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Abstract

The analysis presented in this thesis is expected to provide the first observation of single

top quark production with an associated charm quark. The data used for the analysis are

recorded by the ATLAS detector at the LHC using the proton-proton collisions at a center-

of-mass energy of 13 TeV with a full integrated luminosity of 140.1fb−1. The recorded data is

from the 2015-2018 data-taking period. The analysis is performed by defining a signal region

with events consisting of a lepton (e, µ), zero light jets, one b-tagged jet, one c-tagged jet,

and Emiss
T > 25 GeV in the final state and two control regions dominated by tt̄ and W±+jets

samples. A Boosted Decision Tree (BDT) is trained, and the BDT output is used in the

signal region to improve the measurement’s sensitivity. A binned likelihood fit is performed

simultaneously on the signal region and control regions using the BDT distribution in the

signal region and Emiss
T distribution in the control regions. The data remain blinded in the

signal region, and therefore only expected results are deduced from the fit. The expected

uncertainty on the signal strength, µtc, is measured to be 6%, and the expected significance

is more than 17, which is well above the 5σ discovery threshold, showing strong sensitivity

towards the observation of this process.

xiii



Chapter 1

Introduction

The Big Bang theory is the existing scientific explanation of how the universe began 13.8

billion years ago from an initial stage of extremely high density and temperature. As the uni-

verse expanded, it cooled sufficiently to form the subatomic particles. High-energy particle

accelerators, such as the LHC, simulate conditions of the early universe, helping scientists

to understand fundamental particles and their interactions in detail. These fundamental

particles are described by the Standard Model of particle physics, governed by Quantum

Field Theory.

This thesis presents the first expected observation of the single top quark with an asso-

ciated charm quark as predicted by the Standard Model at a center-of-mass energy of 13

TeV by the ATLAS detector at LHC. The rest of this chapter discusses the Standard Model,

Quantum Field Theory, and the single-top + charm production mechanism.

Chapter 2 will introduce the Large Hadron Collider and the ATLAS detector. Chapter 3

describes the reconstruction of physics objects from the data collected from the ATLAS

detector. The data and the Monte Carlo samples used in the analysis are presented in

Chapter 4. Chapter 5 gives an overview of the selection criteria of the events and analysis

regions, as well as the machine learning technique used to increase the sensitivity of the

signal. Chapter 6 discusses fake background calculation and validation. Systematic uncer-

tainties are described in Chapter 7. Lastly, statistical analysis and results are discussed in

1



detail in Chapter 8. A binned-likelihood fit procedure is used to obtain the expected signal

strength uncertainty and significance. The data remain blinded in the signal region, so only

expected results are deduced from the fit.

1.1 The Standard Model

The Standard Model (SM) [1] of particle physics describes the elementary particles that

constitute our universe together with the theory of interactions between them. They in-

teract through the four fundamental forces of nature: strong, electromagnetic, weak, and

gravitational. These subatomic particles are classified as fermions and bosons based on their

intrinsic spin. Fermions include quarks and leptons with half-integer spin, and they obey

the Pauli’s exclusion principle1. Leptons do not respond to strong interactions, and they

are affected only by electromagnetic, weak, and gravitational interactions. There are six

known leptons: electron, muon, tau, electron neutrino, muon neutrino and tau neutrino,

and each has its own antiparticle. The antiparticles have the same mass and spin but have

opposite charge and parity2. There are six types of quarks: up, down, strange, charm, top,

and bottom. Bosons have integer spin and are the force carriers that mediate the inter-

action between particles. The Higgs boson [2], a massive scalar boson discovered in 2012,

explains how fundamental particles acquire mass (Figure 1.1). All the fundamental particles

are shown in Figure 1.1

The fundamental forces of nature can be explained by Quantum Field Theory (QFT),

1Pauli’s exclusion principle states that no two identical fermions can occupy the same quantum state
simultaneously.

2Symmetry of a system under spatial inversion.

2



Figure 1.1: Subatomic particles in the SM

even for gravity at tree level. Gravitational interactions are governed by Einstein’s Gen-

eral Theory of Relativity. There is no renormalizable quantum theory of gravity to help

explain its effect at the subatomic level. Nevertheless, at tree level, it has a minimal effect

at these scales. The particle interactions and their relative strengths are summarized in

Table 1.1, and it can be seen that gravitational interactions are insignificant at the particle

scale. Electromagnetic forces mediated by the exchange of photons are described by Quan-

tum Electrodynamics (QED). Weak forces are mediated via intermediate vector bosons, W±

and Z, and they affect both quarks and leptons. According to the Glashow-Weinberg-Salam

(GWS) theory, weak and electromagnetic interactions can be considered as different mani-

festations of a single Electroweak Force. Quantum Chromodynamics (QCD) is the theory

associated with strong forces, and these are mediated by gluons. The construction of the

Standard Model is governed by the principles of symmetry. It is a local gauge quantum field

3



theory based on the internal symmetries of the unitary product group SU(3)⊗SU(2)⊗U(1).

A group is a mathematical concept that is often represented by matrices. It is a set of trans-

formations that leaves the laws of physics unchanged. According to Noether’s theorem, every

symmetry leads to a conservation law (See Table 1.2).

Interaction Relative Strength

Strong 1

Electromagnetic ∼ 10−2

Weak ∼ 10−13

Gravitational ∼ 10−39

Table 1.1: Particle interactions and their relative strengths

Symmetry Conservation law

Translation in time Energy

Translation in space Momentum

Rotation Angular momentum

Gauge transformation Charge

Table 1.2: Symmetries and associated conservation laws.

Quantum Field Theory

QFT [3] combines quantum mechanics with the special theory of relativity. The special

theory of relativity comes into play when we deal with velocities near the speed of light.

In this fundamental theoretical framework, particles are considered as excitations of their

corresponding quantum fields. For example, photons are the quanta of the electromagnetic

field. A scalar field, defined at every point of space and time, is denoted as ϕ(x⃗, t). How

the field evolves in time can be understood using the Lagrangian L. The Euler-Lagrangian

4



equation of motion for the scalar field ϕ is given as:

∂L
∂ϕ

− ∂µ

(
∂L

∂(∂µϕ)

)
= 0 (1.1)

where µ = 0, 1, 2, 3. The Lagrangian is invariant under the Poincaré group. The Poincaré

group is a set of symmetries that includes translations and the Lorentz group (rotations

and boosts). The Klein-Gordon Equation, which is the relativistic wave equation for spin 0

particles, can be derived from Eq 1.1 and it is given as:

(
□+m2

)
ϕ = 0 (1.2)

where m is the mass of the particle and □ is the d’Alembertian operator, which represents

the Laplacian in Minkowski space. For the spin 1
2
particles, the relativistic wave equation is

of the form:

(iℏγµ∂µ −mc)ψ = 0 (1.3)

where ψ is a four-element column matrix, known as the Dirac spinor field, and γµ represents

the Dirac gamma matrices.

Quantum Electrodynamics (QED)

QED [4] is a QFT which describes the electromagnetic interaction using a U(1) symmetry

group. A U(1) group is a collection of 1×1 unitary matrices. Under the local U(1) symmetry,

the spinor field ψ get transformed as:

ψ(x) → eiα(x) ψ(x) (1.4)

5



where α(x) can vary from point to point in space time. The QED Lagrangian is given as:

LQED = ψ̄(iγµ∂µ −m)ψ − 1

4
(Fµν)

2 −Qψ̄γµψAµ (1.5)

where Aµ is the electromagnetic vector potential, Fµν = ∂µAν − ∂νAµ is the electromagnetic

field tensor, and Q is the charge. Aµ transforms as Aµ → Aµ − 1
e
∂µα(x). It is a gauge field

introduced to preserve the gauge invariance, and its excitation produces photons. The QED

Lagrangian could be written in a simplified form as:

LQED = ψ̄(iγµDµ −m)ψ − 1

4
(Fµν)

2 (1.6)

where Dµ ≡ ∂µ + iQAµ(x) is the gauge covariant derivative.

Electroweak Theory

The unified theory of weak and electromagnetic interaction, also known as the GWS the-

ory [5, 6], is based on the SU(2)L × U(1)Y local gauge symmetry, where L refers to left-

handed fields and Y is the weak hypercharge 3 quantum number. The left-handed fermion

fields transform as doublets under SU(2) and participate in the weak interaction, while right-

handed fermion fields transform as SU(2) singlets. In particle physics, handedness describes

the orientation of the spin relative to its direction of motion.

3It is related to the electric charge Q and the third component of weak isospin, I3 via the equation,
Q = I3 +

1
2Y

6



Consider a single family of quarks from the three-fold family structure of fermions:

ψ1(x) =

u
d


L

, ψ2(x) = uR, ψ3(x) = dR (1.7)

The above notation is also applicable to leptons, given by:

ψ1(x) =

νe
e−


L

, ψ2(x) = νeR, ψ3(x) = e−R (1.8)

The free fermion Lagrangian is given by:

L0 =
3∑

j=1

i ψ̄j(x) γ
µ ∂µ ψj(x) (1.9)

where ψj(x) are left-handed(L) or right-handed(R) fermion fields depending on j. L0 is

invariant under global transformations. In order for the Lagrangian to be also invariant

under SU(2)L×U(1)Y gauge transformation, four gauge fields are introduced, W 1, W 2, W 3,

and B. Thus the Electroweak Lagrangian is given by:

LEWK =
3∑

j=1

i ψ̄j(x) γ
µDµ ψj(x)︸ ︷︷ ︸

Lf

− 1

4
BµνB

µν +
1

4
W i

µνW
iµν︸ ︷︷ ︸

Lkin

(1.10)

where Lf is the fermion term and Lkin is the gauge field kinetic term. The covariant derivative

Dµ is given by Dµ = ∂µ+ ig
σi

2
W i

µ+ ig
′ Y
2
Bµ. Here, in the second term ig σi

2
W i

µ, W
i
µ describes

the three gauge boson fields associated with SU(2), σi are the Pauli matrices, σi

2
, the weak
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isospin operators (T i) and g, the coupling constant of SU(2). Similarly, in the third term,

g′ is the coupling constant for U(1), Y is the weak hypercharge quantum number, and Bµ

is the gauge boson of U(1). The Lagrangian of the electroweak theory (equation 1.10) only

contains massless fields. The gauge symmetry does not allow writing explicit mass terms for

the gauge bosons. For fermions, adding a mass term would link left and right-handed fields,

which is not possible since they have different transformation properties and hence would

break the gauge symmetry [7].

In order to generate massive fermions and bosons, a complex scalar doublet known as

the Higgs field is introduced. The SU(2)L complex scalar field with a charged and a neutral

component is given by:

Φ(x) =

ϕ(+)(x)

ϕ(0)(x)

 (1.11)

The Higgs Lagrangian, also known as the gauged scalar Lagrangian, is invariant under

SU(2)L × U(1)Y transformations and is expressed as:

LS = (Dµϕ)
†(Dµϕ) − µ2 ϕ†ϕ − h (ϕ†ϕ)2, (h > 0, µ2 < 0) (1.12)

with a potential term, V (ϕ) = µ2 ϕ†ϕ + h (ϕ†ϕ)2. It’s sometimes referred to as the Mexican

hat potential shown in Figure 1.2, because of its shape. For µ2 < 0, the Higgs field ϕ develops

a vacuum expectation value, v√
2
= |µ|

h
, where v = 246.66 GeV, breaking the electroweak gauge

symmetry [9]. Since electric charge is conserved, only the neutral component, ϕ0 of the scalar

doublet can acquire the vacuum expectation value. There are numerous degenerate states
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Figure 1.2: An illustration of the Higgs potential, where Re(ϕ) and Im(ϕ) are the real and
imaginary part of the field [8].

with minimum energy, satisfying:

⟨0|ϕ(0)|0⟩ =
√

−µ2

2h
≡ v√

2
(1.13)

Once a particular ground state is chosen, the SU(2)L ×U(1)Y gets spontaneously broken to

the electromagnetic subgroup U(1)QED, after which ϕ becomes:

ϕ(x) =

 0

v +H(x)

 , (1.14)

with the real field H(x), which appears as the Higgs Boson. Substituting the equation 1.14

into the kinematic part of the equation 1.12 results in a quadratic term for the SU(2) gauge
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bosons due to the vacuum expectation value of the neutral scalar given by:

(Dµϕ)
†(Dµϕ) −→ 1

2
∂µH ∂µH + (v +H)2

(
g2

4
W †

µW
µ +

g2

8 cos2 θW
ZµZ

µ

)
(1.15)

These bosons are the W± and the Z, and they acquire mass (equation 1.16). θW is the weak

mixing angle, also known as the Weinberg angle:

MZ cos θW = MW = 1
2
g v (1.16)

The gauge boson associated with U(1), γ, is massless since U(1)QED is an unbroken sym-

metry. Therefore, the mechanism of spontaneous symmetry breaking generating mass for

gauge bosons is known as the Higgs mechanism.

As mentioned in the previous discussions, a fermionic mass term, Lm = −mψ̄ψ =

−m(ψ̄LψR + ψ̄RψL) is not allowed since it breaks the gauge symmetry. But with the

introduction of the additional scalar doublet, fermion masses can be generated using the

spontaneous symmetry-breaking mechanism. Through the Yukawa interaction, the coupling

between the Higgs field and fermion fields can be described. The Yukawa Lagrangian is given

by:

LY = yf

[
ψ̄R (ϕ†ψL) + (ψ̄Lϕ)ψR

]
(1.17)

where yf =
√
2
mf

v
is the Yukawa coupling constant and mf is the mass of the fermion.

Quantum Chromodynamics (QCD)

The theory of strong interaction is called Quantum Chromodynamics [10], which describes

the interaction of quarks mediated by gluons. QCD is based on the SU(3) gauge symmetry
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group. Quarks carry a quantum number called color or color charge and can be red, green,

or blue. The QCD Lagrangian is given by:

LQCD =
∑
q

ψ̄q,a

(
iγµ∂µδab − gsγ

µtCabA
C
µ −mqδab

)
ψq,b −

1

4
FA
µνF

Aµν , (1.18)

where ψq,a are the quark field spinors for a quark flavor q and mass mq. a is the color index

that runs from 1 to 3. The AC
µ corresponds to the gluon fields, and C runs from 1 to 8,

depicting that there are eight gluon fields. The tCab are the eight 3× 3 matrices that are the

generators of the SU(3) color group, gs is the QCD coupling constant, and FA
µν is the field

tensor given by:

FA
µν = ∂µA

A
ν − ∂νA

A
µ − gsf

ABCAB
µA

C
ν , (1.19)

where fABC are called the structure constants of SU(3) and the term gsf
ABCAB

µA
C
ν depicts

gluon self interactions. Thus, quarks and gluons are not found in isolation, and hadrons are

color-neutral combinations of quarks and anti-quarks held together by gluons.

1.2 Parton Distribution Function

Protons are made up of two up quarks and one down quark, bound together by gluons,

and are surrounded by a ‘sea’ of quark-antiquark pairs. These quarks, antiquarks, and

gluons within hadrons are called partons. The momentum distribution functions of the

partons within the proton are called Parton Distribution Functions (PDFs). They describe

the probability density of finding a parton with a given momentum fraction x at a squared

energy scale Q2.
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Asymptotic freedom [11] is a central feature in QCD, which describes the interaction

between partons. According to this property, the interaction between partons becomes

asymptotically weaker as the energy scale increases and the length scale decreases. QCD

provides quantitative predictions on the rate of change of parton distributions with Q2.

Perturbative calculations can be applied at very high energies, where the coupling constant,

αs(Q
2) << 1. These calculations can be made at different levels of approximation relative

to different powers of αs(Q
2), referred to as Leading-Order (LO), Next-to-Leading-Order

(NLO), and Next-to-Next–Leading-Order (NNLO). Even though these calculations provide

Q2 dependence, the x dependence of the parton distribution has to be determined from the

experimental data. QCD factorization theorems are used to relate parton distributions to

the observable cross sections given by:

σ(x,Q2) ≈
∑
a

Ca ⊗ fa/A(x,Q
2) + remainder (1.20)

where Ca is the part where perturbative calculation can be done, fa/A is the parton distri-

bution of a in a hadron of type A and it is summed over all type of partons, a. The first

term is called the leading twist contribution, and the remainder is called the higher twist

correction. An example of the parton distribution function is shown in Figure 1.3 for Q = 2

GeV and Q = 100 GeV [12]. The example shown is based on the four-flavor scheme. In the

four-flavor scheme, only u, c, s, and d are considered within the PDFs, and b is treated as

massive, while in the five-flavor scheme, the bottom quark is included in the PDFs. At low

energy scale (Q = 2 GeV) and large momentum fraction (x > 0.1), the up quarks dominate

compared to d, and at low x values, there are fewer strange quarks than up and down quarks,
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and the charm density is negligible. As the energy scale increases, as seen in the Q = 100

GeV PDF, sea quarks and gluons appear in abundance, which would help in the production

of t and c, critical for the analysis presented.

Figure 1.3: Overview of the CTEQ6M parton distribution at Q = 2 GeV and Q = 100 GeV

1.3 Production of single top with charm

The production of a single top quark in association with a charm quark, pp → tc̄, is a

standard model t-channel process where the weak interaction is mediated by the exchange

of a virtual W boson. The Feynman diagram for the single top + charm process is shown

in Figure 1.4.

This interaction enables quarks to couple with one another, and the Cabibbo-Kobayashi-

Maskawa (CKM) matrix determines the strength of these couplings. The CKM matrix is
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Figure 1.4: Feynman diagram depicting single top + charm process.

3× 3 unitary matrix given by:

VCKM =


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 (1.21)

The strength of the coupling between the quarks involved is described by the matrix ele-

ments Vcs and Vcd. The value of Vcs = 0.973 gives |Vcs|2 = 0.947, resulting in a significant

contribution to the process, whereas the value of Vdc = 0.225 and |Vdc|2 = 0.051. These

values imply a roughly 5% asymmetry between these contributions. Since the d quark is

a valence quark, its contribution is modified by the structure of the hadronic initial state,

leading to an approximate 20% higher production rate for t̄ compared to the standard t

quark production.

Top quarks are primarily produced in pairs via the strong interaction. In contrast, single

top production occurs through electroweak interactions, and while the cross-section for sin-
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gle top production is smaller than that of top pair production, it is associated with a much

larger relative background. This makes single top production more challenging to identify.

However, with larger data samples and increased luminosity, more single top states could be

probed.

The analysis presented in the thesis reports the first observation of single-top produc-

tion with an associated charm quark as predicted by the SM. Since the process occurs via

electroweak interactions, a precision measurement provides a test of the electroweak sector

of the SM and of the CKM matrix elements. Achieving sensitivity to this measurement can

also lead to the search for beyond the SM (BSM) interactions in this channel.
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Chapter 2

Experimental Apparatus

The ATLAS detector (A Toroidal LHC Apparatus) is a general-purpose detector at the

Large Hadron Collider (LHC) at CERN, the European Organization for Nuclear Research,

located near Geneva, Switzerland. The ATLAS experiment is one of the largest scientific

collaborations ever attempted, and it involves over 6000 scientists, engineers, and students

from 259 institutions across 45 countries (2025) [13]. It allows scientists to probe fundamental

particles produced in the high-energy collisions at the LHC and test the predictions of the

Standard Model and search for physics beyond the Standard Model.

2.1 The Large Hadron Collider

The LHC [14], built to collide protons or heavy ions at very high energies, is the world’s

largest particle accelerator. It is a powerful two-ring superconducting hadron accelerator

and collider situated inside a 26.7 km tunnel buried about 175 meters underground. Since

the collisions are done between two beams of the same type of particle, two separate rings

with beams rotating in opposite directions are used. Out of the possible eight interaction

points, four are active and occupied by ATLAS at Point 1, CMS (Compact Muon Solenoid)

at Point 5, ALICE (A Large Ion Collider Experiment) at Point 2, and LHCb (LHC-beauty)

at Point 8 [15].

Run 1 began in 2009 and was concluded in 2012 with a center of mass energy of 8 TeV.
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The Run 2 data recording period was from 2015 to 2018, with an increase in center of mass

energy to 13 TeV. The ongoing data-taking is Run 3, which started in 2022 with a center-of-

mass energy of 13.6 TeV and is expected to run until 2026. The analysis results presented

in this thesis are based on Run 2.

The schematic diagram of the CERN accelerator complex, of which the LHC is a part, is

Figure 2.1: Schematic diagram of the CERN Accelerator Complex [16]

illustrated in Figure 2.1. The protons in the LHC originate from a hydrogen gas source. The

hydrogen is ionized to H−1 ions after which it passes through a LINAC (Linear Accelerator)

where it is accelerated to 160 MeV. Then the electrons are stripped to obtain H+1 and enter

the Proton Synchrotron Booster (PSB). Before moving to the main ring it goes through the

Super Proton Synchrotron (SPS) where the protons are accelerated to 450 GeV. In the LHC,

it reaches the maximum energy.
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The proton beams move in opposite directions through the side-by-side beam pipes in

the LHC tunnel and collide at the four interaction points, where they are studied. The LHC

uses 1232 dipole magnets to keep the beams moving in circular paths, and 392 quadrupole

magnets help focus the beams, increasing the chance of collisions. There are as many as

1600 superconducting magnets in total, and in order to maintain superconductivity, they

are cooled to 1.9 Kelvin using liquid helium. At full power, each proton beam is accelerated

to the total collision energy.

The proton beams are not a continuous stream but rather ‘proton bunches’ and are

grouped into 2808 bunches per beam. These bunches collide every 25 nanoseconds, resulting

in a collision rate of 40 MHz. The number of collisions occurring per unit time is given by:

dN

dt
= Lσ (2.1)

where L is the Instantaneous Luminosity measured in number of events per unit area per

unit time and σ is the cross section, which is the probability of a given interaction. The

total number of events N over a time interval is obtained by:

N =

∫
L(t) · σ dt = σ ·

∫
L(t) dt = σ · Lint (2.2)

where Lint is the integrated luminosity. Figure 2.2 shows the collision data collected by the

ATLAS detector during the LHC Run 2. The total integrated luminosity recorded by ATLAS

suitable for physics analysis is 139 fb−1. In the ATLAS detector, on average, each bunch

crossing contains approximately 34 pp collisions. Among these, only one is typically for
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physics analysis, and the rest of the interactions contribute to what is known as pileup [17].
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Figure 2.2: Integrated luminosity delivered by the LHC and recorded by the ATLAS detector
during Run2 (2015–2018) [18]

2.2 The ATLAS Detector

The ATLAS detector [19] at the LHC is designed to detect decay products from the energetic

proton-proton and heavy ion collisions. It is a massive cylindrical-shaped detector, 25 meters

tall, 44 meters long, and weighs approximately 7000 tonnes and is mostly symmetric in both

directions along the beam axis with the interaction point at the center. The detector is

built with several layers, and each layer identifies particles based on their properties, such as

whether they are charged or neutral, or whether they are hadrons or leptons in origin, and

how they interact with matter. The main layers or sub-detectors in ATLAS are :
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• The Inner Detector: It tracks charged particles and determines their charge and mo-

mentum, and is used to reconstruct the interaction vertex. The sub-components are

the Pixel Detector, the Semiconductor Tracker (SCT), and the Transition Radiation

Tracker (TRT).

• The Calorimeter System: The purpose of this sub-detector is to measure the energy

of the particles. There are two types of calorimeter systems, the Electromagnetic

Calorimeter (ECAL), which measures the energy of electrons and photons, and the

hadronic calorimeter (HCAL), which measures the energy of hadrons.

• The Muon Spectrometer: This sub-detector detects muons and, along with the ID,

provides a secondary measurement, thereby improving the resolution.

The schematic diagram of the ATLAS detector with the sub-detectors is shown in Figure 2.3.

Figure 2.3: The ATLAS detector with its sub detectors [20]
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2.2.1 Detector Coordinate Framework

The ATLAS detector uses a standard coordinate system (as shown in Figure 2.4) to describe

its geometry and the properties of the particles from the collision [21]. The interaction point

is taken as the origin. The z-axis is along the beam line and the x− y plane is perpendicular

to the beam direction, the positive x-axis points from the origin towards the center of the

LHC and the positive y-axis points upwards. The positive z side is called side A, and the

negative z side is called side C. The azimuthal angle (ϕ) is measured from the positive x-axis

Figure 2.4: ATLAS detector coordinate system [22]

around the z-axis. The polar angle (θ) is the angle from the positive z-axis. It is used to

calculate pseudorapidity, which is used to describe how far a particle is emitted from the

beam axis:

η = − ln

(
tan

(
θ

2

))
(2.3)
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It is called ’pseudo’ for massless particles. For massive particles, rapidity is used:

y =
1

2
ln

(
E − pz
E + pz

)
(2.4)

where E is the energy and pz is the momentum along the z axis. Pseudorapidity is used

instead of rapidity for particles produced at very high energies, where E >> m. In this

limit, η becomes approximately equal to y. We use η or y instead of θ since particles are

relativistic and differences in rapidity are invariant under Lorentz transformations, unlike θ.

The angular separation between two particles is given by:

∆R =
√

(∆η)2 + (∆ϕ)2 (2.5)

The quantities defined in the x-y plane are :

• Transverse momentum (pT ): This is the momentum of the particle perpendicular to

the beamline,

pT =
√
p2x + p2y (2.6)

• Transverse energy (ET ): This is the energy component of particles transverse to the

beam direction. It is equal to pT for massless particles.

• Missing transverse energy (Emiss
T ): The total pT of the colliding particles is zero since

the collision is along the beam axis. According to the conservation of momentum, the

total pT before collision is equal to the total pT after collision. If some particle (such

as a neutrino) escapes the detector without detection, we measure an imbalance in the
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momentum calculation. This imbalance is referred to as Emiss
T .

2.2.2 Inner Detector

The Inner Detector (ID) [23] consists of mainly three parts; the pixel detector, the semi-

conductor tracker (SCT), and the transition radiation tracker (TRT). A diagram of the ID

with all the sub-components is shown in Figure 2.5. The ID surrounds the beam pipe and

is enclosed by a thin superconducting solenoid with a length of 5.3 m and a diameter of 2.4

m. The solenoid provides a magnetic field of 2T pointing along the beam axis. The Lorentz

force4 experienced by the charged particles traversing through the ID, causes their path to

curve and allows a measurement of their momentum, with curvature being proportional to

the momentum. It measures particles within a range of |η| < 2.5. The transverse momentum

Figure 2.5: Inner Detector [24]

4F = qvB = mv2

R ⇒ pT = qBR
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resolution of the ID is given by :

σpT
pT

= 0.05%× pT [GeV]⊕ 1% (2.7)

The ID also helps to reconstruct primary vertices, where the initial collision between particles

occurs, and secondary vertices, where the decay and interaction of any unstable particles oc-

cur. The vertex resolution can be studied using the longitudinal impact parameter (Z0sinθ)

and the transverse impact parameter5 (d0). The ID provides a d0 resolution of 10 µm for

high pT particles in the central η region [25]. The rest of the section describes the technology

of the sub-components of the ID that helps in the high precision measurement.

Pixel Detector

The Pixel Detector [26] is a high-granularity silicon detector and is located at the innermost

part of the ID. Initially, it consisted of 3 pixel layers, but with an increase in luminosity

and hence pileup, a fourth inner layer was added at approximately 3.3 cm from the beam

line. This layer is called Insertable B-Layer (IBL) [27] and is designed to increase the mea-

surement precision. The IBL consists of 280 silicon pixel modules, and the rest of the 1744

silicon pixel modules are arranged in three barrel layers and two end caps with 3 disks each.

Each of these modules contain 47232 tiny pixels with a pixel pitch6 of 50 µ wide (Rϕ plane)

and 400 µ long (z direction) for the three layers and 50 µ wide (Rϕ plane) and 250 µ long (z

direction) for the IBL. A reverse bias voltage when applied across these silicon layers creates

a charge depletion region, and the charged particles, when passing through it, ionize the

5Impact parameter is the shortest distance between a track and the primary vertex
6Pitch is the center to center distance between two pixels or strips in a detector.
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silicon and create an electron-hole pair. The charges drift towards the readout channel and

are collected as a signal. The detector has about 80.4 million readout channels.

Semiconductor tracker (SCT)

The semiconductor tracker, also known as the silicon strip tracker, consists of 4088 silicon

strip sensor modules [28] arranged in four barrel layers and two end caps with 9 disks each.

The strips in the barrel are parallel to the beam axis and have a constant pitch of 80 µm.

The module has two sensors on one side, arranged side by side and wire-bonded together to

form 12 cm-long strips. While the other side has another set of identical sensors glued to the

back of the first pair, tilted at an angle of 40 mrad relative to each other. This helps to recon-

struct the position of the particles. The SCT has approximately 6.3 million readout channels.

Transition Radiation Tracker (TRT)

The transition radiation tracker [29] is the outermost layer of the inner detector, which

utilizes straw drift tube technology for particle detection. It comprises approximately 300000

straw tubes that are 4 mm in diameter. The tubes are made of a material called Kapton,

which is efficient in withstanding heat and radiation. The tube encloses a thin wire made

of tungsten. The straws are arranged parallel to the beam line in the barrel region and

perpendicular to the beam line in the end cap region. The gas mixture used in the TRT is

that of Xenon and Argon. When charged particles pass through the TRT straws, they ionize

the gas mixture, creating ionization clusters. The straw wall has a negative voltage applied

to it, which creates an electric field that pulls the electrons towards the thin wire, producing

a signal.
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2.2.3 Calorimeters

The ATLAS calorimetry system [30], consisting of electromagnetic and hadronic calorime-

ters, is used to measure energies of particles and has full ϕ symmetry and coverage around

the beam axis. They provide energy measurement for particles within |η| < 4.9. These are

sampling calorimeters, and they contain layers of active and absorber materials. The ab-

sorbers are dense materials, and showers of secondary particles are created when high-energy

particles pass through them. These particles then deposit their energy in the sensitive ac-

tive layer, which is detected in the form of light or charge. Figure 2.6 shows the schematic

diagram of the ATLAS calorimeter detector system.

Figure 2.6: ATLAS Calorimeter Detector [31]
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The Electromagnetic calorimeter (ECAL) helps in the measurement of the energy of elec-

trons and photons. They are located at the barrel section (|η| < 1.475) and two end cap

sections (1.375 < |η| < 3.2) and are made of lead, acting as the absorber layer, and liquid

argon, acting as the active layer. Electrons and photons interact with the absorber layer via

bremsstrahlung radiation7 and pair production8 respectively. These electromagnetic showers

can be described using a parameter known as the radiation length (X0). In the case of elec-

trons, radiation length represents the rate at which electrons lose energy by bremsstrahlung.

The average distance x that an electron needs to travel in a material to reduce its energy to

1
e
of its original energy E0 can be depicted as [32]:

⟨E(x)⟩ = E0e
−x/X0 (2.8)

For photons, the radiation length is described in terms of Intensity. If a photon beam

is traveling through a material with initial intensity I0, it is reduced to 1
e
of its original

intensity after traveling a distance of x = 9
7
X0:

⟨I(x)⟩ = I0e
− 7

9
x
X0 (2.9)

The LAr (liquid argon) is ionized by the showering particles. The charges drift under the

high voltage and the current is recorded in the readout channels.

The Hadronic calorimeter (HCAL) is used for hadron energy measurement. It is placed

outside the ECAL and has sections at the barrel region, also known as the tile calorimeter,

7e− → e− + γ
8γ → e− + e+
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to cover 0.8 < |η| < 1.7, end cap region for |η| between 1.7 and 3.2, and forward region or

FCal for |η| > 3.2. FCal probes energetic and forward-directed processes. Particles, when

passing through HCAL, interact with the absorber material mostly via strong interactions.

The secondary hadrons are described in terms of nuclear interaction length or λ. The barrel

region of the HCAL has scintillating tiles as the active medium, and it emits light when

traversed by particles. The absorber material is made of iron.

The energy resolution of the calorimetry system can be expressed in a general way as:

σE
E

=
a√
E

⊕ b

E
⊕ c (2.10)

where the first term a is called the stochastic term and is related to shower fluctuations. The

second term b is called the noise term, and c is the constant. ⊕ indicates quadratic sum.

For ECAL, the energy resolution was measured to be:

σE
E

∼ 10%√
E

⊕ 0.7% (2.11)

while for HCAL, it was estimated to be:

σE
E

∼ 50%√
E

⊕ 5% (2.12)

2.2.4 Muon Spectrometer

The Muon Spectrometer [33] is the outermost and the last layer that surrounds the rest

of the detector system. It has three regions, a barrel region covering |η| < 1.2 and two
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endcap regions for 1 < |η| < 2.7 as shown in Figure 2.7. As the name suggests, the main

goal of the muon spectrometer is to track muons. The magnetic field generated by the large

superconducting air-core toroid magnets bends the trajectory of the muons while traversing,

which helps in the calculation of momentum. The muon system consists of precision tracking

chambers as well as trigger chambers. In the case of tracking chambers, Monitored Drift

Tubes (MDTs) are used for most of the η range to measure the position of the muons

accurately. For forward regions, |η| < 1.2, Cathode Strip Chambers (CSCs) are used. CSCs

have high granularity and provide high momentum resolution. The trigger chambers consist

of Resistive Plate Chambers (RPCs) in the barrel region and Thin Gap Chambers (TGCs)

in the end-cap region. They specifically help in selecting events containing muons through

bunch cross identification and applying a transverse momentum threshold.

Figure 2.7: ATLAS Muon System [34]
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2.2.5 Trigger System

The ATLAS Trigger System [35] is an important part of the ATLAS detector designed to

select only interesting events from the huge number of proton-proton collisions. Collisions

are happening at the rate of 40 MHz in the LHC. The raw data rate could be approximately

1 petabyte per second, which is very difficult to store and analyze. The trigger system filters

out uninteresting events and records interesting data for offline analysis. It consists of a

hardware-based first-level trigger (L1) and a software-based high-level trigger (HLT).

The L1 trigger selects events based on the event level qualities, such as total energy

in the calorimeter, number of particles above a certain threshold, as well as the kinematic

relationship between the particles. The output rate of the L1 trigger is around 100 kHz from

an input rate of 40 MHz with a decision time of 2.5 µs. The software-based HLT reduces

the rate further to 1.2 kHz. It uses more precise CPU-intensive algorithms and makes event

selection decisions within a few hundred milliseconds.
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Chapter 3

Physics Object Reconstruction

This chapter provides an overview of the process involved in reconstructing physics objects

from the raw data collected by the ATLAS detector following the proton-proton collisions

in the LHC. The requirements and an outline of the selection criteria for the physics objects

used in the analysis presented in this thesis are also provided. The physics objects considered

are electrons (e±), muons (µ±), jets, and missing transverse energy (Emiss
T ). Tau leptons (τ±)

are also taken into account; however, they decay either leptonically9 or hadronically10 before

reaching the detector due to their short lifetime. Leptonic τ decays are considered in this

analysis, while hadronic τ decays are not explicitly used.

3.1 Tracks and Vertex Reconstruction

Tracks are the charged particle trajectories. The ID of the ATLAS detector is involved in

track reconstruction, as mentioned in Section 2.2.2, through several algorithmic processes.

The one explained here is the Inside-Out Track Seeding and Finding. The clusters in the

Pixel and SCT, as well as the drift circles in the TRT, formed from the particle hits, can

be transformed into 3D space points. The set of three space points is used to form a seed.

A seed can be Pixel-only, SCT-only, or Pixel + SCT. The seeds that pass the initial trans-

verse momentum and impact parameter resolution cuts are kept and matched to a fourth

9τ → lνlντ , l = e, µ
10τ → hadrons
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space point to confirm their trajectory. A combinatorial Kalman filter [36] is then used to

complete a possible trajectory. Additionally, the Bremsstrahlung recovery method is used

if the seed fails the usual track finding and is located within a region of interest (ROI) in

the calorimeter. The track recovery process is repeated by allowing a change in trajectory

due to Bremsstrahlung radiation from electrons. Figure 3.1 gives a pictorial description of

the above steps mentioned. An ambiguity solver algorithm is used to select track candidates

based on track scores, and later a global χ2 method is used to obtain a high-precision track

candidate. A neural network clustering algorithm is used to separate pixel clusters assigned

to multiple track candidates. Finally, the track is extended to the TRT to check if it matches

the drift circle [37].

Figure 3.1: Inside Out method, 1) Seed formation, 2) Seed confirmation, 3) Search for
clusters compatible with the seed, 4) combinatorial Kalman filter, 5) Brem recovery diagram
6) Completed track finding diagram [38]
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The reconstructed tracks are used to determine the primary and secondary vertices.

The vertex reconstruction uses an iterative algorithm known as the Adaptive Multi-Vertex

Reconstruction, and it occurs in two steps: vertex finding and vertex fitting. An initial guess

of a vertex position, known as the seed, is determined by the distribution of track impact

parameters along the beam axis, using the density of tracks. The seed information, along

with the reconstructed tracks, is used to fit the best vertex position. During each iteration,

the less compatible tracks are given a lower weight, and the vertex position is recalculated.

These less compatible tracks are then used to determine another vertex. This process is

repeated until all the tracks are associated with a vertex or no vertex can be found for the

remaining set of tracks. The vertex with the highest squared sum of track pT is taken as the

primary vertex and others as the pileup vertices [39]. After the primary vertex reconstruction

is completed, transverse impact parameter (d0), the distance between the particle’s track and

the primary vertex in the plane perpendicular to the beam axis, and longitudinal impact

parameter (Z0), the distance of a particle’s track from the primary vertex along the beam

axis, can be calculated. The secondary vertex reconstruction can be done using d0. It is

assigned a positive sign if the track crosses the path of the decaying hadron or τ lepton

downstream of the primary vertex and is considered a candidate for a secondary track [40].

3.2 Topological Clusters

Particles deposit energy across multiple cells in the calorimeter system. These energy de-

posits or signals in the cells are collected together to form topological clusters. The cluster

formation depends on the cell signal significance ςEM
cell , which is the ratio of the cell signal to
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the average noise σEM
noise,cell (includes electronic noise, pileup contributions, etc) in the cell:

ςEM
cell =

EEM
cell

σEM
noise,cell

(3.1)

A topo-cluster algorithm is used for the formation of clusters. It starts by selecting those

cells with ςEM
cell > S, where S is the primary seed threshold, with a default value of S = 4, and

ςEM
cell > N , where N is the growth control, with default value of N = 2. The direct neighboring

cells should also satisfy ςEM
cell > P , where P is the principal cell filter, with default value of P

= 0. S, N, and P are the three parameters in this algorithm that control the seeding, growth,

and boundary features of topo-clusters. This process is repeated until all the adjacent cells

that pass the P threshold are added to the cluster [41].

3.3 Electrons

For the electron reconstruction, information from the tracks in the inner detector, as well

as the energy deposited in the electromagnetic calorimeter, is used. The electromagnetic

topological clusters are matched to the tracks reconstructed in the inner detector. The

procedure for track reconstruction and topo-cluster formation is explained in sections 3.1

and 3.2. The track candidates matched to the EM clusters are re-fitted with a Gaussian sum

filter (GSF) [42] algorithm to account for energy loss due to bremsstrahlung.

The reconstructed electrons are either prompt or non-prompt. Prompt leptons are pro-

duced directly from the main interaction, while non-prompt leptons originate due to semilep-

tonic decay of hadrons, photon conversion, as well as misidentification. Three working points
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are defined based on a likelihood (LH) discriminator to reduce the non-prompt electrons. The

electron LH is based on the probability distribution functions (pdfs) P of prompt electrons,

LS, and non-prompt electrons, LB:

LS(x) =
n∏

i=1

PS,i(xi), LB(x) =
n∏

i=1

PB,i(xi) (3.2)

where xi is the value that is based on shower width, TRT information, track conditions,

track cluster matching, etc. For each electron candidate, a discriminant dL is defined, given

by:

dL =
LS

LS + LB

(3.3)

Then an inverse sigmoid function is applied to obtain:

d
′

L = −τ−1ln(d−1
L − 1) (3.4)

where τ is fixed to 15. Thus, the threshold values on d
′
L are used to define the electron

identification working points, which are LooseLH, MediumLH, and TightLH with increasing

order of background rejection power.

Additionally, electron isolation requirements are also applied to remove the non-prompt

electrons. The ATLAS recommended isolation working points are : HighPtCaloOnly, Tight-

TrackOnly VarRad, TightTrackOnly FixedRad, Tight VarRad, and Loose VarRad. Two

types of isolation variables are considered, calorimeter-based and track-based. The calorime-

ter isolation variable, Eisol
T,raw, is the sum of the transverse energy of the topological clusters

with positive energy. The sum is calculated within a cone around the electron cluster center
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and later corrected for leakage, pileup etc to obtain the corrected calorimeter isolation. A

track-based isolation variable, pconeXX
T is the sum of the transverse momenta of all tracks

within a cone size XX, where the typical value of XX is 20 or 30 and the tracks that belong

to the electron candidate itself are excluded [43, 44].

The identification and isolation working points, as well as the pT and η requirements for

the top+charm analysis, are summarized in the Table 3.1. Due to the poor electron identifi-

cation efficiency, electrons in the LAr crack region, 1.37 < |η| < 1.52, are vetoed. Additional

selections are also done on d0 and Z0. The d0 significance, d0
σd0

is the ratio of the transverse

impact parameter and its uncertainty. |∆Z0sin(θ)| measures the allowed maximum differ-

ence between the track’s longitudinal impact parameter and the primary vertex, scaled by

the sine of the angle θ.

Electron

Loose Tight

pT 10 GeV

|η| < 2.5 & ̸∈ (1.37, 1.52)

|∆Z0 sin θ| < 0.5 mm

|d0|/σd0 < 5

Identification LooseLH TightLH

Isolation None Tight VarRad

Table 3.1: Selection criteria for electrons.

36



3.4 Muons

Muon reconstruction [45, 46] requires information from the ID and the Muon Spectrome-

ter, as well as the calorimeters. Depending on where the information is processed, muon

candidates are divided into four categories:

• Combined (CB) Muon: The muon track is reconstructed in the ID and the muon

spectrometer independently, and with the hits from both the sub-detectors, a combined

track is formed with a global refit. Reconstruction can be done by either using the

outside-in method, where reconstruction occurs first in the Muon Spectrometer and

then extrapolated to match the ID, or the inside-out method, where ID tracks are

extrapolated outward and matched to the tracks in the Muon Spectrometer. CB Muons

are considered to have the most accurate measurement.

• Segment-tagged (ST) Muon: The muon candidate is identified as ST if the ID track

extrapolated matches to at least a track segment in the MDT or CSC chambers. They

have low pT and reduced acceptance in the Muon Spectrometer.

• Calorimeter-tagged (CT) Muon: If the track in ID can be matched to an energy de-

posited in the calorimeter, resembling a minimum ionizing particle, the muon recon-

structed can be classified as CT. These muons have the lowest purity of all.

• Extrapolated (ME) Muon: Muon reconstruction is only based on muon spectrometer

tracks with a loose requirement of originating from the interaction point, and it cannot

be matched to an ID track. Thus, muon reconstruction extends to the region outside
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of the ID, 2.5 < |η| < 2.7.

After the reconstruction, the prompt muons are selected based on certain identification re-

quirements. The selection working points for muon identification are Loose, Medium, Tight,

and High pT . The Loose identification criteria are used to increase the reconstruction ef-

ficiency as well as provide good quality muons. Medium selection is the default selection

for ATLAS analysis, and it reduces the systematic uncertainties associated with muon re-

construction. With Tight selection, good-quality muons are obtained with lower efficiency.

High pT selection is considered to maximize momentum resolution above 100 GeV. Isolation

criteria are also considered to reject non-prompt muons from heavy-flavor hadron decays.

They can be track-based, calorimeter-based, or a combination of both. Muon selection cri-

teria for the top + charm analysis are summarized in the Table 3.2.

Muon

Loose Tight

pT 10 GeV

|η| < 2.5

|∆Z0 sin θ| < 0.5 mm

|d0|/σd0 < 3

Identification Medium Medium

Isolation None PflowTight VarRad

Table 3.2: Selection criteria for muons.
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3.5 Jets

Jets, showers of collimated particles, are produced by the hadronization of quarks and gluons

in the high-energy proton-proton collisions. The reconstruction of jets uses an approach

called Particle flow [47, 48], which utilizes information from both the calorimeter and the

ID. The Particle Flow (PFlow) algorithm removes the energy deposited by charged particles

matched to the tracks in the ID. The energy deposited by the neutral objects is retained.

The combination of the track and the topological cluster created by the PFlow algorithm

is called a Particle Flow Object (PFO), and the jet reconstruction is performed on these

PFOs. This is achieved using the anti-kt algorithm [49], with a radius parameter of R =

0.4 (AntiKt4EMPFlowJets). Various jet selection requirements are considered for the top +

charm analysis, such as jets should have a transverse momentum pT greater than 20 GeV and

a pseudo-rapidity of |η| < 2.5. To reduce jets from in-time pileup11, a discriminant known as

the jet-vertex-tagger (JVT) [50] is created using a two-dimensional likelihood method. The

JVT must be greater than 0.59 for jets with pT > 60 GeV and |η| < 2.4.

3.5.1 Jet Flavor Tagging

Jet Flavor Tagging [51] helps in the identification of jets originating from heavy-flavor quarks.

The tagging algorithm classifies the jets into those containing b-hadrons (b-jets), c-hadrons

(c-jets), hadronic τ -lepton decays (τ -jets), and light-jets, which are not included in any

of the above-mentioned. The latest flavor tagging algorithm recommended by the ATLAS

collaboration is GN2, a graph neural network and a type of deep learning algorithm. GN2

11In-time pileup arises from additional pp interactions in the current bunch-crossing.
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uses a deep learning model to learn the track and jet information by training on MC data

with jet flavor known. It also groups tracks by origin and predicts the underlying physics

process of a track origin.

The b-tagging algorithm rejects c-jets, τ -jets, and light jets with a b-jet efficiency of 70%

in the case of the top + charm analysis. A jet is considered b-tagged if the Db score is greater

than a given value. Db is a single discriminant given by:

Db = log

(
pb

fcpc + fτpτ + (1− fc − fτ )pu

)
(3.5)

where pb is the algorithm’s jet flavor prediction output probabilities of a jet being a b-jet,

pc being a c-jet, pτ being a τ -jet, and pu being a light-jet. fc is set to 0.2 and fτ is set

to 0.01. The values of fc and fτ are determined through an optimization procedure which

would maximize the rejection of c-jets, τ -jets) and light-flavor jets.

Similarly for a c-tagging algorithm, it rejects b-jets, τ -jets, and light jets with a c-jet

efficiency of 30%. The discriminant Dc is given by:

Dc = log

(
pc

fbpb + fτpτ + (1− fb − fτ )pu

)
(3.6)

where the free parameter values, fb and fτ that control the relative rejection between b, τ

and light jets are 0.3 and 0.05 respectively.
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3.6 Missing Transverse Momentum

The missing transverse momentum, Emiss
T , represents the imbalance in the transverse mo-

mentum of the event. The reconstruction of the Emiss
T [52] involves the calculation of the

hard term, phardT , as well as the soft term, psoftT . The hard term includes pT of the recon-

structed electron, muons, τ leptons, and jets, while the soft term consists of the pT charged

particle tracks not associated with any reconstructed objects but with the primary collision

vertex. Therefore the Emiss
T vector is given by:

p⃗miss
T = −

( ∑
selected electrons

p⃗eT +
∑

selected µ

p⃗µT +
∑

accepted jets

p⃗jetT

)
︸ ︷︷ ︸

hard term

−
∑

unused tracks

p⃗trackT︸ ︷︷ ︸
soft term

(3.7)

3.7 Transverse Mass of the W boson

The transverse mass of the W boson, MWT , is given by:

MWT =
√
2 pℓT E

miss
T (1− cos∆ϕℓ,ν), (3.8)

where pℓT is the lepton pT and ∆ϕℓ,ν is the azimuthal angle between the lepton and the

missing transverse momentum.
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3.8 Overlap Removal

After the physics object reconstruction, the overlap removal method is used to eliminate any

duplication caused by the same physical object being reconstructed twice. The procedure

given below is followed:

• An electron is removed if it shares a track with a muon and ∆R < 0.01.

• A jet is removed if the distance between the jet and an electron is ∆R < 0.2. If multiple

jets satisfy this condition, only the closest one is removed.

• An electron is removed if the distance between a jet and a baseline electron is ∆R < 0.4.

• If the distance between a jet and a muon candidate is ∆R < 0.4, the muon is removed

if the jet has more than two associated tracks; otherwise, the jet is removed.
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Chapter 4

Data and Monte Carlo Samples

4.1 Data

The data collected from 2015 to 2018 (Run 2) by the ATLAS detector in pp collisions at a

center-of-mass energy of 13 TeV is used in this analysis. The dataset has a full integrated

luminosity of 140.1±1.2 fb−1 (an uncertainty of 0.83%) after standard data quality selections

[53]. The integrated luminosity corresponding to each year is given in Table 4.1. The ATLAS

Year Int. lumi. (fb−1)

2015 3.24

2016 33.40

2017 44.63

2018 58.78

Table 4.1: Integrated luminosity collected in each data-taking year.

Trigger System records data events for offline analysis, as mentioned in subsection 2.2.5.

They use information from the Inner Detector, Calorimeter, and the Muon System. The

electron trigger uses a Neural Network-based algorithm called Ringer [54] to measure a

pattern of energies that matches the electron track in the ID. The electrons are identified

using LooseLH, MediumLH, or TightLH working points based on a likelihood discriminator.

The muon trigger uses the muon stand-alone (SA) algorithm [55], which constructs a track

using hits within a region of interest (ROI) identified by the L1 trigger. The tracks are

then extrapolated back to the interaction point and matched to the ID tracks. The working
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points based on the likelihood discriminant for muons are Tight, Medium, and Loose. For

the analysis, events from the main physics stream are considered if they are accepted by at

least one of the single electron or single muon triggers outlined in Table 4.2. For an electron

to pass the HLT e24 lhmedium L1EM20VH trigger, pT should be greater than 24 GeV with

a medium identification seeded by an L1 EM cluster with pT > 20 GeV.

Year Single Electron Triggers Single Muon Triggers

2015 HLT e24 lhmedium L1EM20VH
HLT e60 lhmedium
HLT e120 lhloose

HLT mu20 iloose L1MU15
HLT mu40

2016–2018 HLT e26 lhtight nod0 ivarloose
HLT e60 lhmedium nod0
HLT e140 lhloose nod0

HLT mu26 ivarmedium
HLT mu50

Table 4.2: List of single-lepton triggers used for different years.

4.2 Monte Carlo Samples

The Monte Carlo (MC) samples are generated from computer simulations that imitate LHC

collisions. These simulations take into account the complex physics behind the collisions

as well as the detector properties. The Run 2 MC samples are divided into three distinct

subsets:

• MC16a generated with pileup conditions of the 2015 and 2016 data.

• MC16d generated with pileup conditions of the 2017 data.

• MC16e generated with pileup conditions of the 2018 data.

These samples are normalized to the integrated luminosity of the corresponding data-taking

periods as listed in the Table 4.1.
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The MC simulations [56] have a key role to play in various aspects of physics analysis,

such as event selection, where they are used to select interesting events. They also help in

background estimation, enabling the modeling of background processes in detail. Addition-

ally, they are also used for efficiency assessment to correct biases or limitations in real data,

as well as to evaluate systematic uncertainty, validate data, and perform calibration. Var-

ious MC scale factors are applied to the simulated events to match data and MC samples,

accounting for differences in trigger, reconstruction, and identification efficiencies, as well

as pileup, between data and MC. Simulated events are also normalized by their production

cross sections.

The MC sample generation utilizes various event generators, such as Pythia [57], Her-

wig [58], Sherpa [59], MadGraph [60], and POWHEG [61], to create theoretical particle

collision events that contain mathematical descriptions of particle properties, such as en-

ergy and momentum. The most common tools for detector simulation are the Geant4 [62]

software package (for full simulation) and the AtlFast3 [63] software package (for fast sim-

ulation). These help in simulating the interaction of particles with the ATLAS detector.

Descriptions of the various MC samples used in the single top with an associated charm

analysis are provided in the following sections.

4.2.1 Signal Sample

The signal samples are MC samples that represent the physics process of interest. The top

+ charm signal samples are generated based on the t-channel single top JO12 (Job Option

file) using the SM CKM matrix. The single-top t-channel samples are generated using

12Python script used to configure and run an analysis job
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the POWHEG BOX v2 event generator at NLO with the NNPDF3.0NLO NF4 [64] PDF

set implementing the four-flavor scheme. Parton showers, hadronization, and the underlying

event are modeled using Pythia 8.230 with the A14 tuned parameters and the NNPDF2.3LO

PDF set [65]. Subsequently, the LHE (Les Houches Event) [66] filters are applied to separate

the events with charm quarks, referred to as the t+ c signal, from the events with u, d, or s

quarks, which constitute the t+ q background.

4.2.2 Background Samples

The background samples are MC simulations that mimic the signal process. They are of two

types: reducible and irreducible backgrounds. Irreducible backgrounds have the same final

state as the signal and are well-modeled by the MC, while reducible backgrounds do not

have identical final states to that of the signal but can still pass the final state selection due

to detector effects or misidentification. They are often estimated using data-driven methods.

Data-driven methods are discussed in detail in Chapter 6.

V+jets and VV Backgrounds

V+jets (V =W±, Z), samples are generated using the event generator, SHERPA 2.2.11 [67].

In this process, matrix elements are calculated with NLO precision for up to 2 jets and LO

precision for up to 5 jets in the five-flavor scheme. The b-quark and c-quark are considered

massless at the matrix-element level and massive in the parton shower. Comix [68] is used to

compute these matrix elements, while OPENLOOPS [69] provides virtual QCD corrections

for matrix elements at NLO accuracy. The PDF set used for this Sherpa version is the
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Hessian NNPDF3.0NNLO [64]. For the parton shower, the default Catani–Seymour dipole

scheme [70] is utilized, and for hadronization, the cluster hadronization model is used. A

colour-exact variant of the MC@NLO algorithm matches the NLO matrix elements of a given

jet multiplicity with the parton shower. All the different jet multiplicities are then combined

into an inclusive sample using an improved CKKW [71] matching procedure.

The diboson (VV) samples are produced using SHERPA 2.2.11 generator and the NNPDF3.

0NNLO PDF set. The matrix elements are calculated with NLO accuracy for events with

up to one additional jet and with LO accuracy for events with two or three additional jets.

They are matched and merged with the SHERPA parton shower.

Top Backgrounds

The top backgrounds considered in this analysis are tt̄, tW , t-channel single-top (tq), s-

channel single-top, and raretop processes. The top backgrounds, tt̄, tW , single-top s-channel

samples are generated with the POWHEG BOX v2 event generator at NLO with the PDF

set NNPDF3.0NLO using the five-flavor scheme. The tq sample generation is described in

Section 4.2.1. These are then interfaced with PYTHIA 8.230 using the A14 parameter tune

to model parton shower, hadronization, and underlying events. In the case of tt̄, the hdamp

parameter controls the matrix element to parton showering matching, and it is set to 1.5

times the top mass, mt, where mt = 172.5 GeV. The top decays are modeled by MAD-

SPIN [72] in the case of tq, while they are handled directly by POWHEG BOX in the case

of others. The interference between the tt̄ and tW sample production is reduced using the

diagram-removal scheme [73].

The contribution of raretop processes is minimal in this analysis. They include the pro-
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duction of top in association with electroweak bosons(tt̄W , tt̄W , tWZ), the higgs boson(tt̄H),

and in 3 top or 4 top final states. These are generated using MadGraph5 aMC@NLO and

interfaced with Pythia.

All the MC samples, along with their DSIDs and event generators used in this analysis,

are summarized in Table 4.3.

Sample DSID Generator
tc 604227,604229 Powheg +Pythia8
tq 604228,604230 Powheg +Pythia8
tt̄ 410470 Powheg +Pythia8
tW 601352,601355 Powheg +Pythia8

single-top s-channel 410644,410645 Powheg +Pythia8
W + jets 700338-700349,700843 Sherpa 2.2.11
Z + jets 700320-700325,700335-700337,700792-700794 Sherpa 2.2.11
Diboson 700587-700590,700600-700605 Sherpa 2.2.11
rareTop 410276-410278 MadGraph

+Pythia8

Table 4.3: DSIDs and Event Generators of MC Samples.
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Chapter 5

Event Selection and Analysis Regions

The selections applied to the physics objects are used to select events of interest and to

minimize background. The selected events are typically divided into several analysis regions.

They are signal regions (SR), control regions (CR), and validation regions (VR). The signal

region is chosen to maximize the signal-to-background ratio. They are used for hypothesis

testing, which will be discussed in detail in Chapter 8. The control regions are enhanced

with specific dominant backgrounds and are used to constrain systematic uncertainties. The

validation regions are used to validate the background modeling.

5.1 Signal Region

The single top + charm process is given by:

pp→ tc, (5.1)

with,

t→ W±b→ l±νb, (5.2)

where l = e, µ.

The analysis presented considersW± decaying leptonically, rather than hadronically, due

to a large QCD background in the hadronic decay. With an isolated lepton and Emiss
T from
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the neutrino in the final state, leptonic decay provides a clean signature. Thus, the single

top + charm SR contains events with:

• exactly one lepton (e, µ) with pT > 27 GeV,

• exactly one b-tagged jet and one c-tagged jet with pT > 20 GeV,

• zero light jets,

• Emiss
T > 25 GeV due to the neutrino in the final state, and

• MWT > 40 GeV to suppress the multijet background.

Distributions of a few kinematic variables in the SR are shown in Figure 5.1.

5.2 Control Regions

5.2.1 tt̄ CR

The tt̄ background is one of the dominant backgrounds in the single top + charm analysis.

Since both the top quarks decay toW±b, there can be 2 b-tagged jets in the final state. Thus

the tt̄ CR contains events with exactly one lepton (e, µ) with pT > 27 GeV, two b-tagged jets

and two light jets with pT > 20 GeV, zero c-tagged jets, Emiss
T > 25 GeV and MWT > 40

GeV. The tt̄ CR helps in constraining the tt̄ normalization in a simultaneous fit with the

SR. The lepton pT and η distributions in the tt̄ CR are shown in Figure 5.2.
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(h)

Figure 5.1: (a)(e) η, (b)(f) Mbc, (c)(g) lepton pT and (d)(h) Emiss distributions in SR for
electron (left) and muon channel (right). Uncertainties are statistical only.
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(b)

Figure 5.2: Distribution of lepton pT and η in tt̄ CR for (a) electron and (b) muon channel.
Uncertainties are statistical only.
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5.2.2 W±+jets CR

The largest background in the single top + charm analysis isW±+jets. TheW±+jets events

contain light jets and c-tagged jets in the final state. Thus, W±+jets CR contains events

with exactly one lepton (e, µ) with pT > 27 GeV, one c-tagged jet, and one light jet with

pT > 20 GeV, zero b-tagged jets, Emiss
T > 25 GeV, and MWT > 40 GeV. Similar to tt̄, the

W+jets CR helps in constraining the W+jets normalization in a simultaneous fit with the

SR. The lepton pT and η distributions in the W+jets CR are shown in Figure 5.3. A 15-20%

disagreement between data and MC is observed in the high pT region and is especially visible

in the electron channel. This indicates a mismodelling of the W±+jets background. The

treatment of this mismodelling is described in Chapter 6.

5.3 Machine Learning

A machine learning technique called a Boosted Decision Tree (BDT) [74] is used in the

analysis to increase the sensitivity of the signal sample. A decision tree algorithm consists of

nodes, branches, and leaves. A node represents a condition that evaluates the input features,

and the outcome of the evaluation is split into branches. Each branch provides one outcome

based on the condition from the previous node. A node at the end of the branch, which is

not split further, is called a leaf. Figure 5.4 shows a pictorial representation of a decision

tree. The algorithm begins at the root node with the entire training dataset, which contains

both signal and background events. At each node, it checks the best cut value for each

kinematic variable or feature and the best overall cut that separates signal and background
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(b)

Figure 5.3: Distribution of lepton pT and η in W+jets CR for (a) electron and (b) muon
channel. Uncertainties are statistical only
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events, then divides the data into two branches. The splitting stops when there is no further

reduction in impurity, and the node becomes a leaf. The impurity is described using the

Gini index [75] given by:

Gini = (S +B)P (1− P ) =
SB

S +B
, (5.3)

where P = S/(S + B) is the signal purity and S and B are signal and background events,

respectively. A BDT is an ensemble of these decision trees that combine into a strong

classifier for better signal background separation.

Figure 5.4: Decision Tree Diagram

5.3.1 XGBoost

XGBoost [76], or Extreme Gradient Boosting, is a Python package used to train the BDT.

XGBoost provides several hyperparameters. These are settings that determine an algorithm’s
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learning process. The hyperparameters used in the BDT for this analysis are :

• Learning rate: Shrinks the feature weights after each boosting step to make the learning

process smoother and avoid overfitting.

• Maximum depth: Indicates the maximum number of splits per tree. Increasing this

value can make the model more complex and more likely to overfit.

• L1 and L2 regularization: L1 regularization term (reg alpha) and L2 regularization

term (reg lambda) are added to leaf weights to ensure sparsity and smoothness and

prevent overfitting.

• Subsample: It is the fraction of training events.

• Min child weight: It is the minimum sum of weights needed in a leaf node.

• Gamma: Minimum loss reduction needed to make a split on a leaf node of the tree.

The range of values used for the hyperparameters is given in the Table 5.1.

Hyperparameters Range of Values
learning rate [0.01, 0.02]
max depth [3, 6]
reg alpha (L1) [1, 5]
reg lambda (L2) [0.5, 2]
subsample [0.7, 0.9]
min child weight [3, 10]
gamma [0.1, 0.5]

Table 5.1: Hyperparameter values used for the BDT training.

The BDT is trained using the events in the SR. The training includes events with negative

weights, but the absolute values of the events are taken and rescaled by the total sum of
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weights to the total sum of absolute weights. An additional scale factor is also applied to

make the number of signal and background events equal.

A 5-fold cross-validation technique is used, where the dataset used to train the BDT is

split into five equal parts or folds. Four folds are used for training and one for testing. This

is repeated 5 times, by changing the fold used for testing each time. 85% of the dataset is

used as the training set, and 15% as the testing set. The train set is again split into a 70%

train set and a 15% validation set.

The BDT is evaluated using the area under the ROC (Receiver Operating Characteristic)

curve, known as the AUC (Area Under Curve). The ROC curve is obtained using the True

Positive Rate (TPR) and the False Positive Rate (FPR). By integrating the ROC curve, the

AUC value can be obtained. It is the probability that the BDT score of a randomly selected

signal event has a higher value than that of a randomly selected background event. A higher

AUC value indicates better separation. Typical AUC values and their descriptions are shown

in Table 5.2. The ROC curves of the training and testing set used in the BDT training are

shown in Figure 5.5. An AUC score of 0.84 indicates good/excellent discriminatory ability.

Similar curves for the training and test sets indicate that there is no overfitting.

The variables used in the BDT training and their impact on the AUC value are shown in

Figure 5.6. The relationship between the features and the AUC value is described through

permutation feature importance (PFI) [77]. PFI measures a feature’s contribution to model

accuracy by how much the AUC drops when the feature’s values are permuted. The variables

used in the training are shown in Table 5.3. The BDT output distribution is given in

Figure 5.7.
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AUC Range Interpretation
1.0 Perfect – the model correctly classifies every in-

stance.
0.9 – 1.0 Outstanding / Excellent discriminatory ability.
0.8 – 0.9 Good / Excellent discriminatory ability.
0.7 – 0.8 Acceptable / Fair discriminatory ability.
0.5 – 0.7 Poor discriminatory ability; limited predictive

power.
0.5 No discriminatory ability; performance equals ran-

dom guessing.
< 0.5 Worse than random guessing; model predictions

are systematically incorrect.

Table 5.2: Interpretation of AUC values.

Figure 5.5: The ROC curves of the training and testing dataset
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Figure 5.6: The variables used in BDT and its permutation feature importance

Variable Description
Mbc The invariant mass of the bjet and cjet in the event.
Mbℓ The Invariant mass of the bjet and lepton.
∆ηbc Difference in pseudorapidity between the bjet and

cjet.
met significance Ratio of Emiss

T to its uncertainty.
MWT Transverse mass of the W boson.
∆ηcℓ Difference in pseudorapidity between the cjet and lep-

ton.
∆Rbℓ Angular separation between the b-jet and lepton.

H
bℓ+Emiss

T
T Scalar sum of pT of the bjet, lepton, and Emiss

T .
Emiss

T Missing transverse energy.
HT Scalar sum of the transverse momenta of jets and the

lepton.
cjet pb Flavor tagging output probability
∆Rbc Angular separation between the bjet and cjet.
bjet pu Flavor tagging output probability.
bjet pT Transverse momentum of the bjet
∆ηbℓ Difference in pseudorapidity between the bjet and

lepton.
∆ϕ(c, Emiss

T ) Azimuthal angle difference between the cjet and the
missing transverse energy.

∆E(b, ℓ) Energy difference between the bjet and the lepton.
Mcℓ The Invariant mass of the cjet and lepton.

Table 5.3: Input variables used in the BDT training and their description.
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(b)

Figure 5.7: BDT output distribution in the signal region for (a) electron channel, (b) muon
channel. Uncertainty includes both statistical and systematic.
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5.3.2 BDT validation

The BDT is validated by comparing the data-to-mc ratios of the variables used in the BDT

training in the tt̄ and W+jets CRs to ensure they are well modeled. The plots are shown in

Figure 5.8, Figure 5.9, Figure 5.10 and Figure 5.11 for the tt̄ CR and Figure 5.12, Figure 5.13

Figure 5.14 and Figure 5.14 for the W+jets CR. Reasonable agreement within systematics

is obtained for both the CRs.
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(b)

Figure 5.8: Distribution of Mbℓ in the tt̄ CR for (a) electron channel, (b) muon channel.
Uncertainty includes both statistical and systematic.
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(b)

Figure 5.9: Distribution of MWT in the tt̄ CR for (a) electron channel, (b) muon channel.
Uncertainty includes both statistical and systematic.
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(b)

Figure 5.10: Distribution of met significance in the tt̄ CR for (a) electron channel, (b) muon
channel. Uncertainty includes both statistical and systematic.
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(b)

Figure 5.11: Distribution of Emiss
T in the tt̄ CR for (a) electron channel, (b) muon channel.

Uncertainty includes both statistical and systematic.
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(b)

Figure 5.12: Distribution of ∆ηcℓ in the W±+jets CR for (a) electron channel, (b) muon
channel. Uncertainty includes both statistical and systematic.
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(b)

Figure 5.13: Distribution of MWT in the W±+jets CR for (a) electron channel, (b) muon
channel. Uncertainty includes both statistical and systematic.
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(b)

Figure 5.14: Distribution of met significance in the W±+jets CR for (a) electron channel,
(b) muon channel. Uncertainty includes both statistical and systematic.
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(b)

Figure 5.15: Distribution of Emiss
T in the W±+jets CR for (a) electron channel, (b) muon

channel. Uncertainty includes both statistical and systematic.
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Chapter 6

Fake Background Estimation and Validation

A substantial source of background is introduced in the analysis due to misidentification.

Therefore, non-prompt leptons, also known as fake leptons, are expected to be present in the

analysis. Accurately predicting fake contributions from simulation is challenging. These fake

rates depend on the details of the physics simulation. In non-perturbative regions where the

physics becomes more complex and less predictable, the simulation’s reliability decreases.

Rates are also influenced by material composition and the response of the detector. Hence,

a data-driven technique called the Matrix Method [78] is used to estimate the fake/non-

prompt leptons. TopCPToolKit [79], along with FastFrames [80], is used to generate ntuples

containing information to determine the fake backgrounds.

6.1 Matrix Method

In this technique, the fake and the real efficiencies are used to calculate the fake yield.

The real/prompt leptons and fake/non-prompt leptons are selected using the loose criteria

outlined in Tables 3.1 and 3.2. The probability of real leptons passing the tight selection is

called real efficiency, and the probability of fake leptons passing the tight selection is called

fake efficiency. The real efficiencies are calculated using MC in the region given by:

• exactly one lepton (e, µ) with pT > 27 GeV,

• Emiss
T > 25,
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while the fake efficiencies are calculated using data in the fake-enriched regions, which are

essentially SR and CRs, discussed in Chapter 5. They are selected with the requirement of

Emiss
T < 25 and no MWT cut. The Truth Classification Package [81] is incorporated in the

FastFrame code to identify whether a lepton is prompt or non-prompt.

The number of events containing loose and tight leptons in data can be written using the

equations:

N loose
data = N loose

real +N loose
fake

N tight
data = N tight

real +N tight
fake

(6.1)

The real and fake efficiencies are denoted as εr and εf respectively. The prompt lepton

contribution is subtracted from the tight and loose data samples to obtain the fake efficiency:

εf =
N tight

fake

N loose
fake

=
N tight

data −N tight
prompt, MC

N loose
data −N loose

prompt, MC

(6.2)

εr =
N tight

real

N loose
real

(6.3)

The known values, N tight
data and N loose

data can be related to the unknown values, N loose
real and N loose

fake

using a matrix Mϵ and hence the name, matrix method:

N tight
data

N loose
data

 =

 εr εf

1− εr 1− εf


N loose

real

N loose
fake

 (6.4)

N tight,loose
data = MϵN

loose
real,fake (6.5)
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From equation 6.1, N loose
real can be solved:

N loose
real = N loose

data −N loose
fake

(6.6)

By the inversion of the matrix Mϵ, N
loose
fake can be determined:

N loose
fake =

1

εr − εf

[
(εr − 1)N tight

data + εrN
loose
data

]
(6.7)

Now using equation 6.7 and the fact that:

N tight
fake = εf ·N loose

fake (6.8)

N tight
fake can be obtained by:

N tight
fake =

εf
εr − εf

[
(εr − 1)N tight

data + εrN
loose
data

]
(6.9)

An event weight wfake,i is defined using these efficiencies and applied to each event in a loose

data sample. Therefore:

wfake,i =


εfi

εri − εfi
(εri − 1), if lepton candidate i is tight (N tight

data = 1 and N loose
data = 0)

εfi
εri − εfi

εri, if lepton candidate i is loose (N tight
data = 0 and N loose

data = 1)

(6.10)

where εfi and εri are the values of fake and real efficiencies corresponding to the lepton i.

The results of the loose sample are extrapolated to the tight sample. The total fake yield in
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the tight sample is estimated by:

N tight
fake =

∑
events

wfake,i (6.11)

In this method, each event has its corresponding weight wfake,i and hence histograms

can be filled and binned in any variable of interest. Negative events are expected since εri is

always less than 1, and therefore, when a lepton candidate passes the tight criteria, wfake,i

would be negative, and as a result, summing over all the events, the total fake yield could

be negative in bins of lower statistics. Since the estimated fake yields depend on the real

and fake efficiency values, any change in these values due to binning or limited statistics can

affect the fake yield. The statistical uncertainty of N tight
fake is given by:

σNtight
fake

=

√∑
events

w2
fakes,i (6.12)

The efficiencies are measured in bins of pT and |η|. They are estimated using the number

of tight and loose leptons as described in the equation 6.2. Figure 6.2 shows the number of

leptons in pT and |η| bins for the fake enriched SR for the 2018 data-taking year. Similar

measurements are performed for all regions and all data-taking years. The efficiencies are

calculated separately for each year due to varying pileup conditions. Figure 6.2 shows 2D real

efficiency plots in pT and |η| bins. They are typically in the range 0.8-0.95. Figures 6.3, 6.4,

and 6.5 show the fake efficiencies for SR and CRs for electron and muon channels for the

three data taking periods. These 2D efficiency maps are incorporated with TopCPToolkit,

where the fake weights are calculated and applied to the loose data sample.
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(a)

(b)

Figure 6.1: The number of loose and tight electrons (a) and muons (b) in the SR in the 2018
data-taking year.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 6.2: Real efficiency in the 2015 and 2016 data taking period for electron (a) and
muon channel (d); 2017 for electron (b) and muon channel (e); 2018 for electron (c) and
muon channel (f).
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(a)
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(c)

(d)

(e)

(f)

Figure 6.3: Signal region fake efficiency plots in the 2015 and 2016 data taking period for
electron (a) and muon channel (d); 2017 for electron (b) and muon channel (e); 2018 for
electron (c) and muon channel (f).
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(a)
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(f)

Figure 6.4: tt̄ control region fake efficiency plots in the 2015 and 2016 data taking period
for electron (a) and muon channel (d); 2017 for electron (b) and muon channel (e); 2018 for
electron (c) and muon channel (f).
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 6.5: W+jets control region fake efficiency plots in the 2015 and 2016 data taking
period for electron (a) and muon channel (d); 2017 for electron (b) and muon channel (e);
2018 for electron (c) and muon channel (f).
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6.2 Fake Validation

The fake yield estimate is computed from the loose data sample, and the assumption is made

that it extrapolates correctly to the tight sample in the Emiss
T > 25 region. To validate this

assumption, a closure test is performed by examining the data-to-MC ratio agreement using

the kinematic variable, Emiss
T for the tight sample, in the tt̄ and W+jets control regions for

Emiss
T < 25 and no MWT cut for electron and muon channels.

Figures 6.6 and 6.7 shows the validation plots for tt̄ and W±+jets control regions. From

these plots, it can be seen that the data and MC agree within 5% for both the tt̄ andW±+jets

control regions.

0 5 10 15 20 25

 [GeV]miss
TE

0.75

0.875

1

1.125

 

D
at

a 
/ P

re
d. 0

20

40

60

80

100

310×

E
ve

nt
s

ATLAS Internal
-1 = 13 TeV, 140.1 fbs

top charm
e ttbar CR
Pre-fit

data
c)t+csignal (t
tq

W+jets
tt

Z+jets
tW

Diboson
stop s-ch
rare top

fakes_2b0c2l
Total

Uncertainty

132177.0
418.7

3393.5
5086.5

107525.7
4887.1
3914.4

3.3
325.5

4.3
9072.3

134631.2
 

(a)

0 5 10 15 20 25

 [GeV]miss
TE

0.75

0.875

1

1.125

 

D
at

a 
/ P

re
d. 0

20

40

60

80

100

310×

E
ve

nt
s

ATLAS Internal
-1 = 13 TeV, 140.1 fbs

top charm
mu ttbar CR
Pre-fit

data
c)t+csignal (t
tq

W+jets
tt

Z+jets
tW

Diboson
stop s-ch
rare top

fakes_2b0c2l
Total

Uncertainty

119852.0
411.3

3414.4
5567.9

102340.2
2321.1
3605.5

3.0
328.3

4.0
5345.9

123341.4
 

(b)

Figure 6.6: Fake validation plots in tt̄ control region for (a) electron channel, (b) muon
channel. Uncertainty is statistical only.
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(b)

Figure 6.7: Fake validation plots in W+jets control region for (a) electron channel, (b) muon
channel. Uncertainty is statistical only.
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Chapter 7

Systematic Uncertainties

Systematic uncertainties refer to the inaccuracies that are not directly related to the statis-

tics of the sample. They occur due to theoretical modeling of MC, data-taking conditions,

detector effects, etc. Various sources of systematic uncertainty are taken into account in this

analysis, which can affect both the normalization and the shape of the kinematic distribu-

tions. The effect of any given systematic uncertainty is applied consistently across all signal

and control regions. Up-and-down variations are generated for each systematic and stored

as histograms. They are treated as independent nuisance parameters, and measurements are

done using statistical tools like TRExFitter [82].

7.1 Experimental Systematic Uncertainties

The systematic uncertainties arising from the reconstruction and identification of physics

objects due to detector performance, calibration, and data-taking conditions are referred to

as experimental systematic uncertainties. These include calibration uncertainties, such as

jet energy scale and efficiency uncertainties arising from inaccurate measurements during the

reconstruction and identification of physics objects. The luminosity and trigger uncertainties,

as well as uncertainties related to pileup modeling and flavor tagging, are also taken into

account in this analysis. These are discussed in detail in the following sub-sections.
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7.1.1 Luminosity

The full Run 2 data sample, with an integrated luminosity of 140± 1.2 fb−1 collected from

2015 to 2018, has an uncertainty of 0.83%. The uncertainty is measured using the van der

Meer beam (vdM) [83] separation scans and measurements from the luminosity-sensitive

detector, LUCID-2 [84].

7.1.2 Pileup Reweighing

Additional interactions in proton-proton collisions, known as pileup, are modeled by over-

laying minimum bias events (low-energy collisions) onto the hard scattering events. These

simulated events are then reweighted to match the distribution of the number of proton-

proton interactions per bunch crossing observed in the data. The uncertainty due to pileup

reweighing is estimated by changing the amount of pileup in simulated events to generate

alternative event weights [85], which are used as systematics in the analysis.

7.1.3 Lepton systematic uncertainties

The systematic uncertainties associated with the electron and muon triggers, identification,

isolation, and reconstruction efficiency, as well as the combined muon (CB) momentum

scale (MS) and resolution uncertainty, and the track-to-vertex-association (TTVA) impact-

parameter selection uncertainty for muons, fall under lepton systematic uncertainties.

To correct for the small differences between the lepton trigger, identification, isolation,

and reconstruction efficiency in the real data compared to the simulation, event-by-event

scale factors are applied to simulated events, affecting both yield and shape. These scale fac-
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tors are calculated using the tag-and-probe method. In this method, a well-known process,

such as Z → l+l−, is considered, where one lepton is considered a tag that passes the strict

selection criteria and the other a probe. The mass of the tag and probe pair should fall inside

a specified window around the Z-mass peak. By subtracting the background, efficiencies can

be measured in both data and MC. The ratio of these efficiencies provides the scale factor.

The uncertainties associated with this are propagated to the variables used in the analysis.

The uncertainty due to the energy or momentum scale is calculated by varying the correc-

tion factors applied to the simulated events by their uncertainties. Similarly, uncertainty due

to energy or momentum resolution is evaluated by varying the amount of smearing applied

to the simulated events according to their uncertainties [86].

7.1.4 Jet systematic uncertainties

The main systematic uncertainties associated with jets are the jet energy scale (JES) and

the jet energy resolution (JER) uncertainties. The measurement of the jet energy scale and

resolution is provided in the reference [87].

The full JES uncertainty consists of 125 individual terms or nuisance parameters derived

from data-driven calibrations, pile-up effects, flavor dependence, etc. These parameters cover

the effects of MC modeling issues, analysis selection cuts, event topology, and physics object

uncertainties.

A smearing procedure is performed to ensure that the resolution of the jet energy scale

in MC matches that in data. This procedure is done in the regions of jet pT of MC, where

the resolution in data is larger than in MC. The MC sample is smeared until its average
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resolution matches that of the data. In regions with lower data resolution, no smearing is

performed. The JER uncertainties are propagated in the analysis by smearing jets depending

on a Gaussian function with width σsmear.

7.1.5 Flavor tagging uncertainties

Flavor tagging is explained in detail in section 3.5.1. As mentioned in the section 3.5.1,

the latest flavor tagging algorithm used by ATLAS is GN2. The calibration of the b-tagging

efficiency of GN2 is performed using a sample enriched in tt̄ di-leptonic decay events. Jets are

divided into 6 PCBT bins (pseudo-continuous bins of the GN2 discriminant) with b-tagging

probability. The b-tagging probabilities are obtained via a maximum-likelihood approach,

along with the determination of the jet flavor composition using different control regions.

The scale factor is then defined in each PCBT bin and jet pT bin. Systematic uncertainties

are determined by the variation in MC that results in a shift in scale factors [88].

7.1.6 Missing transverse energy systematic uncertainties

The systematic uncertainties associated with Emiss
T depend on the composition of the hard

terms and on the magnitude of the corresponding soft term (refer to section 3.6). The un-

certainties due to hard terms are affected by the systematic uncertainty of the reconstructed

physics object, which propagates to Emiss
T . In the case of the soft term, it is estimated by

comparing data to MC for a well-known process such as Z → l+l−, where Emiss
T is expected

to be negligible. This expectation does not hold due to experimental inefficiencies. By ex-

amining the contribution of the soft term to the total Emiss
T in the simulation compared to
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the data, the difference contributes to the systematic uncertainties [89].

7.2 Theoretical Systematic Uncertainties

Theoretical systematic uncertainties arise from the theoretical modeling of the physics pro-

cess, such as assumptions or approximations made during event generation and cross-section

calculation. Common sources of these theoretical uncertainties are:

• PDF variations: Different PDF sets, such as NNPDF and PDF4LHC [90] variations,

are chosen, which leads to a change in event yield and is taken as the uncertainty.

• Renormalization (µR) and Factorization (µF ) scales: These are usually varied by factors

of 0.5 and 2 with respect to the nominal to estimate the uncertainty. Different combina-

tions of µR and µF are considered, say, µR, µF = (0.5, 0.5), (0.5, 1.0), (1.0, 0.5), (1.0, 2.0),

(2.0, 1.0), (2.0, 2.0) and the envelope of these variations results in the scale uncertainty.

• Initial state radiation (ISR): αS is varied for ISR in the A14 tune using weights Var3cUp

and Var3cDown to estimate the uncertainty.

Alternative samples of tt̄ and W±+jets are also used as systematic uncertainty to provide

shape variation to the respective samples. For tt̄, four alternative samples are considered

by varying the Powheg hard-emission damping scale, hdamp, and the shower veto parameter

(pThard), and using the recoil-to-top scheme and Herwig7 [91] for the parton shower. For

W+jets, alternate samples are generated using MadGraph. Furthermore, an additional

shape variation is applied to the W+jets sample to account for the mis-modeling observed

as discussed in Chapter 5.

81



7.3 Fake Systematic Uncertainties

This section provides an overview of the systematic uncertainties associated with fakes. One

of the main sources of uncertainty is the Emiss
T bias, introduced by the Emiss

T cut. Since

there are underlying jets around fake leptons, they can affect both Emiss
T and pT . Hence,

fake efficiency depends on Emiss
T . Therefore, fake efficiency is calculated in the Emiss

T region

between 15 and 25 using the matrix method mentioned in Chapter 6 and the sample obtained

is used as a systematic variation to nominal fake yield.

The fake efficiency can also depend on the d0 cut, as it can alter the composition of fakes.

Hence, the efficiencies are calculated with different d0 cuts: 2 and 4 for muons (the default

value is 3), and 4 and 6 for electrons (the default value is 5). The fake samples obtained are

thus used as systematic uncertainty to the nominal.

Estimation of fakes involves fake efficiency calculation where prompt lepton contributions

are subtracted from data as described in Chapter 6. MC modeling of prompt leptons is not

perfect, so there can be inaccuracies in the fake yield estimation. Hence, a flat systematic

uncertainty can be applied to cover the possible inaccuracy.

7.4 Treatment of Systematic Uncertainties

Symmetrization: Systematic uncertainties are treated as nuisance parameters during the

fit procedure. There is a Gaussian constraint/prior term added to each of the systematics

given by:

π(θi) =
1√
2π

e−
1
2
θ2i , (7.1)
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where θ is the nuisance parameter. The nominal is set to be at the mean of the Gaussian dis-

tribution, and the systematic uncertainties are implemented as ±1σ variations. Since the un-

certainties are not always symmetric, symmetrization is implemented. Symmetrization meth-

ods used in this analysis are ONESIDED and TWOSIDED symmetrization. ONESIDED

symmetrization is used when only one variation is provided; say the up variation and the

down variation will be added as a mirrored version. In TWOSIDED symmetrization, (up-

down)/2 variation is calculated bin-by-bin and is used as up variation and then mirrored to

down variation.

Smoothing: Smoothing is applied to the systematic uncertainties to reduce statistical fluc-

tuations that can cause variations in shape that are not physical. For the analysis, a smooth-

ing option of 40 [92] is set to treat the systematic uncertainty as correlated with the nominal.

Pruning: Pruning is used to remove systematic uncertainties which has a negligible effect

on the result. The threshold for pruning for this analysis is 0.5%.
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Chapter 8

Statistical Analysis and Results

The cross-sectional measurement of the single top + charm can be evaluated using the signal

strength µ given by:

µ =
σmeasured

σtheory
, (8.1)

where, σtheory is the SM or theory cross section and σmeasured is the measured cross section.

A simultaneously binned likelihood fit is performed on the BDT distribution in the SR and

the Emiss
T distribution in the CRs to determine signal strength. The data in the signal region

remain blinded for the analysis until it is fully finalized and validated, as per the ATLAS

recommendation to avoid potential bias. At the same time, data in the CRs are already

unblinded for the analysis and help in background modeling and validation. The fitting

procedure is done using the TRExFitter framework.

8.1 The Likelihood function

Consider a set of variables in a data sample, x1, x2, x3, ...xn. They are distributed according

to a probability distribution function (pdf), f(x, θ), where θ describes external or nuisance

parameters represented by systematic uncertainties. It is assumed that each measurement

is independent and hence the probability of the dataset, x1, x2, x3....xn is the product of
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individual probabilities and this product is called the likelihood function L(θ) [93], given by:

L(θ) = P (x1, x2, . . . , xn | θ) =
n∏

i=1

f(xi; θ) (8.2)

The likelihood [94] is defined as the probability of observing n events of a dataset, given

the expected number of signal and background events. For a histogram with N bins, the

expected number of events in the ith bin can be written as:

E[ni] = µsi + bi, (8.3)

where si is the number of signal events and bi is the number of background events in the ith

bin, with:

si = stot

∫
bin i

fs(x; θs) dx, (8.4)

bi = btot

∫
bin i

fb(x; θb) dx, (8.5)

where stot and btot are the total expected signal and background events, fs(x; θs) and fb(x; θb)

are the pdfs of the variable x for signal and background events and θs and θb represent the

nuisance parameters. The parameter of interest (POI) µ determines the strength of the

signal, and µ = 0 corresponds to the background-only hypothesis and µ = 1 corresponds to

the signal+background hypothesis.

Additional measurements in the CR with mainly background events can also be made to

constrain the nuisance parameters. For this, consider a histogram with M bins with a set

of values m = (m1,m2,m3, ...mn) corresponding to the number of events in each of the M
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bins. The expectation value of mi is given by:

E[mi] = ui(θ), (8.6)

where ui is a calculable quantity and it depends on θ. The likelihood function is thus the

product of Poisson probabilities for all the bins and is given by:

L(µ, θ) =
N∏
j=1

(µsj + bj)
nj

nj!
e−(µsj+bj)

M∏
k=1

umk
k

mk!
e−uk . (8.7)

The profile likelihood ratio is defined to test a hypothesized value of µ, given by:

λ(µ) =
L(µ, ˆ̂θ)
L(µ̂, θ̂)

, (8.8)

The numerator describes the likelihood when µ is fixed and the nuisance parameter θ is

varied to maximize L. The denominator describes the maximum likelihood when µ and θ

can vary freely. From the equation 8.8, it can be seen that 0 ≤ λ ≤ 1 with λ ≈ 1 shows good

agreement between data and the hypothesized value of µ. As the basis of a statistical test,

a test statistic tµ can be defined:

tµ = −2 lnλ(µ) (8.9)

Higher values of tµ indicate disagreement between data and µ. To evaluate the level of

disagreement, the p value can be computed as follows:

pµ =

∫ ∞

tµ,obs

f(tµ | µ) dtµ, (8.10)
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where tµ,obs is the test statistic value observed from data, and f(tµ | µ) is the pdf of tµ at µ.

The µ values are rejected if the p value is below a certain threshold α (usually 0.05). This

can happen in two ways: if the estimated signal strength µ̂ is found to be greater or less

than the hypothesized value µ.

An alternative test statistic t̃µ is defined for µ ≥ 0. A special case of this alternative

test statistic is used to test µ = 0, where it is assumed that µ ≥ 0. Rejecting µ = 0, a

background-only hypothesis leads to the discovery of a new signal. In this case, t̃µ = q0 and

q0 =


−2 lnλ(0), µ̂ ≥ 0,

0, µ̂ < 0,

(8.11)

where λ(0) is the profile likelihood ratio for µ = 0. The p value is thus given by:

p0 =

∫ ∞

tq0,obs

f(q0 | 0) dq0, (8.12)

where f(q0 | 0) is the pdf of q0 under background only hypothesis. The significance can be

derived from the p value, and it is given by:

Z = Φ−1(1− p0), (8.13)

where Φ is the cumulative distribution of the standard (zero mean, unit variance) Gaussian.

The significance threshold for discovery is 5σ with p0 value 2.87 × 10−7 and evidence is 3σ

with p0 value 1.35× 10−3.
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8.2 Expected Results

A binned likelihood fit is performed simultaneously on the SR and CRs. Since the data

in the CR is blinded, a pseudo-data set called Asimov data is used in the SR. Any data

set for which the parameter estimators provide the true values is called an Asimov data

set [95]. The expected results are obtained using mixed data and MC fit. In this technique,

a background-only fit is performed in the CR using real data. This initial fit gives a set

of fitted values for all nuisance parameters (or at least for all the nuisance parameters that

affect the background prediction in the control regions). The next step involves using these

fitted nuisance-parameter values to construct modified pseudo-data in the SR, where the real

data is not used. Finally, the fit is performed on this mixed data set, where real data are

used in the CRs and modified pseudo-data in the SR.

The fit includes free-floating parameters, known as normalization factors (NFs), for the

dominant backgrounds, tt̄ and W±+jets, as well as nuisance parameters associated with

the systematic uncertainties. The post-fit values of these parameters are extrapolated to

all analysis regions, including the validation regions. The validation regions are not used

in the fitting procedure, but they are used to validate the results. The per-bin statistical

uncertainties known as the γ parameters are also included. They are uncorrelated between

regions and bins.

A pull plot is used to assess the nuisance parameter θ after the fitting procedure. A pull

is defined as θ̂−θ0
∆θ

, where θ̂ is the post-fit value of the uncertainty, θ0 is the nominal or pre-fit

value, and ∆θ is the pre-fit uncertainty. A pull of ±1 means a 1σ shift from nominal. A
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pull near zero indicates that the data is consistent with the prediction, and it is considered

significant if it exceeds 1σ. A significant pull might point to mis-modeling. The uncertainty

on the nuisance parameters also provides important information about how they are treated

in a fit. A nuisance parameter is constrained if post-fit uncertainty is << 1. The constraint

arises because the data contain sufficient information to reduce the post-fit uncertainty.

For example, if the prior on the nuisance parameter is 15% during the fit, and the data

indicate that the uncertainty is 3% rather than 15%, the post-fit uncertainty decreases, and

a constrained pull plot is obtained. The pull plots of the various nuisance parameters used

in the fitting procedure are shown in Figures 8.1, 8.2, 8.3, 8.4, 8.5, 8.6, 8.7, 8.8, and 8.9.
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Figure 8.1: Datadriven Nuisance Parameters
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Figure 8.2: Energy Scale and Resolution Nuisance Parameters
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Figure 8.3: Leptons Nuisance Parameters
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Figure 8.4: Pileup and Luminosity Nuisance Parameters
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Figure 8.5: tt̄ and W±+jets shape variation Nuisance Parameters
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Figure 8.6: Flavor Tagging Nuisance Parameters

90



2− 1− 0 1 2
θ∆)/0θ-θ(

JER_NP1
JER_NP10
JER_NP11
JER_NP2
JER_NP3
JER_NP4
JER_NP5
JER_NP6
JER_NP7
JER_NP8
JER_NP9
JET_BJES
JET_Detector1
JET_EtaIntercalibration_Modelling
JET_EtaIntercalibration_NonClosure_PreRec
JET_EtaIntercalibration_TotalStat
JET_Flavor_Composition
JET_Flavor_Response
JET_InSitu_NonClosure_PreRec
JET_JER_10_PseudoData
JET_JER_11_PseudoData
JET_JER_12restTerm
JET_JER_12restTerm_PseudoData
JET_JER_1_PseudoData
JET_JER_2_PseudoData
JET_JER_3_PseudoData
JET_JER_4_PseudoData
JET_JER_5_PseudoData
JET_JER_6_PseudoData
JET_JER_7_PseudoData
JET_JER_8_PseudoData
JET_JER_9_PseudoData
JET_JER_DataVsMC_MC16
JET_JER_DataVsMC_MC16_PseudoData
JET_JER_Noise_PreRec
JET_JER_Noise_PreRec_PseudoData
JET_JESUnc_Noise_PreRec
JET_JESUnc_VertexingAlg_PreRec
JET_Mixed1
JET_Mixed2
JET_Mixed3
JET_Modelling1
JET_Modelling2
JET_Modelling3
JET_NNJvtEfficiency
JET_Pileup_OffsetMu
JET_Pileup_OffsetNPV
JET_Pileup_PtTerm
JET_Pileup_RhoTopology
JET_PunchThrough_MC16
JET_Statistical2
JET_Statistical4
JET_Statistical5

ATLAS Internal Jets

Figure 8.7: Jets Nuisance Parameters
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Figure 8.8: Emiss
T Nuisance Parameters
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Figure 8.9: Theoretical modeling Nuisance Parameters

From the pull plots, it can be seen that there are no significant pulls and all are within 1σ.

Meanwhile, a few nuisance parameters are constrained, MUON TRIG SYS, the systematic

uncertainty associated with muon trigger efficiency, as shown in Figure 8.3, altWjets, the

systematic uncertainty associated with the W±+jets shape as shown in Figure 8.5, and

Gen vjets scale muR, the systematic uncertainty associated with the renormalization scales

for V+jets as shown in Figure 8.9. This is because the data has enough information to

reduce the post-fit uncertainty of these nuisance parameters. A similar plot is also made for

the γ parameters associated with the MC statistical uncertainties shown in Figure 8.10. All

of the γ parameters are centered around one with smaller error bars and are consistent with

the data.
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Figure 8.10: The post-fit γ factors.
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The expected best fit value of signal strength for this analysis, µtc, is obtained using the

binned BDT output distribution in the SR and Emiss
T distribution in the CRs. The post-fit

normalization factors for the tt̄ and W±+jets, as well as the expected signal strength, are

shown in Figure 8.11. The best fit value of µtc is 1, since we use the Asimov data in the

signal region. The error or the uncertainty on µtc determines how well we can measure the

single top + charm under the signal+background hypothesis. In this fit, µ can be measured

with an expected uncertainty of 6%, indicating a high sensitivity to the signal process.

Figure 8.11: The post fit normalization factors for tt̄ and W±+jets and expected signal
strength µtc with error.

The shape variation applied to theW±+jets samples has been doubled because of possible

mis-modeling in theW±+jets samples as mentioned in Chapter 7. Figure 8.12 shows how the

constraint changes when you triple the shape variation ofW±+jets. The pull decreased, and

the constraint increased. It has also been observed that there is less than 0.01% difference

between the µtc uncertainty because of these changes. Similarly, as discussed in Chapter 7,

by varying the flat overall systematic uncertainty that can be applied to fakes, say from 40%

to 0%, the percentage difference between uncertainty on µtc is only less than 0.5%.
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Figure 8.12: Change in constraint in the W±+jets shape variation pull plots (a) doubled
(total error on µtc, 0.0616621) (b) tripled (total error on µtc, 0.616541)

The impact [96] of a given nuisance parameter on µtc is estimated using the covariance

matrix. The impact I is defined as:

I =
σtotal
a Ca,n

σn
, (8.14)

where σtotal
a is the total uncertainty on the POI a, in this analysis, µtc, Ca,n is the correlation

between µtc and the nuisance parameter and σn is the uncertainty on the nuisance parameter.

Table 8.1 shows the impact of several uncertainty categories on the POI:

• TOT ERROR is the total uncertainty on the POI.

• SYST ERROR is the combined uncertainty of all the nuisance parameters.

• MCSTAT ERROR represents the MC statistical uncertainty, the γ parameters.

• TOTSYST ERROR is the total systematic uncertainty, which is SYST ERROR and

MCSTAT ERROR added in quadrature.

• STAT ERROR is the statistical uncertainty obtained by subtracting TOTSYST ERROR

from TOT ERROR in quadrature.
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• NF ERROR is the uncertainty from all NormFactors.

• STAT ERR NO NF is calculated by subtracting NF ERROR from STAT ERROR.

The systematic and MC statistical uncertainties appear to have equal impact on µtc, with

negligible effect from the normalization factor uncertainty. The fit is not limited by statistical

or systematic uncertainties since they contribute almost equally. The impacts of different

sources of systematic uncertainties on the POI are also given in Table 8.2. The flavor tagging

systematic uncertainties have the most impact on µtc. This is expected because SR and CRs

are defined based on the number of flavor-tagged jets. The breakdown of the impact of

systematic and statistical errors is shown in the ranking plot in Figure 8.13, which displays

the top 15 parameters. The plot includes flavor-tagging uncertainties, jet uncertainties, and

the theoretical uncertainty associated with FSR, which are the top 3 sources of systematic

uncertainty affecting µtc.

Uncertainty Type

TOT ERROR 0.0616621

STAT ERROR 0.0350251

SYST ERROR 0.0431865

MCSTAT ERROR 0.0266529

TOTSYST ERROR 0.050749

STAT ERR NO NF 0.0350139

NF ERROR 0.000882806

Table 8.1: Impact of different uncertainties on the POI
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Systematic Source

DataDriven 0.000703107

EW correction 0.00126708

Energy scale res 0.00120528

FSR 0.0199307

Flavor tagging 0.021266

ISR var 0.00220934

Jets 0.0164367

Leptons 0.00179372

Luminosity 0.00939129

Emiss
T 0.00906983

PDF var 0.0134216

Pileup 0.0145924

Scale var 0.0116952

ttbar shape 0.00560131

wjets shape 0.00144824

Table 8.2: Impact of several systematic uncertainties on the POI
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Figure 8.13: Impact of top 15 parameters on the POI
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Figure 8.14, 8.15, 8.16 shows the pre-fit and post-fit plots for all the SR and CRs

in both the electron and muon channels. The normalization factors of tt̄ and W±+jets

from Figure 8.11 are very close to unity, which shows good agreement between data and

MC predictions. The uncertainties on both the normalization factors are small, indicating

that the control region constraints it well. Additionally low χ2/ndf values in CR post-fit

plots suggest good consistency between data and MC. The best fit parameter values are

extrapolated to the tt̄ and W±+jets validation regions. The tt̄ validation region contains

events with exactly one lepton (e, µ) with pT > 27 GeV, two b-tagged jets and one c-tagged

jet with pT > 20 GeV, zero light jets, Emiss
T > 25 GeV and MWT > 40 GeV. The W±+jets

validation region contains events with exactly one lepton (e, µ) with pT > 27 GeV, one c-

tagged jet, and two light jet with pT > 20 GeV, zero b-tagged jets, Emiss
T > 25 GeV, and

MWT > 40 GeV. The validation plots are shown in Figure 8.17 and Figure 8.18. The first

few bins of the tt̄ validation region are blinded because they contain significant signal events.

The χ2 probability value of theW±+jets validation region indicates good agreement between

data and MC.

Thus, the analysis presented in this thesis provides the first expected observation of

a single top with an associated charm, with an expected uncertainty of 6% on the signal

strength parameter µtc. This indicates a high sensitivity to the measurement of the process

once the SR is unblinded. The expected significance, calculated to quantify sensitivity,

exceeds 17 and is well above the 5σ discovery threshold.
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Figure 8.14: (a) Pre-fit and (b) post-fit BDT distribution in signal region
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(b)

Figure 8.15: (a) Pre-fit and (b) post-fit distribution of Emiss
T in tt̄ control region
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(b)

Figure 8.16: (a) Pre-fit and (b) post-fit distribution of Emiss
T in W±+jets control region
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(b)

Figure 8.17: (a) Pre-fit and (b) post-fit distribution of Emiss
T in tt̄ validation region
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(b)

Figure 8.18: (a) Pre-fit and (b) post-fit distribution of Emiss
T in W±+jets validation region
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Chapter 9

Conclusion

This thesis presents an analysis that leads to the first observation of the single top quark

with an associated charm quark. The data used for the analysis are recorded by the ATLAS

detector at the LHC using proton-proton collisions at a center-of-mass energy of 13 TeV,

with a full integrated luminosity of 140.1fb−1 during the 2015-2018 data-taking period.

The analysis is performed by defining a SR with events consisting of exactly one lepton

(e, µ) with pT > 27 GeV, zero light jets, one b-tagged jet and one c-tagged jet with pT > 20

GeV, Emiss
T > 25 andMWT > 40 GeV and two CRs dominated by tt̄ andW±+jets samples.

A BDT was trained and used in the SR region to increase the sensitivity of the mea-

surement. A binned likelihood fit is performed simultaneously on the SR and CRs using the

BDT distribution in the SR and Emiss
T distribution in the CRs.

The expected uncertainty on the POI, µtc is measured to be 6%. The expected signifi-

cance is more than 17, which is well above the 5σ discovery threshold. These results indicate

a very high sensitivity to the measurement of the single top quark with an associated charm

quark upon unblinding the SR, after approval from the ATLAS collaboration. This precision

measurement can lead to beyond the standard model searches in the same final state, which

are studied in a different thesis.
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