energy of the colliding partons,
√
ŝ, needs to be larger than twice of

the top-quark mass (mtop) for tt̄ production since
√
ŝ is given as:

√
ŝ =
√
xixjs ≥ 2mTop (2.22)

where xi (xj) is momentum fractions of the partons participating in the p-p collision

(LHC) or proton-antiproton collision (Tevatron). In the case of two partons carrying the

same fraction xi = xj = x,
√
ŝ becomes

x ≥ 2mTop√
s

(2.23)

At the LHC, the centre-of-mass energy
√
s is equal to 13 TeV, which gives x ≈ 0.03.

At this x, one finds mostly gluons, and this is why the main tt̄ production is gg fusion.

On the other hand, at the Tevatron where
√
s ≈ 2 TeV, the parton momentum fraction
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(a)

(b) (c)

Figure 2.4: Feynman diagrams for tt̄ production via (a) g bremsstrahlung, (b) the gg
fusion with virtual correction, and (c) the qg scattering.

needed is x ≈ 0.18. In this region, the dominant mechanism for tt̄ production is the qq̄

annihilation [67].

The contribution of the various processes to tt̄ production depends on the centre-of-

mass energy
√
s and whether the collisions occur between partons in p-p (LHC) or p-p̄

(Tevatron). At the Tevatron collider, where p-p̄ are colliding particles at
√
s = 1.93 TeV,

the dominant process for tt̄ production was qq̄ annihilation. On the other hand, at the

LHC where p-p collisions occur at
√
s = 13 TeV, gg fusion is the dominant process,

≈ 95%. This difference is because at Tevatron, the anti-quark is a valance quark, and

it is more likely to occur at any
√
s. In contrast, at the LHC, the anti-quark has to be

a sea quark. On top of that, at Tevatron, partons carry a high fraction of the proton

(anti-proton) momentum (pi = xipproton) while at the LHC small fractions xi are enough

to produce top quarks pairs.
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The probability for any physics process to occur at particle collisions is referred to as the

cross-section, σ, measured in barns which is an area unit equal to 10−24 cm2,

σ = N
L (2.24)

where N is the number of events, and L is the total integrated luminosity. The cross-

section for any process depends on the centre-of-mass energy for the colliding particles.

For example, the cross-section for tt̄ production, σtt̄, at
√
s = 13 TeV in the LHC is

σtt̄ = 830+13
−14 pb where the calculation has been done for a top quark of mass equal to

173.3 GeV [68–70]. Figure 2.5 shows the measurement of top-quark mass from different

experiments and the world combination results. On the other hand, Figure 2.6 shows the

tt̄ production cross-section as a function of
√
s from different experiments compared to

theoretical prediction [11, 71, 72].

Figure 2.5: Summary of direct measurement for the top-quark mass (mtop) from the
ATLAS and CMS in the LHC compared with world combinations [11].
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Figure 2.6: Summary of measurements for tt̄ production cross-section as a func-
tion of

√
s at the LHC and Tevatron compared with the theoretical calculation at

NNLO+NNLL [11].

For the analyses presented in this thesis, top pairs play a primary role as background

for the four-top-quark signal reconstruction (Chapter 6) as well as in the search for new

massive particles (Chapter 7) predicted by BSMs. Therefore, it is crucial to study the

pair of top-antitop quarks kinematics to discriminate them from other processes, e.g.

four-top-quark reconstruction and new massive particles decaying to tt̄ pairs.

2.2.2 Top quark decay

Within the SM, the top quark decays with probability close to one through electroweak

force in the channels, t → Wb, t → Ws and t → Wc. The branching ratio (BR) for the

various top quark decay is proportional to the |Vtj| elements squared in the CKM matrix,

with j = b, s and c. |Vtb| is larger than |Vts| and |Vtc|, therefore, the top quark almost 100%

of the time decays to a W -boson and a b-quark. The W -boson is an unstable particle and

can decay in two channels, the leptonic and the hadronic one. In the leptonic channel,

the W -boson decay with equal probability to a charged lepton and the corresponding

neutrino (eν̄e, µν̄µ or τ ν̄τ ), and the total branching ratio in the leptonic channel is BR

≈ 1/3. On the other hand, in the hadronic channel, the W -bosons can decay to two qq̄

pairs (ud̄ or cs̄) with a total BR ≈ 2/3. Therefore, the decay of the two W -bosons from

tt̄ pairs characterises the tt̄ decay channels, as shown in Figure 2.7.
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Figure 2.7: BRs for the different tt̄ decay channels.

From Figure 2.7, one can see that the tt̄ final states can be classified into three categories:

• All jets (Hadronic channel): It is the most probable channel with BR ≈ 46%,

and its reconstruction is very challenging due to the high contribution from the

QCD multijet background. The tt̄ final states in this channel consist of four light

quarks and two b-quarks.

• Dilepton channel: The final states in this channel consist of two b quarks and

two pairs of lepton-neutrino. The expected BR for this channel is ≈ 9% and the

background compared to other channels is the lowest. Despite that, it is quite

challenging to reconstruct the full tt̄ pair event due to the presence of two neutrinos,

which cannot be identified.

• Single-lepton channel:The branching ratio for this channel where one of the W -

boson decays leptonically while the other one decays hadronically is BR ≈ 45%.

The tt̄ final states consist of one pair of lepton-neutrino, two light-quarks and two

b-quarks. Contributions from other physics processes give a background which is

high compared to the dilepton channel case.
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2.3 Beyond The Standard Model

As explained in Section 2.1, despite all the success of the SM, it is not considered as

a complete theory of particle physics. It does not include gravity and does not explain

why the Higgs boson has its particular mass. For these and other reasons, experimental

searches for new phenomena predicted by theories which try to go beyond the Standard

Model can help to establish new theoretical frameworks in particle physics able to cover

the SM weaknesses.

Several massive particles are predicted to decay to pairs of top-antitop quarks by BSM

theories, such as the Topcolor [4, 5, 73], supersymmetric extensions to the SM (SSM,

MSSM, etc.) [74–76] and Randall-Sundrum Models [8, 9]. Two of these models will be

briefly outlined in the following subsections ( 2.3.1 and 2.3.2).

The invariant mass of the reconstructed tt̄ is given by

Mtt̄ =
√

(P t̄ + P t)µ(P t̄ + P t)µ) (2.25)

where P t(P t̄) is the four-momentum of the (anti)top-quark with µ = 0, .., 3. (The ex-

pected Mtt̄ distribution is exponentially decreasing under the SM prediction, whereas in

other models a resonance bump at a given mass can appear on top of the SM prediction.)

2.3.1 Sequential Standard and Topcolor Models

Many BSM models predict the existence of new neutral or charged gauge bosons which can

be produced at the LHC. These gauge bosons are massive, spin-1 particles and predicted

to have the same coupling strength to the SM fermions as the SM gauge boson. These

new extra bosons, if not too heavy, should be identified at the LHC. In particular, the Z ′

and W ′, which are predicted within the Sequential Standard Model (SSM) [77] and have

the same properties as the ordinary SM gauge bosons (W -boson and Z-boson). Besides,

the Z ′ that predicted by the Topcolour Assisted Technicolor model (TC2) [4, 5, 73], which

is introduced to explain the large top-quark mass and to provide a mechanism for the
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electroweak symmetry breaking. Furthermore, these models are needed and presented in

several analyses, see Ref[74, 75, 78, 79].

In the analysis presented in Chapter 7, the possible production of a new massive neutral

Z ′ boson (with width set to 1.2%), which couples significantly to quarks and leptons and

can be easily observed in the Drell-Yan processes, is studied. The Z ′ bosons expected

to have a mass at the TeV scale can decay to a pair of top-antitop quark, as shown in

Figure 2.8, and resonances can be observed as bumps on the top of Mtt̄ spectrum. The

cross-section for the produced Z ′ boson is predicted to decrease as the Z ′ mass increases

[4, 73].

Figure 2.8: Feynman diagram for the production of Z ′ bosons decaying to tt̄ pair.

2.3.2 Randall-Sundrum Model

Some theoretical models propose extra dimensions to solve the so-called hierarchy prob-

lem, which is related to the high discrepancy between the strength of the electroweak

force and gravity. One of these models is the Randall-Sundrum model, which is proposed

a so-called warped-geometry, wherein an extra dimension is added to the usual four-

dimensional space-time, and it becomes 5-dimensional warped geometry (see Ref[8, 9]).

The practical consequences of this model are that the SM fields, which are correspondent

to the SM particles, can freely propagate in the warped spatial dimension and result in

massively excited states referred to as Kaluza-Klein (KK) excitations. Also, there are

spin-2 excitations produced with the mass of weak scale order (GeV and TeV), and they

are correspondent to KK excitations of the graviton.

In this thesis, the Kaluza-Klein excitations studied are those of the gluon (KKg) and

graviton, referred to as G for simplicity. The primary production modes of the KKg and
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G are the qq̄ annihilation and gluon-gluon fusion, respectively, as shown in Figure 2.9.

These excitations are with widths set to 30% of the KKg mass and from 3% to 6% of the

G mass in the range 0.4 to 3 TeV, respectively [41].

In the Randall-Sundrum model, both KKg and G (in some references G is corresponding

to GRS), respectively, are expected to acquire enough mass such as to decay to tt̄. Broad

resonances are expected and predicted to have a bump on top of the Mtt̄ spectrum at

different masses [6, 80]. The cross-section for the produced excitations is predicted to

decrease as the mass increases. For example, the predicted cross-section for mKKg = 1

TeV is σKKg,1TeV = 20.176 pb while for mKKg = 3 TeV is σKKg,3TeV = 0.156 pb [40?

, 41].

(a) (b)

Figure 2.9: Feynman diagram for the production of spin-1 KKg and spin-2 G exci-
tations decaying to tt̄ pair.



Chapter 3

The Experiment

Several theoretical models beyond the Standard Model (BSM), predict new physics pro-

cesses as well as rare processes which are predicted by the SM. These processes can be

identified and studied only by producing and collecting enough events. This can be done

at a hadron collider machine, which has to provide enough energy in the centre of mass of

the collisions as well as a considerable number of collisions. The LHC is a proton-proton

collider, which has been built to address the answers for several questions in the field of

particle physics. Starting in 2010, the LHC has provided centre-of-mass energies up to

13 TeV and instantaneous luminosities up to few 1034 cm2 s−1. The analyses presented

in this thesis used a data set collected by the ATLAS experiment from 2015 to 2018 at

the LHC working with centre-of-mass of energy
√
s = 13 TeV and corresponding to an

integrated luminosity 140 fb−1.

In this Chapter, the LHC is presented in Section 3.1, while a brief description of the

ATLAS detector that was used to record the p-p collision data and of its sub-detectors

in Section 3.2. The last section (Section 3.2.6) is about the trigger systems used in the

ATLAS experiment.

21
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3.1 CERN and The Large Hadron Collider

The LHC [81] is the largest, and most powerful proton-proton accelerator in the world

hosted in the CERN laboratory near the Swiss-France border. The collider tunnel has a

circumstance of 27 Km and is 100 m underground. The tunnel was previously hosting a

collider machine used to accelerate electrons-positrons (e+-e−) (from 1989 to 2000), and

known as the Large Electron-Positron collider (LEP). The LHC consists of two circular

rings designed to accelerate protons (p-p) and heavy ions (Pb-Pb) in opposite directions

at a centre-of-mass energy up to 14 TeV (2.5 TeV) for protons (heavy ions) and with an

instantaneous luminosity up to few of 1034 cm2 s−1. The proton beams (heavy ion beams)

are made to collide at four interaction points along the ring. In correspondence to these

points, there are four experiments: A Toroidal LHC ApparatuS (ATLAS) [14], Compact

Muon Solenoid (CMS) [82], Large Hadron Collider beauty (LHCb) [83], and A Large

Ion Collider Experiment (ALICE) [84], as shown in Figure 3.1.

Figure 3.1: The LHC tunnel with the four experiments, ATLAS, CMS, LHCb, and
ALICE.
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ATLAS and CMS are general-purpose detectors capable of providing high precision mea-

surements of a wide range of particle properties and physics processes within the SM pre-

dictions as well as BSM. The LHCb experiment focuses on b-physics and Charge-Parity

(CP) violation studies, while the ALICE experiment is studying the quark-gluon plasma

state with heavy-ion collisions at high energy. Additionally, there are other three small

experiments installed at the LHC for specific purposes. The first one is the Monopole and

Exotics Detector at the LHC (MoEDAL) [85]; used for the search of magnetic monopoles

and exotic Stable Massive Particles (SMPs).

The second is Large Hadron Collider forward (LHCf) [86], which uses particles thrown

forward by the LHC collisions to simulate the cosmic rays. Finally, The Total, Elastic,

and diffractive cross-section Measurement (TOTEM) [87]; studies the protons which

emerge from collisions at small angles and explores the elastic and diffractive cross-section

from proton-proton collisions in the forward region.

Before being accelerated in the LHC ring, protons and heavy ions pass through a chain of

smaller accelerators (see Figure 3.2), which were already built for previous experiments

before LHC. Protons are extracted using an electric field, ionising hydrogen gas. Protons

are then accelerated to 50 MeV in the only linear collider (LINAC2) in the chain. As a

next step, the Proton Synchrotron BOOSTER is used to accelerate the protons to 1.4

GeV. Then, protons are accelerated in the Proton Synchrotron (PS) to an energy of 25

GeV. After that, they are transferred to the last accelerator in the chain, the Super Proton

Synchrotron (SPS) before being injected into the LHC, where they reach the energy of

450 GeV. Finally, the protons are injected into the two LHC pipelines to reach the centre-

of-mass energy of 13 TeV (6.5 TeV/beam) and to collide at different interaction points

[12, 81].

3.1.1 Run 2

The data used for the analyses presented in this thesis have been collected during the

LHC data taken at
√
s = 13 TeV, the so-called Run 2. In the period between 2015-

2018, the LHC delivered proton-proton collisions to the ATLAS detector equivalent to an

integrated luminosity of 156 fb−1, as shown in Figure 3.3. ATLAS recorded good quality
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Figure 3.2: The LHC accelerators chain with the four main experiments [12].

data in the years between 2016-2018 for a total of 140 fb−1. In the year 2015, due to

the several challenges needed to upgrade the LHC after the shutdown, the recorded good

quality data has been equal to 3.2 fb−1) [13].

Figure 3.3: Total integrated luminosity collected (left) and the mean number of
interaction for each year in the period 2015-2018 [13].

In table 3.1, some parameters related to Run2 are shown. One can observe how the

LHC performance has been improving in several aspects, for example, the instantaneous
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luminosity (introduced in Section 3.1.2) has doubled. Besides, the number of protons per

bunch and the number of bunches per beam increased [38, 39].

Parameter Design 2015 2016 2017 2018

Energy 7.0 6.5 6.5 6.5 6.5
Energy per beam [MJ] 362 280 280 315 312
Number of bunches 2808 2244 2220 1868-2556 2556
Proton per bunch [1011] 1.15 1.2 1.25 1.25 1.11
Bunches per train 288 144 96 144-128 144
β∗[cm] 55 80 40 30-40 25-30
Emittance[µm] 3.75 2.6-3.5 1.8-2 1.8-2.2 1.8-2.2
Half Crossing Angle[µrad] 142.5 185 140-185 120-150 130-150
Peak luminosity[10−34cm2sec−1] 1.0 <0.6 1.5 2 2.1

Table 3.1: LHC parameters during Run 2 [38, 39].

3.1.2 Luminosity measurements

The instantaneous luminosity (L) is a parameter, which is defined as the number of

particles passing through the transverse unit area at the interaction point per unit time.

L depends only on the beam parameters, as shown in table 3.1, and for a collider, it is

defined as:

L = (Nprotonnbunchfrev)S
−1
T γF (3.1)

where, Nproton is the number of protons ber bunch, and nbunch is the number of bunches

per beam with crossing frequency frev. The γ factor is the relativistic factor, and F is the

geometric luminosity reduction factor. The factor ST is the transverse area (XY-plane)

of the beam at the interaction point and is equal to 4πσxσy [81].

3.2 The ATLAS Detector

ATLAS [14] is one of the general-purpose detectors at the LHC, designed to cover a

wide range of physics processes and to investigate several theoretical models Beyond the

Standard Model (BSM) as well as the physics processes predicted by the SM. It is 44 m
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long, has a 25 m diameter and a mass of 7000 tons. It consists of multiple subdetectors

layers surrounding the interaction point, Figure 3.4.

Figure 3.4: Graphical scheme of the ATLAS detector, with its various subdetectors
indicated [14].

Each layer has the task to identify individual particles when they interact with the sub-

detector materials, Figure 3.5. These layers have a cylindrical shape, with the axis along

the beamline, and are arranged in a concentric configuration. They can intercept almost

all the particles produced in the collisions. For those emitted in the forward region, two

endcap detectors, perpendicular to the beam pipe are used. The closest detector to the

beamline is the Inner Detector, which is made up of three sub-detectors and a solenoidal

magnet surrounds them. The calorimeters are next and consist of an Electromagnetic,

and a Hadronic one (ECAL and HCAL). Finally, one can find the muon spectrometer,

located at the outermost position of the ATLAS detector, embedded in a toroidal magnet.

In the following, the ATLAS sub-detectors will be described in more details, illustrating

the role of each subdetector.

3.2.1 The ATLAS coordinate system

The ATLAS detector coordinate system is based on a right-handed Cartesian system with

axes (X, Y, Z), as shown in Figure 3.6. The origin is located at the proton interaction
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Figure 3.5: Schematic view of a transverse slice of the ATLAS experiment showing
how different particles interact with the layers of the detector [14].

point. The positive X and the Y axes are perpendicular to the beam-pipe. The X-axis

points to the LHC centre, while the Y-axis increases in the direction of the ATLAS

height. The Z-axis is along the beamline direction with a small angle of deviation from

the beamline.

Figure 3.6: The ATLAS coordinate system.
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It is useful to define the position of a particle in the Cartesian system using: the rapidity

(ξ) and the azimuth angle (φ). The rapidity is defined as:

ξ = 1
2

ln(E+pz
E−pz ) = 1

2
ln(1+β cos(θ)

1−β cos(θ)
) (3.2)

where E is the particle energy, and pz its longitudinal momentum component, θ being

the polar angle between the particle and the Z-axis. At high energy (m � E ≈ p), the

rapidity becomes equal to the so-called pseudorapidity (η), defined as:

η = − ln(tan θ
2
) (3.3)

The angular distance between two particles produced in the ATLAS detector is given by

∆R:

∆R =
√

(∆η)2 + (∆φ)2 (3.4)

with ∆η = η2− η1 and ∆φ = φ2−φ1 where η and φ are the particle position coordinates.

The longitudinal momentum component of colliding quarks is unknown after the collision,

but it is known that total transverse momentum is equal to zero before the collision.

Therefore, the total transverse momentum has to be conserved in the final state, and it

is defined as:

pT = psin(θ) =
√

(px)2 + (py)2, pz = cos(θ) (3.5)

and their transverse energy as:

ET = Esin(θ) (3.6)

The ATLAS detector is not able to detect and measure neutrino particles. However, an

unbalance between the initial and final transverse momentum can be an indirect indication

of the presence of an escaped neutrino. Its energy is referred to as the missing energy in

the transverse plane, Emiss
T .

3.2.2 The magnetic systems

The charged-particle momentum is determined from the curvature of the particle trajec-

tory since their trajectories are bent when they move in a magnetic field. In the ATLAS
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detector, there are two magnetic systems: the first one provides a solenoid field in the In-

ner Detector (barrel and endcap). This magnet is inserted in the central region, between

the inner tracker and the ECAL, in the region covering the space: 1.22 < r < 1.32 meter

with a distance 5.8 m along the z-direction. The average magnetic field provided by the

solenoid is 2 T. The second one provides a Toroidal field in the muon system, which is

the outermost detector, as shown in Figure 3.7. The toroidal magnet consists of eight

coils in both the barrel and endcap regions and provides an average magnetic field of 0.5

T in the barrel region and 1 T in the endcap regions [14].

Figure 3.7: Schematic view of Barrel and End-cap toroids [14].

3.2.3 Inner Detector

The Inner tracking Detector (ID) [14] is the innermost detector, closest to the interaction

point. The primary purposes of the ID are the track reconstruction of the charged particle,

as well as the determination of the transverse momentum of the particles, using the

relation:

pT = 0.3B.R, R = L2

8s
(3.7)

where pT is the particle transverse momentum in GeV/c, B is the magnetic field strength

in Tesla (T), and R is the radius of the particle trajectory in meter, Figure 3.8.

The ID is a cylinder of 6.2 m long, and a radius of 1.15 m. It covers the tracks in the

region |η| < 2.5. Three subsystems compose it: The Pixel detector, the Semiconductor

Tracker (SCT), and the Transition Radiation Tracker (TRT), as shown in Figure 3.9.
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Figure 3.8: The track particle parameters.

Figure 3.9: Sketch of the ATLAS Inner Detector and its components [15].

Also, the ID helps to distinguish electrons from pions and to determine the position of the

primary vertex (where the quarks collision took place) as well as the secondary vertices,

for particles travelling to longer distances before decaying or fragmenting.

3.2.3.1 The Pixel Detector

The Pixel Detector is the closest sub-detector to the interaction point in the ATLAS

experiment. It is installed directly around the beamline to measure with high resolution

the charged-particle impact parameters and to reconstruct the primary and secondary
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vertices. A schematic view of the Pixel Detector with its components is shown in Fig-

ure 3.10.

Figure 3.10: Schematic view of the Pixel Detector (top) and a transverse slice (bot-
tom) [16].

The Pixel Detector is made up of four cylindrical layers in the barrel and six disks in the

End-cap region. The building unit in the B-layer, Layer-1, and Layer-2 (known as the

Original Pixel Detector OPD), is a rectangular module with dimensions 50× 400 µm2 in

the R− φ plane. In these layers, there are 1744-pixel modules with 80.4 million readout

channels. Each module is made up of 16 sensors with an electronic readout channel, and

each sensor consists of 47232 pixels. The OPD layers are located at 50.5 mm, 88.5 mm,

and 122.5 mm, respectively, from the beamline, as shown in Figure 3.11.

To restore the original Pixel Detector performances after years of data taken, and radia-

tion damage which affects mostly the innermost pixel layers, a new layer has been added
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Figure 3.11: Schematic view of the various ID layers and their distances from the
beamline [15].

to the pixel detector. This layer is the Insertable B-layer (IBL). It has been installed

before the start of Run2, during the extended shutdown in 2015, and it is now the closest

layer to the beam pipe located at a radius of 33 mm. The IBL is made up of 14 building

units, known as staves, and each stave consists of 12 silicon planar sensors. Each sensor is

composed of 71429 pixels. The pixel size in the IBL is 50×200 µm2 in R−φ, smaller than

the OPD pixel. This allows an accuracy resolution for tracks and vertex reconstructions

to be 10 µm in the R − φ plane and 60 µm in the z-direction. In the OPD instead, the

resolution is 20 µm in R− φ plane and 115 µm in the z-direction.

The addition of the IBL has allowed improving the track impact parameter measurements

and increased the efficiency to find the position of secondary vertices from long-lived

particles or jets originated from b-hadrons.
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3.2.3.2 The Semiconductor Tracker (SCT)

The middle section of the ID is the SCT detector is, as the pixel detector, for detecting

charged particles. It is made of silicon microstrip sensors distributed over 4088 modules,

6.3 million read-out channels, and with size larger than the ones in pixel detector. These

modules form 18 disks in the forward regions (|η| > 2.5), and four layers in the barrel

region (|η| < 2.5) at 299 mm, 371 mm, 443 mm and 512 mm, respectively, from the

beamline. The modules in the SCT are arranged in pairs at a distance of 80 µm and

connected back-to-back with an angle of 40 mrad to each other, to provide 3D information

on the particle hit position.

3.2.3.3 The Transition Radiation Tracker (TRT)

The TRT is the outermost section of the ID. Its main task, besides helping in the particle

trajectories reconstruction, is to separate the electron from charged hadrons, like pions,

using the transition radiation pieces. The TRT building blocks are straw drift tubes with

a diameter of 4mm filled with a mixture of gases: 70% of Xe, 27% of CO2, and 3% of O2.

The barrel region in the TRT consists of 73 layers of straws with length 144 cm. In the

End-cap region, there are instead 160 layers of 37 cm straws. Inside the End-cap straws,

there is a gold-plated Tungsten wire with a radius of 0.015 mm.

When a relativistic particle crosses many TRT straws, it emits photons since there is

a change in the material dielectric constant. At each interface between materials, the

probability of transition radiation increases with the relativistic γ factor. Thus for a

given energy, particles with large γ (like electrons) will give off many photons, while

particle with small γ (like pions) will give off few photons. This means that the light

particles, like electrons, emit a higher number of photons compared to more massive

particles, like the pions. The radiated photons give energy (based on photoelectric effect)

which ionised the gas in the straw and produced currents in the Tungsten wire. The TRT

is designed to detect particles with pT > 500 MeV, and in the region |η| < 2. It provides

30 hit/track which can give a resolution of 130 µm, lower than the one of the Pixel and

SCT detectors.
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3.2.4 Calorimetry

The ATLAS calorimetric system [14] is used to measure the energy deposits from charged

and neutral particles, such as electrons, taus, and photons, as well as from jets of parti-

cles produced by quarks and gluons, for energies in the range between a few GeV up to

several TeV. It is also used to measure the imbalance between the initial total transverse

momenta of the colliding quarks (~P intial
T ) and the final ones, which are obtained by sum-

ming up all the final particles vector transverse momenta (
∑ ~P final

T ). The imbalance is

then attributed to escaping neutrinos which cannot be directly detected in ATLAS and

so-called missing transverse energy (MET or Emiss
T ).

Emiss
T = −

∑ ~P final
T (3.8)

The calorimetry is made of two parts, as shown in Figure 3.12, which cover the full range

in φ and extend up to |η| = 4.9. The first one is the electromagnetic calorimeter (ECAL),

used to measure electrons, positrons and photons. The hadronic calorimeter (HCAL)

measures the energy from hadronic particles and jets instead.

Figure 3.12: Schematic view of the calorimetric system of the ATLAS experiment
[14].
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3.2.4.1 The Electromagnetic Calorimeter (ECAL)

ECAL is the first calorimeter [14, 17], which uses the electromagnetic interaction of the

particle with its material to collect the particle energy. It is a sampling calorimeter,

which uses liquid Argon (LAr) as an active material, and Lead plates as an absorber in

the endcaps and barrel regions and copper plates in the forward part. The central region

(barrel) is divided into three longitudinal layers with radiation thicknesses 4.3 X0, 16 X0

and 2 X0 (X0 is the average distance for electrons or photons to travel until their energies

decrease by 1/e) characterised by various η − φ granularity, as illustrated in Figure 3.13.

Figure 3.13: Scheme of barrel module and segmentation of the electromagnetic
calorimeter [17].

When highly relativistic electrons, positrons and photons pass through the ECAL detec-

tor, they interact with its material via Bremsstrahlung and pair production. Electrons

then decelerate and radiate photons, while photons with energy at least twice the electron

mass will produce electron-positron pairs. These processes cause the formation of a so-

called electromagnetic shower. Since the produced electrons and photons will be slower

and lower in energies; as a result, they will be absorbed by the ECAL material.

ECAL consists of a) two half barrels separated by a gap of 4 mm wide and covers the

region |η| < 1.475, b) two End-caps, divided into two wheels each: the inner wheel covers
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the region 1.375 < |η| < 2.5 while the outer one covers 2.5 < |η| < 3.2, c) two forward

regions at 3.1 < |η| < 4.9.

The first layer, which has a granularity ∆η × ∆φ = 0.0031 × 0.1, measures a fraction

of the total energy deposit and allow to reconstruct the photon position. The second

layer, with ∆η × ∆φ = 0.025 × 0.0245, is designed to contain most of the electron and

photon energies, while the last one, with ∆η × ∆φ = 0.05 × 0.0245, collect the tails of

the electromagnetic showers.

The energy resolution for the ECAL is:

σ(E)
E

= 0.1√
E(GeV )

⊕ 0.7% (3.9)

where E is the particle energy, σ(E) is the energy resolution and ⊕ represents a quadratic

sum.

3.2.4.2 The Hadronic Calorimeter (HCAL)

The HCAL [14, 17] is designed to measure energies deposits from hadrons and jets orig-

inated from quarks and gluons. It consists of two parts; the hadronic Tile calorimeter

which covers the region |η| < 1.7 and the hadronic LAr calorimeter, which is in the region

|η| < 4.9.

The Tile calorimeter is made up of two parts; the barrel Tile calorimeter for |η| < 1 and

two extended Tile calorimeters covering the region 0.8 < |η| < 1.7. It uses scintillating

plastic tiles as an active material, while steel is used as an absorber. For the endcap, at

1.5 < |η| < 3.1 and the forward calorimeters, which cover the region 3.1 < |η| < 4.9,

the same active material for the ECAL, (LAr), is used. The absorber is Copper in the

endcaps and tungsten in the forward region, to properly cope with the higher radiation

level.

The HCAL detector is segmented into three longitudinal layers. All the various parts,

with their granularity and the number of interaction lengths, are listed in table 3.2 [14].
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Detector granularity ∆η ×∆φ Interactions lengths [λ]
Tile Calorimeter (|η| < 1)
Layer-1 0.1× 2π/64 1.5
Layer-2 0.1× 2π/64 4.1
Layer-3 0.2× 2π/64 1.8
(0.8 < |η| < 1.7)
Layer-1 0.1× 2π/64 1.5
Layer-2 0.1× 2π/64 2.6
Layer-3 0.2× 2π/64 3.3
LAr Endcap (0.1× 0.1-0.2× 0.2) ≈ 10
Forward Cal
Layer-1 0.1× 0.1 2.66
Layer-2 ∼ 0.2× 0.2 3.68
Layer-3 ∼ 0.2× 0.2 3.60

Table 3.2: Hadronic calorimeter layers with their granularity and segmentation [14].

The energy resolution for the HCAL in the central region is:

σ(E)
E

= 0.55√
E(GeV )

⊕ 3.2GeV
E
⊕ 2.3% (3.10)

while in the endcap region, the energy resolution is:

σ(E)
E

= 1√
E(GeV )

⊕ 3.2GeV
E
⊕ 10% (3.11)

3.2.5 Muon Spectrometer

The muon spectrometer [14], MS, is the outermost part of the ATLAS detector. It is

used to provide a precise measurement of the muon trajectories and momenta after they

have travelled through the whole ATLAS detector without stopping. The MS is made up

of two regions: the barrel region, with three cylindrical layers covering |η| < 1, and two

endcap chambers to cover the region 1 < |η| < 2.7. The muon path is bent by a toroidal

magnetic field, which allows measuring the muon momenta. The strength of the magnetic

field in the central region (barrel) is 0.5 T, while in the endcap region the magnetic field

is 1 T.

The MS consists of four operating systems, as illustrated in Figure 3.14.
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Figure 3.14: A schematic longitudinal (left) and transverse (right) view of the muon
spectrometer components.

3.2.5.1 Monitored Drift Tubes (MDT)

The MDTs are rectangular chambers consisting of drift tubes with radius 15 mm, filled

by a mixture of 90% of Argon and 10% of CO2. The MDTs are placed at radii 5 m,

7.5 m and 10 m from the interaction point in the central region. The endcap region four

wheels are placed at 7 m, 13 m, and 21 m away from the interaction point in the beamline

direction while the fourth one is installed at 11 m distance from the interaction point.

When the muons interact with the gas mixture in the tube, free electrons are produced

via ionisation and collected using a Tungsten-Rhenium wire inserted in the centre of the

tubes, thus producing a current signal. The single-tube position resolution is about 60-80

µm, allowing momentum resolution of 10% for muons with pT =1 TeV and up to pT

= 3 TeV for charge identification, while entire chambers have a position resolution of

approximately 30-60 µm.

3.2.5.2 Cathode Strip Chambers (CSC)

The CSCs are installed close to the beamline on the innermost wheel in the region 2.0 <

|η| < 2.7. They are multiwire proportional chambers, which are sandwiched between two

cathode plates and filled with a gas mixture made of 80% Argon, and 20% CO2. The

position resolution provided by the CSCs in the R-direction is 60 µm, and 5 mm in the

transverse plane.
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3.2.5.3 Resistive Plate Chambers (RPC)

The RPC chambers consist of two parallel plates with 2 mm of separation and filled

with C2H2F4. In each chamber, there are two orthogonal readout strips: one in the z-

direction and the other in the φ-direction. The applied voltage between the two plates

is 9.8 kV. The RPC chambers are used to trigger the muons in the central region with a

time resolution comprises between 15-25 ns, and they are located either on the bottom

or the top of the MDTs.

3.2.5.4 Thin Gap Chambers (TGC)

As the RPCs, the TGCs are multiwire proportional chambers able to cope with the

high particle flux present in the η region where they are installed. They are filled with

a mixture of gases: 55% of CO2 and 45% of C5 H12. The TGCs provide triggering

information for the muons in the endcap regions (1.0 < |η| < 2.4), and their timely

response and resolution, are comparable to the RPCs in the barrel region.

3.2.6 Trigger and Data Acquisition

The LHC is designed to produce ∼ 2 billion of proton-proton collisions per second in

the ATLAS experiment, which corresponds to a data size of more than 60 terabytes per

second. However, this huge amount of data cannot be stored for later analysis. Therefore,

a triggering system is needed to filter all these data and to keep only events which might

be of interest. To reduce the flow of data to feasible levels in the ATLAS experiment,

the trigger system [88–90] is split into a hardware trigger, the Level-1 (L1), and software

based trigger, which is referred to High Level Trigger (HLT).

The L1, which is constructed with custom-made electronics, works to reduce the data rate

from 30 MHz to 100 KHz by using a subset of information from the calorimeters or the

muon RPC and TGC. The L1 is identifying the events with high transverse momentum

(pT ) of leptons, jets, and photons, as well as high missing transverse energy and the time

required for the single-event processing is of 2.5 µsec [90]. The regions where the objects
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of interest passed the L1 trigger threshold are defined as Regions of Interest (RoIs). The

RoIs then are sent to the second level of triggers, which is the HLT, where advanced

algorithms are run using the full detector granularity information in either the RoIs or

the whole event. The decision to keep the event data is made in times of 2.5 µsec. The

event then is stored in pipelined storage buffers for further use [13, 89].

The HLT trigger is a software-based trigger with a large farm of CPUs used to refine the

L1 trigger analysis. The HLT trigger performs a detailed analysis either on the whole

event using full granularity information from the full detector (e.g. Trackers, Calorimeters

and Muon detectors) or by utilising the data in smaller-isolated regions of the ATLAS

detector. Fewer events per second (∼ 1000 events) are analysed using the HLT trigger.

Therefore, it has a longer time, on average 200 msec, to decide to store the events for

offline analysis [90].

In the ATLAS experiment, there are a variety of L1 and HLT algorithms designed to

record and identify events based on the physical object of interest. For example, there

are sets of triggers referring to the physics objects in the analysed events such as electrons,

muons, photons, jets, b-tagged jets, or Emiss
T [89, 90].



Chapter 4

Particle Reconstruction and

Identification

When new physics objects are produced in proton-proton collisions, they interact with

the detector material, leaving different signals in different detector sections. These sig-

nals are converted using dedicated software algorithms into tracks, energy clusters, and

momenta. After that, physics objects are reconstructed and compared between data and

MC samples, to derive the scale factors parameterised corrections, which are then used

to calibrate and match the results from MC and data.

In this thesis, several physics objects are presented: charged leptons (in particular elec-

trons and muons), jets originated from quarks or gluons hadronisation and the missing

transverse energy: all essential for the search for tt̄-resonances (Chapter 7) and four-top-

quark reconstruction based on χ2–method(Chapter 6).

4.1 Electrons

In the ATLAS experiment, the signature of an electron produced from a pp collision is

a track in the Inner Detector and an energy deposit in the electromagnetic calorimeter.

When an electron passes through the EM material, it will interact with its material

producing electromagnetic shower in the cells. These cells, which are square elements in

41
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the η-φ plane will form a cluster and the energy deposit by the electron will be obtained

by summing the energies in all the cluster cells.

In the central region of the Inner Detector |η| < 2.5, the reconstructed track with at

least three hits in the ID layers is extrapolated to the second layer of the EM calorimeter

cluster, which contains the largest fraction of the energy deposited by the electron.

Then, the electron candidate is reconstructed when at least one track is matching one EM

cluster [19, 91]. In the case of multiple tracks matching the same cluster, the decision is

made by selecting track with Silicon hits (Nhits
Si ) in the Pixel Detector and with the closest

distance ∆R =
√

(η)2 + (φ)2 to the cluster. The four-momentum vector for the electron

is obtained by including the information from the EM, where the energy resolution scale

for the reconstructed electrons is approximately 1% [92]. The efficiencies, which depend

on several factors to reconstruct electrons with transverse momentum more significant

than 15 GeV, are in the range of 97% to 99% in the barrel and endcap regions. The

electron candidate has a sharp energy tower in the EM cluster with a small leakage in the

HCAL. The energy deposit is required to be compatible with the momentum measured

in the ID [91].

Identification

Additional requirements are applied to distinguish electrons from other particles, such

as pions or converted photons. Several identification criteria are defined to reduce the

misidentification of electrons, which are essential for several analyses. These identifica-

tion criteria are grouped into three different categories by imposing either independent

selections on the discriminating variables (like the shape of the energy shower (tower),

the number of track hits and the matching quality between the EM cluster and the track

in the ID), referred to as cut-based identification, or a single selection on the ratio of the

likelihood functions for the signal and background (see Ref[18]).

In this thesis, the so-called likelihood-based (LH) method [18], which is a multivariate

technique used to evaluate several properties of the electron candidates and to discrimi-

nate them from other particles, is used. In this method, the probability density functions

(PDFs) of the discriminating variables for both the signal and background candidates
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are used to calculate the probability of the object to be either signal or background can-

didate. The advantages of using this method over the cut-based identification that the

LH method gives a better background rejection, and the discriminating variables, with

similar distributions, can be added easily [18].

The primary identification groups are: Loose, Medium and Tight, which implies increas-

ingly strict selections applied to reject more background. For example, in the Tight

criteria, more requirements are used than in the Medium and Loose criteria, therefore

the background rejection increases, as well as the efficiency of charge misidentification for

electron, as shown in Figure 4.1. From Figure 4.1a, it can be seen that the identification

(a) (b)

Figure 4.1: The efficiency of electron identification (a) and charge misidentification
for electrons (b) as a function of ET and using different working points [18].

efficiency increases with transverse energy. This is due to the reduction in the detector

systematic uncertainties at high energies, as well as to a better background rejection from

other processes, like QCD, which increases with energy. In the Loose criteria, the effi-

ciency to reject the backgrounds is lower with respect to the other identification criteria,

while the efficiency for reconstructing electrons is higher due to the less restrictive selec-

tions applied. However, in this thesis, electrons are required to pass the Tight (TightLH)

identification criteria.

Isolation

The electron isolation is related to the energy deposit in the EM layers by other physics

objects close to the electron energy cluster [18]. Electrons produced from the decay of

resonant particles, Z or W bosons, muon and tau lepton, are known as prompt electrons.
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Non-prompt electrons can result from a hadronic decay, photon conversions, as part of jet

products, and misidentification of light hadrons, mostly coming from up and down quarks.

Two additional variables are used to distinguish prompt electrons from non-prompt ones.

The first one is the sum of the energy
∑

clusterET deposits in the EM within a cone of

∆R = 0.2 around the associated cluster to the electron, Econe0.2
T . In contrast, the second

one is track isolation, which is denoted as pcone0.2
T . It is defined as the scalar sum of the

track transverse momenta
∑

tracks pT within a cone size of ∆R = 0.2, except the track

associated with the electron.

Several isolation efficiencies are used in the ATLAS experiment. These working points

are defined either as fixed cuts on the isolation variables or as a function of the transverse

energy ET targeting a fixed value of the efficiency. An example of a fixed value of efficiency

as a function of the ET , is the Gradient working point, which is designed to give an

efficiency of 90% and 99% for electrons with ET = 25 GeV and ET = 60 GeV, respectively,

estimated from the simulated Z → ee events [18, 91]. In this thesis, electrons considered

in chapter 6 must satisfy the so-called FixedCutTight (FCTight) isolation working point,

which is corresponded to the fixed requirements on the calorimeter (Econe0.2
T ) and track

(pcone0.2
T ) isolation variables (see Ref[19, 92] for more details about different isolation

working points). In contrast, there are no isolation requirements for those in chapter 7

for reasons will describe in details in Section 7.2.

Electron efficiency The total efficiency of identifying and selecting electrons is defined

as:

εelectron = εreconsrtuction × εidentification × εisolation × εtrigger (4.1)

Each efficiency is evaluated in both data and MC samples to correct and match the

MC samples to the measured efficiencies in data. This correction is done by selecting

electrons coming from resonant particles, Z → ee and J/ψ → ee, and factors are derived

for electrons in bins of ET and η [91, 93]. Figure 4.2 shows the reconstructed efficiency

of electrons using Z → ee events as a function of the transverse energy and η.
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Figure 4.2: Product of reconstruction, identification and isolation efficiencies from
a Z → ee data sample as a function of ET (top), the trigger efficiency of identifying
electrons passing the Medium criteria (bottom) [18, 19].

4.2 Muons

Muons are charged particles which interact inside the ID sub-detectors, and deposit a

small fraction of energy in the calorimeters, as well as leave hits in the muon spectrometer

MS [21, 94]. The crucial part for muon identification and reconstruction is the information

coming from the MS, as well as the hits left by muons in the ID. Based on information

coming from the ID, the MS and the calorimeters, there are several algorithms to identify

and reconstruct muons which lead to different types of reconstructed muons. These

methods are shown in Figure 4.3 and classified as [20, 21]:

• Combined Muons (CB): Muons are leaving several hits in the ID subdetectors,

which are used to reconstruct tracks in the ID, in addition to the hits in the MS. A

global fit is performed using an algorithm to find the best trajectory between the

reconstructed tracks in both the ID and MS. The produced track is referred to as
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the combined track, from which the muon momentum is evaluated using the track

curvature. Muon momenta are corrected using the small energy fraction, which is

deposited in the calorimeters.

• Standalone muons (SA): The reconstruction of muons tracks is performed using

only hits produced in the MS. In this method, muon trajectories are extrapolated

back to the ID to the origin point of the ATLAS detector. The fraction of energy

deposited in the calorimeters is also taken into account.

• Segment-Tagged muons (ST): In this method, the ID tracks are extrapolated

to the MS sub-detectors. Therefore, tracks in the ID are classified as muons if they

match the segmented tracks, which are produced by the muons in the CSC and

MDT chambers.

• Calorimeter-Tagged Muons (CaloTag): Muon identification is performed by

extrapolating ID tracks to the energy deposit in calorimeters without using infor-

mation from the MS.

Identification

Based on the applied selection and on discriminating variables, such as the muon pT ,

charge, the energy deposit and the fitting-method for track reconstruction, muons are

grouped into four different identification categories, depending on the signal efficiency and

background rejection: Loose, Medium, Tight and High pT . The identification efficiencies

for the first three categories are between 92% − 98% in the range 20 < pT < 100 GeV

and |η| < 2.5, while the last method is a particular case used in specific analyses [21]. In

this thesis, muons are required to pass the Medium identification criteria, which is the

standard criteria in the ATLAS experiment, and it minimises the associated calibration

and reconstruction uncertainties of muons. In this criteria, muons are retained if they

leave, in at least two MDT layers, ≥ 3 hits, except in the region |η| < 0.1, those with at

least one MDT layer and not more than one MDT hole layer are allowed. Additionally,

muons are required a q/p significance, which is defined as the absolute value of the

difference between the ratio of the muon charge and momentum that measured in the ID

and MS divided by the sum in quadrature of the corresponding uncertainties, to be less

than seven.



Particles Reconstruction and Identification 47

Figure 4.3: Muon reconstruction methods depending on the signals provided from
different part of the ATLAS detector [20].

Isolation

With a very similar procedure to the one used to isolate the prompt electrons, two addi-

tional variables, Econe0.2
T and pcone0.2

T , are defined to assess the muon isolation [21]. Muons

considered in this thesis are required to pass an isolation requirement based only on the

track information, which is found to be very efficient at high pT , and it is referred to as

FixedCutTightTrackOnly.

Muon efficiency

As for the case of the electrons, the overall muon efficiency is defined as:

εµ = εreconstruction × εisolation × εtrigger × εidentification (4.2)

The correction factors are derived using events from resonant particles, Z → µµ and

J/ψ → µµ, to match the efficiencies evaluated from data. The efficiency of reconstructing

muons, which pass Medium criteria, is shown in Figure 4.4 as a function of pT and for

|η| > 0.1 [21].
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Figure 4.4: The efficiency of muon reconstruction as a function of pT for those who
pass the Medium identification requirements [21].

4.3 Jets

Due to the confinement principle, gluons and quarks (partons), are not detected in nature

as isolated particles. Still, they rather hadronise to form a cascade of hadrons (baryons

and mesons) and create so-called jets [95, 96]. Jets are collimated sprays of hadrons which

can be reconstructed by several algorithms using the fractions of energies deposited in the

calorimeters. In the ATLAS experiment, the anti-kt algorithm [97] is used to reconstruct

jets, and the input for this algorithm are: groups of energy clusters from the calorimeters

[98], the distances dij between the jet candidates i and j as well as the distance between

a jet candidate i with respect to the beam diB [22]. These distances, dij and diB, are

defined as:

dij = min (p−2
T,i, p

−2
T,j)

(∆Rij)
2

R2 , diB = p−2
T,i (4.3)

where pT,i and pT,j are the transverse momentums of the jet candidates i, and j, re-

spectively. Also, ∆Rij =
√

(∆ηij)2 + (∆φij)2 is the angular distance between the jet

candidates (i and j) for a jet with cone radius R set to 0.4 in this thesis.

Algorithm proceeds by finding the smallest distance between jet candidates dminij and

between the jet with respect to the beam diB. In the case of dminij < dminiB , the two jets

are combined to form a pseudo-jet by summing the four-momenta of jet i and j. Then,

the new jet candidate is added back to the jet candidates list. Finally, the previous steps
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are repeated until dminij becomes larger than dminiB , then the jet candidate i is considered

as a final jet and removed from the input list.

The anti-kt algorithm is infrared, collinear safe and straightforward, which means the

reconstructed jets, as well as their shape, are stable. The infrared safety means that

presence of the soft radiation (soft jets) does not alter the reconstructed jet. On the

other hand, the collinear safety means that the splitting of hard jets does not change the

final state jets. The infrared and collinear safeties are illustrated in Figure 4.5.

Figure 4.5: Schematic plot of the infrared unsafe (top) where the soft radiation
changed the shape of the reconstructed jet. In contrast, the collinear unsafe (bottom)
shows the hard jets splitting that produced different jet clustering [22].

Jet calibration

Several calibration steps are then applied to the topological clusters (topo-cluster), to

produce jets with correct energies and consistent with those predicted from the simula-

tion. The first step is to calibrate the jet energies at the electromagnetic (EM) scale by

measuring the energy deposits in the calorimeters. The local cluster weighting method

(LCW) uses shower shapes and depths in the ECAL and HCAL to distinguish between

them [99]. Also, it applies a set of corrections to the hadronic showers based on simulated

pions showers. Additional calibrations, known as jet energy scale JES, are used to match

the energy scale of reconstructed jets to the simulated ones [100, 101]. These calibrations

are applied in sequence, as shown in Figure 4.6, and illustrated below.
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Figure 4.6: The jet energy scale JES calibration procedure [23].

• Origin correction: The jet direction is shifted from the centre of the ATLAS de-

tector to the hard-scattering vertex (primary vertex). It means the four-momentum

of the jet is defined considering the primary vertex position.

• Pile-up corrections: Two subtraction methods are applied to reduce the effect of

pile-up on the jet momentum. The first one is subtracting the pile-up contribution

to the jet area, while the second one depends on the number of primary vertices

and the total number of interactions per bunch crossing µ [101, 102].

• MC-based jet corrections: A jet energy scale is derived from the energy of simu-

lated jets and applied to reconstructed jet energy. Also, a small correction is applied

to the reconstructed jet pseudorapidity (η).

• Global sequential corrections: these corrections are taking into account the

different response of the calorimeter to jets originated either from quarks or gluons.

They depend on track and muon spectrometer information, as well as from the

various energy deposits from quark and gluon jets. Also, special corrections are

applied to jets with high pT [103].

• In situ energy correction: This correction is applied only to data by considering

the different response of jets between data and simulations. To derive the JES,

several well-defined samples are used such as Z jets, γ jets and multijet [104].

Jet Pile-up rejection

An additional variable is defined using the tracks and calorimeters information associated
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with the jet to discriminate between jets originating from the hard-scattering and those

from the pile-up. This variable is the Jet Vertex Tagger (JVT), which is constructed

based on a multivariate analysis using the corrJVF and RpT variables, see Ref[24].

The corrJVF variable is the ratio of the sum of all the track pT ’s associated to jet origi-

nating from the primary vertex (PV) to the sum of all track pT ’s matching to jet (tracks

from PV and pile-up). This variable is expected to be close to one for the jets originated

from the hard-scattering, and zero for those originated from the pile-up. On the other

hand, the RpT is defined as the ratio of the scalar sum of tracks pT associated with the

jet originating from the PV to the fully calibrated jet pT after the pile-up subtraction.

Figure 4.7 shows the JVT distributions for jets originated from the hard-scattering in-

teraction (PV) and those from soft interaction (pile-up). From this figure, one can see

that the JVT for jets originated from the PV are closed to one and zero for those from

the pile-up. Jets with a pT less than 60 GeV and with |η| < 2.4 (the pile-up contribution

negligible at hight pT ) are required to have a JVT value larger than the threshold val-

ues which correspond to three working points: Loose, Medium and Tight. The default

working point in this analysis is the Medium one, which corresponds to the threshold

value equal to 0.59 (JVT > 0.59), and has a selection efficiency up to 92% for the hard

scattering jets.

The efficiency of the JVT selection for hard-scattering jets and the corresponding scale

factors (SF) are determined in data and MC from Z → µ+µ− events. On the other hand,

the JVT systematic uncertainty is derived using Z → µ+µ− events simulated by different

MC generators.

Jet flavour tagging

The reconstructed jets in the ATLAS experiment originate from the hadronisation of

quarks or gluons as well as from the hadronic decays of the most massive lepton, which

is the tau. These jets have different peculiar properties that can be used to discriminate

between them. Jet tagging is used in several analyses: in the ones presented in this thesis,

jets initiated from b-quarks are essential in the search for the tt̄ resonances (Chapter 7)

and the SM four-top-quark reconstruction based on χ2–method (Chapter 6).



Particles Reconstruction and Identification 52

Figure 4.7: JVT distribution for the jets originated from the hard-scattering (blue),
and pile-up (green) with 20 < pT < 30 GeV and |η| < 2.4 in the simulated dijets events.
JVT value equal to −0.1 is assigned to the jets with no associated tracks [24].

The b-jets initiated from b-quarks have specific properties, which can be used to tag them

from other jets (light jets) originated from the fragmentation of up, down and strange

quarks. These properties are that b-hadrons have a long lifetime, of order 1.5 ps, and

they can travel to ∼ 1 mm before decaying [95, 96]. This long travelling in the ID can be

detected as a reconstructed vertex, which is displaced from the position of the primary

vertex and known as the secondary vertex, as shown in Figure 4.8. Another feature

of b-quarks is that the masses of the b-hadrons are more significant than those of the

light-hadrons.

To improve the b-tagging efficiency and to discriminate them from other light-jets and

c-jets that originated from the charm quarks which have similar properties as the b-jets,

several algorithms have been combined and used in the ATLAS experiments. They are

briefly discussed below, and more details can be found in [25, 105, 106]. The tagging

algorithm considered in Run2 as well as in these analyses is based on a multivariate

technique, MV2, using boosted tree decision which utilises information from the following

b-taggers algorithms as input to the MV2 algorithm, see Ref[25, 105].



Particles Reconstruction and Identification 53

Figure 4.8: A schematic plot which shows the formation of secondary vertex from the
decay of long-lived particle compared to other jets initiated from the primary vertex.

• Impact parameter algorithm: Tracks produced in a b-hadron decay will be dis-

placed from the hard-scattering vertex because the lifetime for the b-hadrons is

longer than other light-hadrons. Therefore, the transverse distance between the

track and the primary vertex, d0, as well as the longitudinal one, z0 sin(θ), in the

R − φ plane, will be larger than for the tracks coming from b-hadrons decays. In

practice, the significances of these variables z0 sin(θ)/σz0 sin(θ) and d0/σd0 are used

and combined into a log-likelihood to produce the probability density functions for

each jet flavours and to discriminate between them.

• Secondary vertex (SV): An algorithm is used to reconstruct the additional ver-

tex displaced from the primary vertex by checking all track pairs inside the b-jets.

The properties of SV are combined using other variables such as the vertex invariant

mass. The number of reconstructed vertices in the b-jets and energy fraction for
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each vertex is used to discriminate b-jets vertices from other criteria that might be

passing the same selections.

• JetFitter: It is a multi-vertex algorithm used to reconstruct the decay chain of b-

hadrons inside the jet. It finds a common line where the decay vertex (SV) of b- or

c-hadrons and the primary vertex lies. This gives information about the flight path

and the SV position, which are used as inputs to a neural network and multivariate

analyses.

Results from previous techniques are used as input to the boosted decision tree (BDT)

to discriminate b-jets from light and c-jets. In the analyses presented in this thesis,

the MV2c10 version of the multivariate technique is used as based tagger of the b-jets

[107, 108]. The MV2c10 provides higher rejection for c- or light-jets by using 7% of c-jets

in the background sample while in the previous algorithm MV2c20 the fraction of c-jets

in the background sample is 20%.

Different variables are defined in the tagging algorithm to quantify its performance. One

of these variables is the tagging efficiency εb, which is defined as the efficiency to tag jets

originating from b-quarks. The other variables are the mistagging rates εc;light, which are

the efficiencies to reject c-jets and light-jets, respectively [108, 109].

Several working points are defined based on the BDT cuts and selected efficiencies. In

this thesis, the working point used was MV2c10 77, which corresponds to an efficiency

of tagging b-jets (εb) of 77%. The tagging efficiency of b-jets, as well as the rejection

efficiency of c- and light-jets at that working point (εb = 77%) are shown in Figure 4.9 as

a function of the transverse jet momentum pT and for different tagging algorithms.

4.4 Missing Transverse Energy (Emiss
T )

From the conservation of momentum, all 4-momenta is conserved before and after the

collision. In the ATLAS experiment particles produced in the region at 4π in φ and

|η| < 2.5 are fully reconstructed, while particles which escape along the beamline direction

or do not interact with subdetector materials are not detected, such as neutrinos. The
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(a) (b)

(c)

Figure 4.9: The efficiency of tagging b-jets (a) and rejection efficiencies of tagging the
c-jets (b) as well as the light jets (c) as a function of jet pT at εb = 77% using simulated
tt̄ events [25].

imbalance in the transverse momentum after collisions is an indirect indication for the

neutrino escaping and is referred to as the missing transverse momentum Emiss
T [95, 110].

(Emiss
T )2 = (Emiss

x )2 + (Emiss
y )2 (4.4)

where the direction of Emiss
T is obtained from the azimuthal angle, φmiss:

φmiss = tan−1(
Emissy

Emissx
) (4.5)
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The Emiss
T is reconstructed from the imbalance in the vector sum of the transverse energies

(transverse momenta) from the calibrated physics objects, which are electrons, photons,

jets and muons, referred to as Hard terms. The energy deposits in the cells, not corre-

sponding to other Hard terms, referred to as softer terms are also used. The Emiss
x and

Emiss
y are given as:

Emiss
x(y) = Emiss,jet

x(y) + Emiss,e
x(y) + Emiss,µ

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

x(y) (4.6)

To find the Emiss
T resolution and response, samples with and without real Emiss

T in both

data and MC samples are used. The Emiss
T resolution is defined as the width of the

Emiss
x(y) distribution and the difference between the reconstructed Emiss

T and the true Emiss
T .

The Emiss
T response is defined as the difference between the reconstructed Emiss

T and

the expected value. In several analyses, we need to obtain the Pz component of the

neutrino from the missing energy to build the four-momentum component of the neutrino

vector and to reconstruct the top quark, the W -boson or new massive particles masses.

There are many analytical methods to obtain the 4-momenta using the information from

Emiss
T [110, 111]. One of these methods is to solve the quadratic equation to obtain the

momentum component in the z-axis, Pz (see Appendix A).



Chapter 5

Track and Vertex Reconstruction

A precise determination of charged-particle momentum is essential for all the analyses of

the ATLAS experiment. It plays a significant role in the particle identification, especially

for the b-hadrons, the charged leptons and the jets. This means that a high-efficiency

reconstruction of the vertices and the charged particles tracks from proton-proton colli-

sions is essential. In this analysis, a new method is developed to measure the efficiency

in reconstructing pion tracks, in the low transverse momentum region. The pion tracks

reconstruction plays a central role in the identification of the b- and c-hadrons and the

discrimination of pions from other particles, such as electrons.

In this chapter, the reconstruction of tracks and both primary and secondary vertices

are presented in general in Section 5.1 and Section 5.2. In Section 5.3, a new method

for measuring the relative efficiency for pion tracks in data (minimum-bias 2018 data)

and MC at low transverse momentum in the ATLAS inner detector is presented. The

production rate measurement for D0 → K−2π+π− relative to D0 → K−π+ in both data

and MC, is also presented as part of the study; more details are given in Section 5.3.1.

5.1 Track Reconstruction

A track in the ATLAS detector is a collection of hits produced along the path in the

tracker of a charged particle. In the ATLAS detector, a charged particle can leave several

57
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hits in the various components of the Inner Detectors [112]. Tracks are defined using

a set of standard parameters: charge, momentum and position. Track momentum and

position are measured relative to the beam-spot in general or from other defined points,

e.g. the primary vertex, for any particular analysis [113]. Track position is represented

using two observables named: impact parameters d0 and z0, which are, respectively, the

radial and longitudinal distances of the tracks to the beam-spot, as shown in Figure 5.1.

All selected tracks are required to have a transverse momentum larger than 400 MeV.

Otherwise, the curvature radius for a track with a transverse momentum lower than 400

MeV will be small, and the low number of hits produced in the Inner Detector will make

the tracks fitting very hard.

Figure 5.1: The track perigee parameters in the xy-plane (left) and R−Zplane (right)
[26].

A track is reconstructed in the ATLAS experiment using two algorithms: the inside-out

algorithm and the outside-in one. In the inside-out algorithm [114], which is the most

general one, the tracks are seeded at first in the Pixel Detector and then extrapolated to

the outer layer of the SCT and TRT. In contrast, the outside-in algorithm track seeds

start from the TRT and are then extrapolated to the Pixel and SCT detectors. The

outside-in method is used to recover tracks which are not reconstructed due to the low

efficiency of the detector, or because they have originated from particles decayed in the

Pixel or SCT detectors.

The first input for the inside-out algorithm is three-dimensional points (space-points).

These points are created from the hits registered in the Pixel and SCT detectors as a

charged particle crosses them. The track seeds in this algorithm, are built from the

combination of at least three space-points since these seeds are the measured momentum
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and transverse impact parameter. Figure 5.2 shows the various steps involved in the

reconstruction. On Figure 5.2(a) the track seed formed by matching three space-points

is sketched. Wherein, Figure 5.2(b) shows how the track seed is used to build a road

to other layers of the Inner Detector. Roads are built by adding hits from the other ID

sub-detectors to the track seed and extending it to the SCT. The Kalman Filter algorithm

[114] is used to extend the track length to all the ID sub-detectors in order to produce the

track candidate, as shown in Figure 5.2(c,d). From this algorithm, track’s parameters

and their uncertainties are estimated from the track seeds and used to determine the

position of the next hit. If the next hit is consistent with the original track, the length

of the track is extended. Then, the track parameters are updated to predict the next hit

position, and so on. The process ends when the end of the track is achieved, and no more

hits can be added from the silicon detectors [113–115].

Figure 5.2: Schematic plot for the track reconstruction procedure where the layers
of the pixel, SCT and TRT detectors are shown. (a) Space-points in the pixel detector
are used to form the track seeds. (b) Rodes reconstructed from the track seeds and
extended to other layers. (c,d) The track candidates are found using the Kalman Filter
and extended to the TRT to form the full track [27].

Track candidates are ranked depending on the number of hits or missing hits (holes)

involved in their reconstruction as well as on the result of their quality fit (χ2/n.d.f).

Tracks with a high number of hits are given top ranking while tracks with a large number

of holes have a lower ranking. The final track candidates will be selected based on the
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ranking score; some of them will be chosen for further analyses, while others will be

rejected or combined to produce new tracks [115].

In the ATLAS experiment, tracks are grouped into two categories: Loose and Tight. The

Loose category selects tracks reconstructed with an efficiency not optimised to reject the

so-called fakes coming from the wrong or accidental combination of hits. On the opposite,

the Tight category is applied a more restrict selection to reduce fake reconstruction.

Therefore, the track reconstruction efficiency under the Tight selection is lower than the

one reconstructed under the Loose selections. In table 5.1, the Loose and Tight selection

requirements are defined [27, 115].

Loose Track
pT > 500 MeV
|η| < 2.5

NSi ≥ 7 (Number of Pixel+SCT hits, including dead sensors)
NS
mod ≤ 1 (Number of shared silicon hits)

Nhole
Si ≤ 2 (Number of missing hits in Pixel+SCT (holes))

Nhole
pixel ≤ 1 (Number of Pixel holes)

Tight Track
In addition to the Loose requirements

NSi ≥ 9 if |η| < 1.65
NSi ≥ 11 if |η| > 1.65

At least one hit in one of the two innermost Pixel layers
Nhole
pixel = 0

Table 5.1: Summary of the Loose and Tight track quality requirements [27].

Figure 5.3(a,b) shows the track reconstruction efficiency in the ID as a function of the

track transverse momentum pT and pseudo-rapidity η, within the ID geometrical accep-

tance (pT > 500 MeV and |η| < 2.5). From Figure 5.3(a) it can be seen that the efficiency

increases with pT . In contrast, at low pT , the efficiency of reconstituting a track decreases,

due to the probability to reconstruct tracks coming from multiple scattering are high. On

the other hand, the efficiency decreases at high values of η, as shown in Figure 5.3(b),

since in this case, tracks are passing through a high density of material compared to the

central region. Also, multiple scattering is higher at large η.

The reconstruction efficiency for tracks passing the Loose selection is in the range between

73% and 91%. For tracks reconstructed with the Tight criteria, the efficiency is instead
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(a) (b)

Figure 5.3: The efficiency of reconstructing tracks using Loose and Tight quality
requirements in the ID as a function of pT (a) and η (b) [28].

in the range between 63% and 86%. The number of reconstructed tracks as a function

of the average number of scattering per bunch (< µ >bunch), is shown in Figure 5.4. One

can see that tracks reconstructed under Loose criteria have a non-linear distribution in

the region < µ >bunch > 30, while tracks were passing the Tight selection, have a linear

behaviour in all regions. The non-linearity in the first case is due to the higher probability

to reconstruct a fake track where the < µ >bunch value is high [28, 29].

Figure 5.4: The average number of reconstructed tracks per event in the ID passing
the Loose and Tight and preselection requirements |η| < 2.5 and pT > 1 GeV. The solid
lines are the linear fit to data in the region 9 < < µ >bunch < 16 and extrapolated to
higher < µ >bunch [28, 29].
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5.2 Vertex Reconstruction

The primary vertex (PV) is a space-point resulting from the hard-inelastic scattering of p-

p collision. The reconstruction of the PV is crucial for the identification of physics objects

coming from the hard scattering of the colliding protons. These collisions can also be of

different nature, e.g. soft collisions or scattering from other bunches. These, together

with a delayed response of the detector, can produce another type of vertices overlapping

to the primary one, referred to as pileup. The procedure of isolating the PV uses two

separate algorithms: the vertex finding algorithm and the vertex fitting algorithm ( for

more details see Ref[26, 114, 116, 117]). In general, a vertex is reconstructed from at least

two tracks that pass either the Loose or Tight selections. The position of the reconstructed

vertices, PV or pileup, is determined by minimising the χ2 for the beam-spot.

Vertices are classified depending on the number of tracks belonging to them, their size

and position with respect to the beam-spot as well as from the value of the scalar sum of

tracks transverse momentum (
∑
pT,Trk

2). The vertex with the higher value of
∑
pT,Trk

2

is assigned to be the PV, while the others are treated as pileup vertices.

The Inner Detector can also reconstruct and detect vertices resulting from the decay of

long-lived particles. These particles can travel before they decay to other particles, such

as heavy hadrons produced from b- or c-quarks hadronisation. The resulting vertex from

the decay of a long-lived particle is referred to as the secondary vertex (SV). The main

characteristic of the SV is to be displaced away from the PV, as shown in Figure 5.5.

Besides, the tracks belonging to it are characterised by more significant impact parameters

than those belonging to the PV. The reconstruction of the SV is vital to distinguish the

b- from other jets.

5.3 Pion Track

The efficient and precise reconstruction of the charged-particle tracks is crucial to un-

derstand collisions in the dense environment, which is presented at the LHC. Several

methods have been developed to measure the track reconstruction efficiency for different
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Figure 5.5: Sketch showing the different type of reconstructed vertices in the ATLAS
experiment.

types of charged-particles covering all their kinematic range with the correct systematics.

In this thesis, a new method is developed to measure the tracking efficiency for a particu-

lar hadronic particle, the pion. The goal of this study is to extract the detector efficiency

to reconstruct the charged pion at low transverse momentum and to have a cross-check

on the MC estimations and performance. Besides, it is crucial to tag long-lived particles

and to reconstruct their SV inside jets. An example is the reconstruction of the SV of

charmed mesons in jets initiated by a b- and c-quarks, which are essential for several

analyses, e.g. those involving top-quark decays.

5.3.1 Pion Track Reconstruction Efficiency

The efficiency to reconstruct pion tracks can be measured in data and MC by finding the

ratio of the number of neutral charmed-meson decays to four or two charged particles

final states. In particular, in this thesis, the relative rate for D0 decays in the K3π

(D0 → K−2π+π−) channel to the Kπ (D0 → K−π+) decay channel has been measured.

To increase the purity of the signal, a unique source for D0 is used in this analysis (see

Ref[118]). This is the chain of D∗+ that decays with probability ∼ 67± 0.5% to D0 and

π+
s , which is referred to as the slow pion because it has low energy in this channel, see

Section 5.3.2. Additionally, from SM prediction, a non-resonant peak appears around

the mass value of 145.4257 ± 0.0017 MeV when we take the mass difference between

D∗+(2010.26± 0.05 MeV) and D0(1864.83± 0.05 MeV) [37, 119].
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The relative efficiency for the reconstruction of pions tracks in data and MC can be found

using the formula:
ε(Data)
ε(MC)

=
√

R
R(PDG)

(5.1)

where R is the ratio between the branching ratios in the four-body and two-body decay,

R = NK3π

NKπ

εK3π

εKπ
(5.2)

with NK3π (NKπ) being the number of reconstructed events in the four-body (two-body)

decay channel for data collected at
√
s = 13 TeV. εK3π (εKπ) is the efficiency of the

reconstructed four-body (two-body) decay channel using MC samples generated at
√
s =

13 TeV. The expected value for R should be equal to R(PDG) = 2.08 ±0.04 as predicted

by the SM.

5.3.2 Particle Level

In the following, the analysis performed on particle level is referred to as the truth-level

in this analysis. Shortly, the particle level in this analysis looks at the charged particles

produced from proton-proton collisions at
√
s = 13 TeV before the propagation in the

detector. In particular, the studied charged particles are charmed mesons, D∗+ and D0.

The selected tracks in both simulated samples (two-body and four-body decay channels)

are in the active region of the Inner Detector |η| < 2.5 and at 4π in φ. Tracks are required

to pass the Tight selections as defined in table 5.1 and to have transverse momentum

pT larger than 500 MeV. Figure 5.6(a-c) shows the transverse momentum distributions

for the reconstructed D0, D∗+ and π+
s at truth-level in the two-body decay channel

(D0 → K−π+) for tracks with pT > 500 MeV generated at
√
s = 13 TeV. While,

Figure 5.6(d) shows the transverse momentum distribution for the slow pion, π+
s , at

truth-level in the two-body decay channel (D0 → K−π+) without any cuts on the tracks

pT .

From Figure 5.6(d), one can see that the transverse momentum distribution for the π+
s is

in the MeV range with a maximum pT around 300 MeV. The pion is then a soft particle,

and the default selection on the track pT will affect the reconstruction efficiency of the
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(a) (b)

(c) (d)

Figure 5.6: pT distributions for the reconstructed (a) D0 and (b) D∗+ and for the slow
pion π+

s produced from the D∗+ decay for MC events at truth-Level with (c) pT > 500
MeV and (d) pT > 0 MeV, respectively (Uncertainty here is stat only).

D0. The reconstructed D0 and D∗+ (as seen in Figure 5.6(a,b)) have pT in the range GeV

with pT > 4 GeV since D0 and D∗+ have close masses (D0 ∼ 1864 MeV and D∗+ ∼ 2020

MeV).

Other parameters have been defined and used to discriminate the signal candidates (cor-

rect tracks combination) from other candidates (wrong charge combination). These pa-

rameters are: 1- position (x, y, z) of the D0 decay vertex, which is an SV, with respect to

the beam spot position. 2- cos(θ∗) between the kaon candidate and the reconstructed D0

in the reference frame of the D0. 3- transverse decay length Lxy defined as the distance
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between the SV and the primary vertex (PV) projected along the D0 transverse momen-

tum direction. Figure 5.7 shows the expected position of the SV from the D0 decay, as

well as the expected position of D∗+ decay vertex in Cartesian coordinates (x, y, z) at

truth-level.

Figure 5.7: Decay vertex position (SV) for the D0 in Kπ (top), and for D∗+ (bottom)
at truth-level for simulated events (Uncertainty here is stat only).

In the ATLAS experiment, the PV’s position in the MC simulation is set by default to

be at (-0.5, -0.5) in XY-plane. On the other hand, in data, the position of the PV is

at point (-0.4, -0.9) in the XY-plane. From Figure 5.7, one can see that the position of

the simulated D0 decay vertex is distributed according to a Gaussian around the point

(−0.5,−0.5) mm in (x, y) coordinate. This means that the D0 meson flies the PV and

forms an SV that can be reconstructed in the inner detector. In contrast, the decay vertex

for the D∗+ meson at truth-level is located inside the PV resolution, which means, in this

analysis, that it cannot be reconstructed or detected by the inner detector.

In Figure 5.8(a,b), the cos(θ∗) and Lxy distributions at truth-level (see Appendix B for

four-body decay channel) are shown. It can be seen that the cos(θ∗) distribution is uniform
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over the full range (−1, 1). This is because D0 is a spin-zero particle. Therefore, from

the conservation of angular momentum, the produced K− meson in the reference frame

of the D0 does not have a specific orientation. On the other hand, the Lxy distribution

shows that the D0 meson flies away from the PV before it decays.

(a) (b)

Figure 5.8: (a) cos(θ∗) distribution between the Kaon meson the in Kπ channel and
the D0 meson in the reference frame of the D0. (b) the D0 meson transverse decay
length, Lxy (Uncertainty here is stat only).

Other channels have been studied to evaluate the effects on the efficiency measurement

of reconstructing pion tracks in the four-body decay channel, D0 → K−2π+π−. Also, to

see if a significant contribution is coming from other processes, which have similar final

states (Inclusive processes) to the studied one (Exclusive four-body decay channel) and

might affect the calculated MC efficiency. The first channel is D0 → K−π+ρ0(BR =

6.77±0.31)% where ρ0 has a mass of 775.26±0.25 MeV and decays to π−π+. In addition,

the channel where D0 decays to K̄∗0ρ0(BR = 5.8±0.8)×10−3) and K̄∗0 decays to K−π+

has been investigated. The ρ0 and K̄∗0 decay via strong interaction, which means the

decay width for these particles is of the order of ∼ fm. However, the decay width for

the D0 is ∼ 122 µm since its decay goes via the weak interaction. Figure 5.9(a, b) shows

the transverse momentum (see Appendix B for other distributions) for the K− and π−

mesons produced in the three studied channels.

From Figure 5.9(a,b), one can see that the transverse momentum of the K− and π−

mesons produced in the channels D0 → K−π+ρ0 and the D0 → K̄∗0ρ0, respectively,



Tracks and Vertices Reconstruction 68

(a) (b)

Figure 5.9: Transverse momentum distribution for the K−(a) and π− (b) produced
from different decay channels, where (red) is for D0 → K−2π+π− (yellow) for D0 →
K−π+ρ0; ρ0 → π−π+ and (blue) for D0 → K̄∗0ρ0;K̄∗0 → K−π+ and ρ0 → π−π+

(Uncertainty here is stat only).

have similar distributions to the ones produced in D0 → K−2π+π− channel. However,

the K− (blue) produced from K̄∗0 → K−π+, has higher transverse momentum compared

to the other channels. Nevertheless, the effect from this channel on the efficiency of

reconstructing pion track in the D0 → K−2π+π− is negligible because of the small

branching ratio of this channel compared to the other ones.

5.3.3 Event Selection

The track collections from simulated MC and real data events used in this analysis con-

tains tracks, which are required to pass the Tight requirements already discussed in

table 5.1, and also the trigger selections listed in table 5.2. These triggers are related

to the dataset collected by the ATLAS experiment in the period 2018 for pp collisions

at
√
s = 13 TeV. The number of generated MC events for the two-body and four-body

decays channels is 1215000 and 250500, respectively.

Additionally, other selection criteria have been applied to discriminate signal combina-

torial from another combinatorial background. These selection criteria, listed in the

following, are extracted from the truth-level study:
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Trigger Data(%) MC Kπ (%) MC K3π (%)

HLT-j20-L1J12 1.4 16.4 0.014
HLT-j15 0.42 98.2 4.4
HLT-j10-L1RD0-FILLED 0.9 98.3 4.33
HLT-j20-L1JRD0-FILLED 3.35 94.6 3.11

Table 5.2: Summary of the applied trigger selections with the event percentages for
those passing these triggers for each decay channels.

• Tracks should form a secondary vertex (SV) with a total charge equal to zero. The

number of tracks which belongs to the SV is two (four) in the two-body (four-body)

decay channel.

• The χ2 for the resulting SV has to be less than 25.

• 140 < ∆M < 170 MeV, where ∆M is the mass difference between the D∗− and D0

(in data, the charge conjugate is also included).

• Lxy > 0.1 mm.

• To retain the D∗ candidates, the invariant mass of D0 is required to be in the range

1830< D0
M <1900 MeV.

• | cos (θ∗)| < 0.5.

• Combine all the D0 candidates with and additional track, which is the π+
s from the

D∗− decay, and require the pT of D∗− to be larger than 5.5 GeV.

5.4 Analysis Strategy

After the truth study using the simulated MC samples for four-body and two-body decay

channels, the reconstruction of D0 begins by using a tool (so-called JpsiUpsilon tool)

to form an SV from four and two sets of tracks, respectively, with total zero charged.

The reconstruction starts using only the simulated tracks (data blinded) that are passed

the event selection without the trigger requirements since all events in MC samples are

passing the same trigger selections. To examine the vertexing performance using the
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JpsiUpsilon tool, and to check the validity of this tool, R (defined in Section 5.3.1) is

evaluated and expected to equal to 1.0 using the MC samples only. This is done by

splitting the MC sample for each decay channel into two parts. The first one is used

to evaluate the reconstruction efficiency, εK3π and εKπ, respectively. The second part is

referred to as pseudo-data, used to extract the number of reconstructed events, NK3π and

NKπ, respectively.

After the tool is checked and it returns the expected value for R (see the following

Section 5.5), data are now unblinded, and the relative efficiency of reconstructing pion

tracks in data and MC is evaluated as follows:

• εK3π and εKπ: The efficiencies of reconstructing the correct combinations (signal)

in both decay channels are determined from the simulated events, which pass both

event and trigger selections, and using a fitting function (see the following section).

• NK3π and NKπ: The number of reconstructed events in data for both decay channels

are found from using the fitting function for the signal.

• ratio R: It is measured from the fitted signal yields in data and the efficiencies

obtained from the simulated events.

The expected value of R, after determining the εK3π and εKπ using MC and the number

of reconstructed events NK3π and NKπ in data, is equal to R(PDG). Figure 5.10 shows a

schematic plot summarising the flow steps presented in this analysis.

5.5 Results and Conclusion

A new method has been presented to determine the efficiency of reconstructing the pion

track in the ATLAS inner detector. It is also used to measure the ratio of BR(D0 →

K−2π+π−) relative to BR(D0 → K−π+) as well as to estimate the ∆M value in both

decay channels (K3π and Kπ) using data provided by the Inner Detector only. The

predicted ratio, R, from the SM is 2.08±0.04 where BR(D0 → K−2π+π−) and BR(D0 →
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Figure 5.10: Schematic plot summarises the analysis steps.

K−π+) are (8.11 ± 0.15)% and (3.89 ± 0.04)%, respectively. A non-resonant peak is

predicted to appear around 145.4257± 0.0017 MeV.

The number of reconstructed events in both MC and data is determined by fitting the

∆M = D∗−Mass −D0
Mass distributions. The non-resonant peak appears around the world

average value (PDG). The ∆M distributions are fitted using the sum of the modified

Gaussian function, which is describing the signal, and a threshold function to fit the

combinatorial background. In the following, the modified Gaussian (GaussMode) and the

threshold function (fT ) are defined:

GaussMode = P × exp (−0.5xn) (5.3)

fT = A× (∆M −mπ+)B × exp [C × (∆M −mπ+) +D × (∆M −mπ+)2] (5.4)

where n = 1 + 1
1+0.5x

, x = ∆M−m0

σ
and mπ+ = 139.57 MeV while P, m0 and σ are free

parameters as well as A, B, C and D.

Initially, R is evaluated using MC samples to test the JpsiUpsilon tool and to check the

validity of the defined selections (see Section 5.4). MC samples are split into two parts:

the first one is used to measure the efficiency of the reconstructing pion tracks in both
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channels, εKπ and εK3π. The second one is used to determine the number of reconstructed

events (Pseudo-data), NKπ and NK3π. Using the MC sample only, R is defined as:

R = NumberofgeneratedK3π
NumberofgeneratedKπ

=
Ngen
K3π

Ngen
Kπ

(5.5)

The number of generated events in the K3π (Kπ) channel is 250500 (1215000). In the

case of an equal number of generated events in both channels, R should be equal to one.

Therefore, the number of generated K3π events is scaled to the number of generated Kπ

events to evaluate R using MC samples only. This scale is equal to N gen
Kπ /N

gen
K3π, which

turns out to be 4.58.

The number of events used to measured the εK3π (εKπ) is 93500 (496000), while the

number of events used as pseudo-data in K3π(Kπ) is 157000 (719000). From the fit,

the measured εK3π(εKπ), for events passing the requirements in Section 5.3.3 ignoring the

trigger selections, is equal to (0.214±0.017)% ((0.414±0.006)%). Also, the fit returns the

number of reconstructed events using the second part of the MC sample, NK3π (NKπ), to

be 303± 19.5 (2535± 43) (see table 5.3).

Four Body Decay (K3π)
Efficiency (εK3π) N εK3π

Event

(0.214± 0.017)% 93500
Pseudo-data NK3π

Event

313± 19.5 157000

Two Body Decay (Kπ)
Efficiency (εKπ) N εKπ

Event

(0.414± 0.006)% 496000
Pseudo-data NKπ

Event

2535± 43 719000

Table 5.3: Summary of the expected efficiencies and the number of reconstructed
events obtained from the simulated MC events.

The R factor using MC only is calculated to be:

R = 303×4.58
2535

0.414
0.214

(5.6)

R = 1.059−0.017
+0.023

∼= 1.06± 0.03 (5.7)
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where the included uncertainty is only statistical. Figure 5.11 shows the ∆M distributions

for Kπ and K3π channels using data collected by the ATLAS experiment at
√
s = 13

TeV in 2018. The fitting function for signal returns the number of reconstructed events in

both channels for combinations passing all requirements described in Section 5.3.3. The

number of reconstructed events, NKπ and NK3π, obtained from the fit of the data are

130±12(stat) and 26±10(stat), respectively. The efficiencies, εK3π and εKπ, obtained from

MC are (0.0347± 0.004(stat))% and (0.353± 0.005(stat))%, respectively (see table 5.4).

Four Body Decay (K3π)
Efficiency (εK3π) N εK3π

Event

(0.0347± 0.004)% 250500
Data NEvent

26± 10 ∼ 57M

Two Body Decay (Kπ)
Efficiency (εKπ) N εKπ

Event

(0.353± 0.005)% 1215000
Data NEvent

130± 12 ∼ 57M

Table 5.4: Summary of the expected efficiencies from MC samples and the number of
reconstructed events in Data sample for both channels (charge conjugate is included in
Data).

The R ratio (equation 5.2) is calculated data and MC as following:

R = 26
130

0.353
0.0346

(5.8)

R = 2.04+0.31
−0.44

∼= 2.04± 0.54 (5.9)

Then, the relative efficiency of pion track in data and MC, defined in equation 5.1, is

measured to be:
ε(data)
ε(MC)

=
√

2.04
2.08

(5.10)

ε(data)
ε(MC)

= 0.99± 0.13(stat) (5.11)

The relative efficiency for reconstructing pion track at transverse momentum pT > 500

MeV in data and MC is measured to be 0.99± 0.13(stat). That means the ID efficiency
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(a) (b)

Figure 5.11: Mass difference distributions, ∆M = D∗+Mass − D0
Mass, for the recon-

structed data events in the decay channels K3π (a) and Kπ (b). The data is represented
by points with error bars (stat). The sold blue line is the resulting fit from the sum
of GaussMode and fT . The dashed red line is representing the expected wrong charge
combination.

of reconstructing the pion track is equal to the predicted one from MC simulation, which

is equal to 1.06±0.03 (see equation5.7). The main uncertainty affecting the value of

ε(data)/ε(MC) is statistical, in particular, in the case of the K3π. This is because the

number of generated events in K3π is small compared to the Kπ, and the number of

reconstructed events, NK3π, in data is five times less the amount of NKπ. From the

fitting of the data, Figure 5.11, the estimated ∆M in Kπ and K3π are 145.57 ± 0.17

MeV and 144.62±0.17 MeV, respectively. From the fitted signal in K3π, the uncertainty

in ∆M is higher than the ones for Kπ because of the number of events which pass the

trigger selection is very low (only ∼ 5% of events in the K3π MC sample), see table 5.2.

Also, the number of MC events in the K3π sample is small compared to the Kπ (see

table 5.4).



Chapter 6

tt̄tt̄ reconstruction based on

χ2–method in 1L and OS dilepton

channels

The top quark plays an essential role in the SM and many BSM models, as it is pre-

dicted to have a large coupling, besides to the SM Higgs boson, to other BSM particles.

As a consequence, through the production of new massive particles in association with

top-quark pairs, production cross-sections for specific processes may be significantly en-

hanced with respect to the SM predictions, in particular for events containing four top

quarks (Figure 6.1). Hence, search for the four-top-quark production via the SM pro-

cesses, allowing the possibility to recast relevant limits within several BSM models such

as tt̄tt̄ production via the four-top-quark effective field theory model [32], universal extra

dimensions scenarios [120] and through the two Higgs-double Model [30].

In the SM, four-top-quark events are produced either by gluon-gluon fusion or quark-

antiquark annihilation (see Figure 6.2) with a cross-section, σtt̄tt̄SM , of Next-Leading-Order

(NLO) accuracy in QCD at a centre-of-mass energy
√
s = 13 TeV as predicted at σtt̄tt̄SM ≈

12+18%
−21% fb [121].

The four-top-quark process is characterised by several final states depending on the W -

boson decays, as shown in Figure 6.3. From Figure 6.3(a), one can see the BRs for all the

75
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Figure 6.1: Representative Feynman diagrams for four-top-quark production through
(left) heavy-Higgs-boson production in the two Higgs doublet model (2HDM) [30, 31]
and (right) four-fermion contact interaction (CI) [32, 33].

Figure 6.2: The SM production of four top quarks through gluon-gluon fusion (left)
and quark-antiquark annhilation (right).

final states, where the dominant final state is the single-lepton (lep is either electorn or

muon while electrons and muons from tau decay are included in the totals) channel with

a branching ratio, BR, of ∼ 42%. The other final states are the fully-hadronic channel

(fully-had), the opposite- and same-sign dilepton one (OS and SS) and the multilepton

one (multi-lep), with BRs of 31%, 21.5% and 5.3%, respectively.

In this chapter, a new method is developed (based on a χ2 test) to improve the back-

ground rejection in the single-lepton (1L) and opposite-sign (OS) dilepton channels using

the simulated data generated at
√
s = 13 TeV. This χ2–method is used to reconstruct

hadronically-decaying top-quark from the final-state physics objects such as calorimeter

jets. Section 6.3 studies the performance of the method when selecting events where all
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(a) (b)

Figure 6.3: The branching ratios of the four-top-quark final state where electrons
and muons from tau decay are included in the totals (a) and considering the tau τ as
a stable particle (b), respectively.

the physics objects are matched to partons generated by the MC simulation (parton-level),

in the 1L channel. In Section 6.4, the algorithm is applied to the 1L and OS channel as

well, but no parton-level information is used. A multivariate analysis technique using the

boosted decision tree (BDT) algorithm is presented to show the gain of using the output

of the χ2 algorithm as input to the BDT on the discrimination between tt̄tt̄ events and

those from several backgrounds in the 1L and OS dilepton signal regions, in Section 6.5.

6.1 Analysis Strategy

Previous searches for four-top-quark production using Run 2 data at
√
s = 13 TeV were

performed both by the ATLAS [31, 33] and CMS [122, 123] experiments. No signifi-

cant excess of data above the background expectation was observed. In particular, the

observed (expected) upper limit obtained by the ATLAS collaboration on the SM tt̄tt̄

production cross-section in the combined single-lepton and opposite-sign dilepton chan-

nels, is 5.1 (3.6) times the SM predictions at the 95% confidence level, assuming SM-like

event kinematics, see Ref[33].

The search for tt̄tt̄ SM production in all decay channels rely on the distinctive high jet and

b-tagged jet multiplicity of the signal events with respect to the main backgrounds, as well

as on high scalar sum of the jet transverse momenta, referred to as HT
had. Additionally,

in the 1L and OS channels, collimated hadronically-decaying top-quark candidates can

be identified by combining small radius parameter R jets into larger-R jets, referred
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to as RCLR jets, which increases the sensitivity to tt̄tt̄ signal, see Ref[33]. The signal

sensitivity in the 1L and the OS channels is expected to be highly affected by the presence

of large backgrounds, in particular from tt̄+jet production events. Therefore, particular

attention has to be devoted to studying the possibility of designing or improving existing

techniques in order to discriminate these backgrounds, such as the χ2–method described

in Section 6.1.1. In particular, in high jets and b-tagged jets multiplicity regions with

higher sensitivity to tt̄tt̄ signal.

The χ2–method can be used to reconstruct the hadronically-decaying top-quark in events

containing four top quarks to produce a set of variables which might increase the sen-

sitivity to tt̄tt̄ signal. This method is applied to tt̄tt̄ events in the 1L channel where

the physics objects are matched to parton-level objects (see Section 6.3) to study the

kinematic distributions of the reconstructed top-quark originated from tt̄tt̄. Additionally,

it is applied to both tt̄tt̄ and tt̄+jets events in the 1L and OS dilepton channels without

requiring any matching to parton-level objects to produce a set of variables as inputs for

a multivariate technique, e.g. BDT (see Section 6.4 and 6.5) in order to increase the

discrimination between the background and single events.

6.1.1 χ2–method

The Chi-Square (χ2) method is a statistical method used to test a hypothesis. For

example, if there are two uncorrelated measurements, O1± σ1 and O2± σ2, e.g. particles

masses, cross-sections, etc., and we want to test a hypothesis (model), which predicts

these measurements. The χ2–method can be defined as follows [124]:

χ2 =
∑

i
(Oi−Ei)2

(σi)2 (6.1)

where, for each measurement i, Oi is the measured (observed) quantity from experimental

data, and Ei corresponds to the prediction (hypothesis), e.g. from theory calculations. At

the same time, σi is the standard deviation of the distribution of the observed quantity.

When the observed quantity Oi± σi is closed to the predicted one, the χ2 value becomes

close to zero, and then the observed quantities are well described by the hypothesis.
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In this analysis, the observed hypotheses correspond to each jet combination since for

each, there are two observed quantities, the invariant masses of the three jets (hadronic

top-quark) and the two jets (hadronic W -boson). In contrast, the theoretical hypotheses

are the predicted central mass values from the SM (top-quark and W -boson). Still, σ2
i

are the standard deviations of the invariant mass distributions for the top-quark and

W -boson, which can be extracted either from experimental measurements or theoretical

prediction. The χ2–method is then applied to selected events containing jets, leptons

and missing transverse energy, to identify combinations of physics objects most likely

originating from top-quark decays. Additionally, it is used to test the compatibility of

such events with the hypothesis of the presence of more than two top quarks.

χ2
Top−leptonic = (MW→lν−mW )2

σ2
W→lν

+ (Mt→lbν−mtop)2

σ2
t→lbν

(6.2)

χ2
Top−hadronic =

(MW→qq̄−mW )2

σ2
W→qq̄

+
(Mt→qq̄b−mtop)2

σ2
t→qq̄b

(6.3)

where MW→lν , MW→qq̄, Mt→lνb, MW→qq̄b are the invariant masses of the jet and lepton

combinations aimed to reconstruct the leptonically and hadronically decaying W bosons

and top quarks, respectively. At the same time, mtop and mW are the masses of top-

quark and W -boson predicted by the SM, while σ2
top(σ

2
W ) is the experimental width of

the top-quark (W -boson) invariant mass distribution.

Depending on the top-quark decay channel, the full χ2 can be built by summing the

individual χ2 described in relations 6.2 and 6.3. For example, in the case of the four-

top-quark in the 1L channel, there are three hadronically and one leptonically decaying

top-quarks, respectively. Therefore, the full χ2 for the four-top-quark system in the 1L

and OS dilepton decay channels can be defined as:

χ2
full−1L = (

3∑
i=1

(Mi,W→qq̄ −mW )2

σ2
W→qq̄

+
(Mi,top→qq̄b −mtop)

2

σ2
top→qq̄b

)

+
(MW→lν −mW )2

σ2
W→lν

+
(Mtop→lνb −mtop)

2

σ2
top→lνb

(6.4)
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χ2
full−OS dilepton = (

2∑
i=1

(Mi,W→qq̄ −mW )2

σ2
W→qq̄

+
(Mi,top→qq̄b −mtop)

2

σ2
top→qq̄b

)

+(
2∑
j=1

(Mj, W→lν −mW )2

σ2
W→lν

+
(Mj,top→lνb −mtop)

2

σ2
top→lνb

)

(6.5)

In this analysis, the χ2–method is applied to reconstruct two top quarks decaying hadron-

ically (for reasons described later) in the 1L and OS dilepton channels. However, the

χ2–method is built only relying on fully reconstructed physics objects, in particular jets,

without the need to infer on the information from missing energy. The performance of

such a partial χ2 reconstruction is tested in the 1L channel for the SM four-top-quark

(tt̄tt̄) events with physics objects are fully-matched to those at parton-level (see Section

6.3.2). Then, the χ2–method is applied using the tt̄tt̄ and total background (mainly

tt̄+jets) events in the 1L and OS dilepton channels to estimate the separation between

the background and signal using different kinematic distributions (Section 6.4). The

kinematic parameters produced by χ2–method is used as input for multivariate analysis

(Section 6.5) to discriminate the signal tt̄tt̄ events from total background ones in 1L and

OS dilepton channels, respectively.

6.2 Physics Objects and Event Selection

6.2.1 Physics Objects

The physics objects used in the χ2–method and considered in the event selection are jets

originated from b-quarks, c-quarks as well as light-quarks. Furthermore, the presence

of one or two leptons (electrons and muons) to identify the studied channel, as well as

the missing transverse energy (Emiss
T ), are considered here. In contrast, the leptonically-

decaying channel τ(τ → eυeυτ or τ → µυµυτ ) contribute similarly to the other charged

leptons, while no attempt to explicitly reconstruct hadronic τ decays is made.

In this analysis, the considered jet candidates are reconstructed and calibrated based on

the methods, which are presented in Section 4.3. The anti-kT algorithm is used to recon-

struct the jet candidates with ∆R = 0.4, and they must have passed the JetVertexTagger

(JVT) selection (Section 4.3). After the energy calibration, jets with transverse momenta
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pT > 25 GeV and |η| < 2.5 are considered. Additionally, a multivariate technique based

on the MV2c10 algorithm with the working point referred to as MV2c10 77, which cor-

responds to an efficiency of tagging b-jets (εb) of 77%, is used to identify jets initiated

from b-quarks (Section 4.3).

Electron and muon candidates are reconstructed and isolated based on methods presented

in Section 4.1 and Section 4.2, respectively. The identification criteria applied to electron

candidates is the Tight (TightLH) identification criteria with the so-called FixedCutTight

(FCTight) isolation working point. Furthermore, electrons are required to have pT > 28

GeV (pT > 10 GeV) in the 1L (OS dilepton) channel and to be in the active region

with |η| < 2.5 while those in the so-called LAr crack region with 1.37 < |η| < 1.52 are

rejected to reduce the non-prompt and fake contributions. On the other hand, muon

candidates are reconstructed based on the combined method (Section 4.2), and to pass

the Medium identification criteria selection. At the same time they are required to have

pT > 28 and pT > 10 GeV in the 1L and OS dilepton, respectively, and to be in the

region |η| < 2.5. Also, muons are required to pass the so-called FixedCutTightTrackOnly

isolation working point, which is based only on the track information and very efficient

at high pT . In table 6.1, a summary of the object requirements is presented.

6.2.2 Event Selection

The simulated MC events used in this study, are required to pass a set of selection require-

ments based on the physics objects (discussed in Section 6.2.1) and trigger selections,

see table 6.2. Here, the trigger selection corresponds to the dataset collected by the AT-

LAS experiment in the period 2015-2018 at
√
s = 13 TeV where events should fire single

electron or muon triggers with thresholds defined for the period of the collected dataset.

Events in the 1L channel are retained if they have one lepton (electron or muon) with

at least ten jets, of which at least four are b-tagged jets. On the other hand, events

containing two leptons with an opposite electrical charge and have at least eight jets, of

which at least four are b-tagged, are considered in the OS dilepton channel. To reduce

the background contributions, e.g. multijet production, in the single lepton channel,

additional selections are applied. These are: 1- the Emiss
T to be larger than 20 GeV and
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Table 6.1: Summary of the requirements applied to various physics objects
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Year of Data taking Electron Triggers Muon Triggers
2015 e24 lhmedium L1EM20VH mu20 iloose L1MU15

e60 lhmedium mu50
e120 lhloose

2016,2017 and 2018 e26 lhtight nod0 ivarloose mu26 ivarmedium
e60 lhmedium nod0 mu50
e140 lhloose nod0

Table 6.2: List of a single electron and muon triggers used per data period.

2- the transverse mass (mW
T ) for the combined lepton with the Emiss

T to be larger than

60 GeV. In the case of OS dilepton, another cut is required on the invariant mass of

the same flavour leptons (mll) to be outside the mass range for the Z-boson, to suppress

the background coming from the Drell-Yan processes. Table 6.3 summarises all selection

requirements applied to both channels. In this analysis, two signal regions are built upon

on the described selections and used to reconstruct the χ2 output variables. The first

one referred to as SR1L, is in the 1L channel and requiring ≥ 10 jet and ≥ 4 b-tag. On

the other hand, events in the OS dilepton channel and with ≥ 8 jet and ≥ 4 b-tag, are

considered in the signal region, SROS.

Requirement Single-lepton Dilepton
Trigger Single-lepton triggers
Leptons one two OS
Jets ≥ 10 ≥ 8
b-jets ≥ 4
Other Emiss

T > 20 GeV mll > 50 GeV
Emiss
T +mW

T > 60 GeV |mll − 90GeV | > 10 GeV

Table 6.3: Summary of the event selection requirements.

6.3 The χ2–method for matched events in 1L Chan-

nel

Richard Feynman has proposed the parton model to analyse and describe particle interac-

tions at high energies before the discovery of quarks and gluons. In High Energy Particle
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physics, the term parton-level refers to the theoretical predictions for gluons and quarks

that are produced from collisions at high centre-of-mass energy and can be modelled us-

ing several Monte Carlo generators (e.g. Pythia8, Sherpa, aMC@NLO), as shown in

Figure 6.4. In this section, χ2–method is used to reconstruct the hadronically-decaying

top-quark in events contain tt̄tt̄ where the physics objects (particles at detector-level and

also known as Reco-level) are fully-matched to those at parton-level. This is important

to compare the kinematic distributions for jet combinations corresponding to top-quark

products with other combinations. Furthermore, the χ2 output variables can be used as

input for more advanced methods.

Figure 6.4: Signal event generated using an MC generator. The green box is the
parton-level (quark or gluon). The violet box is parton-level after showering using
different approaches, e.g. Pythia8. The purple box is the final state particles produced
after the hadronization process for partons.

A Leading-Order (LO) tt̄tt̄ samples were generated using Madgrapth5 aMC@NLO

[125] v2.2.2 generator with the PDF set NNPDF2.3LO. The events were interfaced with

Pythia8.186 [126] using the A14 tune and the NNPDF2.3LO PDF set. The total

number of generated tt̄tt̄ events used to match the physics objects (jets and leptons) to

the parton-level, is 600000. At the beginning, the branching ratio for each decay channel

of the four-top-quark production using the LO sample is computed to check the validity

of the simulation by comparing it to the SM prediction, as shown on Figure 6.5, to be

compared to the expected shown on Figure 6.3(b). The computation is done by counting
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the number of events for each decay channel and divided by the total number of events

generated in the LO tt̄tt̄ sample.

Figure 6.5: The branching ratios for several decay channels measured using LO tt̄tt̄
sample produced for the period between 2015-2018 (lep is either electron (e) or muon
(µ) or tau (τ), which means the τ is considered as a stable particle).

6.3.1 Matching Criteria

Matching criteria are methods used to match the physics objects after detector simulation,

which are jets, electrons and muons, to the objects at parton-level. In order to match the

physics objects after detector simulation and to find the fraction of the physics objects

that are indeed coming from the process of interest (tt̄tt̄) in the 1L channel, the χ2–method

is used.

Due to the radiation that is coming from partons and leptons, other physical objects

(in particular for jets) may be removed or added, to the final state of tt̄tt̄ events and

effecting the matching process. Therefore, a selection is applied on the angular distance

(∆R =
√

(∆η)2 + (∆φ)2, see equation 3.4) between jets and the final state partons to be

less than 0.3. On the other hand, for the isolated leptons (electron and muon), the ∆R

between lepton and the truth one is required to be less than 0.01.

Figure 6.6 shows the fraction of events for several matching categories in 1L decay channel

in the region SR1L. From this figure, one can see that all events have 100% matched lepton
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(electron or muon) while ∼ 54% of events have all b-tagged jets matched to the finial

state b-quark. On the other hand, only ∼ 6% of events have ten jets matched to the

parton-level jets (all matching categories are illustrated in table 6.4).

Figure 6.6: The Event fraction for each matching criteria. The first bin (right) is the
fraction of event that have matched lepton (electron or muon) while the last bin (left)
is the event fraction for events having all 10 jets matched to 10 partons.
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6.3.2 χ2–method applied using Fully–matched physics objects

The fully-matched (see Figure 6.7 and table 6.4) tt̄tt̄ events, ∼ 700, in the 1L signal

SR1L region are used as input to the χ2–method to reconstruct two top quarks decaying

hadronically. The jet combinations referred to as the correct jet permutations, which

give the minimum χ2 value (χ2
min), will be the most probable to come from the top-quark

decay. In each fully-matched event, specific jets are assigned to specific top quarks: for

example, jet1, jet8, b3 could be assigned to Top1 while jet9, jet3, b1 to Top3. Furthermore,

they can be used as input for more advanced methods, e.g. NeuroBayes method [127]

(not presented in this analysis).

Figure 6.7: Schematic plot for matching physics objects to those at parton-level.

The idea behind reconstructing only two hadronic top quarks is that the number of

hadronically-decaying top-quark in the tt̄tt̄ events in the 1L and OS dilepton channels is

three and two, respectively. In contrast, the expected number of hadronically-decaying

top-quarks in the tt̄+jets events in the two channels is one and zero, respectively, as

shown in Figure 6.8 and Figure 6.9 (See Appendix C for other reasons).
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Table 6.4: Summary of all possible matching criteria.
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Figure 6.8: Feynman diagram for the SM four-top-quark (left) and top-antitop (right)
productions, respectively, and decaying in the 1L channel.

Figure 6.9: Feynman diagram for the SM four-top-quark (left) and top-antitop (right)
productions, respectively, and decaying in OS dilepton channel.

The χ2 for two hadronic top quarks in the 1L channel can be derived from relation 6.4

where the leptonic part is set to zero. Then, the χ2
top−had becomes:

χ2
top−had =

∑2
i=1

(Mi,W→qq̄−mw)2

σ2
W→qq̄

+
(Mi,top→qq̄b−mtop)2

σ2
top→qq̄b

(6.6)

where M1,2top→qq̄b(M1,2W→qq̄) is the reconstructed top-quark (W -boson) obtained from

the correct jet permutations with minimum χ2
top−had value. In the same time, mtop(mW )

is the theoretical prediction for the top (W -boson) mass, equal to 172.5 GeV (80.1 GeV),

while σtop(σW ) is the experimental decay width for the hadronically-decaying top-quark

(W -boson), equal to 13.4 GeV (7.40 GeV) [128]. The efficiency of such χ2–method (εχ2)
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is defined as:

εχ2 =
NCorrect permutation

atχ2
min

NFully-matched
(6.7)

This efficiency corresponds then to the fraction of fully matched events where the method

was able to correctly assign reconstructed jets to two of the hadronically decaying top

quarks. On the available simulated tt̄tt̄ sample (∼ 700 fully matched events) it is eval-

uated to be 32%. From this result, one can conclude that the χ2 is not necessarily the

most powerful method to assign the correct jets permutation to one of the top quarks

in tt̄tt̄ production, see Ref[129] for other techniques. However, kinematic variables of

the reconstructed top quarks and W bosons, as well as the χ2 output value itself can

provide useful input information for further steps of the analysis, such as a multi-variate

discriminant, as shown in Section 6.5.

Figure 6.10 shows the reconstructed mass and transverse momentum distributions for the

two top quarks (TopHad1 , T opHad2 ) using the correct jet permutations, which gave mini-

mum χ2 value, compared with other permutations (incorrect permutations). Additionally,

Figure 6.11 shows the expected distributions for the reconstructed W -bosons produced

in the decay chain of top-quark with correct jet permutations versus other permutations

(see Section 6.5 for the Separation definition that used and implemented in this analysis).

The χ2
min(exp−χ

2
min) distribution for the correct jet permutations, which are assigned to

two hadronically-decaying top-quark, compared with different permutations, is shown in

Figure 6.12.

Figure 6.10 and Figure 6.11 show that the reconstructed mass is in agreement with the

SM predictions as well as the experimentally measured. Furthermore, a new variable is

defined exp[−χ
2
min ]. The jet permutation is considered as a correct permutation and likely

to be initiated from the four-top-quark production if exp[−χ
2
min ] ( χ2 → 0) minimum value

is close to unity.
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(a) (b)

(c) (d)

Figure 6.10: The invariant mass and pT distributions for the reconstructed two
hadronically-decaying top-quark, M top

1 and pT top1 (a,b) and M top
2 and pT top2 (c,d) us-

ing the correct (red) and other jet permutations (blue), respectively, for fully-matched
events.

6.4 χ2–method study in 1L and OS dilepton channels

Events in the defined signal regions, SR1L and SROS, are used to reconstruct two

hadronically-decaying top-quark regardless the patron-level information (it means that

all events in the signal regions are used regardless if they are matched or not to those

at parton-level). Figure 6.13 shows the reconstructed mass and transverse momentum

distributions for two top quarks (TopHad1 , T opHad2 ) in the signal regions for 1L and OS

dilepton, respectively. The distributions of the invariant mass and the pT of each of the
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(a) (b)

(c) (d)

Figure 6.11: The invariant mass and pT distributions for the reconstructed two
hadronically-decaying W -boson in the chain of top-quark decay, MW

1 and pTW1 (a,b)
and MW

2 and pTW2 (c,d) using the correct (red) and other jet permutations (blue),
respectively, for fully-matched events.

two reconstructed hadronically-decaying top-quark, built with the jet permutation giving

the minimum χ2 value in tt̄tt̄ events, are compared with the same distributions obtained

in the same way, but on simulated background events from tt̄+jets production plus the

other, smaller backgrounds. The kinematic distributions for the reconstructed W -bosons

using the jet permutations with minimum χ2 value in 1L and OS channels as well as

the χ2
min and e−χ

2
min distribution for these permutations, are shown in Figure 6.14 and

Figure 6.15, respectively.
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(a) (b)

Figure 6.12: χ2
min (a) and exp[ −χ2

min] (b) distributions for the correct jet permuta-
tions (red) compared to incorrect jet permutations (blue).

Figure 6.13: The invariant mass and pT distributions for the reconstructed two
hadronically-decaying top-quark for jet permutations with χ2

min in the defined signal
region for 1L (top) and OS dilepton (bottom) channels, respectively, using tt̄tt̄ (red)
and tt̄+jets (blue) events.
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Figure 6.14: The invariant mass and pT distributions for the reconstructed two
hadronically-decaying W -boson using the jet permutations with χ2

min in the defined
signal region of 1L (top) and OS dilepton channels (bottom), respectively, using tt̄tt̄
(red) and tt̄+jets (blue) events.

The pT for each jet (in total six jets) used to reconstruct the hadronically-decaying top-

quark and W -boson in the 1L and OS dilepton channels are shown in Figure 6.16 and

Figure 6.17, respectively. Finally, the expected distributions of the number of jets, b-

tagged jets and the HHad
T for events in the defined signal regions for 1L and OS dilepton

are shown in Figure 6.18.

As seen in Figure 6.13 (Figure 6.14), the invariant mass obtained from the jet permuta-

tions with minimum χ2, are centred around the input mass value for top quark (W -boson)

decaying hadronically. It can be noticed that the reconstructed top-quark candidates are

produced with energy slightly higher than those from the background. Moreover, jets

that entering the minimum-χ2 permutations are in general only slightly harder for signal

than for background.
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Figure 6.15: The χ2
min (exp[ −χ2

min]) distributions for the jet permutations minimized
the χ2 value in the defined signal region of 1L (top) and OS dilepton channels (bottom),
respectively, using tt̄tt̄ (red) and tt̄+jets (blue) events.

6.5 MVA Training using Boosted Tree Decision (BDT)

Multivariate analysis (MVA) techniques, based on different algorithms, are often used in

particle physics to combine several input variables into a single output variable, retaining

as much as possible the input variable signal-versus-background discrimination power

[130, 131]. In this analysis for events regardless if they are matched or not to those at

parton-level, the kinematics variables obtained from the jet permutations with a minimum

value of χ2, e.g., the reconstructed top-quarks and W -bosons kinematics, are used as

input variables, and they are referred to as χ2 output variables (see table 6.5). Here a

boosted decision tree (BDT) [130, 131] algorithm is used to discriminate the signal (tt̄tt̄)
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(a) (b)

(c) (d)

(e) (f)

Figure 6.16: Expected pT distributions for each jet (a-d) and b-tagged jet (e,f) con-
sidered in the jet permutations with χ2

min value in the signal region of the 1L channel
using tt̄tt̄ (red) and tt̄+jets (blue) events.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.17: Expected pT distributions for each jet (a-d) and b-tagged jet (e,f) con-
sidered in the jet permutations with χ2

min value in the signal region of the OS dilepton
channel using tt̄tt̄ (red) and tt̄+jets (blue) events.
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Figure 6.18: Event variable distributions in the signal regions of 1L (top) and OS (bot-
tom) dilepton decay channels, respectively, using tt̄tt̄ (red) and tt̄+jets (blue) events.

events from the total expected background estimated via MC simulation in the defined

signal regions of 1L and OS dilepton decay channels, respectively. The BDT algorithm

is trained using two sets of variables; the first set (s1) includes only χ2 output variables

and the second set (s2) includes both χ2 output variables and event variables (i.e. the

number of jets, the number of b-tagged jets and HHad
T ).

The parameters t1,2pT ,Mass and W 1,2
pT ,Mass in table 6.5 are the reconstructed masses and pT

using the six jets with permutation gives the minimum χ2 value. On the other hand,

jet1,2,3,4pT
and b1,2

pT
are the jet pT used to reconstruct the hadronically-decaying top-quark

with minimum χ2. Other variables are considered as χ2 parameters and used as input

for BDT algorithm. These parameters are the angular distance between two top quarks

∆Rtop1,top2 as well as the invariant mass (Mtop1,2) and the (pTtop1,2 ) of two top quarks,

respectively.

The BDT [130, 131] is trained, ignoring the negative weights of events, on half of the

events in LO tt̄tt̄ sample (total number of training+testing events for the 1L and OS

dilepton decay channels are ∼ 10000 and ∼ 3000 events, respectively) and in the total

background while the second half of events is used as an overtraining-test sample. The
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applied algorithm for boosting is the AdaBoost [130] with 600 decision trees; the max-

imum depth of a tree is set to be three, and the number of cuts is 20 (See Ref[129] for

other techniques).

top1
pT

top2
pT

top1
Mass top2

Mass W 1
pT

W 2
pT

W 1
pT

W 2
pT

∆Rtop1,2 pT top1,2
Mtop1,2 exp[−χ2]

jet1pT jet2pT jet3pT jet4pT b1
pT

b2
pT

Table 6.5: List of all variables used as input for the BDT

.

In this analysis, separation (S2) between the signal and background distributions is ob-

tained using the TMVA definition, and it is defined as follows (see Ref[37, 132] for more

details):

S2 = 1
2

∫ (ŷs−ŷb)2

(ŷs+ŷb)
dy (6.8)

where ŷs and ŷb are the signal and background distributions, respectively. S2 is equal to

one when there is no overlap between the signal and background distributions, while it is

equal to zero for identical distributions. The expected distributions of the BDT output,

trained on the tt̄tt̄ signal and the total estimated background in the 1L (OS dilepton)

channel using the first (s1) and second sets (s2) of variables, respectively, are shown in

Figure 6.19.

The estimated separation of the BDT output between tt̄tt̄ signal and the predicted back-

ground in the 1L (OS dilepton) channel when using the first set of input variables is 9.4%

(16.6%) and when using the second set is 18.4% (21.6%), respectively. The disagreement

between the training distributions and testing ones, which is referred to as overtraining,

in both channels (1L and OS dilepton) is due to the low number of available simulated

events in the signal regions.
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(a) (b)

(c) (d)

Figure 6.19: The BDT response for the training on the four-top-quark signal and total
background events in the 1L channel using set1(a), set2(b) and OS dilepton set1(c),
set2(d) channels.

6.6 Results and Conclusion

A χ2–based method is introduced to solve the final-state combinatorics in four-top-quark

events partially using MC events only and to help to discriminate this process from

background processes. In both the single-lepton (1L) and the opposite-sign dilepton

(OS) channels, the method relies on reconstructing two hadronically decaying top quarks

as combinations of jets that minimise a χ2 function.

Such a χ2 method is first applied and studied in the 1L channel, in the signal region

characterised by ≥ 10 jet and ≥ 4 b-tagged jets, by selecting only events where all

the reconstructed physics objects (jets and charged leptons) are matchable to individual

parton-level objects (partons and truth-level leptons). On this ”fully matched” 1L sim-

ulated sample (counting ∼ 700 events), the efficiency of the reconstruction of the two
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hadronic top quarks through the χ2 method is estimated to be 32%.

As a second step, the χ2 method is applied and studied in both the 1L and OS highest

sensitive signal regions, SR1L (containing ≥ 10 jet and ≥ 4 b-tagged jets) and SROS

(≥ 10 jet and ≥ 4 b-tagged jets), respectively, without requiring the events to be ”fully

matched”, but comparing the χ2 output variable distributions (i.e. the kinematics of

the reconstructed top quarks and W -bosons, of the jets forming the minimum-χ2 com-

binations and the minimum χ2 values themself) for tt̄tt̄ signal and predicted background

events (mainly from tt̄+jets). Finally, these χ2 output variables are used as inputs for

a BDT discriminant, reaching a separation of 18.4% and 21.4% in the two channels,

respectively, when combining with other simple event variables. Even if other, more elab-

orated methods could give better performance, this χ2–method is found to be simple,

fast and useful in order to provide inputs for further analysis steps, such as an MVA

signal-versus-background discrimination.



Chapter 7

Search for tt̄ resonances in the

dilepton channel

Despite its success, the SM is not considered as a complete theory since several aspects

are not included within its prediction, e.g. gravity. For this reason, experimental searches

on new BSM phenomena are essential to establish new theoretical frameworks for particle

physics to cover the SM weakness. Since the top-quark is the most massive elementary

particle in the SM with a mass close to the electroweak symmetry breaking scale (≈ 173

GeV), it plays a crucial role in several BSM models.

In this chapter, search for tt̄ resonances in the dilepton channel is presented based on

proton-proton collision data with a centre-of-mass energy
√
s = 13 TeV collected by the

ATLAS experiment at the LHC. The integrated luminosity corresponds to the full Run 2

dataset with L = 139 fb−1. In Section 7.1, the analysis strategy and the considered BSM

models are introduced. In Section 7.2 and Section 7.3, the event selections applied, and

the MC samples used in this analysis are described. Finally, the expected limits on the

cross-section times the branching ratio for the studied signals are presented in Section 7.7.

102
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7.1 Analysis Strategy

Several BSM models predict the existence of new particles that decay in a large proportion

to tt̄ pairs. An example is the so-called Z ′, a heavier partner of the ordinary Z boson,

which can decay to a tt̄ pair if massive enough. Additionally, many BSM models predict

the existence of massive excitations for the SM and BSM fields when they propagate

to extra dimension (see Chapter 2), in particular, for gluon (KKg) and graviton (G)

fields (in some references G corresponding to GRS). In this analysis, three BSM physics

particles with different mass hypotheses predicted by the Topcolor Model (TC2) [4, 5, 73]

(For TC2 model, samples were generated based on the Sequential Standard Model (SSM)

[3] while the cross-sections are corresponding to the TC2) and Randall-Sundrum Model

[8, 9] (see Chapter 2) are studied.

The invariant mass of a pair of top-antitop quarks is given by:

mtt̄ =
√

(P t̄ + P t)µ(P t̄ + P t)µ (7.1)

where P t and P t̄ are the top and antitop quarks four-momentum vector, respectively.

The expected mtt̄ distribution under the SM prediction is expected to be smooth and

exponentially decaying. At the same time, a resonant bump is predicted by the BSM

models to appear on top of the SM mtt̄ distribution. For example, a new gauge boson,

Z ′, with mass 3 TeV, 4 TeV or 5 TeV, decaying in the dielectron channel is expected to

bumps on top of the SM prediction, as shown in Figure 7.1.

In general, the mtt̄ in the dilepton decay channel cannot be fully reconstructed experimen-

tally due to the presence of two neutrinos that are not detected by the ATLAS detector

and are only considered by the Emiss
T (see Appendix D for another reason). Therefore,

two variables are introduced in this analysis, mllbb and ∆φl+l− as defined below. The mllbb

variable is defined as the partial invariant mass of the top-antitop quark, and it is given

as:

mllbb =
√

(P l+ + P l− + P b1 + P b2)µ(P l+ + P l− + P b1 + P b2)µ (7.2)
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Figure 7.1: Expected invariant masses of Z ′ decaying to dielectron final state, 3 TeV,
4 TeV and 5 TeV, respectively, [3].

where P l± and P b
1,2 are the four-momentum vectors for electron or muon and b-tagged jets,

respectively. Besides the difficulty of reconstructing the mtt̄, which could be evaluated

experimentally with techniques such as the neutrino weighting (NW) method (see Ref[133,

134]), but mllbb is chosen because of its simplicity and because of the arguments presented

in Appendix D.

Due to the short lifetime of the top-quark, which is shorter than the hadronisation

timescale (∼ 10−23sec), and of the spin decorrelation time (∼ 10−21sec) [37], the spin

information of the top-quark is transferred to its decay products. However, not all top-

quark decay products carry the same degree of spin information. Still, the charged leptons

arising from the W -boson decay are predicted to take almost the full top-quark spin infor-

mation. Therefore, the spin correlation of the top and antitop quarks, which is predicted

in the SM (see Figure 7.2), can be measured directly from the angular distributions of

the charged leptons produced from the leptonic decay of W -boson in tt̄ events. The spin

correlation has been observed experimentally by the ATLAS and CMS experiments at the
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LHC in proton-proton collisions at
√
s = 7 TeV [135–138] and

√
s = 8 TeV [139–142] as

well as at
√
s = 13 TeV [134, 143]. Also, it is observed in proton-antiproton collisions at

the Tevatron collider [144–148]. On the other hand, the appearance of new physics in as-

sociation with top-antitop quark pairs is likely to modify the spin correlation information

of the top-antitop quark pairs.

Figure 7.2: Azimuthal angle distribution between two leptons produced from the
decay of a top-antitop quark pair as predicted by the SM (blue). The expected
distribution for the azimuthal angle with no correlation assumption, as shown in red
[34].

As a result, the second studied variable is the azimuthal opening angle between the two

charged leptons (electron or muon), ∆φl+l− , which is measured in the transverse plane

with respect to the beamline in the laboratory frame. Figure 7.3 shows the expected

∆φl+l− at truth-level in the dilepton decay channel of tt̄ events produced by different BSM

signal processes, see table 7.1, versus the expected one from the SM (produced either from

gluon-gluon fusion or quark-antiquark annihilation). The expected mtt̄ and mllbb mass

distributions for the studied signals versus the SM tt̄ ones are shown in Figure 7.4 for

events at truth-level and Figure 7.5 after detector simulation, respectively.
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(a) (b)

(c)

Figure 7.3: ∆φl+l− distributions at truth-level for (a) G, (b) KKg, and (c) Z ′ with
different mass hypotheses (colours) compared with the SM tt̄ decays in the dilepton
channel (grey).

To investigate the effect of the production of massive excitations of gluons (KKg) or

gravitons (G), respectively, as well as the production of new heavy gauge bosons (Z ′)

on the spin correlation of top-antitop quark pairs, a new variable has been studied at

truth-level, referred to as cos(θ∗l+) cos(θ∗l−). This variable can be extracted in the so-called

helicity frame by boosting the leptons, and the top quarks into the top-antitop centre-of-

mass (CM), as shown in Figure 7.6. Then, each lepton is boosted into the rest frame of

its parent top-quark to measure θ∗l+(θ∗l−) , which is the angle between the e+ or µ+ in the

rest frame of the top (antitop) quark and the top (antitop) quark direction flight in the

top-antitop pair CM frame.
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(a) (b)

(c)

Figure 7.4: mtt̄ distributions at truth-level for (a) G, (b) KKg, and (c) Z ′ with
different mass hypotheses (colours) versus the SM tt̄ decays in dilepton channel (grey)
for events with ≥ 2 b-tag.

Figure 7.7 shows the cos(θ∗l+) cos(θ∗l−) distributions in the helicity frame with and without

the spin correlation assumption in the CMS experiment. Figure 7.8 instead shows the

expected cos(θ∗l+) cos(θ∗l−) distributions at truth-level in the helicity frame for the studied

signals, which are presented in table 7.1, compared with the one from the SM tt̄.

In Figure 7.3 and Figure 7.5, one can see that the ∆φl+l− distribution shows a comparable

sensitivity to the production of new physics compared to mllbb distribution, in particular,

in the low mass region. Then by taking a combination of the two variables, ∆φl+l− and

mllbb, the sensitivity to BSM signals is improved since the two quantities are not fully
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(a) (b)

(c)

Figure 7.5: mllbb distributions for (a) G, (b) KKg, and (c) Z ′ with different mass
hypotheses (colours) versus the SM tt̄ decays in the dilepton channel (grey) for events
with ≥ 2 b-tag.

Figure 7.6: Sketch of the helicity frame where the top quarks are boosted to the
top-antitop CM, and then the θ∗l± of the boosted leptons are measured in the rest frame
of the top quarks.
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Theoretical (Theor.) cross-section (σ) in [pb]
Topcolor model (TC2) Randall-Sundrum model

Z ′ Mass Theor. KKg Mass Theor. G Mass Theor.
[TeV] [pb] [TeV] [pb] [TeV] [pb]
0.5 52.162 0.5 240.86 0.4 7.19
0.75 13.913 1 20.176 0.5 5.84
1 4.808 1.5 3.790 0.75 1.18
2 0.223 2 1.052 1 0.289
3 0.0216 2.5 0.37339 2 0.00498
4 0.00276 3 0.15607 3 0.000248
5 0.00043 3.5 0.074283

4 0.039494
4.5 0.022862

Table 7.1: Summary of the studied signals [40, 41].

Figure 7.7: cos(θ∗l+) cos(θ∗l−) distribution in the helicity frame. Data (points); parton-
level predictions from MC@NLO(red dashed histograms); and the SM predictions at
NLO+EW with and without (no spin corre) spin correlations (solid blue line) and (blue
dotted line) respectively [35, 36].
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(a) (b)

(c)

Figure 7.8: cos(θ∗l+) cos(θ∗l−) distribution in the helicity frame for (a) G, (b) KKg,
and (c) Z ′ with different mass hypotheses (colours) versus the SM tt̄ decays in dilepton
channel (grey) for events ≥ 2 b-tagged jets.

correlated. Therefore, the expected limits for each model (TC2 and Randall-Sundrom)

are derived by scanning ∆φl+l− as a function of mllbb. Technically, ∆φl+l− is fitted simul-

taneously in ten bins of mllbb, effectively defining ten orthogonal signal regions. The size

of each of these bins is chosen based on samples statistics in each of them as well as on

the sensitivity of ∆φl+l− to each studied signal. The physics objects used to build the

mllbb and ∆φl+l− variables are presented in the following section (Section 7.2) and defined

in Chapter 4. The applied event selections on these objects are derived to maximise the

signal sensitivity and to reduce the background contributions, especially when comparing

with the truth-level distributions.
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7.2 Physics Objects and Event Selection

7.2.1 Physics Objects

The physics objects considered in this analysis are jets, including the b-tagging jets and

the missing transverse energy as well as charged leptons (electron and muon). In contrast,

the leptonically-decaying channel τ(τ → eυeυτ or τ → µυµυτ ) contribute in a similar

way as the other charged leptons, while no attempt to explicitly reconstruct hadronic τ

decays is made.

Jet candidates are reconstructed using the anti-kT algorithm with ∆R = 0.4, and they

have to pass the JetVertexTagger (JVT) selection, see Section 4.3 for more details. After

energy calibration, jets in the active region |η| < 2.5 of the ATLAS detector and with

pT > 25 GeV are considered here. To identify jets initiated from b-quarks (Section 4.3), a

multivariate technique (see Section 4.3) based on MV2c10 algorithm with working point

referred to as MV2c10 77, which corresponds to an efficiency of tagging b-jets (εb) of 77%,

is used.

Electron and muon candidates considered here are reconstructed and identified based on

the methods described in Sections 4.1 and 4.2, respectively. Electron candidates are

required to have pT > 25 GeV and to satisfy the Tight (TighLH) identification criteria.

Also, they have to be in the active detector region with |η| < 2.5 while those in the

so-called LAr crack region with 1.37 < |η| < 1.52 are rejected to reduce the non-prompt

and fake contributions. On the other hand, muon candidates are reconstructed based on

the combined approach (see Section 4.2) and must have pT > 25 GeV and |η| < 2.5. Also,

they are required to satisfy the Medium identification criteria.

The tt̄ pairs produced from the decay of heavy resonances are predicted to have a high

pT . Therefore, electrons and muons arising from heavy resonances decaying to tt̄ might

be produced particularly close to jets, especially high-pT ones. As a result, to retain a

high selection efficiency for such electrons and muons, special isolation requirements and

overlap removal are applied. In the case of electrons, no explicit cut is applied on any of

the commonly used isolation variables (see Section 4.1). Instead, in the case of muons,
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the isolation requirement is based only on track information and found to be very efficient

at high pT is used ( referred to as textbfFixedCutTightTrackOnly working point).

The energy deposits in the calorimeter are used to reconstruct both electrons and jets.

Therefore, the overlaps between these physics objects can occur because, in some cases,

the electron energy deposits in the calorimeter might be used to reconstruct the jet. To

prevent this, the angular difference (∆R =
√

(∆η)2 + (∆φ)2, see equation 3.4) between

the closest jet and electron is calculated. To have an efficient selection when the electron is

produced close to a jet (might be b-tagged jet) at high pT (boosted regime), the Electron-

in-Jet-subtraction overlap removal is used. In this method, the electron four-momentum

is subtracted from the reconstructed jet with an ∆R smaller than 0.4 with respect to

an electron. Then, if the jet pT is higher than a certain threshold, the jet is retained,

and the ∆R between it and the subtracted electron is recalculated. If ∆R is less than

0.2 (∆R < 0.2), an electron is removed, and its four-momentum is re-added to the jet

one. Otherwise, both electron and jet are retained in the event for further analysis. In

the case of muons, the overlap removal applied is similar to the electron one. However,

muons are removed if they are within a pT -dependent ∆R with respect to jets, instead

of using a fixed ∆R since the ∆R tend to be zero for high-pT muon. This ensures that

high-pT muons from high-pT (hence collimated) top quarks are kept and not classified as

secondary muons from heavy-flavour hadron decays.

For both, the electron and the muon candidates are required to pass the recommended

standard cuts on the impact parameters. The scale factors to correct the identification

efficiency differences between data and the MC samples are applied for both electrons

and muons. In contrast, the isolation factor is derived only for muon since there is no

isolation requirement on the electron candidates. A summary of the object requirements

in this analysis is presented in table 7.2.

7.2.2 Event Selection

In this analysis, events are required to pass a set of selections to increase the sensitivity

of the search for BSM particles and to reduce different background contributions. Events
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Table 7.2: Summary of the requirements applied to various physics objects.

are required to pass the same single-lepton trigger selections as that defined in table 6.2

and used in the four-top-quark analysis presented in Chapter 6.

Events are then retained if they have exactly two leptons and at least two b-tagged jets.

Moreover, a cut on the Emiss
T is applied, requiring it to be larger than 45 GeV and the

invariant mass of any same lepton flavour (Mll) is required to be larger than 15 GeV and
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outside the mass range of Z-boson (80− 100 GeV). Table 7.3 summarises all the applied

selections in this analysis:

Requirement
Trigger Single-lepton triggers
Leptons OS dilepton
Jets ≥ 2
b-jets ≥ 2
Other Emiss

T > 45 GeV mll > 15 GeV
|mll − 90| > 10 GeV

Table 7.3: Summary of the event preselection requirements.

The selection requirements on Mll are introduced in order to reduce the Drell-Yan and

Z+jets contributions, in the ee and µµ channels only. Figure 7.9 shows the expected Mll

distributions in the decay channels ee, µµ and eµ without applying the Mll cut to be

outside the mass window of the SM Z-boson.

Figure 7.9: Mll distribution in the decay channels ee, eµ and µµ requiring ≥ 2 b-tag
(top) and ≥ 2 jet, respectively, and including the statistical and systematic uncertain-
ties.
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The requirement to have at least two b-tagged jets is obtained from the comparison

between the mllbb with the invariant mass of the top-antitop quark pair (mtt̄) at parton-

level with requiring 1 ≥ b-tag and 2 ≥ b-tag respectively, as shown in Figure 7.10. On

Figure 7.10(a) is shown the correlation between the mllbb and mtt̄ for events with at

least one b-tagged jets where the jet with highest pT is used to reconstruct mllbb (see

Appendix D for other relations). From this plot, there is a non-negligible contribution

from events with large mllbb in the low mass region compared to mtt̄. However, with

the requirement to have at least two b-tagged jets, the number of events with high mllbb

in the low mass region is reduced and becomes correlated with mtt̄ distribution, see

Figure 7.10(b).

Figure 7.10: Correlation between mllbb (Reco–level) and mtt (Parton–level) requiring
at least one (left) and two (right) b-tagged jets.

7.3 Signal and Background Simulation

Monte Carlo (MC) simulated samples are used to estimate both the BSM signals and

the SM background. The main BSM signal samples were generated and showered us-

ing Pythia8 and NNPDF23LO PDF set with A14 [149] tune for both Z ′ and Kaluza-

Klein gluon (KKg) signal samples. Furthermore, the Randall-Sundrum graviton (G) was

simulated using Madgrahph5 Amc@nlo generator and events were interfaced with

Pythia8 and A14 tune for showering. The dominated tt̄+jets events were estimated us-

ing the PowhegBox [150–153] v2 generator at NLO with NNPDF3.0NLO PDF set [154]
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and the hdamp parameter, which is a model parameter that controls the matrix-element

and the parton shower matching in Powheg and regulates the high pT radiation, is set to

1.5 mTop [155, 156]. Showering was performed using Pythia8.230 with NNPDF23LO

PDF set and A14 tune. To assess the uncertainties on the choice of the matrix-element,

as well as the parton shower and hadronisation modelling, samples were generated using

Madgrahph5 Amc@nlo +Pythia8 and PowhegBox+Herwig7.04, respectively.

Single-top in association with W -boson (tW) was modelled using PowhegBox [150, 151,

157] v2 generator at NLO in QCD in the five flavour scheme with the NNPDF2.0NLO

PDF set [154]. To handle the interference with the tt̄ production [155, 158], the diagram

scheme removal was performed. The production of the single-top in t and s channels were

modelled using the PowhegBox [150–153, 159] v2 generator at NLO in QCD in four and

five flavour schemes with NNPDF3.0NLOnf4 and NNPDF23LO PDF sets, respectively.

Showering were performed in all single-top events using Pythia8.230 [126] with A14

tune [149] and NNPDF23LO PDF set.

The tt̄V production was generated using the Madgrapth5 aMC@NLO [125] v2.3.3

generator at NLO with the PDF set NNPDF3.0NLO. The events were interfaced with

Pythia8.210 [126] using the A14 tune and the NNPDF2.3LO PDF set. On the other

hand, the tt̄H production was generated using the PowhegBox [150–153] generator at

NLO with the PDF set NNPDF3.0NLO while showering was performed using Pythia8.230

with the A14 tune and the NNPDF2.3LO PDF set. In the case of rare top-quark pro-

cesses, such as the productions of tZq and tWZ, Madgrapth5 aMC@NLO [125] v2.3.3

was used to generate the samples at NLO with the NNPDF3.0NLO PDF set. The show-

ering is performed for tZq and tWZ events by using Pythia8.230 and Pythia8.212

[126], respectively, as well as using the A14 tune and the NNPDF2.3LO PDF set in both

samples.

The diboson samples in the dilepton decay channel were simulated using the Sherpa

[160] v2.2 generator. In this setup, several matrix elements are matched and merged

with the Sherpa parton shower based on Catani-Seymour [161, 162] dipole using the

MEPS@NLO prescription [163–166]. The QCD virtual correction at NLO accuracy for

the matrix elements is provided using the Openloops library [167, 168].
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Massive-vector-boson production plus QCD jets (V+jets, with V = W or Z) was modelled

using Sherpa [160] v2.2 generator. In this setup, several matrix elements are matched

and merged with the Sherpa parton shower based on Catani-Seymour dipole [161, 162]

using the MEPS@NLO prescription[163–166]. The QCD virtual correction at NLO accu-

racy for the matrix elements is provided using the Openloops library [167, 168].

7.3.1 Correction to the momentum of the Top quark through-

out theoretical predictions

Theoretical prediction, both for the total tt̄ cross-section and the main differential distri-

butions for this process, have been computed with high accuracy at the LHC, in particular,

with calculations that included the electro-weak (EW) corrections on top of next-to-next-

to-leading-order (NNLO-QCD) predictions, see Ref[169].

The top quark transverse momentum (ToppT ) distribution from these calculations, is

predicted to be softer than those performed using NLO at QCD only. Also, it is even

softer than other MC predictions that were generated at NLO and interfaced to various

Parton showers (PS), like those used in this analysis. The scale and PDF uncertainties

on the calculated ToppT spectrum are smaller than those derived from the comparison

of different MC generators and PS for the same ToppT variable. On the other hand,

the difference between this calculated ToppT spectrum and those from the various MC

generators and PS settings is larger than the spread of these alternative MC predictions.

Therefore, the so-called ToppT reweighting has been derived for each MC sample by pro-

ducing histograms for each top-quark pT distribution at parton-level using all generated

events without applying any event selection. The resulting histogram is normalised to

unity and then compared to the normalised top, and anti-top quarks average transverse

momentum (pT,avg) histogram which is obtained from the theoretical calculation at NNLO

QCD + NLO EW in the tt̄ differential cross-section calculation, see Ref[169].

In Figure 7.11, the derived ToppT reweighting scale factor as a function of the top trans-

verse momentum is shown. The ToppT reweighting is derived from the ratio between the

two histograms and used as systematic uncertainty on the expected limits. It is used as
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a nominal correction for the tt̄ background contribution when comparing data with the

simulation in the various presented control plots.

Figure 7.12 shows the pT distribution for leading lepton and jet in ee channel before and

after applying the reweighting scale factor. From these plots, we can see that the MC

prediction for these variables is improved and well modelled the data once the reweighting

scale factor is applied.

Figure 7.11: ToppT reweighting scale factor as a function of the top transverse mo-
mentum.

7.4 Control regions and non-top backgound correc-

tions

To study several background effects and to extract other information which might affect

the Data and MC agreement in the regions enriched by the dominated background, two

control regions are defined. The first one, referred to as CRz, is defined to study the

data and MC agreement in the control region enriched by Z+jets in the ee and µµ decay

channels. The second control region referred to as CRf, which is enriched with tt̄+jets

and W +jets events, is used to estimate the fake or non-prompt lepton background.
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Figure 7.12: pT of leading electron and jet in the ee channel with ≥ 2 b-tagged
jet without (right) and with (left) applying the ToppT reweighting scale factor and
including the statistical and systematic uncertainties.



Search for tt̄ resonances in dilepton channel 120

7.4.1 Z+jets background

The CRz region is obtained by selecting events in ee and µµ final states with at least two

jets and to be in the Z-boson mass window, 80 < Mll < 100 GeV. Despite the good Data

and MC agreement for the Mll distributions in ee and µµ channels, as shown in Figure 7.9,

there is a slight disagreement between data and MC predictions for some variables such

as the leading pT of the electrons and the jets in ee channel and, in particular, the pT of

the dilepton system. This suggests a mismodelling of the Z-boson pT spectrum by the

MC simulation, which could be corrected by using the pure data available in this CR.

Therefore, a scale factor (ZSF,pTll
) is derived from the Data and MC ratio (Data/MC) of

the pTll distribution in CRz region and implemented as a systematic uncertainty on the

expected limits of the cross-section×branching-ratio.

The pT distributions for the leading lepton and jet as well as the pTll distribution in the

CRz region before and after applying the derived scale factor are shown in Figure 7.13

and Figure 7.14, respectively. From these figures, one can see that the Data and MC

agreement is improved, and the ratio is now well within the uncertainties band (which

includes both statistical and systematic uncertainties).

7.4.2 Fake and non-prompt lepton backgrounds

The tt̄+jets events are selected based on the identification of one or two charged iso-

lated lepton originating from the W -boson decays. These leptons are referred to as

real-prompt leptons. However, electrons or muons produced from semileptonic decays

of b- and c-quarks, or electrons from photon conversions or misidentified jets, may pass

the lepton identification and isolation requirements and end up being identified as real

prompt leptons. These leptons are referred to as fake or non-prompt leptons, mainly com-

ing from the W +jets, and tt̄ decays in the single-lepton channel (it is infrequent to have

two fake or non-prompt leptons event). In this analysis, a so-called CRf region, enriched

in events with one prompt and one fake or non-prompt lepton, is obtained by inverting

the selection on the dilepton charges from opposite-sign to same-sign. The leading jet pT
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Figure 7.13: pT of leadind electron and jet in ee channel and the dilepton system
without (right) and with (left) the ZSF,pTll

reweighting scale factor for events with at
least two jets and including the statistical and systematic uncertainties.

distribution in the CRf without applying the Z-boson mass window cut for events in the

regions ≥ 2 jet and ≥ 2 b-tag, respectively, are shown in Figure 7.15.

From these figures, it can be noted how significant contributions are coming from tt̄+jets,

Z+jets, diboson events are obtained with two real prompt leptons. This is due to the non-

negligible misidentification of electron charge, which is defined as the probability for an

electron to have a wrong reconstructed electric charge and happens only in ee and eµ decay

channels. To ensure that the MC simulations model correctly the charge-misidentification
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Figure 7.14: Dilepton system pTll without (left) and with (right) the ZSF,pTll
reweight-

ing scale factor for events with at least two jets and including the statistical and sys-
tematic uncertainties.

Figure 7.15: Leading jet pT in the CRf for events with same-sign SS lepton, and
at least two jets (left) and two b-tagged jets (right), respectively, including only the
statistical uncertainty.
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rate, data is compared with simulation for events with dielectron invariant mass 85 <

Mee < 95 GeV for events and in the region ≥ 2 jet and ≥ 2 b-tag, respectively, as shown

in Figure 7.16.

Table 7.4 presents the expected number from data and MC samples events in the CRf

region and with applying different selections on the number of b-tagged jets. From this

table, one can see that the fake or non-prompt electron rate and the electron charge

misidentification probability are well modelled in the MC samples and in agreement

with data based on the number of selected b-tagged jets. The main contribution in

the region ≥ 2 jet comes from Z+jets while in the region ≥ 2 b-tag, it comes from the

Z+jets and tt̄+jets. Finally, neither of the systematic uncertainties or scale factor is

applied based on the CRf test. Since the Data and MC agreement is good, and the fake-

background uncertainty is already including the systematic uncertainty at 30% variations

(see Section 7.5).

Figure 7.16: Dielectron invariant mass in the CRf and the Z-boson mass window for
events with same-sign SS lepton and at least two jets (left) and b-tagged jets (right)
and including only the statistical uncertainty.
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≥ 2 jet ≥ 1 b-tag ≥ 2 b-tag
tt̄ 155 125 45
Single top 10 9 3
Z+jets 2831 393 46
Diboson 183 27 3
tt̄V 25 730 9
Fakes 730 347 32
total MC 3552 791 138
Data 3468 730 137

Table 7.4: Number of events in the Z-mass window for different jets selection in the
decay channel ee.

7.5 Systematic uncertainties

In this analysis, several sources of systematic uncertainties are affecting the expected lim-

its on the cross-sections×branching-ratio for different BSM signals. These uncertainties

are separated into two categories and illustrated in details in the following sections. The

first category includes the experimental systematics uncertainties, which are related to

the detector response for different physics objects. The second one includes theoretical

uncertainties, which are mainly related to the modelling of the background events. Ta-

ble 7.5 summarises all the considered systematic uncertainties, their types, which indicate

if they affect the normalisation only or both the shape and the normalisation, and the

number of components to parametrise the uncertainty.

7.5.1 Experimental uncertainties

The experimental uncertainties, which are coming from detector response, particle iden-

tifications, etc., might be affecting the expected limits on the cross-sections×branching-

ratio in the dilepton final state. They are as follows:

Luminosity: The uncertainty in the integrated luminosity corresponding to the full Run

2 dataset and obtained from the LUCID-2 detector for the baseline luminosity measure-

ments [170], is set to 2.1%. The calibration of the luminosity scale is derived using the

x-y beam-separation scan following the methodology presented in Ref[171].
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Pile-up reweighting: The uncertainty on the reweighting procedure to correct the pile-

up distributions predicted by MC simulation to those in data ones is derived based on

the disagreement between data and MC pile-up distributions [172].

Lepton identification, reconstruction, isolation and trigger: The uncertainties on

the scale factors to correct the differences between data and MC for electrons and muons

reconstruction, identification, isolation and trigger performances are obtained using the

tag-and-probe method [18, 21, 91, 173].

Lepton momentum scale and resolution: The uncertainties on the momentum scale

and resolution are derived using the methods introduced in Ref[18, 21] to reconstruct

events in Z → l+l−, J/ψ → ll and W → eνe samples [21, 173].

Jet Vertex Tagger: The uncertainty associated with the JVT is evaluated using the

JetVertexTagger-Tool by varying the JVT cut up and down. It is, also included the

uncertainty on the pile-up jets estimation after pile-up suppression and the systematic

uncertainty assessed by generating the Z → µµ and tt̄ events using different MC genera-

tors [174].

Jet Energy Scale: The JES uncertainty in data is obtained using the MC-based correc-

tions and in situ techniques, as described in Ref[95, 104]. Here, the JES uncertainty set

contains 22 independent systematic variations with different jet pT and η dependencies

and including their up and down variation [175].

Jet Energy Resolution: The JER uncertainty is determined using a similar strategy

to the JES scale systematic uncertainties and obtained using the JERSmearingTool as

a function of the jet pT and η. Therefore, seven nuisance parameters take into account

various effects evaluated from the difference between the JES for data and MC simulation

[101, 175].

Heavy flavour tagging: The b-tagging calibration uncertainties for b-jets, c- and light-

jets are determined separately. Nine, four and four independent systematic variations are

assigned to tagging efficiencies for b-, c- and light-jets, respectively. Two additional vari-

ations are assigned to the high-pT extrapolation for b- and c-jets efficiencies, respectively,

[105, 107–109].
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Missing Transverse energy scale and resolution: Several sources of uncertainties

are combined into three independent systematic variations for the total uncertainty on

MET scale and resolution [110].

7.5.2 Background modelling

The uncertainties related to the main background, which is the SM tt̄ production, are

grouped into three main uncertainties and presented in the following. These uncertainties

affect the ∆φl+l− and ∆ηl+l− , which will be indroduced in the following Section 7.7,

between the real prompt leptons coming from tt̄ decays in the chain of the BSM signals

with different mass hypotheses, see Section 7.1. Also, they affect the mllbb variable, which

is reconstructed from the real prompt leptons and the b-tagged jets.

tt̄ matrix element uncertainty, parton shower and the hadronisation mod-

elling: To estimate the so-called ME-PS matching uncertainty, which is related to the

choice of the NLO matrix element (ME) generator, the nominal SM tt̄ sample (genereted

using PowhegBox +Pythia8 see Section 7.3) is compared with an alternative sample

generated using Madgraph5+ aMC@NLO interfaced with Pythia8. Similarly, the

uncertainty arising from the parton shower (PS) and hadronisation model is evaluated

by comparing with the nominal one with another alternative sample generated using

PowhegBox and interfaced with Herwig7.

Radiation modelling: To obtain the uncertainty arising from the initial- (ISR) and

final-state radiations (FST), respectively, alternative samples with different factorisa-

tion and renormalisation scales are generated using PowhegBox and interfaced with

Pythia8 for showering. In the case of ISR variations, four uncorrelated variations are

considered: factorisation and renormalisation scales in the hard scattering are indepen-

dently varied up and down by a factor of two, the αS parameter controlling the ISR in

the parton shower was varied according to the A14 tune Var3c variation, see Ref[176].

Finally the nominal configuration was compared with a sample where the hdame parame-

ter, which controls the pT of the first additional emission beyond the Born configuration,

was increased from 1.5 to 3 times the top-quark mass. On the other hand, to obtain the
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FSR uncertainty, the renormalisation scale is varied by a factor of two or half to reduce

or enhance the FSR radiation in the parton shower, respectively [176].

Other background uncertainties: In this analysis, to take into account the theoretical

cross-section and the acceptance uncertainties, normalisation uncertainties of 30% or

50%, depending on the process, are assigned to take into account both effects, but in an

uncorrelated way between different processes.

Systematic uncertainty Type Number of Components
Experimental uncertainties
Luminosity N 1
Pile-up reweighting SN 1
Electron trigger, reco, ID and isolation SN 4
Electron energy scale and resolution SN 2
Muon trigger, reco, ID and isolation SN 8
Muon energy scale and resolution SN 5
Jet vertex tagger (JVT) SN 1
Jet energy scale (JES) SN 22
Jet energy resolution (JER) SN 7
Missing transverse energy scale and resolution SN 3
b-tagging efficiency SN 9
c-tagging efficiency SN 4
light-tagging efficiency SN 4
high-pT extrapolation for b- and c-jets SN 2
Background modelling
tt̄ matrix element and parton shower (ME-PS) SN 1
tt̄ parton shower (PS) and hadronisation SN 1
Radiation modelling (ISR) SN 4
Radiation modelling (FSR) SN 1
ToppT reweighting SN 1
Z+jets pTll reweighting SN 1
Z+jets normalisation N 1
W +jets normalisation N 1
Fakes normalization N 1
tt̄V normalization N 1
Diboson normalisation N 1
Single top normalisation N 1

Table 7.5: Summary of the considered systematic uncertainties. The systematic
uncertainties of type ”N” mean that they are affected as normalization-only in all
processes and channels, while those with ”SN” type they are taken on both shape and
normalization. Some of the systematic uncertainties are split into several components
for more accurate treatment.
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7.6 Statistical interpretation

The goal of many experiments in High Energy Physics is to search for new physics pre-

dicted by the SM or BSM models and to set the upper limits on the prediction of one or

more parameters of interest, e.g. production cross-section or particle mass predicted by

these hypotheses, in the absence of significant excess about the background expectations.

In this analysis, The expected limit on the tt̄ resonances cross-section×branching-ratio is

set with 95% Confidence Level (CL) using the CLs method, see Ref[124, 177, 178]. The

procedure for setting the expected limit is built based on a binned likelihood [124], which

is constructed as a product of Poisson probability terms overall bins considered for each

BSM signal and defined as,

L =
∏

i Poiss(ni;µ(θ1...θm)) (7.3)

where µ is the signal-strength parameter, which is a multiplicative factor to the theo-

retical cross-section, and θ is a set of nuisance parameters which encode the effect of

several systematic uncertainties on both signal and background expectations. The nui-

sance parameters can be implemented as Gaussian, log-normal or Poisson constraints in

the Likelihood, see Ref[124]. The BSM models with different mass assumptions (signal

hypotheses) are tested based on the so-called profile likelihood ratio (test statistic) qµ,

which is defined as follows,

qµ = −2ln(L(µ,
ˆ̂
θ)

L(µ̂,θ̂)
) (7.4)

where
ˆ̂
θ correspond to the values that maximise the L(µ,

ˆ̂
θ) for a specific value of µ (con-

ditional maximum-Likelihood), and µ̂ and θ̂ are the values of parameters that maximize

the L(µ̂, θ̂) (unconditional maximum-Likelihood) with constraint 0 ≤ µ̂ ≤ µ. The test

statistic qµ is implemented in RootFit package [179, 180] and used with CLs method

to set the upper limit on signal cross-section production×branching-ratio where CLs is

computed based on the asymptotic approximation, see Ref[181].
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7.7 Results and Conclusion

In this section, a preliminary study is presented for the search for tt̄ resonances in the

dilepton channel using the full ATLAS run-2 proton-proton collision data. Moreover, the

importance of including angular observables sensitive to the top-quark pair spin correla-

tion is assessed. A signal region is defined using events which are passing the selections,

see table 7.3, in order to extract the expected limits on the cross-section×branching-

ratio for the studied BSM signals. In this region, three observables are used to set the

expected limits on the cross-section×branching-ratio for each BSM signal and to show

which observable might increases the sensitivity to the presence of BSM signals. These

observables are mllbb, ∆φll and ∆ηll, where the ∆ηll is the η difference between the two

leptons produced from the W -boson decay in the chain of tt̄. For each of the two options

∆φll and ∆ηll, the variable is scanned in ten bins of mllbb, i.e. ten of the ∆φll or ∆ηll

distributions, each filled with events in a certain mllbb bin (e.g. 300 < mllbb < 400 GeV)

are built and simultaneously used for the statistical analysis.

The inclusive distributions for mllbb, ∆φll and ∆ηll are shown in Figure 7.17. On the

other hand, Figure 7.18 and Figure 7.19 show the expected distributions for ∆φll and

∆ηll, respectively, in each bin of mllbb. To keep analysis blind, no real data is shown for

all the up-coming figures as well as for the fits and limit extractions.

The expected limits on the cross-sections×branching-ratio in the dilepton decay chan-

nel extracted using the defined observables in the signal region, including the statistical

uncertainty only is shown in Figure 7.20. On the other hand, Figure 7.21 shows the

expected limits extracted from the three observables, including both statistical and sys-

tematic uncertainties for all studied BSM signal (see table 7.1). The obtained expected

exclusion limits are found to be worse, but of the same order of magnitude, of those

obtained in different tt̄ decay channels (see Refs[40, 41]), hence suggesting sensible gain

from the combination of all these channels.

Tables 7.6, 7.7 and 7.8 summarise the expected limits on the cross-sections×branching-

ratio with 95% CL upper limits in the studied channel using the defined observables (the

∆φll and ∆ηll, which are scanned in ten bins of mllbb, and the inclusive mllbb) in the signal



Search for tt̄ resonances in dilepton channel 130

(a) (b)

(c)

Figure 7.17: Inclusive distributions for (a) ∆ηll, (b) ∆φll and (c) mllbb, respectively.

region as a function of the hypothetical particle mass for Z ′ signal (see Appendix D for

KKg and G signals).

From Figure 7.20 and Figure 7.21 (see tables 7.6, 7.7 and 7.8), one can see that the ex-

pected limits on the cross-sections×branching-ratio for the studied BSM signals obtained

from the scanning of ∆φll in ten bins of mllbb are slightly better, in particular for massive

BSM particles in the TeV range, compared to those extracted from mllbb alone and from

∆ηll scanned in ten bins of mllbb. Therefore, new expected limits are set using the ∆φll

scanning in the ten bins of mllbb on to the theoretical prediction of the cross-sections in
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Figure 7.18: ∆φll distributions for each bin of mllbb.

Expected σ(pp→Z ′)×BR(Z ′→tt̄) Scanned ∆φll
Statistical only Statistical + Systematics

Z ′ Mass Theor. Exp. ±1σ Exp. ±1σ
[TeV] [pb] [pb] [pb]

.5 52.162 2.128 [2.961, 1.534] 14.075 [19.502, 10.142]

.75 13.913 1. [1.392, 0.721] 2.771 [3.855, 1.996]
1. 4.808 0.538 [0.749, 0.388] 1.543 [2.147, 1.112]
2. 0.2239 0.1126 [0.1574, 0.0812] 0.1526 [0.2129, 0.1099]
3. 0.0217 0.0603 [0.0850, 0.0434] 0.0739 [0.1041, 0.0532]
4. 0.00275 0.0528 [0.0755, 0.0381] 0.0624 [0.0898, 0.0449]
5. 0.00043 0.0657 [0.0947, 0.0474] 0.0768 [0.1124, 0.0553]

Table 7.6: Expected limits (Exp.), using the scanned ∆φll in ten mllbb bins, on the
cross-sections×branching-ratio (σ(pp→Z ′)×BR(Z ′→tt̄)) with a CL of 95% on the Z ′

boson, from the Topcolor (TC2) model, decaying to a top-quark pair. The expected
limits are quoted both without and with systematics uncertainties taken into account.
Also, the ±1σ uncertainty on the expected limits is shown.
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Figure 7.19: ∆ηll distribution for each bin of mllbb.

Expected σ(pp→Z ′)×BR(Z ′→tt̄) Scanned ∆ηll
Statistical only Statistical + Systematics

Z ′ Mass Theor. Exp. ±1σ Exp. ±1σ
[TeV] [pb] [pb] [pb]

.5 52.162 2.251 [3.132, 1.622] 10.412 [14.374, 7.502]

.75 13.913 0.992 [1.380, 0.715] 3.216 [4.463, 2.317]
1. 4.808 0.533 [0.743, 0.384] 1.551 [2.16, 1.118]
2. 0.2239 0.1389 [0.1937, 0.1] 0.2662 [0.37, 0.1918]
3. 0.0217 0.0839 [0.1177, 0.0605] 0.1149 [0.161, 0.08277]
4. 0.00275 0.0756 [0.107, 0.0545] 0.0941 [0.1337, 0.0678]
5. 0.00043 0.09159 [0.1304, 0.066] 0.1142 [0.1640, 0.0823]

Table 7.7: Expected limits (Exp.), using the scanned ∆ηll in ten mllbb bins, on the
cross-sections×branching-ratio (σ(pp→Z ′)×BR(Z ′→tt̄)) with a CL of 95% on the Z ′

boson, from the Topcolor (TC2) model, decaying to a top-quark pair. The expected
limits are quoted both without and with systematics uncertainties taken into account.
Also, the ±1σ uncertainty on the expected limits is shown.
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(a)

(b)

(c)

Figure 7.20: Expected limits on the cross-sections×branching-ratio of (a) G (b) KKg

and (c) Z ′ in the dilepton final state including stat-only.

the dilepton channels for the TC2 (Z ′) and the Randall-Sundrum (KKg and G) models,

respectively. The new expected limits on the cross-section×btranching-ratios for masses

less than, 2 TeV, 3.5 TeV and 1 TeV, for the BSM particles Z ′, KKg and G, respectively,

are higher than the theoretical predictions. On the other hand, for higher masses, ex-

pected limits on the cross-sections×branching-ratios are two times higher the theoretical

predictions.

A background-only fit is performed to the Asimov dataset, to investigate the fitted model

responses before the unblinding process as well as the expected constraints on the nuisance
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(a)

(b)

(c)

Figure 7.21: Expected limits on the cross-sections×branching-ratio of (a) G (b) KKg

and (c) Z ′ in the dilepton final state including stat+syst uncertainties.

parameters. Figure 7.22 shows the constraints on the nuisance parameters, which are

included in the instrumental and modelling systematic uncertainties, after applying the

pruning procedure as well as the correlation matrix between all the nuisance parameters.

Despite the systematic uncertainty model is still incomplete, all the main sources of

uncertainty were included and their impact evaluated. Figure 7.23 shows the ranking

plots (see Ref[33] for more details about ranking plots) of nuisance parameters extracted

from the fitting of the three observables for the Z ′ particle with a mass equal to 2 TeV.

From these plots, where the nuisance parameters appearing on the top are those associated
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(a) (b)

(c)

Figure 7.22: Constraints on the instrumental (a) and the modelling (b) nuisance
parameters, respectively. Below (c) is the correlation matrix between all the nuisance
parameters. The green and yellow areas represent the ±1σ and ±2σ, respectively, on
the pre-fit systematic uncertainty.
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Expected σ(pp→Z ′)×BR(Z ′→tt̄) Inclusive mllbb

Statistical only Statistical + Systematics

Z ′ Mass Theor. Exp. ±1σ Exp. ±1σ
[TeV] [pb] [pb] [pb]

.5 52.162 2.534 [3.524, 1.826] 44.358 [60.967, 31.962]

.75 13.913 1.392 [1.936, 1.003] 13.843 [19.439, 9.974]
1. 4.808 0.53 [0.737, 0.382] 2.058 [2.838, 1.483]
2. 0.2239 0.13 [0.1815, 0.0937] 0.2923 [0.4049, 0.2106]
3. 0.0217 0.0737 [0.104, 0.0532] 0.1138 [0.16, 0.082]
4. 0.00275 0.0691 [0.0978, 0.0498] 0.0930 [0.1321, 0.0670]
5. 0.00043 0.0943 [0.1334, 0.0679] 0.128 [0.1819, 0.0922]

Table 7.8: Expected limits (Exp.), using the inclusive mllbb, on the cross-
sections×branching-ratio (σ(pp→Z ′)×BR(Z ′→tt̄)) with a CL of 95% on the Z ′ boson,
from the Topcolor (TC2) model, decaying to a top-quark pair. The expected limits are
quoted both without and with systematics uncertainties taken into account. Also, the
±1σ uncertainty on the expected limits is shown.

with the systematic uncertainties with the highest impact on the fitted signal strength,

different lists of systematic uncertainties are seen. For example, using the scanned ∆φll

variable, the main uncertainty is coming from the b-tagging efficiency, see Figure 7.23(b),

while, the main ones are the Single-top normalisation and tt̄ ME+PS for the scanned ∆ηll,

see Figure 7.23(a), and the inclusive mllbb variables, see Figure 7.23(c). Other ranking

plots are presented for the studied model with different masses from the scanned ∆φll,

see Appendix D.



Search for tt̄ resonances in dilepton channel 137

(a) (b)

(c)

Figure 7.23: The ranking plot of the nuisance parameters in the signal regions de-
pending on their impact on the expected signal strength µ for the observables (a)
∆ηll, (b) ∆φll, and (c) mllbb. The fit is performed under the signal-plus-background
(SPLUSB) hypothesis with the benchmark TC2, Z ′, model with a mass = 2 TeV as a
signal. Only the top 20 nuisance parameters (NP) are shown while those corresponding
to the statistical uncertainties of the MC samples are not included here. The impact of
each NP (∆µ) is computed by measuring the difference between two fitted µ: the one
corresponds to the nominal best-fit and the other obtained from the fit when fixing the
considered NP (all other NP’s are free to float) to its best-fit value, θ̂, shifted by its
pre- (±∆θ) and post-fit (±∆θ̂) uncertainties, respectively. The empty dark-blue/cyan
rectangles correspond to the pre-fit impact on µ while the solid ones correspond to the
post-fit impact on µ (both are referring the top horizontal scale). The black points
(referring to the bottom horizontal scale) show the deviation of each of the fitted NP
(θ̂) with respect to their nominal values (θ0), in units of the pre-fit standard deviation
±∆θ.



Chapter 8

Conclusions

This thesis was developed in the field of top-quark physics at the Large Hadron Collider.

The presented work made use of 139 fb−1 of data collected by the ATLAS experiment in

the period 2015-2018, looking for possible deviations from the expected results predicted

by the Standard Model.

My study mainly focusses on the production of multi-top-quark and the existence of

possible resonances in the top pair, as two possible ways to identify New Physics beyond

the Standard Model.

Throughout the analyses preparation, a detector performance study has also been ex-

ploited in the thesis. In essence, the study has been focused on ATLAS Inner Detector

Performance Evaluation, a crucial tool for the identification and reconstruction of top-

quark processes, due to the possibility that it offers to reconstruct secondary vertices

characterising jets produced in the fragmentation of b-quarks coming from top-quark

decays.

A new method has been presented to determine the relative efficiency of reconstructing

pion tracks at low pT in data and Monte Carlo (MC) in the ATLAS inner detector.

This is crucial to extract the detector efficiency to reconstruct the charged pion at low

transverse momentum and to have a cross-check on the MC estimations and performance.

Also, it is play a central role to tag long-lived particles and to reconstruct their SV

inside jets. The number of reconstructed events in both MC and data is determined by

138
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fitting the ∆M = D∗−Mass −D0
Mass distributions using the sum of the modified Gaussian

function, which is describing the signal, and a threshold function to fit the combinatorial

background.

Initially, R, which is the ratio of BR(D0 → K−2π+π−) relative to BR(D0 → K−π+)),

is evaluated using MC samples to check the validity of the defined selections and to test

this method. The expected R-value using only the simulated events is equal to 1 while

the measured one from this method is R = 1.059−0.017
+0.023

∼= 1.06± 0.03, where the included

uncertainty is only statistical. From this value, one can conclude that the tool and the

applied selections are well defined.

Then, the relative efficiency ε(Data)/ε(MC)) for reconstructing pion tracks at low trans-

verse momentum pT > 500 MeV in data and MC is measured, and it is equal to

ε(Data)/ε(MC) = 0.99 ± 0.13(stat). From this result, we can conclude that the ID

efficiency of reconstructing the pion track is equal to the predicted one from MC simula-

tion. Additionally, the pion tracks at low pT are well modelled in the MC samples and in

agreement with data.

As a second original contribution presented in this dissertation, a χ2–based method is

introduced to solve the final- state combinatorics in four-top-quark events partially and

to help distinguish this process from background processes. This method is first studied

in the single-lepton (1L) channel, in the signal region characterised by ≥ 10 jet and ≥ 4

b-tagged jets, using the fully-matched events where all the reconstructed physics objects

(jets and charged leptons) are matched to those at parton- and truth-level.

On these fully-matched events (∼ 700 events) in the 1L decay channel, the efficiency of

the reconstruction of the two hadronic top quarks through the χ2 method is estimated

to be 32%. As a second step, the χ2 method is applied and studied to reconstruct two

hadronically decaying top-quarks (without requiring any matching process) in both the

1L and opposite-sign dilepton (OS) highest sensitive signal regions, SR1L and SROS.

A set of χ2 output variables (i.e. the kinematics of the reconstructed top quarks and

W -bosons, of jet combinations with χ2
min value) have been produced using tt̄tt̄ signal

events, and compared to those from the predicted background events.
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These χ2 output variables are used as inputs for a boosted decision tree (BDT) algorithm

to discriminant the signal (tt̄tt̄) events from the total expected background estimated

via MC simulation in the defined signal regions of 1L and OS dilepton decay channels,

respectively. The expected separation between the signal and total background in 1L

and OS dilepton channels using set1 (set2) variables are 9.4% (18.4%) and 16.6%(21.4%),

respectively.

Finally, a preliminary study to a search for tt̄ resonances in the dilepton channel is

presented, highlighting the importance of including angular observables sensitive to the

top- quark pair spin correlation. A signal region is defined using events, which passed

the defined selections. The expected limits on the cross-section×branching-ratio of a

new physics decaying to tt̄ pair are set in the context of Topcolour Model (TC2) and

Randall-Sundrum (RS) Models.

Three combinations of observables, including a partial reconstruction of the tt̄ invariant

mass and two simple spin-correlation sensitive variables, have been studied as signal

discriminant variables. In particular, for massive BSM particles in the TeV, the ∆φl+l− ,

which is defined as the azimuthal opening angle between the two charged leptons (electron

or muon), shows considerable sensitivity to the presence of new physics. As a result, the

best-expected limits are obtained from the scanning of ∆φl+l− in ten bins (The size of

these bins is chosen based on the sample statistics) of mllbb, where mllbb is defined as the

partial invariant mass of the top-antitop quark. These limits are obtained using the test

statistic qµ, which is implemented in RootFit, and used with CLs method.

Using this observable, one can conclude that, the expected limits on the cross section×branching-

ratio for masses less than, 2 TeV, 3.5 TeV and 1 TeV, for the BSM particles Z ′, KKg

and G, respectively, are higher than the theoretical predictions. On the other hand, for

higher masses, the expected limits on the cross-sections×branching-ratios are two times

higher than the theoretical predictions. Therefore, for the three considered new physics

models with masses below 2 TeV, 3.5 TeV and 1 TeV are expected to be excluded at

95% CL for a hypothetical heavy resonance decaying to tt̄ pairs. Moreover, even if this

gives weaker limits than those reachable in other tt̄ decay channels, this tt̄ dilepton decay

channel may have a significant contribution if combined with them the others.
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Quadratic equation

In several analyses, we need to obtain the Pz component for the neutrino from the missing

energy to build the four-momentum component of the neutrino vector and to reconstruct,

e.g. the top quark, W boson, new massive particles masses. One of these methods is to

solve the quadratic equation to obtain the momentum component in the z-axis, Pz. The

quadratic equation can be derived as follows,

m = 0(SM), ET = pT , px = ET cos(φ), py = ET sin(φ) (A.1)

To find the pz of the neutrino, the invariant mass for W-boson is reconstructed in details

below,

m2
w = (P ν + P l)2 +m2

ν +m2
l + 2EνEl − ~P ν . ~P l (A.2)

where P ν(P l) is the neutrino (lepton) four-momenta and ml is lepton mass. Also, ~P ν . ~P l

is the dot product between the 3-momenta (px, py, pz) vectors of neutrino and lepton,

which is defined as,

~P ν . ~P l = pνxp
l
x + pνyp

l
y + pνzp

l
z (A.3)

m2
w −m2

l + 2(pνxp
l
x + pνyp

l
y) = 2|P ν |El − 2pνzp

l
z (A.4)

For simplicity lets define α = m2
w −m2

l + 2(pνxp
l
x + pνyp

l
y). Then,

(α
2
)2 = (|PνEl − pνzplz)2 (A.5)
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α2

4
= [(pνx)

2 + (pνy)
2](El)2 + (pνz)

2(El)2 + (pνz)
2(plz)

2 − 2|P ν |Elpνzp
l
z (A.6)

substitute |P ν |El = α
2

+ pνzp
l
z,

α2

4
= [(pνx)

2 + (pνy)
2](El)2 + (pνz)

2(El)2 + (pνz)
2(plz)

2 − 2|P ν |Elpνzp
l
z (A.7)

(pνz)
2[(plz)

2 − (El)2] + αpνzp
l
z + α2

4
− [(pνx)

2 + (pνy)
2](El)2 = 0 (A.8)

x→ pνz , a = (plz)
2 − (El)2, b = αplz, c = α2

4
− [(pνx)

2 + (pνy)
2](El)2 (A.9)

Finally, equation A.8 is in the form of the quadratic equation,

ax2 + bx+ c = 0 (A.10)

and with the following solutions:

pνz =
−b±
√

(b2−4ac)

2a
(A.11)
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Pion Track Efficiency

Figure B.1(a,b) shows the cos(θ∗) and Lxy distributions at truth-level. From Figure B.1(a),

it can be noted that the cos(θ∗) distribution is uniformed over the full range (−1, 1), this

is because of the D0 is a spin-zero particle. Therefore, from the conservation of angular

momentum, the produced K− meson in the reference frame of the D0 does not have a

specific orientation. On the other hand, the Lxy distribution shows that the D0 meson

flies away from the PV before it decays. As a result, the expected position of the SV from

the D0 decay to be outside the PV resolution, as shown in Figure B.2. Furthermore, the

expected position of the D∗+ decay vertex in Cartesian coordinates (x, y, z) at truth-level

is shown in Figure B.2.

The transverse momentum, pT , distributions for the D∗+ and D0 in the three decay

channels (D0 → K−2π+π−, D0 → K−π+ρ0; ρ0 → π−π+ and D0 → K̄∗0ρ0) are shown

in Figure B.3. Moreover, in Figure B.4, the kinematic distributions for the K− and π−

mesons produced in the three studied channels are shown. From these figures, one can

conclude (as expected) that the pT , in particular for K− and π− mesons, has comparable

distributions of those produced in the studied (D0 → K−2π+π−) channel.

Figure B.5 shows the ∆M distributions for the Kπ and K3π channels using the simulated

events, which are generated at
√
s = 13 TeV in 2018 and passed the defined selection in

Section 5.3.3. From this figure, one can see the effect of applying the trigger selections on

the studied channels (four-body and two-body decay channels). In the case of four-body
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(a) (b)

Figure B.1: (a) cos(θ∗) distribution between the Kaon in K3π channel and D0 in the
reference frame of D0. (b) the transverse decay length Lxy for D0 (Uncertainty here is
stat only).

Figure B.2: Decay vertex position (SV) for D0 in K3π channel (top), and the decay
position for D∗+ at truth-level for simulated events (Uncertainty here is stat only).
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(a) (b)

Figure B.3: The transverse momentum distributions for D∗+(left) and D0 (right) re-
constructed from different decay channels, where (red) is for D0 → K−2π+π− (yellow)
for D0 → K−π+ρ0; ρ0 → π−π+ and (blue) for D0 → K̄∗0ρ0;K̄∗0 → K−π+ and
ρ0 → π−π+ (Uncertainty here is stat only).

Figure B.4: The kinematic distributions for K−(top) and π− (bottom) produced
in different decay channels, where (red) is for D0 → K−2π+π− (yellow) for D0 →
K−π+ρ0; ρ0 → π−π+ and (blue) for D0 → K̄∗0ρ0;K̄∗0 → K−π+ and ρ0 → π−π+

(Uncertainty here is stat only).
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decay channel, the number of events pass these selections is very small compared to the

two-body one.

(a) (b)

(c) (d)

Figure B.5: Mass difference distributions, ∆M = D∗+Mass − D0
Mass, for the recon-

structed MC events in the decay channels K3π (a,c) and Kπ (b,d), without (top) and
with (bottom) requiring the trigger selections (Uncertainty here is stat only).

Figure B.6 shows the ∆M distributions for Kπ and K3π channels using data collected by

the ATLAS experiment at
√
s = 13 TeV in 2018 without requiring the trigger selections.
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Figure B.6: Mass difference distributions, ∆M = D∗+Mass − D0
Mass, for the recon-

structed data events (using only the half number of the data sample) in the decay
channels K3π (right) and Kπ (left) without requiring the trigger selections. The data
is represented by points with error bars (stat). The solid blue line is the resulting fit
from the sum of GaussMode and fT . The dashed red line is representing the expected
wrong charge combination.
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tt̄tt̄ reconstruction based on

χ2–method in 1L and OS dilepton

channels

The four-top-quark (tt̄tt̄) process is characterized by several final states depending on the

W-boson decays. For example, the branching ratio (BR) of the single-lepton (1L) final

state, which is the dominated one, is ∼ 42%. At the same time, the BR of the opposite-

sign (OS) dilepton is ∼ 14% (see the introduction of Chapter 6 for other BRs). Therefore,

to reconstruct the four-top-quark system entirely, e.g. in the 1L channel, using the χ2–

method (the one presented in Section 6.1.1) or other methods, one should investigate if

it has non-negligible contributions coming from other decay channels.

In this analysis, the tt̄tt̄ events in the 1L final state and with ≥ 10 jet and ≥ 4 b-tag

are retained to study the other channels contributions in the 1L. This has been done by

investigating the truth information of the 1L events and finding the fractions of the events

that are not coming from the 1L at truth-level (it means, to find the number of events

that are coming from other channels at the truth-level and counted as the 1L events at the

Reco-level). Figure C.1 shows the contributions from other decay channels and counted

in the 1L decay channel in the signal region ≥ 10 jet and ≥ 4 b-jet.
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Figure C.1: Schematic graph shows the contribution from other decay channels in
the 1L final state.

From Figure C.1, it can be noted that 70% of the considered 1L events are truly 1L. In

contrast, ∼ 30% of the dilepton (lepton at truth level is included electron, muon and tau

while at Reco-level it means either electron or muon) events are considered in the 1L final

state. This means that ∼ 30% of the 1L events in the signal-region ≥ 10 jet and ≥ 4 b-jet

are coming from the dilepton (OS or SS) final state. However, out of the ∼ 30% dilepton

events are coming from the ditau decay whereas one of them decays hadronically, and the

other decays leptonically. As a result, ∼ 15% from the ditau final state will end in the

1L channel. In contrast, there is ∼ 15% of the dilepton events will end in the 1L channel,

due to one of the electron or muon is soft enough and does not pass the needed object

requirements presented in table 6.1.

Finally, the contributions from other channels, e.g. 3L and 4L final states, are less

than 4%. At the same time, the contribution from the fully-hadronic decay channel is

zero. Therefore, this is an indirect indication that there is no non-prompt or fake lepton

(electron or muon) coming from the misidentified jet as a lepton. To conclude, based

on the truth study in the 1L decay channel and due to the non-negligible contributions

that are coming from other decay channels, in particular from the dilepton channel, the

χ2–method is used to reconstruct only two hadronically-decaying top-quark.
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Search for tt̄ resonances in the

dilepton channel

The invariant mass of tt̄ can be reconstructed experimentally by using the neutrino weight-

ing (NW) method (see Ref[133, 134]) and it is referred to as tt̄NW . However, one can

see from Figure D.1 that there are a high fraction of signal events are failed to be recon-

structed for the massive particles of the order of TeV, after using the neutrino weighting

(NW) method. This means that the invariant mass of the tt̄ system is set to the zero.

For example, the Z ′ with a mass = 3 TeV, there are ∼ 22% of the events with an invari-

ant mass equal to zero after using the NW method to reconstruct the tt̄ in the dilepton

channel. Based on that, one should use other variables that might be sensitive to the

presence of the new physics like the ones represented and used in Chapter 7, e.g. ∆φl+l− .

Figure D.2 shows the correlation between the mT,tt̄ (see equation D.1) for events with

at least one and two b-tagged jets, respectively, to mtt̄, which is the truth (Parton-level)

distribution of the invariant mass of the tt̄.

m2
T,tt̄ = (El+ + El− + Eb1 + Eb2 + Emiss

T )2 − ( ~pl+ + ~pl− + ~pb1 + ~pb2 + ~pmissT )2

(D.1)

From this figure, it can be seen that the mT,tt̄ in the high mass region (mT,tt̄ > 1000

GeV) follows the same distribution of mtt̄, which means that mT,tt̄ is large as the mtt̄ in
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(a) (b)

(c)

Figure D.1: tt̄NW distributions at Reco-level for (a) G, (b) KKg, and (c) Z ′ with
different mass hypotheses (colours) versus the SM tt̄ decays in dilepton channel (grey)
for events ≥ 2 b-tagged jets.

the high mass region. In contrast, in the low mass region, as shown in Figure D.2(a), the

mT,tt̄ has large transverse mass values compared to the mtt̄. For example, the mT,tt̄ in

the low mass region is equal to ∼ 2500 GeV while the expected mtt̄ is ∼ 500 GeV. This

is because of the mT,tt̄ is reconstructed using the jet (can be c- or light-jets) with highest

pT for the events with at least one b-tagged jet.

On the other hand, for events with at least two b-tagged jets, mT,tt̄ follows the same

mtt̄ mass distribution in the low and high mass regions. Based on that, the number of

b-tagged jets is required to be equal or larger than two b-tagged jets (≥ 2b-tag) in this



AppendixD 152

analysis.

(a) (b)

Figure D.2: Correlation between the mT,tt̄ (Reco–level) and mtt (Parton–level) with
at least one (a) and two (b) b-tagged jets.

The ranking plot (see Ref[33]) is used to show the impact of different systematic uncertain-

ties on the variable of interest, e.g. the fitted signal strength (µ = σ(SM,BSM...etc)/σExp).

The following figures ( D.3, D.4 and D.5) present the ranking plots of nuisance parame-

ters extracted from the fitting of the scanned ∆φll variable for different mass hypotheses

predicted by the Topcolor Assisted Technicolor (TC2) and Randall-Sundrum (RS) mod-

els. From these plots, one can see that the impacts of the systematic uncertainties are

changed from one mass hypothesis to another. However, the main effects still coming

from the different tt̄ modelling parameters, e.g. the tt̄ final-stat radiations (FSR).

Tables D.1, D.2 and D.3 summarise the expected limits on the cross-sections×branching-

ratio with 95% CL upper limits in the dilepton decay channel using the defined observables

(the ∆φll and ∆ηll, which are scanned in ten bins of mllbb, and the inclusive mllbb) in the

signal region as a function of the hypothetical particle mass of Kaluza-Klein gluon (KKg)

excitations. At the same time, Tables D.4, D.5 and D.6 are summarised the expected

limits on the cross-sections×branching-ratio with 95% CL upper limits of those for the

Kaluza-Klein graviton (G) excitations as a function of the particle mass in the signal

region of the dilepton channel.
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(a) (b)

(c)

Figure D.3: Ranking plot for the nuisance parameters extracted from fitting of the
scanned ∆φll for (a) G = 400 GeV, (b) KKg = 500 GeV and (c) Z ′ = 500 GeV,
respectively.
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(a) (b)

(c)

Figure D.4: Ranking plot for the nuisance parameters extracted from fitting of the
scanned ∆φll for (a) G = 750 GeV, (b) KKg = 3500 GeV and (c) Z ′ = 2000 GeV,
respectively.
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(a) (b)

(c)

Figure D.5: Ranking plot for the nuisance parameters extracted from fitting of the
scanned ∆φll for (a) G = 3000 GeV, (b) KKg = 4500 GeV and (c) Z ′ = 5000 GeV,
respectively.
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Expected σ(pp→KKg)×BR(KKg→tt̄) Scanned ∆φll
Statistical only Statistical + Systematics

KKg Mass Theor. Exp. ±1σ Exp. ±1σ
[TeV] [pb] [pb] [pb]

.5 240.86 0.7705 [1.072, 0.555] 13.536 [18.759, 9.754]
1. 20.18 0.3177 [0.442, 0.229] 1.418 [1.97, 1.022]
1.5 3.79 0.1454 [0.203, 0.105] 0.2993 [0.418, 0.216]
2. 1.052 0.1 [0.1395, 0.0721] 0.1578 [0.220, 0.114]
2.5 0.3734 0.14 [0.1958, 0.101] 0.1926 [0.2693, 0.1388]
3. 0.1561 0.0730 [0.1024, 0.0526] 0.0964 [0.1352, 0.0695]
3.5 0.0743 0.0738 [0.1038, 0.0532] 0.0955 [0.1343, 0.0688]
4. 0.0394 0.0785 [0.1107, 0.0566] 0.1013 [0.143, 0.0730]
4.5 0.0229 0.0835 [0.118, 0.0602] 0.1089 [0.1543, 0.0785]

Table D.1: The expected limits (Exp.), using the scanned ∆φll in ten mllbb bins, on
the cross-sections×branching-ratio (σ(pp→KKg)×BR(KKg→tt̄)) with a CL of 95% on
the KKg excitations, from the Randall-Sundrum model, decaying to a top-quark pair.
The expected limits are quoted both without and with systematics uncertainties taken
into account. Also, the ±1σ uncertainty on the expected limits is shown.

Expected σ(pp→KKg)×BR(KKg→tt̄) Scanned ∆ηll
Statistical only Statistical + Systematics

KKg Mass Theor. Exp. ±1σ Exp. ±1σ
[TeV] [pb] [pb] [pb]

.5 240.86 0.807 [1.123, 0.583] 12.741 [17.694, 9.181]
1. 20.18 0.305 [0.424, 0.22] 1.718 [2.391, 1.238]
1.5 3.79 0.1604 [0.223, 0.116] 0.520 [0.7185, 0.3747]
2. 1.052 0.118 [0.164, 0.0848] 0.3094 [0.4286, 0.223]
2.5 0.3734 0.178 [0.248, 0.128] 0.3694 [0.514, 0.2662]
3. 0.1561 0.0953 [0.133, 0.0686] 0.1705 [0.2381, 0.1229]
3.5 0.0743 0.1003 [0.140, 0.0723] 0.16304 [0.2285, 0.1175]
4. 0.0394 0.1069 [0.15, 0.0771] 0.1742 [0.2448, 0.1255]
4.5 0.0229 0.1115 [0.1564, 0.0803] 0.1842 [0.2605, 0.1327]

Table D.2: The expected limits (Exp.), using the scanned ∆ηll in ten mllbb bins, on
the cross-sections×branching-ratio (σ(pp→KKg)×BR(KKg→tt̄)) with a CL of 95% on
the KKg excitations, from the Randall-Sundrum model, decaying to a top-quark pair.
The expected limits are quoted both without and with systematics uncertainties taken
into account. Also, the ±1σ uncertainty on the expected limits is shown.
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Expected σ(pp→G)×BR(KKg→tt̄) Inclusive mllbb

Statistical only Statistical + Systematics

KKg Mass Theor. Exp. ±1σ Exp. ±1σ
[TeV] [pb] [pb] [pb]

.5 240.86 0.838 [1.165, 0.6037] 24.632 [34.128, 17.748]
1. 20.18 0.3111 [0.433, 0.224] 1.619 [2.24, 1.166]
1.5 3.79 0.166 [0.2315, 0.12] 0.593 [0.8085, 0.4272]
2. 1.052 0.1134 [0.1582, 0.0817] 0.3207 [0.4431, 0.2311]
2.5 0.3734 0.1629 [0.2276, 0.1174] 0.3439 [0.479, 0.2478]
3. 0.1561 0.0948 [0.1326, 0.0683] 0.193 [0.2695, 0.1391]
3.5 0.0743 0.105 [0.1469, 0.0756] 0.2165 [0.3022, 0.156]
4. 0.0394 0.1147 [0.1606, 0.0827] 0.2281 [0.3187, 0.1644]
4.5 0.0229 0.1174 [0.1645, 0.0845] 0.2314 [0.3239, 0.1668]

Table D.3: The expected limits (Exp.), using the scanned ∆φll in ten mllbb bins, on
the cross-sections×branching-ratio (σ(pp→KKg)×BR(KKg→tt̄)) with a CL of 95% on
the KKg excitations, from the Randall-Sundrum model, decaying to a top-quark pair.
The expected limits are quoted both without and with systematics uncertainties taken
into account. Also, the ±1σ uncertainty on the expected limits is shown.

Expected σ(pp→G)×BR(G→tt̄) Scanned ∆φll
Statistical only Statistical + Systematics

G Mass Theor. Exp. ±1σ Exp. ±1σ
[TeV] [pb] [pb] [pb]

.4 7.19 0.6461 [0.899, 0.4655] 3.387 [4.702, 2.441]

.5 5.84 0.4294 [0.5973, 0.3094] 1.653 [2.302, 1.192]

.75 1.18 0.212 [0.295, 0.1528] 0.622 [0.8622, 0.4482]
1. 0.289 0.1314 [0.1827, 0.0946] 0.3282 [0.4578, 0.2365]
2. 0.00498 0.03843 [0.0537, 0.0277] 0.05132 [0.0716, 0.037]
3. 0.000248 0.02938 [0.0415, 0.0212] 0.03587 [0.0507, 0.0258]

Table D.4: The expected limits (Exp.), using the scanned ∆φll in ten mllbb bins, on
the cross-sections×branching-ratio (σ(pp→G)×BR(G→tt̄)) with a CL of 95% on the
G excitations, from the Randall-Sundrum model, decaying to a top-quark pair. The
expected limits are quoted both without and with systematics uncertainties taken into
account. Also, the ±1σ uncertainty on the expected limits is shown.
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Expected σ(pp→G)×BR(G→tt̄) Scanned ∆ηll
Statistical only Statistical + Systematics

G Mass Theor. Exp. ±1σ Exp. ±1σ
[TeV] [pb] [pb] [pb]

.4 7.19 0.6937 [0.965, 0.5] 4.058 [5.537, 2.924]

.5 5.84 0.4879 [0.6786, 0.3515] 2.128 [2.931, 1.533]

.75 1.18 0.2107 [0.2931, 0.1518] 0.6473 [0.9, 0.4664]
1. 0.289 0.1392 [0.1937, 0.1003] 0.3577 [0.4984, 0.2577]
2. 0.00498 0.0442 [0.0616, 0.0318] 0.09 [0.125, 0.0648]
3. 0.000248 0.0404 [0.0567, 0.0291] 0.0576 [0.0805, 0.0415]

Table D.5: The expected limits (Exp.), using the scanned ∆ηll in ten mllbb bins, on
the cross-sections×branching-ratio (σ(pp→G)×BR(G→tt̄)) with a CL of 95% on the
G excitations, from the Randall-Sundrum model, decaying to a top-quark pair. The
expected limits are quoted both without and with systematics uncertainties taken into
account. Also, the ±1σ uncertainty on the expected limits is shown.

Expected σ(pp→G)×BR(G→tt̄) Inclusive mllbb

Statistical only Statistical + Systematics

G Mass Theor. Exp. ±1σ Exp. ±1σ
[TeV] [pb] [pb] [pb]

.4 7.19 0.7351 [1.022, 0.53] 12.384 [17.13, 8.923]

.5 5.84 0.5486 [0.763, 0.3953] 6.5 [9.04, 4.68]

.75 1.18 0.3055 [0.425, 0.220] 1.93 [2.69, 1.4]
1. 0.289 0.1444 [0.201, 0.104] 0.512 [0.706, 0.37]
2. 0.00498 0.0444 [0.062, 0.032] 0.0944 [0.131, 0.068]
3. 0.000248 0.0288 [0.0407, 0.0207] 0.0393 [0.0559, 0.0283]

Table D.6: The expected limits (Exp.), using the inclusive mllbb, on the cross-
sections×branching-ratio (σ(pp→G)×BR(G→tt̄)) with a CL of 95% on the G exci-
tations, from the Randall-Sundrum model, decaying to a top-quark pair. The expected
limits are quoted both without and with systematics uncertainties taken into account.
Also, the ±1σ uncertainty on the expected limits is shown.
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