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Abstract

This thesis presents experimental studies of the top quark within the ATLAS
experiment at the Large Hadron Collider (LHC). The top quark, with its mass of
172.5 GeV, is the heaviest known elementary particle and possesses unique properties:
it has the strongest coupling to the Higgs boson among all SM particles and decays
before hadronization, allowing its study as an almost free quark.

Two complementary physics analyses are presented in this thesis. First, the
measurement of the single top quark production cross section in the t-channel at a
centre-of-mass energy of /s = 5.02 TeV, using pp collision data corresponding to
an integrated luminosity of 255 pb™! is detailed. After event selections a Boosted
Decision Tree is employed for signal-to-background discrimination, and a Profile
Likelihood fit is used to extract the total t-channel cross-section, the individual top-
and antitop-quark production cross-sections, and their ratio. The ¢-channel single
top quark process is observed for the first time at /s = 5.02 TeV with a signif-
icance of 6.1¢. The inclusive cross-section for the t-channel single-top production
is measured to be o(tq + tq) = 27.1777 (stat.) T35 (syst.) pb, while the individ-
ual cross-sections are measured to be o(tq) = 19.873{ (stat.) T29 (syst.) pb and
o(tq) = 7.3753% (stat.) T35 (syst.) pb respectively. The ratio between top- and
antitop-quark production is found to be R, = 2.7370 45 (stat.) 7095 (syst.). All
measurements are in good agreement with the Standard Model (SM) predictions.

Second, a search for new heavy resonances decaying to top-antitop quark pairs
is conducted using the full Run 2 dataset, consisting of 140 fb~! if pp collisions at
Vs = 13 TeV. The analysis targets three specific Beyond the Standard Model scenar-
ios: a leptophobic Z’ boson from Top-colour-assisted technicolour, and two variants
of Randall-Sundrum models predicting Kaluza-Klein excitations of the graviton and
gluon. The search is performed in the semileptonic decay channel, targeting both re-
solved and boosted topologies, implementing a specialized overlap-removal technique
to enhance the sensitivity at high invariant masses. No significant deviation from the
SM prediction is observed. Exclusion limits are set on the production cross-section
times branching ratio for the considered signal models, obtaining a higher sensitivity
in the extracted limits with respect to the previous ATLAS and CMS searches in the
same decay channel.

The thesis also includes technical contributions to the ATLAS collaboration com-
bined performance effort, focusing on electron identification in environments with
nearby hadronic jets. This study examines the electron identification process and
its efficiencies in challenging scenarios where electron showers overlap with jet con-
stituents. This work contributes to the development of current and especially future
physics analyses in the ATLAS collaboration.
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Introduction

The Standard Model (SM) of particle physics is the most successful framework for
describing the fundamental constituents of matter and their interactions. Particle
colliders over the past few decades, in particular since the beginning of the Large
Hadron Collider (LHC) programme, have been able to provide numerous experi-
mental evidence of its validity. Despite its predictive power, several theoretical and
experimental observations suggest it may be an incomplete description of Nature,
and possible new solutions are being searched outside of this model, through the
investigation of Beyond the Standard Model (BSM) physics. The top quark, as the
heaviest known elementary particle with a mass of 172.5 GeV [1], plays a unique role
in this context.

The top quark has some unique characteristics that make it particularly inter-
esting to study: thanks to its large mass, it has the strongest coupling to the Higgs
boson field among all fermions, and it decays before the hadronization process be-
gins, with its width of I'; = 1.42%}%. GeV [1]. It is therefore the only quark that
can be experimentally studied almost as a free particle. Its large mass, close to the
electroweak symmetry breaking scale, makes it particularly sensitive to potential new
physics phenomena and provides a sensitive probe for BSM theories. In particular,
new physics could introduce additional top-quark production or decay mechanisms.
Various new physics models predicting different kinds of new particles decaying to tt
have been proposed over the years, with some of them still keeping their relevance.

This thesis presents two complementary experimental investigations involving top
quarks conducted within the ATLAS collaboration [2] at the Large Hadron Collider
(LHC) [3]: one is a SM measurement of single top quark production in the ¢-channel
at a centre-of-mass energy of /s = 5.02 TeV with a dataset of pp collisions collected
by the ATLAS experiment corresponding to an integrated luminosity L = 255 pb™?,
while the other is a search for new physics, specifically looking for possible new heavy
resonances decaying into top-antitop-quark pairs using the full dataset collected be-
tween 2015 and 2018 at /s = 13 TeV with an integrated luminosity of L = 140 fb™1.

Single top quark production, first observed at the Tevatron pp collider in 2009 |4,
5], provides a unique window into electroweak interactions and allows direct mea-
surement of the CKM matrix element |Vj|. The ¢-channel production mechanism
is particularly interesting as it probes the b-quark content of the proton. The mea-
surement discussed in this thesis at /s = 5.02 TeV represents the first observation
of this process at this specific energy, despite the limited integrated luminosity of
L = 255 pb~!. Events with one electron or muon in the final state and exactly two
hadronic jets, with exactly one containing a b-hadron decay are selected. To enhance
the signal-over-background ratio the so-called spectator jets (the one not containing
the b-hadron decay) are selected in the pseudo-rapidity range of 1.5 < |n| < 4.0. Fur-
ther selections on the separation among final state products and on the reconstructed
W-boson and t-quark candidates are also used to suppress background contributions.
A boosted Decision Tree (BDT) is applied to better separate signal from background
events, and its output is used to perform a Profile Likelihood Fit. The total ¢-channel



cross-section, the top-quark and antitop-quark ¢-channel cross-sections and their ra-
tio are extracted. The results are compared with values predicted by different Parton
Distribution Functions sets and the results have been recently published [6].

The search for heavy resonances decaying to tt pairs is one of the fundamental
ways to discover new physics. Among the large set of BSM theories predicting
new heavy particles that couple preferentially to top quarks, in this thesis, three
models are specifically tested belonging to two macro classes: top-colour-assisted
technicolour and Randall-Sundrum (RS) theories of warped extra dimensions. To the
first class belongs a specific model predicting a Leptophobic Z’ spin-1 colour singlet
new boson [7]. Concerning the second class (RS), two models have been tested: a
model predicting a Kaluza-Klein (KK) excitation of the graviton corresponding to a
spin-2 colour singlet [§], while in the other case a model that creates KK excitations
of the gluon, which predicts a spin-1 colour octet [9].

This search for heavy spin-1 and -2 resonances decaying into a top-antitop quark
pair is performed in the semileptonic decay channel of ¢t¢. The full Run-2 dataset of
140 fb~! of pp collision data is used, extending the sensitivity compared to previous
ATLAS results in the same decay channel [10]. Final states are selected with exactly
one electron or muon, large missing transverse energy and at least one hadronic
jet containing a b-hadron decay. The analysis considers both resolved and boosted
topologies, to optimize the selections and reconstruction techniques for the distinct
experimental signatures that arise when the top quarks are produced with different
kinematic properties. A special overlap-removal technique is used for the selection
of reconstructed physics objects that overlap with each other. This technique is
used here to increase the statistics of reconstructed events where the top and antitop
quarks are highly boosted, enhancing the sensitivity of the search at high invariant
masses of the reconstructed ¢t system. A profile likelihood fit is performed in the
hypothesis of SM only and no significant deviations are observed. Exclusion limits are
then set on the production cross-section times branching ratio for the BSM models
considered.

The work discussed in this thesis also contributes to technical aspects related to
performance studies of reconstructed object identification in the ATLAS detector.
In Appendix [A] a comprehensive study of electron identification efficiencies in envi-
ronments with nearby jets, including the challenging regime where electron showers
overlap with jet constituents is given. This contribution has been performed for
current and especially future development of physics analyses in the ATLAS collab-
oration.

The structure of the thesis is the following: Chapter [I] establishes the theoreti-
cal framework of the SM with particular attention to the physics of the top quark.
The experimental setup of the ATLAS experiment at the LHC is discussed in Chap-
ter [2| while Chapter [3] details the analysis techniques which have been used in the
two physics analyses presented in this work, including physics object reconstruction
methodologies, Monte Carlo generators and data-driven process estimation. Chap-
ters 4| and [5| present the two main analyses: the single top ¢-channel cross-section
measurement at /s = 5.02 TeV is discussed in Chapter 4, and Chapter [5 describes
the search for ¢f resonances at /s = 13 TeV.



Chapter 1

Standard Model and Top Quark
Physics

1.1 The Standard Model

The Standard Model (SM) of particle physics defines the fundamental particles and
their interactions within a gauge quantum structure. Originally formulated in the
1960s by Sheldon Glashow, Steven Weinberg, and Abdus Salam, the model has
evolved significantly over the decades. The SM treats particles as field excitations
that interact through three primary forces: electromagnetic, weak, and strong forces,
complemented by the Higgs mechanism, which acts similarly to a fourth force. An
enormous number of measurements have validated this theory, which is tested daily
at the Large Hadron Collider (LHC)[3].

This section introduces the SM, focusing on features relevant to this thesis and
highlighting the crucial role of the top quark.

1.1.1 Particles and their Interactions

The SM is a quantum field theory, based on a set of fields corresponding to the known
fermions and on the gauge symmetries SU(3). x SU(2);, x U(1)y. Fundamental or
elementary particles, i.e. those with no internal structure (listed in Figure , are
classified into two main types based on their spin properties: fermions, possessing
half-integer spins and following Fermi-Dirac statistics rules, and bosons, which have
integer spins and obey to Bose-Einstein statistics.

Fermions are categorized into two primary groups according to the forces they
interact with. Quarks undergo interactions mediated by strong, electromagnetic,
and weak forces. In contrast, leptons do not interact via the strong force. There
are six distinct quark flavours organized into three generations with increasing mass:
(u,d), (c,s), and (t,b). Each quark is paired with an anti-quark, with the same
mass but opposite quantum numbers. Each generation consists of two quarks: one
carrying a +2/3 e charge (up-type) and the other a -1/3e charge. Additionally,
quarks are assigned one of three colour quantum numbers (red, blue, or green) and
they form hadrons (composite particles) to maintain colour neutrality. Hadrons
are grouped into two types: mesons, consisting of a quark and an anti-quark, and
baryons, made up of three quarks. Similarly, leptons are structured into three gen-
erations, each including a negatively charged particle (e, u, 7) and the corresponding
neutrino (Ve, Vmu, Viau), @ neutrally charged and light particle that interacts solely
through the weak force. As for quarks, each lepton also has its antiparticle. Fermions
are categorized into two primary groups according to the forces they interact with.
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Figure 1.1: Diagram showing fundamental particles of the SM.

Quarks undergo interactions mediated by strong, electromagnetic, and weak forces.
In contrast, leptons do not interact via the strong force. There are six distinct quark
flavours organized into three generations with increasing mass: (u,d), (c,s), and (t,b).
Each quark is paired with an anti-quark, with the same mass but opposite quantum
numbers. Each generation consists of two quarks: one carrying a +2/3 e charge (up-
type) and the other a -1/3e charge (down-type). Additionally, quarks are assigned
one of three colour quantum numbers (red, blue, or green) and they form hadrons
(composite particles) to maintain colour neutrality. Hadrons are grouped into two
types: mesons, consisting of a quark and an anti-quark, and baryons, made up of
three quarks. Similarly, leptons are structured into three generations, each including
a negatively charged particle (e, 1, 7) and the corresponding neutrino (ve, Vmu, Viau)s
a neutrally charged and light particle that interacts solely through the weak force.
As for quarks, each lepton also has its antiparticle.

Among bosons, there are vector bosons with spin 1 and scalar bosons with spin
0. Vector bosons, also referred to as gauge bosons, act as carriers of the three
fundamental forces defined by the SM. The strong force is mediated by eight gluons
(g9), that have no mass and each one carries a colour and anti-colour charge. The
weak force is carried by massive particles: two charged bosons W and one neutral
boson Z. The electromagnetic force is transmitted by the mass-less photon (7).
The Higgs boson, the sole elementary scalar boson within the SM, emerges from the
spontaneous breaking of the electroweak symmetry through the Higgs mechanism.

1.1.2 The Electroweak Lagrangian and the Higgs Mechanism

The electromagnetic (EM) theory and the weak interaction are combined together in
the electroweak (EW) theory [11] as two manifestations of one interaction, which is
based on the group SU(2)r x U(1)y. The SU(2)[, is the weak isospin group, a non-
abelian group with the corresponding three gauge fields W£:1,2,3' The U(1)y is the
weak hyper-charge group, an abelian group, with the corresponding gauge field B,,.
Fermion spinors 1 consist of right-handed (RH) and left-handed (LH) components,
defined as:



Yn=5(1+77) v(@) and Y =50- Y 6@ (1)

where 7% is proportional to the four Dirac matrices. The weak (V — A) interaction
only couples to LH particles and RH antiparticles, therefore parity is not conserved
in weak interactions. Fermions can be LH doublets with weak isospin I = %, or RH
singlets with I = 0; as an instance the first leptonic generation is

<2ﬂ,63 (1.2)

The EM interaction can be seen as a subgroup of the EW group, thus the EM
generator can be written as the linear combination of the EW generator:

Q:%+§. (1.3)

where T5 is the third of the three weak isospin group generators T = %5’ proportional
to the Pauli matrices (0;); while % is the weak hyper-charge group generator. The
SU(2)r, x U(1)y gauge group would imply the existence of four massless gauge
bosons: two charged physical gauge bosons W¥, and two neutral ones v and Z.
However, three of these bosons (W*, Z) are observed to be massive. To account for
these masses, the Higgs mechanism is employed, which initiates EW spontaneous
symmetry breaking.

The SU(2)r x U(1)y local gauge symmetry can undergo the spontaneous sym-
metry breaking mechanism, proposed by Higgs, Englert and Brout [12] [I3] by con-
sidering the Higgs Lagrangian:

EHiggs = (Du(b)T(DMQS) - V(¢) (14)

with ¢ as a weak isospin doublet of two complex scalar fields, and the covariant
derivative D, = 0, + ing . Wu + ig'Y/2B,,. In the covariant derivative gy is
the coupling strength for the weak force of the SU(2) group, while ¢’ the coupling
strength for the electromagnetic force of the U(1) symmetry group. The first term
of LHiggs is the kinematic part, while the second term V' (¢) = %/ﬂqﬁ% + %)\(dﬂgb)Z is
the potential. The shape of V(¢) depends on the signs of A and p? (real constants).
The sign of u? can be negative, in which case the potential has a set of degenerate
minima (the "vacuum states") ¢f¢ = v*/2 = —#*/2x. The local minimum is no longer
unique and thus leads to the spontaneous symmetry breaking (SSB). To keep the
photon mass equal to zero, the expectation value in the vacuum needs to be non-zero
only for the first component of the field (which takes the value %, with v &~ 246

GeV). Expanding the field around the minimum it can be written as:

_ 1 [ di(x) +iga(z)
o) =7 ( () +z‘¢4<x>> ' (15)

The field can now be written in the unitary gauge as:

o) = ¢1§ (v +(;L<m)> 0

here h(z) is a scalar field. Writing the field in this way, the kinematic term in
Equation [1.4] introduces mass terms for the three gauge bosons:

1
M = 9w and my = %y/g%v + g (1.7)

10



The Yukawa Lagrangian takes into account the interaction of the Higgs field with
fermions:

~Lyu =Y THQ)(io2)¢ uh + T Qod)y + TV pefy + [hc]  (18)
ij

here h.c. stands for hermitian conjugate of all the previous terms, @2 and fLL are
the leptons and quarks LH doublets, u}, d}, and e}, are the RH leptons and quarks
singlets, FZ de BTe the 3 x 3 complex Yukawa matrices, ¢ is the Higgs doublet. If we
now consider a Higgs doublet as in[I.6]in the Yukawa Lagrangian, the SSB mechanism
makes the mass terms for fermions appear as:

_9rv
V2

where y are the Yukawa couplings, that can be obtained diagonalizing the I' matri-
ces. These constants set not only the mass of the fermion but also its coupling to
the Higgs boson. The top quark is the fermion with the largest mass as well as the
strongest coupling to the Higgs boson, with y; ~ 1.

In the SM neutrinos are assumed to be massless. Anyway it is possible to give
them masses with a mechanism similar to that of other fermions. Experiments show
that neutrinos should have tiny masses compared to other fermions, suggesting that
a different mechanism might be responsible for their masses.

The complex I" matrices in the Yukawa Lagrangian (see eq. [1.8)) do not need to be
diagonal, and therefore allow different fermion generations to mix among themselves.
The Cabibbo-Kobayashi-Maskawa (CKM) matrix is a 3 x 3 unitary matrix that
describes the mixing between the weak eigenstates of the negatively charged quarks
(d’, s, b’) and the corresponding mass eigenstates (d, s, b):

(1.9)

mf

d/ Vud Vus Vub d
S =Vea Ves Va s (1.10)
b Via Vis Vi b

The CKM matrix coefficients shown in equation[I.10]are the coupling strengths of the
W boson with the physical up- and down-type quarks, which create flavour-changing
charged currents. The diagonal matrix elements are experimentally found to be close
to unity. In particular, the World average value for Vjy, is |Vy| = 1.010 £ 0.027[1].
As a consequence the top quark almost always couples to the bottom quark, both in
production and in decay.

1.1.3 Quantum Chromodynamics

Quantum Chromodynamics (QCD)[I4] is a gauge theory based on the SU(3). group,
with the three colour charges r, g and b. It regulates the strong interactions between
partons (quarks and gluons) via the non-Abelian SU(3). group. The interaction
mediators are eight massless gluons which each carry a colour and an anti-colour
charge. The QCD Lagrangian can be written as composed of three parts:

ﬁQCD I,Cg-f-ﬁq—}-ﬁmt (1.11)

here the first term L5 = —iFjﬁ F 0‘33 is the kinetic part for the gluon field, with Fjﬂ =
aaAi—GﬁAi—i-gszBcA%Ag, where A’ are the eight gluons (4, ..., H =1, ...,8) and
fapc is the structure constant of the SU(3). group. The second term of equation

11



is the kinetic term for the massive quark fields £, = Ea(zﬁ#éabﬁf‘ — Mabap)p
here v, is the quark field in the fundamental representation (a,b = 1,2,3). Finally,
the last term of equation [I.11] contains the interaction among quarks and gluons
Lint = =1, (gs7" (V) ap AR )1y, here t4 = %)\A are the group generators proportional
to the Gell-Mann matrices.

The strong coupling constant g, varies with the energy scale of the interaction
(Q?), decreasing at higher momentum transfers and increasing at lower ones. As a
consequence of the running of the strong coupling constant, the QCD theory can
be divided into two main regimes: the low distance one, where the theory of the
strong force can be interpreted as a perturbative theory, referred to as perturbative
QCD, and the large distance case, where gs becomes large and its effects cannot be
treated in perturbation theory anymore, the strong QCD regime. The running of
the g5 coupling can also be interpreted through its two main effects: the so-called
asymptotic freedom allows quarks to act nearly as free particles at small distances.
On the other hand, at large distances quarks are bound together in colourless states.
This phenomenon is referred to as colour confinement: attempting to separate quarks
makes a new quark-antiquark pair with opposite colour charges appear from the
vacuum, forming new bound states. Quarks cannot be found isolated, while they
exist in colourless bound states called hadrons, which can be made of a quark and
an antiquark (mesons) or of three quarks (baryons). An important experimental
consequence of this colour confinement effect is that quarks in high-energy particle
interactions are seen as collimated streams of hadrons, referred to as jets. The
properties of a jet, including its energy and direction, reflect those of the originating
quark. The process through which the quark evolves into a jet is called fragmentation.
It can be divided into a first phase, the parton shower, in which QCD effects can
be described using perturbative QCD, and a second one, where strong QCD acts,
forming new hadrons, the so-called hadronization.

High-energy proton collisions can be described through parton interactions weighted
by the Parton Distribution Functions (PDFs). The PDF f./,(#/Q?) describes the
probability density that the parton a in the proton A carries a fraction of the total
proton momentum x = P«/p,. These PDFs depend on the specific hadron (proton,
neutron or heavier nuclei), while they are independent of the hard process between
hadrons. They can not be calculated analytically but must be extracted from fits
on various experimental data sets of different processes like deep inelastic scattering,
Drell-Yann events and jet production.

1.2 Top quark physics

The existence of the top quark was suggested after the discovery of the bottom
quark b, its weak isospin counterpart in 1977. It was then discovered in 1995 by the
CDF and D@ experiments using pp collision data at the energy in the centre-of-mass
Vs = 1.8 TeV at the Fermilab Tevatron collider [I5, [16]. After that, in 2010 both
the ATLAS and CMS collaborations measured the top-quark pair production using
pp collision data at /s =7 TeV at the Large Hadron Collider (LHC) [17, [I§].

The work of this thesis focuses on the top quark, from different points of view.
The interest in studying physics processes related to such particle is inspired by its
unique characteristics: it is an up-type quark with an electric charge of +2/3; it is the
heaviest known fundamental particle, with a mass of 172.574+0.29 GeV [I]; it has the
strongest coupling among all SM particles to the Higgs boson, as a consequence of its
heavy mass; it decays before the hadronization process begins, thanks to its width
Iy = 1.42%8% . GeV [1], and it is therefore the only quark that can be observed almost
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as a free particle. As explained in Section the top quark almost always decays
into a W boson and b-quark. This property can be used as a clear experimental
signature to identify top quark events based on its decay products.

The large mass of the top quark significantly influences the electroweak symmetry
breaking process, making it a sensitive probe for physics beyond the Standard Model
(BSM). For instance, new physics could introduce additional top-quark production
or decay mechanisms. Various extensions of the Standard Model propose particles
that strongly couple to the top quark, aiming to address unresolved puzzles such as
the substantial gap between the scales of electroweak interactions, typically around

100 GeV, and gravitational interactions at the Planck scale, which is approximately
1019 Gev.

1.2.1 Top quark production

The top quark can be produced at hadron colliders, such as the LHC, in two main
ways: via strong interaction as top-antitop pairs (¢t), and via electroweak interaction
as a single top or antitop quark.

Top quark pair (¢f) production is the main production mode of top quarks
at hadron colliders. At leading order (LO) in perturbation theory there are two
distinct sub-processes: quark-antiquark (¢g) annihilation and gluon-gluon (gg) fusion
(their respective Feynman diagrams are illustrated in Figure and Near the
kinematic production threshold, ¢ annihilation predominates when the incoming
quarks are valence quarks, as in pp collisions at the Tevatron. Differently, at higher
energies gg fusion becomes the dominant mechanism, both for pp and pp collisions,
accounting for approximately 80% of the ¢t cross-section at the LHC’s center-of-mass
energy /s = 13 TeV. Next-to-leading order (NLO) [19], and Next-to-next leading
order (NNLO) QCD computations |20} 21] incorporate associated quark production,
gluon bremsstrahlung, and virtual adjustments to the LO processes. The calculation
at NNLO order has been refined with Next-to-next-leading logarithm (NNLL) [22]
computations, which systematically add higher order corrections coming from soft
gluon radiation. Currently, computations at NNLO precision in perturbative QCD,
NNLL soft-gluon resummation mentioned above are implemented in the Top+-+2.0
programm [23] to calculate the SM ¢t cross-section.

1 t g t g ¢ g £
J g
t \
q t g t 9 t g t
Figure 1.2: LO Feyn. dia- Figure 1.3: LO Feynman diagrams for the top quark
gram for ¢t via ¢ annihilation  pair production via gluon-gluon fusion process

Single top quark production is mediated by the electroweak interaction in the
SM, and it involves a Wtb vertex. It has first been observed in 2009 at the Tevatron [4]
5]. Relative to tt production, the signal from single top-quark production is quite
small and challenging to distinguish from background processes (such as top-quark
pair production itself) often resulting in less precise cross-section measurements.
Despite being mediated by the weak interaction, the production cross-section of a
single top-quark is within an order of magnitude of t¢ production. This relative
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abundance comes from the proton composition, richer in bottom quarks and gluons
at the lower energy necessary for producing a single top quark (= 200 GeV) versus
two of them (/= 400 GeV) [24]. Accurate single top-quark cross-section measurements
are sensitive to new physics affecting the production or decay vertices [25]. In the SM
the single top-quark production cross-section is directly proportional to the square
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix element V. At the LHC single
top quark can be produced via three main modes:

e t-channel production, that involves a W boson being exchanged between a
light-quark line and a heavy-quark line, and is the primary method for gener-
ating single top quarks at the LHC;

e s-channel production, that is the production and then decay of an off-shell W
boson, and it has a minor contribution to single top quark production at the
LHC;

e (W mode (or W-associated production), is the production in the final state
of a top quark (antiquark) and of a W boson.

The main Feynman diagrams for these three production modes are shown in Figure
Accurate determinations of the cross-sections for the three production modes can

¢ 7y t g t

(2) (b) (c)

Figure 1.4: Representative diagrams for electroweak single top-quark production in
the (a) t-channel, (b) W-associated production (tW) and (c) s-channel.

significantly influence PDF constraints. The three channels complement each other
and tt production. For instance, the t-channel and tW cross-sections are sensitive to
the b-quark PDF and at the same time are anti-correlated to the W- and Z-boson
production cross-sections. Meanwhile, the s-channel can be used as a control process,
being non-sensitive to the b-quark PDF but correlated to the W/Z production cross-
section.

As for tt production, NNLO predictions are available for the ¢-channel single top
production cross-section [26] and have been computed with MCFM program [27].
The tW production cross-section is available for the sum of top and anti-top quarks
production and was computed at NLO in QCD with the addition of third-order
corrections of soft-gluon resummation at NNLL [28]. Predictions at NLO have been
calculated for the s-channel production mode [29)], including NNLL corrections [30].

1.2.2 Top quark decay

Top quark decay can be categorized based on the final-state particle types. Despite
the top quark (antiquark) decaying almost 100% of the time into a W~ (W) boson
and a b quark (antiquark), the W boson can have different final states after the
decay. In 1/3 of the occasions the W is decaying to a charged lepton and a neutrino,
while 2/3 of the times it decays to a quark-antiquark pair. Top quark decays with a b
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quark, a charged lepton and a neutrino in the final state are called leptonic decays,
while decays where a b quark plus a quark-antiquark pair are found in the final state
are referred to as hadronic. When the W boson decays into a charged lepton and
neutrino, each of the three generations of leptons has the same probability, while
when it decays hadronically the probability of decaying to a certain quark depends
on the CKM matrix element values, and therefore decays to b quarks are suppressed
as |Vip| = (41.1 £ 1.2) - 1073,

Top quark pair events are usually divided into three categories based on the decay
mode:

e dileptonic (or fully leptonic) decays, in case both top and anti-top decay lepton-
ically. It has a probability of ~ 1/9; and it has in the final state two leptons of
opposite charge, a neutrino and an anti-neutrino, a b quark and a b anti-quark;

e semileptonic decays, that have only one of the two tops decaying leptonically.
The probability is of ~ 4/9, and the final state is composed of one charged
lepton, one neutrino, a quark—anti-quark pair, a b quark and a b anti-quark;

e fully hadronic decays, in which case both top and anti-top decay to quark-
antiquark pairs. This decay mode has a probability of ~ 4/9, and two quark—antiquark
pairs, a b quark and a b antiquark are found in the final state.

1.3 Beyond the Standard Model

Currently, the Standard Model (SM) stands as the most precise framework for de-
scribing the experimental phenomenology observed in particle physics. Its predictions
have been validated with remarkable precision over recent decades through experi-
ments at particle colliders. Nevertheless, the SM fails to account for certain physical
phenomena, underlying its limitations as a comprehensive theory of particle physics.
Consequently, ongoing research in particle physics is directed toward looking for ev-
idence of phenomena that lie Beyond the Standard Model (BSM). Here are listed
some of the major open items, that the SM is not able to fully explain:

o Matter-antimatter asymmetry: despite the SM prediction of an equal amount
of matter and antimatter in our Universe, we observe a great unbalance be-
tween the two. Present cosmological models suggest that in the early Universe,
particles, antiparticles and radiation were in continuous interaction via particle
creation and annihilation. As the Universe expanded, a critical temperature
was reached and particle creation in thermal equilibrium stopped. Accord-
ing to the SM, if particles were produced in equal quantities of matter and
antimatter, the complete annihilation of matter with antimatter would be ex-
pected, resulting solely in the release of energy. Numerous theories attempting
to explain this phenomenon exist, but the problem still remains unsolved.

e Dark matter (DM): there are several experimental observations, such that
galaxy rotation curve [31], gravitational lensing observations [32] and preci-
sion measurements of the cosmic microwave background (CMB) anisotropies
[33], that indicates the existence of DM. By dark matter we mean a type
of matter that interacts gravitationally but not electromagnetically, which is
not included in the SM. Dark matter candidates have been theorized, such as
Weakly Interacting Massive Particles (WIMPs), supersymmetric particles, and
primordial black holes but no experimental evidence has yet been found.
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e Gravity: this interaction, despite being fundamental in the world we live in, is
not part of the SM. Theoretically, gravity should have a corresponding parti-
cle carrier, often referred to as the graviton, like the other three fundamental
interactions. Currently, the scientific community is intensively pursuing a the-
ory that would merge General Relativity with Quantum Field Theory, some
examples are approaches with non-local or loop quantum gravity models [34]
and theories like supergravity [35]. There is anyway no model, unifying SM
and general relativity that can be tested with current experiments, and the
problem stays open.

Another issue which affects every attempt to create new BSM models is the Hi-
erarchy problem. Particle masses in the SM depend on the energy scale considered
and undergo loop corrections. A lot of fine-tuning is needed to maintain the exper-
imental value of the Higgs boson mass in the SM theory at the energy explored in
modern particle experiments. Such high-precision fine-tuning is difficult to justify
from a theoretical point of view and it is often described as "unnatural".

At this point in time, it is evident that the SM is a great framework, describing
extremely well fundamental particle interactions, and its predictions have been ver-
ified by hundreds of measurements performed at the LHC. On the other hand, it is
also evident that it cannot be a complete theory that describes the whole fundamen-
tal particle world. For this reason, we continue to test SM predictions, as well as to
look for new phenomena predicted by BSM, seeking any deviation in data from the
SM that would give us a hint to understand new physics. Such a program can be
exploited in two main ways:

e Precision measurement of SM processes, which test the SM predictions over
a vast range of energies and can take into account the possible contribution of
new physics effects to those SM processes. The presence of new physics would
therefore be seen as significant deviations from the SM predictions in certain
sensitive observables.

e Direct search for new particles predicted by new physics models in not-yet-
explored regions of the parameter phase-space. One of the most common ways
to search for new particles is to look for resonances in the invariant mass
spectrum of a system of final state particles. As the position of the peak is
directly related to the mass of the produced new particle, a localized excess
in data over the SM prediction would allow to immediately characterize the
signal.

In the next Section, some specific new physics models that can be tested at the
LHC through direct searches are discussed. In particular new particles decaying to
a top quark pair are discussed, as they are the theoretical background to the search
for new physics presented in Chapter

1.3.1 Heavy resonances decaying to a top quark pair

The relevance of the top quark in the search for new physics, and in particular the
search of heavy resonances decaying to a top quark pair, was already discussed in
Section There exist various new physics models predicting different kinds of new
particles decaying to tt, among which a set of them considers s-channel resonances.
Three specific new particles that can be created according to these kinds of models
are detailed in the following:
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e Spin-1 colour singlet, electrically neutral vector boson, usually referred to
as Z', predicted by top-colour-assisted Technicolor models [36], as well as other
BSM theories. In particular, one of these models, referred to as Leptophobic
Non-Standard Topcolor Z' (Model IV) in [7], predicts a Z’ mainly produced
by ¢q annihilation that decays into first and third-generation quarks. In the
model, f; and fy are free parameters related to the coupling of the Z’ to the
up-type and down-type quark, while the parameter cot(6f) controls the width
and the production cross-section. In the analysis detailed in Chapter [5| the
parameters are fixed f; = 1 and f» = 0 to maximize the branching fraction of
the heavy boson to t¢, which reaches 33%. The parameter cot(6y) is tuned for
each mass value considered so that the width of the resonance is 1% of its mass.
This model has negligible interference with the SM ¢t production process.

e Spin-2 colour singlet, predicted in models that consider extra dimensions
of space, which cause Kaluza-Klein (KK) excitations of the graviton like the
so-called Randall-Sundrum (RS) models [37]. A model often considered is
a RS one with a single warped extra dimension that has one warped extra
dimension where the SM fields are in the bulk [8]. The RS bulk graviton is
usually indicated as G . For the dimensionless coupling of the KK gravitons
to the SM fields, 87TMLPI (here k is the curvature of the warped extra dimension
and Mpy is the Planck mass) values ~ 1 are favoured. Choosing the value 1
for this parameter the main production mode is gluon-gluon fusion, and in the
mass range between 0.4 TeV and 3 TeV, the width stays between 3 and 6%.
The branching ratio to t¢ is around 18% at the mass of 400 GeV and it increases
rapidly up to 68% at 1 TeV, where it becomes more stable.

e Spin-1 colour octet, predicted in models with extra dimensions of space
which creates KK excitations of the gluon [9]. In an RS model with a single
warped extra dimension, the KK excitation called g, is mainly produced
via ¢q annihilation. The couplings of the model can take different values. The
values chosen in the study described in Chapter [5] are for the strong coupling of
the KK gluon to the SM gluon g, = —0.2g, (here g5 is the SM gluon coupling),
and the left-handed (LH) coupling to the top quark g1, + = gs, and then optimize
the right-handed (RH) one gr; so that the width of the resonance is ~ 30%.

In figure [I.5] the most relevant s-channel production Feynman diagram at Leading
Order (LO) is shown for each of the three new physics particles described.

JKK

(a) (b) (©)

Figure 1.5: Main LO s-channel production diagram at for a Z’ boson in (a), a KK
graviton in (b) and a KK gluon in (c).
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Chapter 2

ATLAS at the Large Hadron
Collider

Recent advancements in high-energy physics have driven the need for experiments op-
erating at higher energies and producing larger datasets to achieve greater precision.
At the CERN accelerator complex, the Large Hadron Collider (LHC) accelerates
proton and heavy-ion beams to relativistic speeds, reaching a centre-of-mass energy
of up to /s = 13.6 TeV, allowing the study of fundamental constituents of matter
at energy scales never investigated before. This chapter introduces the LHC and the
ATLAS detector in detail, while a brief introduction to their upgrades is given.

2.1 The Large Hadron Collider (LHC) and High Lumi-
nosity LHC

The Large Hadron Collider (LHC), the world’s largest particle collider [3], is located
in the Geneva region, between France and Switzerland. Its underground tunnel, 100
meters below the surface, spans a circumference of 27.6 km and was previously occu-
pied by the Large Electron-Positron (LEP) Collider. The LHC started its operation
in 2010, leading after just two years to the discovery of the Higgs boson [38] [39].
Most of the time the LHC accelerates two counter-rotating proton beams, achieving
a peak instantaneous luminosity of a few ~ 2-103*cm?s™!. It can also accelerate
heavy-ion (Pb) beams up to /s = 5.5 TeV. The underground tunnel contains a com-
plex system of superconducting magnets cooled with super-fluid helium, generating
magnetic fields of 8 T required to bend the beams into their circular shape and to
keep them focused. The LHC operates as the last stage of the CERN accelerator
complex, accelerating the beams to their highest reachable energies and colliding
them in four experimental points, as depicted in Figure [2.1]

Figure shows the four main experiments located in the LHC tunnel: ATLAS,
CMS, ALICE, and LHCb, situated at the collision points of the beams. ATLAS (A
Toroidal LHC ApparatuS) [2] is a multi-purpose detector aimed at exploring a broad
range of phenomena in pp collisions, to both precisely measure SM processes and
to search for BSM physics. The CMS (Compact Muon Solenoid) experiment [41]
has a similar purpose as ATLAS, but the detector utilizes different technologies and
materials, and is slightly smaller. ALICE (A Large Ion Collider Experiment) [42]
primarily focuses on analysing heavy ion collisions, to study strong interactions under
high energy density conditions. It also analyzes pp collisions to provide baseline data
for heavy-ion studies. LHCb (Large Hadron Collider beauty) [43] is dedicated to
heavy-flavour physics, particularly studying hadrons containing bottom and charm

18



LHC
GIF++

ALICE 2016 | LHCb

SPS
| 1976 7 km) |

T2

HiRadMat

G N
—— o
|
T ISOLDE
TT2¢ firesa)]
= o/ P R e
>— IRRAD/CHARM
—— | 2015 |

PS

“
\ LINAC 2

<

LEIR
/.

LHC Large Hadron Collider  SPS S

AWAKE Advanced WA

Figure 2.1: Schematic view of the CERN accelerator complex[40].

quarks and probing new potential sources of CP violation.

2.1.1 The LHC operations

The LHC operations are periodically interrupted every few years to perform upgrades
to both the collider machine and the experiments. It first collided proton beams
between 2009 and 2013 in the so-called Run 1 at energies in the centre-of-mass of
Vs =7 and 8 TeV, it then restarted operations in Run 2 between 2015 and 2018 at
/s = 13 TeV, and it started the Run 3 in 2022, which is still ongoing, running at
an energy in the centre-of-mass /s = 13.6 TeV.

Apart from the collision energy, the so-called luminosity is a key parameter to
characterize the performance of a particle collider. A high luminosity is essential
to perform precision SM measurements and to search for rare BSM processes. The
instantaneous luminosity of a particles collider is defined as L = 1/6dN/at, where o
is the process cross-section and 4N/dt is the event rate per second. For two colliding
beams with a Gaussian profile, this luminosity is expressed by equation

_ NN f Ny

L
drooy

(2.1)
here N7 and Ny are the particle counts in each bunch, N, is the number of bunches,
f is the collision rate, and o, and o, are the linear dimensions of the bunches. The
bunches have approximately 1.2 — 1.4- 10" protons each and are spaced 25 ns apart,
corresponding to a frequency of 40 MHz. The LHC is designed to contain 2808
bunches. The integrated luminosity [ L is defined as the instantaneous luminosity
collected over a period of time.

While certainly beneficial for the physics programme of a particle collider, high
luminosity levels produce an important experimental complication, commonly re-
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ferred to as pile-up. This phenomenon is related to the high number of interacting
particles in each bunch crossing. This causes multiple inelastic scattering events
other than the main one to be studied. In the ATLAS experiment the average pile-
up level registered during the so-called Run 1, quantified by (u), defined here as the
average number of collisions per bunch crossing, ranged between 9 and 21. During
Run 2 values 13 << p >< 38 have been registered further increasing in the course
of Run 8 until reaching around 60 interactions per bunch crossing with the current
LHC conditions.

2.1.2 The High-Luminosity LHC

The LHC is currently the most powerful particle collider in the World and it will
remain so for at least another decade. It represents one of the most sophisticated
machines ever built by men and holds great scientific potential. This is why already
in 2006 CERN priority was to "fully exploit the physics potential of the LHC" [44] and
it was later confirmed repeatedly in the European Strategy for particle physics. As
a consequence in 2010, CERN created the High Luminosity LHC (HL-LHC) project,
which was later approved by the CERN Council between 2013 and 2014 [45].

The main goals of the HL-LHC project are to upgrade and optimize the LHC
machine so that it will be able to reach a peak luminosity of 5-10%* cm™2s~! and
an integrated luminosity of 250 fb~! per year with the goal of collecting a total
luminosity of 3000 fb~!. The increase in instantaneous luminosity comes with an
increase in pile-up, which is expected to reach < p >~ 140 — 200. A schematic
timeline of the LHC and HL-LHC upgrade is shown in Figure 2.2 The physics
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Figure 2.2: LHC/HL-LHC plan and schedule as in 2022 [46].

program at the LHC, currently running at /s = 13.6 TeV, has been giving us a
broader picture of physics at the TeV scale, which continues to be updated. Some
of the fundamental inputs to better understand the future of the energy-frontier
physics are extremely precise SM measurements, in particular in the context of the
recently discovered Higgs boson and its self-interaction, and searches for new physics,
especially for extremely rare new processes. Such findings can only be fully achieved
with the luminosity collected with the HL-LHC program. On the other hand, the
numbers associated with the upgraded characteristics of the HL-LHC pose important
challenges to all the experiments along the ring. Various upgrades to the four main
experiments are foreseen in the next years, especially during the long shutdown of
the LHC before the start of the HL-LHC operation. These upgrades are needed
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both to have detectors resistant to the new challenging physics environment (i.e. the
increased radiation produced by the colliding beams), as well as to fully exploit the
physics possibilities of the HL-LHC program.

2.2 The ATLAS Detector and its Upgrade

Out of the four main experiments at the LHC, the ATLAS detector is the biggest one
with a height of 25 m and a length of 44 m. It is centred around the beam interaction

point with a cylindrical structure that covers almost the full solid angle, as shown in
Figure ATLAS (like CMS) is a general-purpose detector, that looks at a great

25m

Tile calorimeters
‘ L LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker

Figure 2.3: The ATLAS detector [2].

variety of SM and BSM processes. In order to study them properly with collision
produced by the LHC, several requirements are needed by the experiment: high
detector granularity, high-level calorimeters (both electromagnetic and hadronic),
precise muon identification, fast electronics, resistance to radiation, as well as an
efficient and fast trigger system.

In the ATLAS experiment, a standard coordinate system is defined, which is
an orthonormal right-handed one. The origin is at the beam interaction point, the
z axis is parallel to the beam direction, the x axis is perpendicular to the beam,
pointing towards the centre of the LHC, and the y axis points upwards. The plane
x — y plane, transverse to the beam direction, is commonly defined as the transverse
plane.

Particles measured in the ATLAS detector can be described as a function of a
few variables:

e azimuthal angles, defined as the angle in the transverse plane (x — y);
e the polar angle § measured in the z — x plane;

e the pseudo-rapidity n = —In(9/2), which is Lorentz-boost invariant for massless
particles;
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e the angular distance between two particles can be described as AR = \/An? + A¢2.

The ATLAS detector is an ensemble of various subdetector systems, which are

all made up of two main sections: a cylindrical one, along the beam axis, and the
so-called endcaps, that close the cylinder perpendicularly to the beam axis. Closest
to the beam pipe the Inner Detector (ID) is essential for charged particle trajectory
reconstruction. Around it, there are two calorimeter systems: the closer to the
beam pipe is the electromagnetic (EM) calorimeter, used to reconstruct electrons
and photons and to measure their energy, while the outer one is the hadronic (HAD)
calorimeter, necessary to stop and measure the energy of hadrons. The outermost
subdetector is the Muon Spectrometer (MS), used to precisely identify muons, the
only charged particles to reach this layer of the detector. Two magnet systems are
part of the ATLAS detector: the smallest one is a solenoid, that is placed between
the ID and the EM calorimeter, generating a field of 2 T'; the second one is a complex
system of 8 magnets, placed outside the MS, creating a toroidal magnetic field.

For this complex machine to work effectively and collect useful data for physics

studies, a big team of ATLAS scientists takes care of its operation, together with
engineers and technicians. The main part of this work is carried out at Point 1,
one of the LHC beam interaction points, where the ATLAS experiment is located.
A fundamental system, needed to collect meaningful data from the physics research
point of view is the ATLAS trigger system. It is needed to drastically reduce the
enormous rate of data generated by collisions and only record the interesting ones.

In the next sections, the various ATLAS subsystems are presented.

2.2.1 The Inner Detector

The ID is composed of three parts: the Pixel detector, the SemiConductor Tracker
(SCT), and the Transition Radiation Tracker (TRT), as shown in Figure The
total length of the whole ID cylinder is 6.2 m with a radius of 1.15m. It is fundamental
for charged particle identification through track reconstruction, and it is designed to

a(pr)

have a momentum resolution of Sy = 0.05% pr. It can measure with high precision
the direction, the pr and the sign of charged particles emerging from the interaction
region, allowing the primary and secondary vertex reconstruction. The ID covers the
full ¢ angle and the pseudo-rapidity region up to |n| < 2.5.

Pixel Detector

Placed around the beryllium beam piped, the Pixel detector is made of silicon pixels,
most of which are 50 x 400 pm? in size and 250 pum thick. At the core of each pixel
is a reverse-biased p-n junction connected to a readout channel, capable of detecting
charged particles passing through it. The interaction of a charged particle with this
sensible region generates multiple electron-hole pairs, which produce an electrical
signal as they move toward their respective electrodes. Pixels are grouped together
in modules, which are arranged in three layers in the barrel and three layers for each
of the two end-caps. The three barrel layers are placed at radii of 50, 89 and 123
nm, while for each side the three end-cap disks are placed between |z| = 495 mm
and 650 mm away from the centre.

In between Run 1 and Run 2, during what is called the Long Shutdown 1 (LS1),

another layer was added, to face the increase in luminosity. It is called "Insertable
B Layer" (IBL) and reaches an intrinsic resolution of 10 um in the x — y plane and
66.5 pm in the z plane. The integration of this system into ATLAS enhances track
and vertex reconstruction efficiencies, in particular boosting the efficiency of b-hadron
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Figure 2.4: Schematic view of the different layers of the Inner Detector.

associated jets. On average, with the inclusion of the IBL, the Pixel detector records
four hits per track, both in Monte Carlo (MC) simulation and in observed data [47].

SemiConductor Tracker

This second part of the ID is made of silicon micro-strips with a pitch of 80 pm,
grouped in modules. It is made of four layers in the barrel with radii in between
R =299 mm and 514 mm, while there are nine disks for each end-cap at a distance
from the centre between ~ 0.9 m and ~ 2.7 m. In the barrel, the strips are aligned
parallel to the beam axis, with a uniform pitch of 80 um. In the end-caps, the
strips are oriented radially and have a variable pitch. Particles coming from the
beam-interaction region create typically four space points in the SCT.

The Pixel detector and the SCT are refrigerated and maintained at a temperature
of —7°C. The cooling is necessary to reduce the radiation damage on the silicon.

Transition Radiation Tracker

The TRT is a gaseous detector made of drift tubes alternated with transition radi-
ation material. The straw tubes are 144 cm (37 cm) long in the barrel (end-cap)
region, and they have a radius of 2 mm. The gas used is a mixture in Run 2 of 70%
Xe, 27% COg and 3%0s3, and an over-pressure between 5 and 10 mbar. Each tube
has a wire (the anode) with a potential difference with respect to the straw shell (the
cathode). They collect ions created by particles passing through the gas. The TRT
has a spatial resolution of 130 um for particles with |n| < 2 and delivers an almost
continuous tracking, with approximately 36 hits per track.

This part of the detector also enables particle identification by using tubes inter-
spersed with layers of polypropylene fibres and foils. As a charged particle crosses the
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boundary between materials with differing refractive indices, it emits X-ray radiation
proportionally to its relativistic factor. With two threshold levels set by the discrim-
inator, the TRT can distinguish electrons from hadrons by comparing the ratio of
high threshold hits to total hits. This sub-detector operates at room temperature
and is therefore insulated.

2.2.2 The Calorimeters

The ATLAS calorimeter system gives information on the energy and position of par-
ticles. It is composed of two types of calorimeters: the Liquid Argon (LAr) calorime-
ter and the Tile calorimeter. The structure of this system can be divided into three
parts: the Electromagnetic Calorimeter (ECAL), the Hadronic Calorimeter (HCAL)
and the Forward Calorimeter (FCAL), as shown in Figure All calorimeters are
sampling ones, with different active and passive materials. They are structured so
that particles create showers while passing through them: a particle interacting with
a layer of passive material creates a cascade of energetic particles that are detected
by the following layer, made of active material, and each of these secondary parti-
cles creates a new particle cascade when encountering the next passive layer. The
calorimeter system covers a range of pseudo-rapidity up to |n| < 4.9 and contains all
electromagnetic and hadronic showers.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

LAr electromagnetic
barrel

Figure 2.5: Schematic view of the ATLAS Calorimeter System [2].

ECAL

The electromagnetic calorimeter’s main purpose is the precision measurements of
the energy of electrons and photons, and it is composed of the barrel part and the
end-caps. It is designed with an accordion geometry to have full coverage in the
azimuthal angle ¢ and a fast extraction of the signal. Liquid Argon (Ar) is the
active material used, while Lead is the passive material. Particles with typical LHC
energies interact with the ECAL mainly via bremsstrahlung and electron-positron
pair production. These kinds of interaction are characterized by the radiation length
Xy. Therefore for the ECAL to contain the full EM shower of electrons and photons
must have a large radiation length.
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The barrel calorimeter is made of two half-barrels which goes to pseudo-rapidity
up to |n| < 1.475. The two halves are separated in the transverse plane by 4 mm and
each of them is divided into 16 modules. The thickness of a single module varies from
22 Xp at n = 0 to 33 X at |n| = 1.3. Each end-cap is divided into two wheels, that
cover between 1.375 < |n| < 3.2. The inner wheel is thick between 26 X, and 36 Xj,
while the outer one is between 24 X and 38 X;. The barrel has an inner diameter of
2.8 m and an outer of 4 m, while the end-caps have an inner radius of 0.3 m and an
outer of 2 m. The region between the barrel and the end-caps, with pseudo-rapidity
1.37 < |n| < 1.52, is referred to as EM crack region and is characterized by worse
performance due to the passive material in front of it.

HCAL

The hadronic calorimeter, together with the forward one, has as its main purpose
the reconstruction of hadronic jets, the measurement of their energy, and the deter-
mination of the missing transverse energy (E’Tmss)ﬂ The HCAL is divided into the
barrel, which is a Tile calorimeter, and the end-caps (Hadronic End-cap Calorimeter
(HEC)), which are LAr calorimeters.

The barrel part is split into the central barrel, with || < 1 made of three layers
thick ~ 1.5 A\, 4.1 XA and 1.8 A\, and two extended barrels that cover 0.8 < |n| < 1.7
with three layers each with a thickness approximately of 1.5 A, 2.6 A and 3.3 A. The
Tile calorimeter uses polystyrene scintillator tiles, with steel as the passive material.
Tiles scintillate when crossed by charged particles, producing photons that are then
read out by photo-multipliers.

Behind the ECAL end-cap, each HEC has two wheels covering the region 1.5 <
In| < 3.2. The HEC is a LAr calorimeter with copper as a passive material, and it
operates similarly to the ECAL LAr calorimeter.

FCAL

The forward calorimeter covers the higher range in pseudo-rapidity, between 3.1 <
In| < 4.9 and it is located in the end-caps. Each end-cap is split into three modules:
the first one serves as an electromagnetic calorimeter with the passive material being
copper, while the second and third modules have tungsten as passive materials, being
optimized to make hadrons shower. The forward calorimeter is particularly close to
the beam pipe and receives more radiation, therefore the passive material as well as
the geometry are chosen to make it particularly radiation-resistant.

2.2.3 The Muon Spectrometer

The MS is responsible for triggering and measuring muons, by reconstructing their
tracks and determining their momentum, thanks to the toroidal magnetic field in
which it is immersed, as explained in Section [2.2.4] The pr of the muons can indeed
be reconstructed using the magnetic field information together with three different
points of a track. Moreover, in the ATLAS experiment, one can get two independent
measurements of the muon transverse momentum using the MS as well as the ID (as

inE23).

The MS is made of four subsystems:

'The missing transverse energy is defined in ATLAS as the sum of the energy in the whole
detector associated with reconstructed objects in the transverse plane in an event. This definition is
based on the idea that the total initial momentum in the transverse plane before the proton colliding

miss

is zero and should be conserved after the collision. The ET is often used as an approximated
value for the neutrino energy, which cannot be directly detected by the ATLAS detector.
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Figure 2.6: Schematic view of the Muon Spectrometer [2].

the Monitored Drift Tubes (MDT), with layers of drift tubes stacked
together to create MDT chambers. The MDT covers the pseudo-rapidity range
up to |n| < 2.7. A muon leaves on average 20 hits in this subsystem. Each tube
is made of aluminium and has an inner cable of a gold-plated tungsten-rhenium
alloy. The tubes are filled with a mixture of Ar and C'Os;

the Cathode Strip Chambers (CSCs) are multi-wire drift chambers 7 m
long, and cover the region between 2. < || < 2.7. A muon is expected to leave
4 measurements in the CSC. The anode wires are kept at a potential difference
of 1.9 kV and are immersed in a gas mixture with the same gasses of the MDTs
but in different percentages;

the Resistive Plate Chambers (RPCs) are made of resistive plates parallel
to each other with in between a gas mixture of CoHoFy, SF, and isobutane.
This subsystem is divided into three concentric layers around the beam axis.
A muon leaves on average 6 hits in the RPCs. They cover the region up to
|n| < 1.05 and are used to also trigger on muons.

the Thin Gap Chambers (TGCs) is made of two concentric rings that
cover the range in pseudo-rapidity between 1.05 < |n| < 2.4, where each muon
is expected to leave 9 hits and are used to trigger on the muons. The TGCs
are multi-wire proportional chambers with a potential difference between the
anode wire and the cathode of 2.9 kV. The chambers are filled with a mixture
of COs and n-pentane.

Around the |n| ~ 0 region there is a small gap in the MS where the services for the
ID, solenoid magnet and calorimeters pass through to exit the ATLAS detector.

2.2.4 The Magnet System

The ATLAS Magnet System is composed of two separate subsystems, with the fields
generated independently of each other. The two subsystems, shown in Figure [2.7]
are the central solenoid and the toroid magnets:

e The central solenoid is embedded between the ID and the calorimeters, and it

is a cylinder aligned with the beam axis, It provides an axial magnetic field
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of 2 T. At the same time, it is designed to minimize the thickness in terms of
radiation lengths in front of the calorimeters.

e The toroid magnets, are divided between the barrel region and the end-caps.
The included magnetic fields curve particle trajectories in different regions of
the MS: the barrel toroid curves muons in the region |n| < 1.4, the end-caps
toroids in the region 1.6 < |n| < 2.7, and a combination of the two fields for
the region in between. The barrel region is 25 m long and produces a magnetic
field between 1.5 Txm and 5.5 T xm, while the end-cap toroids are 5 m long
and create a field that varies from 1 to 7.5 Txm.

barrel end-cap
T toroids

end-cap

toroids solenoid

Figure 2.7: Overview of the ATLAS magnet system, composed of the solenoid magnet
and the toroid magnets [48].

2.2.5 ATLAS Trigger System

The LHC generates approximately one billion interactions per second, creating a
data output of 60 Terabytes per second. Given that only a minimal portion of this
data is interesting for physics research, there is a need to use a trigger system to
select events. ATLAS implements a dual-tier trigger system that is divided into two
parts: first, there is a hardware-based Level 1 (L1) trigger and afterwards, there is
a software-based High-Level Trigger (HLT). The general mechanism of the trigger
system is schematized in Figure [2.8]

e The L1 trigger processes signals of lower granularity from the calorimeters
and muon detectors to identify high-energy objects. It effectively reduces the
event rate from a bunch-crossing rate of 40 MHz down to 100 kHz. It collects
data on electrons, photons and jets from the calorimeters, such as transverse
energies and isolation. For muons, it also considers the coincidence of hits
across multiple layers of the Muon Spectrometer (MS). The L1 must deliver
its decision to the front-end electronics within 2.5 us, specifying Regions of
Interest (Rol) where potential trigger objects are detected.

e The High-Level Trigger (HLT) is a software trigger. It uses the Rol data
produced at the previous level to run a simplified version of the event re-
construction using the complete granularity and precision of the calorimeters
and muon chambers. The reconstruction sequence employs various Processing
Units (PUs), selection applications that take a decision in a few 100 ms. It is
designed to reduce the rate of data to 1 kHz with a latency of the order of
102 ms.
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Figure 2.8: Functional diagram of the ATLAS Trigger and Data Acquisition sys-
tem [49].

Trigger rates can be changed by adjusting thresholds or implementing different se-
lection cuts. Once an event is approved by the L1 trigger, the data are digitized
as signals and formatted into raw data before being sent to the Data Acquisition
(DAQ) system. Events passing the HLT are archived in permanent storage at the
CERN data centre.

2.2.6 Luminosity Detectors

Other than the main structure of the ATLAS detector already described, three
smaller systems are situated in the ATLAS forward region [50]. The LUminosity
measurement using Cherenkov Integrating Detector (LUCID) [51] and Absolute Lu-
minosity For ATLAS (ALFA) [52] have the goal of measuring precisely the luminosity
delivered to the experiment, while the Zero-Degree Calorimeter (ZDC) [53] main pur-
pose is to assess the centrality of heavy-ion collisions. The LUCID detector captures
inelastic proton-proton scattering in the forward direction. It is located at 17 m
from the interaction region and is composed of polished aluminium tubes at around
10 c¢m from the beam pipe, filled with C4 F10 gas. It covers a high pseudo-rapidity
range between 5.6 < |n| < 6.0. ALFA situated at £240 m from the interaction
point. It is made of scintillating fibre trackers positioned within the Roman pots,
which can approach the beam up to 1 mm. It tries to measure luminosity through
elastic scattering at small angles. Finally, the ZDC can be found at 4140 m, featur-
ing layers of quartz rods and tungsten plates to detect neutral particles at |n| < 8.3
in both proton-proton and heavy-ion collisions.

2.2.7 The Inner Tracker project: ATLAS Upgrade

The ATLAS collaboration is preparing major updates for its experiment in prepa-
ration for the HL-LHC upgrade. Both the expected HL-LHC peak luminosity and
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Figure 2.9: Schematic view of the ATLAS ITk Pixel Detector surrounded by the
Strip Detector. [56].

pile-up level are indeed expected to be well above those considered for the ATLAS
detector design, as already mentioned in In particular, the radiation levels for
the innermost parts of the ID will be 20 times higher than the present ones, up to a
non-ionizing radiation fluence of ¢ = 21016neq cm ™2 over the expected lifetime. The
current ID will not be able to handle these conditions, therefore it will be replaced
at the end of the current LHC run (Run &) with a new all-silicon detector called
Inner Tracker (ITk). This upgraded tracker will be also able to maintain the current
tracking performance in the new high-occupancy environment. The ITk will have
a new readout scheme which will be part of the upgrade of the trigger system for
HL-LHC, providing the possibility to use track-based trigger chains.

The new layout of the ITk detector will be divided into two parts the Pixel
Detector [54], closer to the beam, will be around twice large and four times longer
than the current Pixel detector, and the Strip Detector [55] surrounding it, that
will cover three times the silicon area of the current detector. The design structure
of the ITk system is shown in Figure 2.9 The Pixel detector will be composed of
hybrid planar and 3D silicon pixels disposed in five layers, while the Strip detector
will be made of silicon micro-strip layers, separated by the Pixel subsystem by a
Pixel Support Tube (PST). The two innermost layers of the Pixel Detector will be
replaceable and separated by the rest of the I'Tk through an Inner Support Tube
(IST). The total coverage of the ITk will be up to |n| < 4.0 in pseudo-rapidity.

In order to study and investigate the detailed performance of the modules, various
beam tests have been performed before and after irradiation, both at DESY and at
CERN. The DESY tests used electrons with an energy of 4 to 4.8 GeV, while those
at CERN used 120 GeV pions. At both DESY and CERN beam tests, the EUDET-
style telescopes are used, which consist of six MIMOSAZ26 pixel sensors. Another
pixel layer with a different read-out system was used to achieve better timing for the
telescope so that individual tracks could be matched to hits on the strip module to
be tested.
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Chapter 3

Data Analysis Tools and
Techniques

3.1 ATLAS Physics Objects

: To analyze the data collected by the ATLAS detector, particles must be recon-
structed and identified from the signatures they leave in various parts of the detector.
A complex system of procedures used to associate these signals with specific particles
is standard practice within the ATLAS collaboration and is continuously updated
and refined. A physics object is here defined as a candidate particle that has been
reconstructed and identified. The following sections give a brief description of the
physics objects used within the ATLAS collaboration and specifically in the physics
analyses discussed in this thesis.

3.1.1 Primary Vertex requirement

Charged particle trajectories (tracks) with pr > 0.4 GeV and |n| < 2.5 are recon-
structed using data from the ID. Initially, hits in the Pixel Detector serve as seeds
for the track reconstruction algorithm. This information is subsequently integrated
with data from the SCT to form track candidates, which are then refined with in-
puts from the TRT measurements. These tracks are input into the primary vertex
identification algorithm, which employs an iterative approach consisting of two main
stages: initially, a finding algorithm identifies a vertex seed using the information of
the track point of closest approach to the beam spot. Afterwards, a vertex fitting
algorithm uses the seed and available tracks to determine the vertex position and
assess each track’s compatibility with the interaction coordinates.

Multiple interactions per bunch crossing occurred during Run 2 and thus numer-
ous vertices are identified per event. The primary vertex for each bunch crossing is
designated as the one associated with the group of tracks having the highest squared
pr sum.

3.1.2 Electrons

Electrons are expected to leave hits in the ID and create electromagnetic showers
in the EM calorimeter. The electron candidate object reconstruction is initially
independently performed for ID tracks (as described in and electromagnetic
clusters, i.e. clusters of energy deposits in the EM calorimeter cells. To identify these
electromagnetic clusters and to associate with them the relative four-momentum
vector a TopoCluster algorithm is used [57]. The reconstructed tracks are then
matched to the electromagnetic clusters, creating Super-clusters.
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Prompt electron candidates are then selected using a likelihood-based identifi-
cation. Input variables used for the identification process are related to primary
electron track, electromagnetic shower shape and track-cluster compatibility. The
input variables distributions are determined in separate bins of the electron candi-
date transverse energy Er and pseudo-rapidity n. Some of the input distributions
are also corrected in MC-simulated samples to match the distributions observed in
data. Four main identification Working Points (WPs) are defined: VeryLoose, Loose,
Medium, and Tight WP. They are ordered in increasing background rejection and
decreasing efficiency [58].

A calibration of the electron energy is necessary to consider effects like energy
losses in passive materials, EM shower leakages and fluctuations in the energy de-
posited in the calorimeters. Such calibration is derived from MC simulation but
is then refined with corrections to energy scale and resolution extracted from data
using reference SM processes: Z — ete™ and J/v — ete™ [59)].

To enhance the rejection of backgrounds such as non-prompt electrons and hadrons
misidentified as electrons, so-called isolation requirements are usually applied to iden-
tified candidates. Variables are constructed that quantify the amount of activity in
the vicinity of the candidate object. Two classes of isolation variables are considered:
calorimeter-related variables and track-related ones. Selections on these variables
have been optimised to identify prompt electrons and related selections are applied.

The reconstruction, identification and isolation processes come with related effi-
ciencies, which can differ between data and MC samples. In order to correct for these
differences between data and MC, electron Scale Factors (SFs) are applied to MC
simulations. Such SFs are defined as the ratio of the efficiency measured in data and
the efficiency in the MC simulation SF = epara/e)o. The electron efficiency can be
factorised as a product of the electron reconstruction, identification, and isolation,

as in [A2]
€ = Ereco " €id " €iso = NT@CO : NZ : N’iso’ (31)
Nclus Nreco Nid
where N, is the number of reconstructed electromagnetic (EM) calorimeter clus-
ters, Npeco 18 the number of reconstructed electron candidates, N;q is the num-
ber of identified electron candidates passing previous selections, Njs, is the num-
ber of isolated electron candidates passing previous selections. In cases where the
electron is used to trigger the acquisition of the event, also the trigger efficiency
Etrigger = Ntrig/Nis, is considered in the previous equation

and N is the number of triggered electron candidates passing previous selec-
tions. Figure B.I] shows the electron identification efficiencies with respect to the
electron E7 and 7 for different identification WPs. To obtain these efficiency mea-
surements in data, a clean and unbiased sample of electrons is needed. The decay of
the Z boson into an electron-positron pair can be used. In this case, the so-called
tag-and-probe method is typically employed: one of the electrons is required to pass
strict selection criteria (referred to as tag electron), while the other one serves as an
unbiased source to measure the efficiency of passing a specific step of the selection
(referred to as probe electron).

Among physics processes studied in the ATLAS collaboration, it is common to
have final states with both a charged lepton (and specifically an electron) and one or
more jets. The separation between the electron and the jet can be quantified through
the angular distance AR(e, jet) = /(An(e, jet))2 + (Ag(e, jet))2. The vicinity in
AR of a hadronic jet to the electron can modify the efficiency of selection steps
such as the identification and isolation of the electron. The dependencies of the
electron identification or isolation efficiency can be partially mis-modelled in MC
simulation. It can therefore be useful to study electron efficiencies and SFs with

31



> Fr 1T 3 z AR RS R RN RN RS R A 3
S £ ATLAS 3 S £ ATLAS ]
o] 15 =13TeV, 139 fo" — ] 1V =13Tev, 139 1b" —
° == % = o = ot RO o 3
S 09fF cns S o090, e e
§ Pl e = E Q_’_LA-O—'—‘;..H ﬁ: - T
= E wem :F'CL'* 7 = 0.8 P ~Ormro—o o ey =y L LN B ._._.Q‘E
5 o8 ?‘;‘!cﬁh- B 5 ' = .-.-:_._' ] ’_H-m "Hﬂ‘i—u—ﬁ
k] F O 3 2 [at™ - g By
0.7 EL;. Electrons, |n|<2.47 = 0.7 o Electrons, E, >4 GeV -
r « Data, oMC E . - o Data, oMC - E
0.6~ % Loose — 0.6 — + Loose —
3 ¥ Medium m E ¥ Medium 7
o = Tight - C = Tight -
05 | - | L . 05\ Lol | I N .| 1
g 1AE 3 g 1.05E 3
a %&ﬂ—i—‘ = a 09 = E
0.95 E| 0.85w =
$  3F ol = A TAMASAASSAAASARRSRRMRSRRRRSRRRRRRRRRE"
&, g B - - . Statistical & 08 = __.gte;tilsﬂcal :
S = s 89
5 e
EL - - . LT T r—— S —— SN
50 100 150 200 250 2 15 -1 05 0 05 1 15 2
E; [GeV] n
(a) El identification efficiencies wrt Er. (b) El identification efficiencies wrt to 7.

Figure 3.1: Identification efficiencies of electrons as a function of the electron’s
transverse momentum and pseudo-rapidity for the different identification
WPs. The top panels show the efficiencies obtained in data and MC simulation.
The middle panels show their data to MC ratio that is applied as a correction factor
in analyses. The bottom panels show the statistical and the total uncertainties in
the data/MC ratio.

respect to the angular distance to the closest jet. Moreover, as discussed also in
Section the decay of boosted particles, such as boosted top quarks decaying
leptonically, can create a topology with an electron and a jet close to each other,
with a AR(e, jet) < 0.4. The electron identification process is however optimized
considering only electrons with AR(e, jet) > 0.4, and SFs are computed only for
those electrons. Further studies, to exploit information on electrons close to jets are
discussed in Appendix [A]

Uncertainties on the energy calibration, reconstruction, identification and isola-
tion efficiency are related to statistical uncertainty, background estimation, signal
modelling, and different estimation technique comparison as detailed in [59] [60].
Such uncertainties are propagated to the relative SFs.

3.1.3 Muons

Muons are charged leptons with a mass ~ 200 times larger than electrons, as a
consequence they interact very little with the bulk of calorimeters in the ATLAS
detector. The Muon Spectrometer system (see , located outside of the hadronic
calorimeter, is then primarily used to identify and measure muons produced in pp and
heavy ion collisions. A detailed report on muons treatment in the ATLAS detector
can be found in [61].

Tracks from the Inner Detector and MS are first reconstructed independently
and then combined to create a candidate muon track across all the layers of the
detector. Tracks in the ID are first reconstructed using the Pixel detector and SCT
hits and then are extended with TRT information (more details on track reconstruc-
tion performances in the ATLAS detector in [62]). Candidate tracks in the MS are
constructed starting from track segments, that are made of hit patterns found in
individual MS stations. Afterwards track segments are combined into approximated
track candidates which are then fitted to create MS tracks. Finally, combined muon
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candidates are reconstructed by combining the ID tracks with the MS tracks through
a global fit procedure. Potentially, muons can be reconstructed with other combi-
nations of detector information as explained in [6I], but only combined muons are
considered in the work discussed in this thesis.

Following the reconstruction process, muon candidates are identified through
quality requirements designed to suppress background contributions originating from
non-prompt muons, spurious hits, and signals in the MS caused by jets not fully
contained in the hadronic calorimeter. Four main identification WPs are defined:
the Loose WP, which maximises the reconstruction efficiency; the Medium WP,
which is the standard one for ATLAS physics analyses has loose selection on the
compatibility between ID and MS muon candidate momentum measurements; Tight
WP, which optimises the muon identification purity; the High-pt WP which tries
to optimise the momentum resolution for muons with pr > 100 GeV.

Similarly to electron isolation, discussed in Section [3.1.2] the isolation of a muon
candidate is a key element to discriminate prompt muons from background muons, as
muons from decay of quarks and misidentified hadrons, which are usually generated
close to a jet and are surrounded by high detector activity. As for electrons, track-
based and calorimeter-based variables are used to evaluate the isolation of muons.
Various isolation WPs are defined for usage in ATLAS physics analyses, but here
only those used in the analyses discussed in this thesis are briefly discussed. The t-
channel single top production measurement (presented in Chapter [4]) uses the Tight
Fixed Radius WP. Upper cuts are applied on the calorimeter cluster energy within
a cone of the size of R = 0.2 around the muon track and on the ratio of the summed
pr of additional tracks within a cone of R = 0.3, as detailed in [61]. The search
Tight, Track-Only Variable-Radius WP is used in the search for heavy reso-
nances decaying to top quark pair (see Chapter |5)). This WP requires the sum of the
track transverse momenta within a variable-radius cone around the muon direction,
excluding the muon track, to be less than 6% of the muon py. The track isolation
cone size is defined as R = min(10GeV/pk - 0.3), thus, the cone radius increases with
decreasing muon transverse momentum (p%) up to a maximum of 0.3.

Reconstruction, identification and isolation efficiencies for muons are computed
both in data and MC samples with the tag-and-probe method, as for electrons sim-
ilarly as for electrons [61]. The processes Z — ptu~ and J/vb — ptu~ are used,
with one muon as a reference tag selected with stringent criteria and the other as the
probe. Scale factors are then derived as the ratio between efficiencies in data and
MC samples and used to correct the MC prediction. Systematic uncertainties on
the scale factors take into account uncertainties in the background estimation and
variations of selection requirements. The same physics processes are used to correct
the muon momentum scale, which can be affected for example by mis-modelling of
the detector or magnetic field, and detector misalignment. Alignment corrections are
also implemented for both the MS and ID detectors. Some residual charge-dependent
biases, particularly on the sagittaﬂ can still be found after these calibrations and
are corrected minimizing the variance in the di-muon invariant mass distribution.
Systematic uncertainties are assigned to these various corrections, accounting for
uncertainties in the extrapolations outside the phase space of the Z — p*u~ decays,
as well as of potential biases from selection requirements and signal and background
modelling [63].

'The sagitta is defined as the distance between the midpoint of the arc and the midpoint of the
related chord.
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3.1.4 Jets

The electromagnetic and hadronic calorimeters of the ATLAS detector are built so
that particles like photons, electrons and hadrons that pass through them create
showers of secondary particles. In the case of hadronic showers, developing mostly
in the hadronic calorimeter, these are called hadronic jets or simply jets.

In ATLAS the anti-k7 algorithm [64] is used to reconstruct jets, as it is insensitive
to soft and collinear gluon emissions. This algorithm takes as inputs a set of con-
stituents, that can be reconstructed particles, energy clusters in the calorimeters of
ID tracks: these inputs are added to the clustered jet based on two specific distances
d;; and d; B. The distance between two particles i, j is

1 1 _AR(i,7)
dij = mzn(g, F)4R2 (32)
7Z 7.7

where k;; is the transverse momentum of particle 4, AR(7, j) is the angular distance
between the particles and R is the radius parameter of the jet. A measurement of
the distance between particle ¢ and the beamline is described as d;jp = 1/k?,. If the
smallest of d; ; and d;p distances is d;B, then the object i is classified as a jet; while
if d; ; is the smallest, then objects ¢ and j are combined to form a new object k. The
procedure is then repeated until all objects have been considered and clustered. A
visual representation of the anti-kr algorithm is shown in Figure Jets used in
the analyses discussed in this thesis are defined using particle flow objects, which
use both track and calorimeter type of information [65].

Figure 3.2: Jet clusters created with the anti-kp algorithm and a radius parameter
R = 1.0, in a MC sample generated with Herwig [64].

The radius parameter R plays an important role in the jet reconstruction, as it
characterizes the size of the cone of the jet itself. Within the ATLAS Collaboration
standard jets have a radius parameter of R = 0.4. Other kinds of jets can also be
used, such as the large-R jets, typically with R set to 1.0. Such large-R jets are often
used to reconstruct highly boosted heavy particles with collimated decay products.

Jet Energy Corrections

Jets reconstructed in the detector need to undergo an energy calibration process,
to correct for energy loss in the passive calorimeter layers and other effects. Such
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calibration aims at aligning the measured energy to the particle-level jet energy in
MC simulation. These corrections modify the jet pp, energy and mass [66], and
proceed as follows.

To mitigate the surplus energy from additional proton-proton interactions oc-
curring either during the same or adjacent bunch crossings, pile-up corrections are
applied. The absolute JES (Jet Energy Scale) calibration aims to correct the visible
jet energy and direction to match those found in MC dijet events. Using the same
dijet events, the GSC (Global Sequential Calibration) is derived to minimize effects
related to detector inefficiencies and physics effects by applying layer-specific and
overall jet energy adjustments. These corrections are derived from MC simulation
only and are applied both to data and MC samples. Afterwards in-situ corrections
are applied to deal with any left discrepancy between data and MC. These in-situ
corrections are derived using selected data events with well-known reference objects,
such as Z bosons and photons. Furthermore, jet energy resolution (JER) is also
corrected. A relative JER is determined using di-jet events, where one of the jets is
used as a probe jet and the other one as the reference tag.

Residual effects of pile-up can simulate jets, particularly particularly low-pr jets.
A likelihood-based Jet Vertex Tagger (JVT) reduces these sort of pile-up effects
with a technique that tags pile-up jets using a 2D likelihood estimate [67]. In the
analyses discussed in this thesis, a JVT score greater than 0.5 is required for jets
with pr > 60 GeV and || < 2.4.

Jet in-situ correction at 5.02 TeV

The jet energy calibrations implemented for data collected by the ATLAS collabora-
tion in Run 2 at /s = 13 TeV are not necessarily applicable to the dataset collected
at /s = 5.02 TeV, due to the smaller amount of pile-up, lower underlying event
activity and the use of lower calorimeter topological cluster noise thresholds both
in data taking and in event reconstruction. The compatibility of the jet corrections
between these two setups has been already studied in an ATLAS measurement us-
ing data collected at /s = 5.02 TeV [68|, and it was found that an additional JES
in-situ correction is needed with respect to those used for the standard /s = 13 TeV
dataset. This section briefly describes the in-situ correction derived in the context
of the t-channel single top cross-section measurement at /s = 5.02 TeV described in
Chapter [

The Z—jet ppr balance technique is used to estimate the effect of the correction
on the jet energy scale. This analysis aims to select events with a single jet recoiling
against a Z boson decaying to two leptons and compare their transverse momenta.
Events are selected if they contain a pair of opposite-sign, same-flavour charged lep-
tons (ete™ or u* ™) both with pr > 20 GeV and passing identification and selection
requirements (as in the ¢-channel single-top analysis described in and at least
one jet with py > 10 GeV and |n| > 4.0 (as described in [4.2.1). Furthermore,
the two leptons are required to have an invariant mass in the Z-mass window of
81 < my < 101 GeV. To obtain a back-to-back topology between the Z and the
jet, the azimuthal angle needs to be |A¢(Z, jet)| > 2.8. The reference py can be

defined as prTef = p% - cos A¢(Z, jet). Events with a second jet are required to have

pSTUb_leadj ° < max(10 GeV,0.1 - pTTef ). Figure shows the transverse plane view
of the Z boson and its recoiling jet. The per-event balance quantity is defined as
r = /prf | and its mean value (r) as a function of the pg,?f is used to calibrate the
jets. The in-situ correction is derived as a scale factor as the ratio between (r) in
data and MC simulation in bins of the jet pp and |n|. Figure shows the two-

dimensional correction map. The uncertainty associated with this in-situ correction
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Figure 3.3: Projection of the Z boson pr along the recoiled jet axis, which is defined
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Figure 3.4: On the left the in-situ correction for the JES map, is shown as a scale
factor to be applied on data as a function of the jet pp and |n|. The error is related
to the statistical uncertainty of the data and MC samples. On the right the Z-jet
balance (r) distribution for all jets considered in the study. Data are shown before
(solid blue line) and after (dashed red line) applying the in-situ correction. The
bottom box shows the ratio between the data and the MC sample.

includes a statistical and a systematic component. The latter is evaluated by com-
paring the correction obtained with a Sherpa sample and a Powheg+Pythia8 sample.
Figure shows the agreement between data and a Sherpa MC sample before
and after the correction is applied. It can be seen that before applying the correction
the agreement is poor, while afterwards, they are compatible within uncertainties.

3.1.5 Overlap Removal

The so-called overlap removal (OR) procedure is applied in physics analyses to avoid
double counting of candidate events, energy deposits and reconstructed tracks. It
is indeed possible that the electronic signals left in the detector by one particle are
used for the reconstruction of multiple physics objects. The following steps define
the standard ATLAS OR procedureﬂ and are performed in this order:

e any muon found to share a track with an electron is removed;

e any electron found to share a track with a muon is removed;

2The steps of the OR procedure here described are valid for analysis not using 7 particles and
photons, differently some more steps in the OR need to be considered.
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Figure 3.5: Angular separation between the electron and the b-jet,
AR(€trye, b-jety e ), originating from a leptonically-decaying top quark, as a

function of the true electron pr for [3.5(a)] SM ¢t production and [3.5(b) a 4 TeV
mass Z' heavy resonance decaying to tt, both of them decaying dileptonically.

e any jet found within a AR of 0.2 of an electron is removed;
e any electron subsequently found within AR of 0.4 of a jet is removed;

e any jet with fewer than three tracks associated to it found within AR of 0.2 of
a muon is removed;

e any jet with fewer than three tracks associated to it which has a muon inner-
detector track ghost—associatedlﬂ to it, is removed;

e any muon subsequently found within AR of 0.4 of a jet is removed,;

e any 7 found within a AR of 0.2 of any type of muon with ppr > 2 GeV is
removed;

e any jet found within a AR of 0.2 of a 7 is removed;
e any jet found within AR of 0.4 of a photon is removed.

The jets referred to in the OR procedure are the standard jets (as defined above
in 3.1.4)), while no OR removal procedure is applied with respect to the large-R jets.

Special Overlap Removal for boosted toplogies

By following the standard ATLAS OR procedure described above, there cannot be
events with leptons (electrons or muons) within an angular distance of AR < 0.4
from a jet. Instead, highly boosted leptonically-decaying top quarks typically result
in collimated lepton—jet pairs. Figure shows the AR(e,b-jet) as a function of
the electron pr comparing the distribution in simulated SM ¢t production versus
simulate BSM heavy resonance Z’ production decaying to tt (see for details on
the BSM model used). It is clear, looking at Figure that the number of events
with AR(e, b-jet) < 0.4 is significantly large for the BSM Z’ signal process at high-
pr, while it is quite small for SM ¢t events. Using the standard ATLAS OR in this
case, would cause to throw away a large portion of potential signal events.

3Ghost-association is a technique used to define the jet area by making use of infinitely soft
particles, called “ghosts” [69]

37



Some alternative OR procedures have been developed to minimize this effect.
The sliding AR OR includes a special treatment of the OR between muons and jets
and is widely used in the ATLAS Collaboration, while the electron-in-jet OR, which
is characterized by a special treatment of the OR between electrons and jets, has
been specifically developed for the physics analysis presented in Chapter

A short description of these two special OR techniques is given:

¢ Sliding AR OR for muons: a variable-A R association is used instead of the
fixed-AR cone used in the standard ATLAS OR. The AR used for the muon—
jet OR is determined as: AR = min(0.4, 0.04 +10 GeV/pf.). In this way, the
size of the cone decreases while the pr of the muon increases, reducing signal
selection inefficiencies due to close-by jets for sufficiently energetic muons.

e Electron-in-jet OR: distinguishing an electron candidate object that overlaps
with a candidate jet object can be complicated as both these physics objects
deposit their energies in the calorimeter, and they leave similar signatures in
the ATLAS detector. In general, when an electron candidate object and a jet
candidate object are found close in angular distance there can be three main
possibilities: the candidate jet is the result of a true electron wrongly recon-
structed also as a jet; the reconstructed electron is not a real prompt electron
(it could be a non-prompt electron from a c¢- or b-hadron semi-leptonic decay
or a hadron or photon mis-identified as an electron) and should be discarded;
both the jet and the electron are two separate prompt particles and their energy
deposits overlap. The procedure applied for each electron is:

1. the electron’s four-momentum is subtracted from the jet’s four-momentum
if the two are within a distance of AR < 0.2;

2. if the jet pr after this subtraction falls below a threshold (p/**), the jet
is discarded;

3. if any jets remains within AR < 0.2 of the electron, afterwards the elec-
tron is removed.

The threshold p%* is defined as Pr/pd+b < ¢ where p is the jet pr before
the subtraction (mentioned above at point 1) and p’. is the jet pr after the
subtraction, while the two constants are chosen to be b = 20 GeV and ¢ = 0.37.
These optimal values of b and ¢ were determined using Z — eTe™ simulated
events. This technique allows the inclusion of electrons with reconstructed jets
within AR < 0.4, which are otherwise excluded by ATLAS standard electron
efficiency calibrations.

In the context of this thesis, various studies on electron efficiencies and SFs have
been performed, as well as studies to better understand the interplay between
electrons and jets in this particular topology. Such studies are detailed in

Appendix [A]

3.1.6 Missing Transverse Energy

Based on the principle of momentum conservation, the total transverse momentum
in each event should be zero. The Missing Transverse Energy (MET) EZ*¢ can be
defined as the imbalance in the total measured transverse energy. It can indicate
the presence of weakly interacting particles in the event final state. In the SM these
particles are mainly identified as neutrinos, but in general, the presence of MET in
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an event could hint at the production of BSM particles. From a mathematical point
of view, the MET can be defined in the z and y direction as:
miss __ miss,e miss,y MISS, T miss,jets MiSS, 1 miss,soft
L 2 el 2 R S 2 S R 2 (33)
where each term is the negative vectorial sum of the momenta of the respective
particles, while the soft term refers to all the energy deposits in the detector not

associated with any reconstructed particle or jet. the transverse component can thus
be extracted:

{ Ezrgiss _ \/(E;niss)2+(E;niss)2 (34)

@58 = arctan(Ey /pmiss)

Systematic effects related to the scale and resolution are computed by comparing
data and MC samples. Systematic uncertainties originating from the reconstructed
particles used to compute the MET are evaluated separately and then propagated
to the MET calculation.

3.1.7 Flavour tagging

Hadronic jets can originate from highly energetic gluons or quarks of different flavours.
Being able to identify or tag the flavour of quark-initiated jets is a key ingredient
of a large fraction of measurements and searches at modern particle-collider experi-
ments. Jets containing energetic b-hadrons, hence likely originating from a b-quark,
are referred to as b-jets. Their identification, referred to as b-jet-tagging or simply
b-tagging, can significantly help to select candidate top-quark production events, as
top quarks decay into a b quark and a W boson essentially 100% of the times.

The distinctive features of a b-hadron decay are used to identify bjets. In partic-
ular, b-hadrons produced in pp collisions at the LHC energies travel at around the
speed of light, decaying after ~ 300um, hence creating secondary vertexes that can
be resolved from the primary vertex thanks to the precision of the inner tracking
system. Various algorithms have been developed over the years by the ATLAS Col-
laboration to identify b-jets, among which the DL1R. The DL1r algorithm is based
on a feed-forward neural network, taking as input the kinematic variables of the jet
and its associated tracks

The DLI1r algorithm uses as input kinematic variables, variables related to track
transverse and longitudinal impact parameter significance, as well as secondary-
vertex reconstruction information. It outputs the probabilities for a jet to be a
b-jet (pp), a c-jet (p.) and a light-jet (plight)ﬂ The discriminant Dy, is constructed as:

Do

D =
’ fcpc + (1 - fc)plight

(3.5)

where f. is the fraction of c-jets in the background. Different working points are
defined based on the b-jet identification efficiency.

When applying a b-tagging algorithm, scale factors need to be applied to cor-
rect for possible differences in efficiencies between data and MC simulation. These
scale factors are extracted from #t events in the case of b-tagging efficiency and c-jet
misidentification rate, and from Z-jets events for measuring the light-jet misidenti-
fication rate. Systematic uncertainties in these scale factors are obtained by propa-
gating through the calibration analyses the statistical uncertainties in data and MC
samples, JES and JER uncertainties, as well as signal and background modelling
uncertainties |70}, (711 [72].

4Here light jet refers to jets originating from up, down and strange quarks.
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3.1.8 Boosted top-tagging

Many searches for physics BSM need to fully exploit processes with boosted massive
particles such as W, Z or Higgs bosons or top-quarks. It is important to reconstruct
and accurately identify hadronic decay modes of these massive particles to reject
background events and to be able to build invariant mass distributions of candidate
heavy BSM resonances.

For instance, in the analysis discussed in Chapter [5] the tf system is studied
in highly boosted topologies. Hadronic decays of such energetic top quarks give
raise to large-R jets, with distinctive multi-prong structures due to the topology of
the chain decay t — W — qq’. Machine-learning techniques can be used to iden-
tify such hadronically decaying boosted top quarks. This procedure is referred to
as boosted-top-tagging or simply top-tagging. In particular, ATLAS developed a
top-tagging algorithm is based on a Deep Neural Network (DNN) [73]. This DNN
top-tagger exploits the sub-structure of large-R jets to distinguish top-quark jets
from jets originating from lighter quarks or gluons. The tagger uses jet-level dis-
criminants such as the jet pr and mass, as well as information about the dispersion
of the jet constituents, including energy correlation functions [74], the so-called N-
subjettines&ﬂ [75], and splitting scales [76].

A DNN score between 0 and 1 is obtained, with top-quark-initiated jets having
values close to 1 and light-quark- and gluon-initiated jets having values close to 0.
Multiple specific definitions of the DNN top-tagger are available. In the analysis
discussed in Chapter [5| the inclusive top-tagging criteria is used, optimised for jets
containing some but not necessarily all of the decay products of the hadronically
decaying top quark [77].

This top-tagging process can have different efficiencies when applied to data and
MC samples, and therefore dedicated SFs are derived and applied to data [73].

3.2 Monte Carlo Simulation

In high-energy physics experiments such as ATLAS, theoretical predictions for many
observables cannot be directly computed analytically, except in a few straightfor-
ward cases. In most cases, when comparing experimental data with Standard Model
predictions, MC simulations are indispensable. These simulations employ stochas-
tic methods to perform numerical integration by randomly sampling outcomes from
theoretical probability distributions. This section gives an overview of the MC sim-
ulation used in the ATLAS experiment that are relevant to the physics analyses
discussed in this thesis.

3.2.1 Event simulation

The ATLAS simulation framework [78] is segmented into various parts, the initial
step is the generation of events, where a series of particles are produced for subsequent
detector simulation. Figure shows this initial phase, which can be categorized
into four main sub-steps:

e Hard-scattering: also known as the matrix element (ME) generation, in-
volves the collision of two partons. It describes short-distance parton-parton

5The N-subjettiness is defined as: 75 = % > premin{ARy x, AR2k, -+ ,ARN}, Where k
runs over the constituent particles in a given jet, pr  are their transverse momenta, and AR =

(An)? + (A¢)? is the distance in the rapidity-azimuth plane between a candidate subjet J and a
constituent particle k. The normalization factor is dop = Zk pr,kRo.
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interactions that are calculated with perturbative QCD, as well as taking into
account the effect of the PDFs.

e Parton shower (PS): refers to the radiation of coloured particles and photons
by the scattered partons after the hard scattering process. It also includes the
initial state radiation (ISR), and emission of gluons or quarks by the incoming
partons before the scattering event.

e Hadronization: Following the PS, it takes place at energy scales close to
the non-perturbative limit of QCD. It describes the transition of partons into
hadrons, which subsequently decay. Two models commonly employed to simu-
late this process are the Lund string fragmentation model [79] and the cluster
fragmentation model [80].

e Multiple interactions and underlying event: In addition to the primary
parton-parton collision, additional ones can occur simultaneously. This phe-
nomenon is called Multiple Parton Interactions (MPI). The events created by
the MPI are called underlying events (UE).

e L]
i"..'l:.‘. '“————-______ﬁ.
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Figure 3.6: Schematic representation of a hard collision event as produced by a MC
simulation [81]. The red part represents the hard scattering and the parton shower
steps, which then progresses in the hadronization in green. The purple part of the
representation shows multi-parton interactions.

3.2.2 Monte Carlo generators

Various Monte Carlo generators are available to the high-energy physics community,
and multiple are used by the ATLAS collaboration. In the following, those used in
the analyses discussed in this thesis are discussed.
The ME computations is handled by POowHEG Box [82], MADGRAPH5 AMCQ@NLO [83]
and SHERPA [84] at NLO. Events created by these generators are then passed to PS
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generators like PyTHIA [85], HERWIG [86] and SHERPA. HERWIG treats hadroniza-
tion through the cluster fragmentation model, while PYTHIA and SHERPA use the
Lund string fragmentation model. The output of the PS and hadronization pro-
cesses can then be passed to the EVTGEN [87] generator which is specialised in b-
and c-hadrons decays.

After events are generated, they undergo a comprehensive simulation of particle
interactions with the ATLAS detector. This step is essential to compare the sim-
ulated events with experimental data collected by the detector. The Monte Carlo
simulation program utilized is GEANT4 [88], a software toolkit that simulates a wide
range of physical processes, including electromagnetic, hadronic, and optical phe-
nomena across diverse materials, with energy scales from 250 eV to several TeV. Key
components of the GEANT4 toolkit are the simulation of the detector’s detailed geom-
etry and materials, the generation of primary particles for each event, the tracking of
particle trajectories through materials and electromagnetic fields, and the simulation
of the detector’s sensitive components response to interactions with these particles.

The comprehensive simulation via GEANT4 of particle interactions within the AT-
LAS detector is both time-consuming and computationally demanding. When such
precision is not essential, and efficiency is prioritized in the production of the final
MC samples, a faster simulation alternative is employed. This method utilizes pa-
rameterized models of showers within the calorimeters, known as FASTCALOSIM [89].

3.2.3 Uncertainties related to Monte Carlo generators

Monte Carlo generators try to simulate QCD and EW theory for particle collisions
at the LHC. The results have shown to be extremely precise. Nevertheless, various
approximations and choices of parameter values are done during the simulation.
Therefore several systematic uncertainties are associated with the use of MC samples.
In this Section, only those relevant for the analyses described in Chapters are
briefly described.

As the ME computation is an approximation of perturbative QCD, an uncer-
tainty related to missing higher-order QCD correction in the ME computation is
applied. They are estimated by independently varying the re-normalization (up)
and factorization (pup) scales by multiplicative factors of 2 and 0.5.

In the parton shower, the ISR is simulated, and the uncertainty related to the
amount of the ISR can be assessed by varying the corresponding parameter of the
Al4 PS tune (Var3c) [90]. Similarly, the uncertainty related to the Final-State-
Radiation (FSR) is evaluated by varying the nominal value of the scale ,uESR by
factors of 2 and 0.5.

The PS model used by a specific MC generator can be compared with that of
a different MC generator to take into account the uncertainty related to the choice
of such a model. For instance, when using a MC sample generated with POWHEG-
Box+PyTHIA the difference with the same process generated with POWHEGBoX+HERWIG
can be taken as a systematic uncertainty.

Matching the ME computation to the PS model in a MC generator can be per-
formed in different ways and usually comes with the choice of a cut value of the
transverse momentum of emitted particles. An uncertainty related to this choice,
referred to as matching uncertainty can be estimated in samples generated with
PowHEGBOX+PYTHIA by varying the parameter pThard from its standard value of
0to 1.

In the POWHEG simulated sample the PS is regulated also by the hg4,, param-
eter, which controls the amount of radiation (gluons emitted from initial and final
state partons) in the parton shower, acting as a damping factor for the high pp
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emissions. The uncertainty related to the choice of the value for this parameter in
tt simulated samples is usually assessed by comparing the nominal sample with the
one produced by choosing hgamp = 3Miop-

PDFs are estimated by fit to experimental data and come with a related uncer-
tainty. It can be estimated in different ways, based also on the specific PDF set
used in the analysis. In some cases, it is common to vary internal parameters for the
re-weighting of the PDF set which is used as a systematic variation, while in other
cases a PDF set is compared with a completely different one.

In the case of the single top tW production mode, a choice on the method to
remove the double-counting of diagrams contributing also to the tf production is
needed. The method used in the nominal samples in this thesis is called diagram
removal. An uncertainty on this choice can be estimated by comparing the nomi-
nal sample with another one which uses a different method called diagram subtrac-
tion [91].

3.3 Fake and non-prompt lepton estimation with the Ma-
trix Method

Many ATLAS measurements and searches require the presence of one or more leptons
in the final state (here we only consider electrons and muons as leptons), as indeed
is done in the analyses presented in this thesis. We can define here real leptons as
electrons or muons produced directly in the hard-scattering process or directly in
the decay of a short-lived non-hadronic resonance. Typical ATLAS analyses aim to
select real leptons in the final state.

In the ATLAS detector lepton candidates are reconstructed based on signals from
the inner tracker, calorimeters, and muon spectrometer, as explained in
After the reconstruction process, identification criteria are applied to select real lep-
tons and suppress background candidates, which can be categorized as non-prompt
leptons from the semileptonic decay of hadrons, or from photon conversions in de-
tector material, and fake leptons where the reconstructed object is not a lepton.

Monte Carlo simulators do not usually describe precisely the rates of identification
and selection of non-prompt and fake leptons. These processes can vary significantly
based on small details of the simulation and are also part of the non-perturbative
regime, which is not reliable in MC simulation. Furthermore, they depend on the
simulation of particle interaction with the detector material for non-prompt leptons
and on low probability events in which a hadronic jet in a multi-jet event gives rise
to a fake lepton. Such complicated and rare processes would require an excessive
amount of computing resources to obtain a precise simulated sample. To estimate
these backgrounds data-driven approaches are used, in which special techniques are
applied to data, using information extrapolated from MC simulation.

The ATLAS collaboration provides standard tools and prescriptions that physics
analyses can use to estimate this background, as referenced in [92]. Specifically, a
few main methods are available: the fake-factor method, which applies a factor F' to
account for differences observed between simulation and data control samples, and
the matriz method, which is described in the next section.

3.3.1 The Matrix Method

The estimation is based on the definition of two sets of selections: the tight and the
baseline, which contains as a subset the first one. The first set of criteria should be
the same as that used in the physics analysis to select leptons, which are here called
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tight leptons. The baseline selection instead applies less stringent requirements on the
leptons, which translates into a higher rate of fake or non-prompt leptons. Leptons
that satisfy the baseline criteria but not the tight ones are called loose leptons. These
two sets of criteria are chosen so that the real efficiency (e, ), defined as the fraction
of real leptons in the baseline class that pass the tight criteria, is substantially larger
than the fake efficiency (e¢), that is the fraction of fake/non-prompt leptons in the
baseline class that pass the tight criteria.

The real efficiency ¢, is usually estimated using the SFs (see previous section,
and [3.1.3] that are precisely calibrated by the ATLAS collaboration with the tag-and-
probe method in Z — £¢ events and can be applied to simulated events using the tight
criteria relevant for the specific analysis. The fake efficiency e; can be estimated
with different methods based on the specific analysis, which can be more sensitive
to one source of fake or non-prompt leptons than another one.

Once the real and fake efficiencies are estimated, the number of tight (/V;) and
loose leptons (IV;) observed in data can be related to the number of events with real
and fake/non-prompt leptons in the baseline sample as:

() =( ) (), 59

where N? (N]ZZ) is the number of real lepton (fake/non-prompt) in the baseline sample.
At this point, inverting the matrix in eq. one can obtain the number of events
with a fake/non-prompt lepton in the tight sample:

1

N} = E— [(er = 1)N'+&.N'] |, Nj=esN}. (3.7)
.

Each event in the baseline lepton data sample can now be assigned a matriz method
weight based on eq. 3.7}

Ef
=——(g,—9), .
w 5r*5f(€ ) (3.8)

where & = 1 if the event passes the tight criteria and § = 0 otherwise.

3.4 Statistical Analysis

As in many experimental physics results using pp collision data, the two analyses
discussed in this thesis make use of statistical techniques based on profile likelihood
fits. In this section, a brief introduction to the main statistical analysis techniques
used in Chapters (@] is given.

3.4.1 Profile Likelihood Fit

In the analyses discussed in this thesis, binned profile likelihood fits are performed us-
ing a software framework based on the HistFactory [93] and RooFit [94] packages. A
binned likelihood (LH) function L(u,#) is constructed as a product of Poisson prob-
ability terms over all bins considered in the measurement. Often, this LH function
depends on a single parameter of interest (POI), which is often an overall multi-
plicative factor to the signal prediction or signal strength p and a set of nuisance
parameters (NPs) that encode the effects of systematic uncertainties on the signal
and background predictions (5) The likelihood then includes multiplicative factors
or constraint terms for each of the NPs, representing prior knowledge of the values
of these parameters, or auxiliary measurements previously performed to determine
them. Each of these constrained NPs is associated with a single independent source
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of systematic variation, affecting the signal and/or background predictions in the
various bins.
Such binned LH function can then be written as:

Ny

L(p, 0:7) = HPOlbb ng; 1S (0) + H (tj;05,05) (3.9)
i=1 j=1

The variables involved in Equation [3.9] are defined as:
e Np: number of bins;
e n;: number of data events in i-th bin;

e 1: The parameter of interest (POI): here defined as the ratio of the observed

cross-section to the expected cross-section: p = Z"bsimtej
expecte:

e S;(B;): number of expected or predicted signal (background) events in the bin
i

e N,: number of nuisance parameters considered (systematic uncertainties);
e 0;: the set of nuisance parameters corresponding to systematic uncertainties;
e t;: the nominal values of the nuisance parameters 0;;

The function C is typically a Gaussian in the case of NPs associated with systematic
uncertainties, or a Gamma function for NPs related to statistical uncertainty.

With such a LH function defined, the optimal value (or best-fit value) for the
POI can be found by performing an N-dimensional maximization on the LH function
(where N is the number of NPs), or equivalently by minimizing the negative-log LH
function. In other words, when obtaining the best-fit value for a POI, one is getting
as by-products also the best-fit values of all the NPs in the model.

The uncertainties in these best-fit values, for the POI and for each of the NPs,
are evaluated as follows. For each considered parameter, denoted as k, the so-called
profile likelihood ratio is defined as:

L(k,6,)
L(k,0)’

where L(k,6) is the likelihood evaluated at its maximum, i.e. k and 6 are the
best-fit values for the parameter k and for all the other parameters, respectively;

instead ék) represent the best-fit values of the parameters other than k, obtained
from a fit performed while keeping the parameter k fixed. Such likelihood ratio is
a function of the sole parameter k, while all the other parameters are profiled away.
This profile likelihood ratio has the useful property that its natural logarithm, and
more specifically the quantity —2InA(k), is distributed like a x2, with one degree
of freedom, in the limit of large statistics, usually referred to as asymptotic regime.
Thanks to this property, the uncertainty on the parameter k can be easily defined
as the shift from its best-fit value needed to increase the quantity —2log\(k) by 1:
Gy, : —2log(k £ oy,) = 1J]

5Notice that this formula assumes a perfectly symmetric behaviour of the negative-log-likelihood-
ratio with respect to the parameter k. If this symmetry is not realised, different values are found
for the positive and negative errors.
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3.4.2 Significance of a measurement

In order to claim the observation of a process, a quantification of the significance of
an excess of measured events is needed. Such significance is defined as the degree
of incompatibility of the observed data with the hypothesis of the absence of signal,
or the background-only hypothesis. In general, the significance can be computed as
a transformation of the so-called pg-value. The py-value is defined as the probabil-
ity, while assuming a certain null hypothesis (typically corresponding to the absence
of signal process), of getting data of equal or greater incompatibility than the ob-
served one, with the predictions of the null hypothesis. The incompatibility with the
observed data is defined through a test statistics.

In the case of the profile likelihood formalism, the best test statistics are proven to
be the profile likelihood ratio, A(u), or one of its transformations (e.g. —2logA(p)).
Here we considered the signal strength p of the tested POI (as in eq. 3.9). At
this point, two hypotheses are tested and compared: H = Hi, which refers to the
presence of a signal (> 0), and the null hypothesis H = Hy, i.e. no signal and only
background (u = 0). The profile likelihood ratio is then built from this hypothesis:

L(i,0)

where the numerator corresponds to the hypothesis Hy, as it is a conditional maxi-
mized LH function for the given value of u = 0, while the denominator corresponds to
Hy, as it is a unconditional maximized LH function, where the presence of a signal is
allowed. In other words, this test statistic tells how much better the data are fitted
by a signal-plus-background model with respect to a background-only model. Fi-
nally, the p-value py for the negative log of this ratio is computed, as the probability
of getting a worse value of the test statistics than the observed one, usually exploit-
ing the known properties of the profile likelihood ratio, in the asymptotic regime.
Finally, the significance of the signal process is computed as Zg = ® (1 —pg), where
@~ is the quantile (inverse of the cumulative distribution) of the standard Gaussian
probability distribution.

3.4.3 Exclusion Limits

In the context of searches for new physics, in the absence of significant excess in the
data over the background-only prediction, upper limits at 95% confidence level (CL)
are usually derived for the predicted signal process. The upper limits are calculated
using the CL; frequentist formalism, described in [95]. The test statistic used for the
limit computation is defined as a profile likelihood ratio:

L(Nsi nalaé )
(#)

- _ (3.10)
L (Nsignala e,u)

qﬂsignal == 2ln

where [iggnal and éu are the best-fit values of the signal strength and NPs, while éu
is the best-fit values for the NPs for a given value of jigignal. Also for this exclusion
limit computation, the asymptotic behaviour of the negative-log-likelihood ratio is
exploited. In addition, so-called expected exclusion limits are computed together
with the observed ones. These are obtained by applying the same procedure as for
the extraction of the observed exclusion limits but using a synthetic dataset built
from the background-only model. Usually, such expected limits are reported together
with corresponding +10 and £20 bands, obtained by sampling the synthetic dataset
used for the extraction of the expected limits with Poisson fluctuations.
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Chapter 4

Cross-section Measurement: single
top t-channel

4.1 Introduction

This Chapter presents the first measurement of t-channel single-top-quark production
in pp collisions at the centre-of-mass energy of /s = 5.02 TeV, based on 255 pb~!
of ATLAS data collected during LHC Run 2. As mentioned in top quarks
are mainly produced in pairs at the LHC, but are also produced as singly, via EW
processes. Among the three main production modes of single top, the t-channel
one is the primary at the LHC. Single top t-channel production has been measured
for the first time at the Tevatron at /s = 1.96 TeV [96, 97| in pp collisions, and
then at the LHC at 7 and 8 TeV in pp collisions both by the ATLAS and CMS
collaborations [98, 99, 100, [I0T]. Measurements of the t-channel production cross
section at /s = 13 TeV have been performed by the CMS collaboration with an
integrated luminosity of [ L = 35.9 fb~! [102], and more recently by the ALTAS
collaboration with the full Run 2 dataset corresponding to [ L = 139 fb~t [103].

The result presented in this Chapter is based on data collected during the LHC
Run 2 corresponding to an integrated luminosity of just [L = 255 pb~!, which
is three orders of magnitude less than the full Run 2 dataset. This dataset has
a lower centre-of-mass energy with respect to the one at which the rest of Run 2
data are collected, i.e. /s = 13 TeV, as well as a lower instantaneous luminosity
and a consequent lower pile-up . These pp collisions were produced at the LHC as
a reference run for the subsequent heavy-ion collisions (PbPb) at the same energy
per nucleon of \/syy = 5.02 TeV. The proportionality among the energy and the
production cross-section is tested, as well as higher-order corrections from QCD [104]
at a different energy than those studied before. The measurement of ¢-channel single-
top production process, and in particular the extraction of the cross-section ratio
between top-quark and anti-top-quark production, is a useful input to global PDF
fits, as the different centre-of-mass energy can provide different constraints.

At the energy of /s = 5.02 TeV the single top t-channel cross-section predicted
by the SM is oM (tq+tq) = 30.3f8:55’ pb. The observation of this process with a small
dataset of [ L = 255 pb~! is therefore challenging. The analysis presented in this
thesis addresses this challenge through the optimization of event selection to improve
the signal-to-background ratio, as well as enhancing the separation between signal
and background events using machine learning algorithms. This Chapter shows
the details of the observation of t-channel single top production, as well as of the
measurement of the total cross-section for this process(o(t + t)), of the same cross-
section for the top and anti-top separately (o(t) and o(t)) and their ratio R;. The
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results discussed here have been recently published in a paper [6].

4.2 Data and Monte Carlo samples

In the following sections, a short description of the physics object definitions, data
and Monte Carlo samples used in the ¢-channel single top cross-section measure-
ment is given. This section frequently references Chapter [3] where a more detailed
description of the general concepts is given.

4.2.1 Physics Object Definition

Electron candidates are reconstructed and identified as explained in section [3.1.2
In this analysis, electrons are required to pass the Medium likelihood identification
criteria, to have |Neyster| < 2.47 and not to be in the crack region. The isolation
criteria used for electrons is the FixedCutTight out of those detailed in [3.1.2]

Muon candidates are reconstructed and identified as explained in section [3.1.3
They are required to pass the Medium identification criteria, and to have |n| < 2.5.
The isolation criteria used for muons is the FCTight_FixedRad out of those detailed
in B.1.3

Both electrons and muons are matched to the primary vertex using standard im-
pact parameter requirements in ATLAS (see section[3.1.1]) by requiring that |zgsin(6)|
0.5 mm and [do/s(do)| < 5(3) for electrons (muons). Calibration and efficiency scale
factors are applied to electrons and muons derived for the low pileup /s = 5.02 TeV
dataset [105] [106].

Jets are reconstructed using the anti-kp jet algorithm [64] with a radius parameter
of R = 0.4 following the procedure for the standard jets as explained in [3.1.4 They
are required to have pr > 20 GeV and |n| < 4.0. Jet energy calibrations derived
for the standard ATLAS Run 2 measurements with high-pileup at /s = 13 TeV
need an additional correction due to different pile-up, detector and reconstruction
conditions for the dataset at /s = 5.02 TeV used in this analysis. This additional
jet in-situ correction is derived with a dedicated Z/jet pr balance study detailed in
section B.1.41

Out of the jet objects, b-jets are identified with the DL1r algorithm, as detailed
in section [3.1.7, The DL1r working point used in this analysis is the tighter one, to
increase the signal purity, with a 60% b-tagging efficiency for b-jets in simulated ¢t
events. It corresponds to a rejection factor of ~ 1155 against jets originating from
light quarkﬂ, and ~ 29 against jets originating from charm quarks. The b-tagging
efficiencies at /s = 5.02 TeV were found to be compatible with those at /s = 13 TeV
within the statistical uncertainty, from a previous ATLAS measurement [68], thus
the same is used in this analysis.

To prevent double counting of hits, energy deposits in the detector, reconstructed
tracks or clusters, the ATLAS standard overlap removal procedure is used as de-
scribed in The calculation of the missing transverse momentum Ejmiss also
uses the standard ATLAS definition explained in [3.1.6]

4.2.2 Data Samples

The analysis is performed using the dataset collected during November 2017 LHC
pp collision run at /s = 5.02 TeV and corresponds to a total integrated luminosity

'Here the up, down and strange quarks are referred to as light quarks.
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of 254.94 pb~! after data quality requirements [I07]. The average number of inter-
actions per bunch crossing ranged from approximately 0.5 to 4 in this dataset with
an average of (i) = 2 interactions per bunch [108].

4.2.3 Monte Carlo Simulation

The analysis relies on dedicated Monte Carlo (MC) samples generated at /s =
5.02 TeV. These samples are processed through the full ATLAS detector simulation
based on GEANT4 [88]. Both the MC samples and data samples are elaborated with
the same reconstruction algorithms and analysis chain.

The signal t-channel single-top quark process is simulated using the POWHEG
Box v2 [109] generator with PYTHIA 8.2 program [85] with the NNPDF3.0 NNLO
PDF set [110] and the A14 tune [90] for parton showering and hadronization. Two
alternative signal samples are generated: the first uses the same MC generators with
the difference that the pTHard parameter in PYTHIA 8 is changed from zero to one,
while the second is generated with POWHEG+HERWIGT7.1.6 generator. All the sig-
nal samples are normalized to NNLO cross-sections calculated using the MCFM pro-
gram [I11]. The inclusive cross-section is o€ (t+1) = 30.3703(QCD scales)f8:i(PDF+ozs),
where the quoted uncertainties include those from the choice of renormalization scale
1R, the factorization scale up, the uncertainty on the PDFs; and the uncertainty in
the value of the strong coupling constant as.

The tt, Wt and s-channel background processes are all similarly generated using
PowHEG Box v2 interfaced with PYTHIA 8.2 | using the NNPDF3.0 NNLO PDF
set and the A14 tune. An alternative ¢t sample is produced using POWHEG -+ HERWIGT.1.6
for parton showering. All ¢t samples are normalized to NNLO+NNLL cross-section
predictions calculated with the Topr++ (v2.0) program [112].

For the Wt associated production process, the diagram-removal (DR) scheme [113]
is used to handle the interference between the ¢t and Wt final states. Two alternative
samples are generated: one with the same generators but using the diagram subtrac-
tion (DS) scheme [114], and the second one using POWHEG-+HERWIG7.1.6 [86]. The
Wt samples are normalized to NLO+NNLL cross-section calculations [I15]. An alter-
native sample for the s-channel process is produced with the POWHEG-+HERWIGT7.1.6
generator. The s-channel samples are normalised to the generator-level NLO cross-
section prediction.

The Wjets and Z-+jets backgrounds are simulated with SHERPA2.2 [84] using
NLO matrix elements with up to two partons, and LO matrix elements for up to four
partons, with the NNPDF3.0 NNLO PDF set. These samples are normalized using
NNLO cross-section predictions [I16]. The diboson production (WW, WZ, ZZ) is
generated using SHERPA2.1 with the CT10 PDF set [117].

For all samples, heavy flavour decays are modelled using the EVTGEN-1.6.0 pro-
gram [87], except for processes modelled using the SHERPA generator. The top-quark
mass is set to my = 172.5 GeV in all relevant samples.

Small corrections derived from data-to-simulation comparisons are applied as
scale factors (SFs) to the simulated lepton trigger and reconstruction efficiencies to
improve agreement with the observed data response.

4.2.4 Fake and non-prompt lepton background estimation

In the single top ¢-channel analysis, as detailed in [£.3.1] at least one lepton is re-
quired in the final state. This selection is needed to identify the leptonic decay of
the W boson produced by the top quark. Non-prompt leptons, hadrons, and pho-
tons can satisfy the lepton selection criteria and therefore create a non-prompt/fake
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background. This background is not well described by MC simulation and is esti-
mated with a data-driven method: the Matrix Method. A detailed explanation of
this background and of the method is given in a previous section 3.3} The tight and
loose samples in the Matrix Method for this analysis are selected, after imposing the
final kinematic selection as in based on the lepton tight or loose requirements,
defined in [4.2.1]

The real efficiency (g,) is measured in MC simulation in a region dominated by
Z boson and tt production: events are split into two regions if they contain two
electrons (e*eT) or two muons (u*uT) of opposite electric charge, they are required
in both cases to have at least one b-tagged jet and an invariant mass of the two
leptons of 80 GeV < my; < 100 GeV. Fake efficiencies (ey) are extracted from MC
simulation and not directly from data due to limited statistics, considering events
that fail the real lepton selections (as defined in . The electron ¢ is computed
in events with one electron and one muon with the same electric charge (et pu®),
while muon €y in events with two muons with the same electric charge (utp®).

The main source of fake/non-prompt events for electrons are coming from light
flavour hadrons from hadrons, while for muons it is non-prompt muons from heavy-
flavour hadron and 7-lepton decays. The e, and e are applied separately for elec-
trons and muons and parameterised in bins of leptons |¢|, as shown in Figure
The choice of the parametrisation is done after studying basic kinematic distributions
such as lepton |n| and |A¢ (¥, jet)].
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(a) Electron efficiencies. (b) Muon efficiencies.

Figure 4.1: The ¢, and ¢y efficiencies for electrons |4.1(a)| and muons 4.1(b)| as a
function of the lepton |¢|.

4.3 Analysis Strategy

The basic structure of the adopted analysis strategy comes from the typical topology
of the signal events, as depicted in the representative Feynman diagram shown in
Figure[£.2] The final state is characterized by a single charged lepton, and a neutrino
from the W boson decay, a b-jet originated from the top-quark decay as the W, and
finally, another jet, created by the spectator quark, is the result of the diffraction of
the incoming quark.

In this context, the t-channel single top production process is defined as the signal,
while background processes include top quark pair production, W+jets production,
other single top production modes and fake and non-prompt lepton background.
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Figure 4.2: Representative tree-level Feynman diagram of the ¢-channel single top-
quark production and leptonic decay of the top quark.

4.3.1 Event Selection

Based on the t-channel production final states, all the candidate events are required
to pass a single electron or a single muon trigger. Both the triggers used are fully
efficient for leptons with a pr > 18 GeV and therefore only events passing this
requirement are further considered [118] 119].

At least one reconstructed vertex with at least two associated tracks that have
a pr > 0.5 GeV is required for all events. When multiple vertices are reconstructed,
the vertex with the largest sum of the squared pr is taken [120].

Events are required to have at least one lepton candidate (an electron or muon
object as defined in , exactly two reconstructed jets with pr > 23 GeV, and
exactly one jet tagged as a b-jet with the DL1r 60% WP. The b-jet is required to have
In| < 2.5, while the other jet is selected if |n| < 4.0. This selection, for the candidate
jet originating from the spectator quark, includes also forward jets to enhance the
signal-over-background ratio, as better explained in [£.3.4 Events are also required
to have EZV% > 15 GeV.

Additionally, to reduce the contribution from the ¢t background process the
candidate b-jet and the spectator jet are required to have An > 1.5. To mit-
igate the effect of multi-jet background the triangular cut is applied, defined as
(Emiss +ml) > 70 GeV, as well as the selection m¥ > 35 GeV. These two selec-
tions aim to reduce the multi-jet background containing a fake or non-prompt lepton,
which tends to have low E}”iss and mIW with respect to the signal process. Here the

transverse W boson mass is defined as m} = \/Qpljpr’Tmss(l — cos(AP(L, piriss))).
A further selection requiring Hr > 185 GeV is applied, with Hp defined as the sum
of the transverse momentum of the lepton, of those of the jets and of EQ’?“S, to reduce
the W-jets background contribution. A cut on the invariant mass of the lepton—b-jet
system, my < 165 GeV, is applied to reject background events from processes not
involving a top-quark. Finally, to further characterize the t-channel production pro-
cess, events are selected if they have myy < 102 GeV and 140 GeV < my,), < 225 GeV,
where my, and my,, are the reconstructed W-boson and top-quark mass values, as
described in the next Section[4.3.2] Figure shows the data and MC distributions
for events passing the event selections here described for the Hp observable and for
the absolute value of the pr difference between the W boson and the up-quark and
b-quark system.

4.3.2 Top quark reconstruction

The reconstruction of top quarks from their decay is a recurring problem of top-
quark-related analyses. Reconstruction techniques can differ significantly based on
the decay channel of the top. In the analysis described in this Chapter the top-quark
decays leptonically. The main challenge in this final state is related to the neutrino,
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Figure 4.3: The Hp in and |App (W, ub)| in distributions for data (black
dots) and MC samples after event selections. The error bars on the dots represent
the statistical uncertainty on the data while the blue cross-hatched lines correspond
to the total uncertainties on the MC prediction. The lower panels show the ratio
between the data and the prediction.

which is not detected by the ATLAS detector.

The first step in this procedure is to reconstruct the W boson from its decay
products. Its four-momentum can be obtained as Py = P, + P,. Here the lepton
momentum F; is known with good accuracy, while the neutrino momentum P, can
only be estimated from the E}”iss quantity and therefore only the x and y components
can be known. Since the neutrino is originated from the decay of the W boson, the
pole mass of the latter can be used as a constraint, together with the requirement
that the neutrino is massless. In this way the z component of the neutrino four-
momentum can be extracted as:

5 p- P Ef pp — 1
PV’Z_Q'W'PV’Z+_E?—7%_O (41)
with
n = 72 + cos A¢(Z, Ezn}wS) “PLT Pu,T (42)

where P, , and Ej are the z-component of the momentum and the energy of the
charged lepton respectively, p; r, p,, 7 are the transverse momentum of the charged
lepton and neutrino, Aq&(l,ErTniss) is the azimuthal angle difference between the
charged lepton momentum and the missing transverse momentum. In general, two
solutions Pf} ,;B of this quadratic equation can be found:

ap_ WP [P EPply a2 (43)
vz T 2 4 - 2 :
: Prr Py Py

In the case of two real roots in the quadratic function, the root which gives a re-
constructed top-quark mass closest to the on-shell top-quark mass myo, = 172.5 GeV
is chosen. In the case of an imaginary root, which can occur due to the limited E%“'SS
resolution, only the real component is considered.
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With the z-component of the neutrino’s four-momentum, the four-momentum
of the W-boson is calculated. The top-quark is then reconstructed from its decay
products: the four-momentum of the top-quark is calculated as Py, = Py + B,
where Py is the 4-momentum of the b-tagged jet which is also measured with good
accuracy.

4.3.3 Signal Discrimination

To achieve a high accuracy when measuring the ¢-channel single top production pro-
cess it is important to have a good separation between the signal process versus the
background ones. In this respect, a machine learning approach is used in this analy-
sis: a Boosted Decision Tree (BDT) is implemented with the XGBoost package [121].

A BDT is an algorithm that enhances classification performance by combining
multiple decision trees into a single classifier. The algorithm builds these trees se-
quentially, with each subsequent tree focused on correcting misclassifications from
previous trees through the boosting process. While individual trees in the ensemble
are intentionally kept simple, their combination yields a robust classifier. The boost-
ing process iteratively assigns higher weights to misclassified events, ensuring that
the algorithm focuses on challenging cases.

Training step

In the training step, the BDT is provided with simulated samples of signal events
and of all the background processes considered in this analysis: tt, Wtjets, tW,
s-channel, Z+jets, and diboson production. The multi-jet fake/non-prompt lepton
background sample estimated with the Matrix method is also given as input to the
BDT training. The truth MC classification information for all events is passed to
the BDT so it can learn to recognize signal versus background events.

The BDT is trained on MC datasets without information on the MC event
weights, that are used in the statistical analysis described in Section and that
match the physical yields for each process. This way the number of events used in the
training for each background process would not match the correspondent physical
yields. Therefore, background samples are scaled so that proportions between the
number of events for background processes used in the BDT match the correspondent
physical yields.

In total 30 different input features for the BDT have been considered, with in-
formation on invariant mass of different combinations of final state particles, recon-
structed intermediate particles, angular and transverse momentum variables of the
final state objects, difference between kinematic observables of the final state parti-
cles and more complicated functions of kinematic variables of the leptons and jets
in the final state. The BDT provides a ranking of input variables through XGBoost
importance metric. The feature importance is calculated using a weight, which rep-
resents the relative number of times a variable is used to split the data across all
trees. An optimization study on the number of input variables to use has been per-
formed: only the first 5, 9 or 25 highest-ranked input variables are used. The results
are evaluated by looking at the output metrics of the BDT such as the Area Under
the Curve (AUC)E| and accuracyﬂ as well as the separation S of the BDT output

2The AUC represents the probability that a randomly chosen signal event is ranked higher than
a randomly chosen background event by the classifier. It is defined as the Area Under the ROC
(Receiver Operating Characteristic) curve).

3 Accuracy is defined as the ratio of correctly classified events (both signal and background) to
the total number of events.

o3



variable between the signal sample and the background processes, with computed
as S = 1/2 (5-b)*/(s+b). Taking into account that a smaller number of input features
for the BDT corresponds to lower computing resource usage and a reduced risk of
overtraining, the optimal number of input features chosen is 9. Table lists the 9
variables, with a short description.

Feature ‘ Definition
mip Invariant mass of the lepton (1) and the tagged jet ()
Hr(1, jets, E&Z”SS) Scalar sum of pr of the charged lepton, the jets, and
Eg]iss
[n(w)| Absolute value of the 7 of the light quark jet (u)
| Apr (W, ub)| Absolute value of the scalar difference in pr between the
’ reconstructed W-boson and the jet pair
\An(b, )| Absolute value of the difference in 1 between the charge
’ lepton and the tagged jet (b)
Absolute value of the difference in 7 between the charge
|An(u, )] lepton and the
light-quark jet (u)
[n(D)] Absolute value of 7 of the charged lepton
m(lvb) Invariant mass of the reconstructed top-quark
)\ff)q where A1 > Ao > A3 and A1, A2, A3 are eigenvalues
;I;Eg:i\;:;e of S = Lifig?; a,b=x,y,z;1 = jet index.

Table 4.1: The 9 input features used in the training of the Boosted Decision Tree.

The hyper-parameters of the BDT have also been studied and optimized to obtain
a minimal amount of computing resources while not decreasing the BDT output
performances. The performance evaluation here is the same as for the number of
input features described above. The BDT hyper-parameter chosen values are listed

in Table 4.2

Parameter Value

Number of Trees 100
Maximum Depth 5 nodes

Learning Rate 0.01
Number of Epochs | 100
Loss Function Binary Cross-Entropy

Table 4.2: BDT training hyper-parameters values.

Testing step

A test for over-training is performed: the discriminant constructed from the training
(the BDT output variable) is applied to a statistically independent sample that has
not been used in the training step. Figure shows different metrics evaluated
on the training and testing samples. The test step is performed using the k-fold
cross validation technique. The training set is split into three equal-sized partitions
(folds). One of them is designated as the test sample and the other two as the training
sample and the BDT is then trained and tested with this scheme. This procedure
is repeated until each fold has been used as the test set exactly once. This ensures
an orthogonal test set for each training and data efficiency is gained. The Receiver

o4



Training History - Area Under ROC Curve Training History - RMS Error Training History - Binary Cl Error Rate

Area Under ROC Curve
RMS Error

Binary Classification Error Rate

BDT iterations ; : BDT iterations BDT iterations

(a) Area Under the ROC curve. (b) Root mean square error. (c) Mean square error.

Figure 4.4: Metrics used to evaluate the model performance, in black for the training
sample and in blue for the testing sample.

Operating Characteristic (ROC) curve is a graphical representation used to assess
the performance of a binary classifier. It plots the True Positive Rate (TPR) against
the False Positive Rate (FPR) at various threshold settings. The TPR is the ratio
of True Positives (TP) to the actual positives (TP + FN), and the FPR is the ratio
of False Positives (FP) to the actual negatives (TN + FP). The ROC curve is shown
in Figure for each of the folds and their average.

ROC Curve

Training sample (AUC = 0.82 )
10 — Testing sample (AUC = 0.82)

round Rejection

Backg

Figure 4.5: Background rejection versus signal efficiency obtained by varying the
threshold value on the BDT output variable for the events of the test sample showing
the 3 folds for the training region. The average ROC curve value of each of the
individual folds is shown as a solid blue line

4.3.4 Forward jet selection optimization

In the ATLAS collaboration, the standard jet physics objects used in physics analyses
are required to be reconstructed in the central region of the detector, |n| < 2.5. Any-
way, as it can be seen in the Feynman diagram in Figure the jet corresponding
to the spectator quark tends to be in the forward region (|n| > 2.5).

95



35F T T T T T

fs=5.02TeV, 0.26 ft' Single top t-chan 61.7
(w4 6.1

Events

251

Events

Vs =5.02 TeV, 0.26 6" M Single top t-chan 31.7
Ot 6.9 30+ . ]

l+jets M Other single top 1.6 I+jets M Other single top 2.0
20F pre-Fit Wajets 27.3 Pre-Fit Wijets 368
[l Other bkg. 14 25 [ Other bkg. 24
W Fakes 10.6 W Fakes 106

Total 79.4 Total 119.6
16 Uncentainty 20r Uncertainty

Data / Pred.
Data / Pred.

0 01 02 0.3 04 0.5 06 0.7 0.8 09 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
BDT outputs BDT outputs

(a) Jet |n| < 2.5. (b) Jet |n| < 4.0.

Figure 4.6: BDT output distribution for the t-channel single top production signal
and the background processes considered MC samples. On the left when the
jet pseudo-rapidity selection is |n| < 2.5, while on the right for the jet pseudo-
rapidity selection is |n| < 4. It is evident how in the latter case the signal events are
larger with respect to the background events than in It can also be seen that
the BDT is able to distinguish better the signal process versus background ones in

the case of

To find the optimal value to select the pseudo-rapidity of the candidate jet, var-
ious selection values have been considered to optimize the signal over background
ratio. Table shows the values considered for the pseudo-rapidity jet selection
and the corresponding separation value between signal and background computed
with respect to the Boosted Decision Tree (BDT) output variable (detailed in Sec-
tion . It is clear that a higher cut on the absolute value of the pseudo-rapidity

17| max | Separation (%)
2.5 (standard) 16.4
3.0 225
3.5 22.5
4.0 26.1

Table 4.3: Separation between signal and background processes for the BDT output
distribution for different |n|max selections.

that enhances the signal-over-background ratio, also improves the BDT ability to
separate signal versus background. As an example in Figure [£.6] the BDT output is
shown for two values considered for the spectator jet |n|.

4.4 Statistical Analysis and Systematics

After the training and testing step of the BDT, the architecture obtained is applied to
whole data and MC samples. The BDT output distribution is then used to perform
a binned Profile Likelihood Fit as described below in Section [£.4.2] which takes
into account the statistical uncertainty, as well as all possible sources of systematic
uncertainties, detailed in the next Section .
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4.4.1 Systematic Uncertainties

Several sources of systematic uncertainties that can affect the normalization and
shape of the signal and background BDT output distributions are considered.

Luminosity and Pileup

The luminosity for the low-pileup pp collision data recorded by ATLAS at /s =
5.02 TeV has been calibrated following the methodology discussed in [122], where
the uncertainty on the integrated luminosity is computed to be of 1.0%. As the level
of pileup in the dataset used in this analysis is low ((u) = 2), no separate pileup
re-weighting uncertainty was included.

Reconstructed physics objects

Uncertainties in the reconstruction, identification and calibration of the physics ob-
jects are considered. Leptons have uncertainties related to the reconstruction, iden-
tification and isolation SFs, as well as uncertainties relative to the electron and muon
energy scale and resolution as explained in [3.1.2] [3.1.3]

Uncertainties related to the JES and JER are included as for ATLAS standard
analyses with pp collision data at /s = 13 TeV (more details in Furthermore,
since a dedicated JES in-situ correction is extracted for the low pileup /s = 5.02 TeV
data, two additional non-closure systematic uncertainties on the jet energy scale are
added. The uncertainty in the efficiency of the JVT selection is also added.

The uncertainties in the b-tagging calibration, determined separately for b-jets, c-
jets and light-jets, are applied, to account for differences between data and simulation
(more details in . The uncertainty in the EYTC”SS is considered as explained
in [3.1.0]

Uncertainties in signal and background modelling

Various uncertainties in the modelling of the signal process are considered. Here a
list of those applied in this analysis is given, while an explanation can be found in
Section [3.2.3t

e missing higher-order QCD corrections in the ME computation;

e uncertainty on the amount of ISR, and FSR;

e uncertainties on the choice of parton shower and hadronisation model;
e uncertainty in the matching between ME computation and PS model,;

e PDF uncertainty for the PDF set used in this analysis, the PDF4LHC15, is
evaluated following the recommendation in [123]. The uncertainties due to the
PDF choice are only estimated for the ¢-channel signal and ¢t background.

Uncertainties coming from the background processes modelling are also consid-
ered. Uncertainties due to higher-order QCD correction, ISR, FSR, choice of the PS
and hadronisation model are considered for the ¢f sample in the same way as for
the signal process. Moreover, an uncertainty on the choice of the hggm, parameter
and on the choice of the ME generator are considered for this background process
(as detailed in . Finally, an additional normalization uncertainty of f;:?% is
applied on the tt cross-section [124].

Uncertainties on the multi-jet fake/non-prompt lepton background estimation
are considered separately for the e+jets and the pu+jets channels and a conservative
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50% normalization uncertainty is used. A shape uncertainty for this background
was studied and found to be negligible and therefore not included in the results.
However, to account for any possible shape differences in the multi-jet background
estimation, the parameters referring to the statistical uncertainty for each bin (here
referred to as «;) corresponding to this background process are separated from those
of the other processes.

A normalization uncertainty of fgjg% is applied to the tW background cross-
section, while 9.5% to the s-channel one [125]. The effects of the renormalization
scale, factorization scale, ISR, and FSR are also evaluated for these two background
processes as for the signal one. The tW simulated sample also takes into account
the uncertainty on the diagram-removal technique, as detailed in [3.2.3]

A normalisation uncertainty based on the conservative Berends scaling [126] that
is dependant on the number of jets found in a particular event is used to cover the
higher order effects to the W+jets cross-section. A 34% normalisation uncertainty
is used, which is further split into Wlight jets, W+2> 1c-jets, and W+2> 1b-jets
contributions. The effects of the renormalization scale and factorization scale are
also considered for these processes, taking into account only the shape effect of the
variation.

The normalisation uncertainty in the Z+jets and diboson backgrounds is conser-
vatively taken to be 50%, accounting both for uncertainties in the cross-sections and
in the acceptance.

4.4.2 Profile Likelihood Fit

The statistical analysis is performed based on a Profile Likelihood Fit to the BDT
output distribution. A detailed explanation of the Profile Likelihood Fit formalism
is given in Section [3.4.1]

In particular, selected events are split into two different categories, based on the
electric charge of the lepton in the final state: the [T+ jets and [~ +jets signal regions.
This is done to differentiate the contribution of single top-quark versus antitop-quark
t-channel production. A potential contamination in the two defined regions, caused
by events of the other topology, can be caused by wrongly assigned charge leptons.
The contribution of this contamination was checked in MC simulation to be less than
1°/40- The single-top-quark production cross-section (o) signal strength py, and the
single-antitop-quark production cross-section (o7) signal strength p; are extracted
from the Profile Likelihood fit to the BDT response distributions in the It +jets and
[~ +jets signal regions.

The total single-top-quark ¢-channel production cross-section (o¢—chann) and the
ratio R; between o; and o7 are extracted from the same fit by parametrizing the
individual signal strengths p; and pf as functions of the ¢-channel production cross
section signal strength ti;—chann and the signal-strength ratio pg, as in Equation @

B Ri)redicted +1 o Ri)redicted +1 (4 4)
Mt = Ht-chan. R e Rfredicted 1 y Ut = Ht-chan. i, Ri)redicted ) .

Here Rfredmted = 2.03. The significance on o;_cpann is measured according to the

procedure defined in Sec. [3:4.2]

All experimental uncertainties described in Section [£.4.1] are included as NPs in
the Profile LH fit. Systematic uncertainties with an effect less than 0.01% on the
total yields in the signal region are pruned to improve the fit stability.

Shape effects which arise from statistical fluctuations in the systematic uncer-
tainties distributions are mitigated by means of a smoothing procedure.
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4.5 Results

The fit to data results in a signal strength value for the ¢-channel single-top pro-
duction cross-section of jiychan. = 0.891515(stat.) 7015 (syst.) and for the Ratio be-
tween top and antitop quark cross-sections of pp, = 1. 35+8'Z(1)( t t) fg“;’g(sys‘c)
These signal strength values correspon to: 04— chann = 27. 1+4 o 1(stat) 3 7(syst) pb and
Ry = 2.737ha3(s tat)+(1) %(sybt) respectively. The Pearson correlation coefficient be-
tween oy chann and Ry is measured to be —30%. The significance of the signal obser-
vation is evaluated using the asymptotic approximation [127]. The background-only
hypothesis is rejected with an observed (expected) significance of 6.1 (6.4) standard
deviations.

The NPs shifts with respect to the input values given to the Profile LH fit, as well
as their constraints, defined as post-fit uncertainties relative to their uncertainties
prior to the fit (i.e. to the standard deviation of the associated constraint terms in
the likelihood), are shown in Figure The best-fit values of all NPs are found
to be within 0.2 standard deviations from their input values and all constraints are
smaller than 10%.

In Figure [4.8] the fitted NPs corresponding to the statistical uncertainty in the
prediction of each bin (y;) are shown. It can be seen that the statistical uncer-
tainty for the fake/non-prompt multijet background bins, especially for the p-+jets
component, is quite large.

To check the fit stability, a profile likelihood scan was performed by scanning over
various values of the two POls and plotting the difference in the post-fit negative-log-
likelihood function for the scanned value and the best-fit value of the POI, profiling
over all the nuisance parameters at each scanned point The resulting plot is shown in
Fig.[4.9/and the two-dimensional scan is in Figure|4.10} These Likelihood scans high-
light that the negative log-likelihood is a smooth functlon both for the signal-strength
parameter related to the t-channel cross-section and for the parameter related to the
ratio of the top- and antitop-quark cross-sections. The two curves are not symmetric
in general, but zooming in around the minimum it can be verified that both of them
are approximately symmetric for small variations.

To look which of the different sources of uncertainties have a higher impact on
the final fit results, the so-called ranking plots are produced. The impact of each
source of systematic uncertainty is obtained by comparing the best-fit values of the
POI in the nominal fit to data and in an alternative fit, where the NP associated
to the systematic uncertainty source is shifted and fixed to its 1o variation. This
procedure is repeated four times: twice to evaluate the impact up and down pre-fit,
shifting the NP value to its 1o variation before the fit, and twice to evaluate the
post-fit impact shifting the NP by its post-fit positive 1o and negative 1o variation.
In the ranking plot NPs are order from the top to the bottom based on their impact
on the POI.

Figure [£.11 shows the ranking plots for both pi; chan. and pg, after a fit to data.
In each plot, the impact of the first 20 systematics is shown in light-blue (blue) for
the down (up) variations, with an empty (full) box for the pre-fit (post-fit) impact,
which are extracted as explained above. The ranking plots show also the relative
shifts and constraints of the associated NPs: the post-fit best value of the fit is shown
as a black dot, and its post-fit &=1¢ variation with a black line.

The total uncertainty in o;_cpann 18 dominated by the statistical uncertainty fol-
lowed by uncertainties in the signal modelling, misidentified leptons modelling, JER,
the in-situ correction, JES, and the modelling of W+ > 1b jets. The total uncer-
tainty on R; is dominated by the statistical uncertainty, followed by uncertainties in
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the misidentified leptons modelling, JER, the statistical uncertainty in the predic-
tion, the JES the in-situ correction, and JES. The BDT output distribution for the
[T +jets and [~ +jets regions after the Profile LH fit are shown in Figure

As explained in Section the single-top-quark and antitop-quark ¢-channel
production cross-sections can be extracted from the fit results, and are measured
to be op = 19.8739(stat) T3 (syst) pb and o7 = 7.3F3%(stat)>2(syst) pb. The
uncertainties are calculated using error propagation techniques and account for the
correlation between pp, and pi—chann. The t-channel single-top production cross-
section depends on f%v V| (frv is a left-handed form factor that is unity in the
SM, Vj is a component of the CKM matrix). From the fit to data, assuming that
the CKM matrix elements |Viq4|, |[Vis| < |Vip| and that the Wtb vertex is left-handed,

the measured cross-section gives fry - |Vip| = 0.9470 15 [6].
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Figure 4.10: Two dimensional likelihood scan for pup, and firchan. in a fit to data
using the BDT response.
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4.5.1 Summary plots

Figure shows on the left ATLAS measurements of the ¢-channel single top pro-
duction process at different centre-of-mass energies, among which that described in
this Chapter. The measurements are compared to the NLO prediction from the
MCFM MC generator [128, 129]. On the right in Figure the measured o;_chann
is compared with various PDF predictions at /s = 5.02 TeV.
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Figure 4.13: ATLAS measurements of the ¢-channel single top production cross-
section at various energies in the centre-of-mass compare to theoretical calculations
at NLO in QCD in (a). Comparison of the measured o¢_cpqnn shown as a dashed line

with its statistical (systematic) uncertainty in the yellow (green) band, compared to
predictions based on different PDF sets.
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Chapter 5

Search for New Particles: tt
Resonances

5.1 Introduction

This Chapter presents a search for tt resonances with the full Run 2 dataset cor-
responding to [ L = 140fb~! of pp collisions at an energy in the centre-of-mass of
Vs =13 TeV with the ATLAS detector at the LHC.

As already discussed in Sections and [L.3], several BSM theories predict heavy
new particles coupling strongly to the top quark. Among these new theories, some
of them predict additional heavy neutral bosons with spin-1 or spin-2: the Topcolor-
Assisted-Technicolor (in particular the Leptophobic Non-Standard Topcolor Z' [36])
that include a spin-1 Z’ particle; the Randall-Sundrum (RS) models of warped extra
dimensions that cause Kaluza-Klein (KK) excitation of the graviton, corresponding
to a spin-2 boson Gk [8], or RS models with extra dimensions of space that create
KK excitations of the gluon, corresponding to a spin-1 boson gxx [9]. Due to its
large coupling to the Higgs field, the new states are expected to have strong couplings
to the top quark. These three models have been discussed in detail in Section [1.3.1}

The analysis presented in this Chapter is a search for heavy resonances decaying
to tt, testing the three models discussed above. Resonant production of a top-antitop
quark pair, if observed, would provide a clear signature of BSM physics, hence ¢t
resonance searches represent an important part of the BSM programme of the LHC
experiments.

Searches for heavy resonances decaying to tt have been performed with the AT-
LAS and CMS experiments using pp collisions at /s = 7 TeV|[130, 1311, 132, 133,
8 TeV [134] [135] and 13 TeV |10} 136] 137, 138]. Both ATLAS and CMS collabo-
rations published the results of the searches in the fully hadronic and semileptonic
decay channels with pp collision data at /s = 13 TeV with [ L = 35.9 fb=t. The
CMS collaboration also included the dileptonic decay channel. The only search using
the full Run 2 dataset has been published by the ATLAS collaboration with fully
hadronic decay channel [I36] and provides the best exclusion limits for high-mass
(> 1.4 TeV) narrow resonances.

The analysis presented in this Chapter is a search for ¢f resonances in the semi-
leptonic decay channel, targeting both narrow and wide resonances with masses
between 0.4 and 5 TeV. It has been developed in collaboration with the team working
on the corresponding search in the dileptonic decay channel, and a combination of
the results for the two searches is foreseen.
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5.2 Data and Monte Carlo Samples

In the following sections, a short description of the physics object definitions, data
and Monte Carlo samples, and data-driven background estimations used in the ¢t
resonance search is given. This Section frequently references a previous Chapter
where a more detailed description of the general concepts is given.

5.2.1 Physics Objects

To study the invariant mass spectrum of ¢f pairs in the semileptonic decay channel,
it is necessary to define a set of physics objects, that are described in the following.

Electron candidates are reconstructed and identified as detailed in Section
In this analysis they are required to pass the Tight likelihood identification criteria,
to have |Neuster] < 2.47 and not to be in the crack-region. The isolation WP used
for electrons is the TightTrackOnly_VarRad, which only relies on track-related in-
formation and not on calorimeter-based ones. In addition, this WP considers only
tracks in a cone around the electron with decreasing radius for increasing electron
pr, resulting in a fully efficient isolation selection at high pr, ideal for the selection
of highly energetic top quarks decaying leptonically.

Muon candidates are reconstructed and identified as explained in Section [3.1.3]
and the Medium WP is selected for the identification. They are also required to have
In| < 2.5. The same isolation WP as for electrons is used for candidate muons.

Both electrons and muons are matched to the primary vertex using standard im-
pact parameter requirements in ATLAS (see section by requiring that |zgsin(0)|
0.5 mm and |do/o(do)| < 5(3) for electrons (muons). Both electrons and muons energy
and momentum are calibrated as explained in Sections

In this analysis two types of jets are used: the standard jets, reconstructed with
the anti-kp algorithm with a radius R = 0.4 and required to have |n| < 2.5; and the
large-R jets, reconstructed with the anti-kp algorithm with a radius R = 1.0 and
required to have |n| < 2.0. The large-R jets used in this analysis are also required to
have pr > 350 GeV. Details on jet reconstruction and jet energy calibration can be
found in Section B.1.4l

Standard jets are selected as b-jets based on the DL1r algorithm, as explained in
Section The efficiency WP used in this analysis corresponds to a 77% b-tagging
efficiency, which gives a good compromise between signal efficiency and background
rejection. Large-R jets are identified as originating from a top-quark (top-tagged)
with the DNN top tagging algorithm discussed in using the inclusive criteria.
The WP that corresponds to an identification efficiency of 80% for top jets, with
a rejection factor for light-flavour quark and gluon jets of approximately 10 for top
quarks with pp between 500 and 3000 GeV|[73].

A special Overlap removal technique is used in this analysis. The standard OR
used in the ATLAS collaboration would discard all events with an angular distance
between the candidate lepton and jet less than 0.4, which constitute a large part of
signal events where a boosted top-antitop quarks pair is created from the decay of
a heavy resonance. Therefore the standard OR procedure is followed for all objects
except removal between candidate leptons and candidate jets. The sliding AR OR for
muons and the electron-in-jet OR procedures are followed when muons or electrons
are found to overlap with jets. A detailed explanation of these special OR procedures
and the motivation for their use in analyses like the one discussed here is given
in Section The calculation of the missing transverse energy ng”ss uses the
standard ATLAS definition as in Section
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5.2.2 Data Sample

The analysis is performed using the pp collision data collected during the full Run 2
period, corresponding to an integrated luminosity of [ L = 140 b1 after data
quality requirements [107] at the centre-of-mass energy of 1/s = 13 TeV. The average
number of interactions per bunch crossing (pile-up) corresponds to () = 33.7.

5.2.3 Monte Carlo Simulation

The dominant and irreducible background is the SM ¢ production. It is simulated
with POWHEGBOX v2 [139] at NLO accuracy in QCD interfaced with PyTHIAS [85],
with the NNPDF3.0NLO PDF set [110] and the A14 tune [90]. The hggm, parameter
is set to 1.5 - my, where the mass of the top quark is assumed m; = 172.5 GeV. An
iterative recursive reweighting algorithm, the so-called NNLO reweighting, is used to
correct the ¢t MC sample to NNLO in QCD processes and NLO in EW interactions.
A detailed explanation of this procedure is given in Section [5.2.6] The decays of the
bottom and charm hadrons are modelled with EVTGEN [87] for this MC sample as
well as for others considered in this analysis.

Alternative SM ¢t samples are generated, for the evaluation of modelling system-
atic uncertainties. The first has the same setup of the nominal sample described
above, but with the HERWIG7.7 instead of PYTHIAS, using the HTUE tune [86] and
the MMHT2014L0 PDF set [140]. All ¢¢ samples are normalised to the cross-section
value computed with the Top++2.0 [I12] programme to NNLO perturbative QCD
including NNLL corrections.

Single top production is simulated with POWHEGBOX v2 for the s-channel and
tW mode, while with POwHEGBOX V1 [141] with the four flavour scheme for NLO
ME calculations for the t-channel. For all single top samples, the ME generator
is interfaced with PYTHIA8 with the A14 tune and the NNPDF2.3L0 PDF set.
MADSPIN [142] is used to simulate top-quark decays in the ¢-channel sample, which
preserves all spin correlations. The overlap between tW and ¢t production is treated
with the DR scheme [II3]. An alternative ¢tW sample is produced using the DS
scheme [I14], instead of the DR one. The single top samples are all normalized to
their theoretical cross-sections calculated at NNLO-+NNLL accuracy [143], [144] [145].

The background from ¢t + V (where V € W, Z) production is generated at NLO
in QCD with MADGRAPH5 AMC@NLO [83] and the NNPDF3.0NLO PDF set
interfaced with PYTHIA8 using the A14 tune. The samples are normalised to the
theoretical cross-section calculated at NLO in QCD [146]. The t¢ + H production is
simulated at NLO accuracy in QCD with POWHEGBOX v1 interfaced with PYTHIAS
using the NNPDF3.0NLO PDF set and the A14 tune. The sample is normalised
to the theoretical cross-section calculated at NLO in QCD and NLO in EW accu-
racy [147]. In all t¢ + V and ¢t + H the EVTGEN program is used for the decay of
bottom and charm hadrons.

The Wjets, Z+jets ad diboson samples are generated with SHERPA [84] using
the NNPDF3.0nLO PDF set. The Z+jets sample is normalised to the theoretical
cross-section computed at NLO in QCD precision [I48]. The W +jets sample normal-
isation is corrected with data-driven factors, which also correct the relative flavour
fractions, as discussed in Section [5.2.5

All signal processes are simulated at LO in QCD with MADGRAPHS  AMCQ@NLO
interfaced with PYTHIA8 with the NNPDF2.3NLO PDF set and the A14 tune. These
MC generators allow for the spin information to be correctly propagated to the final-
state leptons. The Z’ signal samples are generated with masses of the boson between
400 GeV and 5 TeV. The cross-section was normalised to the predictions obtained at
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NLO in QCD in [149]. The gxx signal samples are generated between 400 GeV and
5 TeV, the Gi g signal samples are generated between 400 GeV and 3 TeV. Both
for the gk and the G i samples, the value of the cross-sections obtained from the
generator is used.

5.2.4 Fake and non-prompt lepton background estimation

The background created from strong production of multijet events where at least
one of them is misidentified as a lepton is one of the most challenging to estimate,
as already discussed in Section [3.3] A fully data-driven approach is used to estimate
this background, using the Matrix Method [92], already described in

In the fake and non-prompt lepton background estimation for this analysis, the
real efficiency e, and the fake efficiency ¢y are estimated in data. The sample used
to estimate the e, uses the same selections described in Looser selections
are instead used to estimate the €7 to have a sample enriched in multijet events.
These samples, referred to as Control Regions (CRs), are required to have at least
one electron or muon passing the Loose identification WP (see Section , while
no leptons passing the Tight WP should be present. Further selections applied are
listed in Table 5.1l A set of events with similar kinematic characteristics to those
of events used to perform the search presented in this Chapter, but still enriched
in multijet events is used as Validation Regions for the fake and non-prompt lepton
background estimate. The selections applied to the validation regions are listed in

Table 5.1}

CR e CR u VR 1 VR 2
Lepton 1 Loosee | 1 Loose t | 1Loosee | 1 Loose i
Veto no Tight o | no Tight e | no Tight © | no Tight e
Emiss <20 GeV | <20 GeV | <20 GeV | > 20 GeV
Emiss oMV 1 < 60 GeV | < 60 GeV | > 60 GeV | > 60 GeV
Jets > 4 jets
b-jets > 1 b-jet

Table 5.1: Selections applied to the multijet electron and muon control regions and
validation regions.

The real and fake rates are parametrised as a function of the lepton pr and
the calorimeter-based isolation variable E%‘me?o. In addition, the rates are derived
separately for the two cases AR(¢,j) < 0.4 and AR(¢,j) > 0.4 (here j is the nearest
selected jet). The fake rates for electrons vary from 5% to 86%, with the largest values
occurring at high electron pr, with low nearby calorimeter activity. This trend can
be expected based on the special isolation requirements which use a decreasing size
of the isolation cone with increasing pr of the lepton and therefore can lead to looser
isolation selection at high py. The fake rates for muons vary from 9% to 84%, with
the largest values occurring at low muon prp, with low nearby calorimeter activity,
which is typical for soft muons arising from semileptonic decays of hadrons inside jets.
Good agreement is found both in CRs and VRs between data and MC prediction for
SM background processes.

The low statistics of the multijet background for values of the top-antitop quark
reconstructed invariant mass, myz, leads to large statistical fluctuations with a non-
smooth distribution, especially in the merged topology considered in this analysis
(that is described in Section. Therefore a smoothing procedure is applied to the
multijet background estimation for events in the merged topology. The smoothing
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is derived separately for events with an electron and a muon in the final state. The
smoothing procedure is derived with the following steps:

1. fit the bulk of the un-binned data sample with a Landau distribution and the
tail with an exponential distribution,

2. build a combined function from the two fitted ones, the two functions end /start
at the separation value m, where continuity between the two functions is

tt
ensured,

3. based on the overall fitted function, new binned data samples are generated,
where the content of each bin is derived from the function integral in that bin.

Figure [5.1] shows the original and the smoothed multijet estimations for events in
the merged topology.
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Figure 5.1: Smoothed histograms (purple line) compared to the original estimate
(black points) for the multijet background estimation in the merged topology. The
shaded area represents the uncertainty on the smoothed histogram.

5.2.5 Data-driven correction to the W -+jets background

The normalisation of the W+jets background can be poorly modelled by simula-
tion. Normalisation factors are derived from data to correct the normalisation of
this background and are applied as scale factors before the final fit. The Charge-
Asymmetry (CA) method is employed to derive the normalisation factors. It relies
on the knowledge that W™ bosons should be produced at the LHC at a higher rate
than W~ bosons due to the asymmetry in the quark content of the proton. The ratio
of the production cross-section for W+ over W~ is known from theory with a higher
accuracy than the total W+jets cross-section in events with three or more jets. The
charge of the lepton in the final state is used to determine the charge of the W boson
that originated it. The total number of W+jets events in data Ny + + Ny— is given
by

Nips + Ny = M€ty Deorr—y, (5.1)

rmMe — 1

where rj;¢ is the ratio of the number of Wjets events with a positively charged
lepton over that with a negatively charged lepton obtained from the MC simulation
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and Dcoppq(—) the number of observed data events with a positively (negatively)
charged lepton.

A significant advantage of the CA method is that the flavour-symmetric back-
grounds like ¢, multijet production and Z-+jets have no charge asymmetry. Hence,
the extraction of the normalisation factors via the CA method can be performed in
any sample of events using the analysis events selections, in dedicated CRs or from
inclusive event samples. The normalisation factors derived from events with the
analysis event selections are found to be in agreement within statistical uncertainties
with those obtained using events in the CR.

5.2.6 Higher order reweighting

To take advantage of the recent theoretical predictions for ¢t differential cross-section,
currently available at NNLO in QCD including NLO EW effects [I50], a NNLO
reweighting technique is used. The predictions for several kinematic observables
from this computation can be significantly different than those obtained from the
MC generator, for instance, Figure [5.2] shows a comparison of the top-quark py and
myg distributions predicted by various MC generators and the higher order calcula-
tion in Reference [I50]. The differences in the predictions are clearly visible, and
they are not covered by the yellow uncertainty band which includes scale and PDF
uncertainties on the higher-order prediction(see Section for an explanation of
these systematics). To implement this more accurate theory prediction into the MC
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Figure 5.2: Comparison of the higher-order analytical predictions in Reference [150]
(dashed black line) with various MC generator predictions (solid lines) for the top-

quark pr in and for the invariant ¢f mass in

samples, an iterative, recursive reweighting algorithm is used to correct the kinemat-
ics of the SM #t samples. Each step of the procedure reweights the distribution of
a target kinematic variable from the MC generator to that of the calculated higher-
order predictions, taking into account any corrections already applied by the previous
steps of the algorithm. The reweighting is performed event-by-event for each of the
distributions, and applied to the kinematic distributions in the following order: m;
first, then the transverse momentum of the top-quark pr(t) and antitop-quark pp (%),
and finally again to the pr(t) and pr(f). To avoid introducing artificial asymmetry
between the top-quark and antitop-quark kinematic distributions, when applying
the procedure to the pr distributions, two weights are derived for each event, one
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considering the top quark pr and the other for the antitop-quark pp and their geo-
metrical average is then used. This whole procedure is repeated three times to obtain
good agreement between the reweighted MC-generated sample distributions and the
theoretical prediction in Reference [I50].

5.3 Analysis Strategy

Representative Feynman diagrams for the BSM signals considered in this analysis
have already been shown in Figure[I.5] in Section [I.3:I] where these models have been
presented. The main irreducible background is the SM tf production. A Feynman
diagram for ¢ production with semi-leptonic decay is shown in Figure [5.3|

b

Ui/ q

q |+

7 /v

b
Figure 5.3: SM ¢t production Feynman diagram decaying semileptonically.

The final state considered in this analysis has a lepton and a neutrino from the
W boson decaying leptonically, a quark-antiquark pair from the W boson decaying
hadronically and a b and a b quarks from the top- and antitop-quarks decaying to a
bW and bW~ respectively.

In this search for a heavy resonance decaying to tt events a vast range of invariant
mass for the heavy resonance is considered, from 400 GeV up to 5 TeV. In the case of
a low tt invariant mass range, all final state products are expected to be separated in
space, while for the highly boosted events, top-quark decay products are expected to
be collimated and thus not separated. Therefore two main topologies are considered:
a resolved topology where all final state objects are separated from each other and a
merged topology where the hadronic decaying top-quark is reconstructed as a single
physics object (a large-R jet). This splitting allows us to optimize the reconstruction
and identification efficiency in different kinematic regimes.

The main background processes, other than the ¢t production, are the W-jets
production, the QCD multijet background, single-top production, Z+jets produc-
tion, tt + V and tt + H production and diboson production.

5.3.1 Event Selection

Events are required to have at least one reconstructed vertex with at least two
associated tracks with pp > 0.5 GeV. The primary vertex is selected as the one with
the largest sum of the squared pp [120].

Based on the final state considered for this analysis, all candidate events are
required to pass a single electron [I51] or a single muon trigger [I52]. The trigger
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efficiency is mostly constant in the transverse momentum for leptons with pp >
28 GeV and therefore only events passing this requirement are further considered.

All events are required to contain exactly one electron or muon candidate (as de-
fined in Section, and events with a second electron or muon with pr > 25 GeV
are vetoed to ensure orthogonality with the corresponding analysis considering the
dileptonic decay of the tf system. Events are also required to have at least one
b-tagged standard jet (as defined in Section .

To reduce the multijet background contribution, a minimum amount of missing
transverse energy is required: EI"?“S > 20 GeV. Additionally, to reduce the same
background, the triangular cut is applied E:,”?‘iss + m:,W > 60 GeV, where mJW is
the W boson transverse mass calculated from the selected lepton and the ]3%”35 as

mif = /2P Eiss (1 — cos(Ap(lL, 7).

Further event selections are different for the merged and resolved topologies and
are described in the following. To obtain orthogonal signal samples for the final fit,
only events that do not meet the requirements for the merged topology are considered
for the resolved one. This choice is based on the better m,; resolution that can be
obtained in the merged topology compared to the resolved one (see Section .

Both for the resolved and the merged topologies, events entering the signal re-
gions (SRs) are selected based on the absolute pseudo-rapidity difference between the
hadronically decaying reconstructed top-quark and the candidate lepton An(t"ed, ¢).
The selection on this observable is optimised as a function of m;: and the chosen
values are reported in Table for events in the merged region and in Table for
events in the resolved region.

my; |GeV| ‘ An(thad ¢) range my; |GeV| ‘ An(thad ¢) range
my; < 640 <15 myr < 1040 < 1.0
640 < myz < 800 <2.0 1040 < myz < 1850 <15
800 < 1my; < 1280 <25 1850 < my; < 2500 < 2.0
1280 < myz < 1700 <3.0 2500 < my < 3500 <25
my > 1700 <35 my; > 3500 < 3.0

Table 5.2: Selection values on the Table 5.3: Selection values on the
An(thad £) observable as a function of  An(t"®? ¢) observable as a function of
the reconstructed m;; for the merged re-  the reconstructed my; for the resolved re-
gion. gion.

Events that do not pass the se An(t"%, £) selections are used to define validation
regions VRs (which are then divided in the merged and resolved topology in the
same way as for events passing the An selection).

Merged topology selections

Events in the merged category must have at least one standard jet within an angular
distance from the selected lepton of AR(¢,jet) < 2.0: such jets are considered to be
candidates for the b-jet from the leptonically decaying top-quark. If none of those
jets is b-tagged, the jet with the highest pr is chosen as the candidate b-jet. If more
than one jet with AR < 2.0 is b-tagged, the one with the highest pr is chosen as the
candidate b-jet.

Exactly one top-tagged large-R jet must be present and it needs to have an
angular distance with respect to the lepton and the selected b-jet from the leptonically
decaying top-quark greater than 1.5. The large-R jet is also required to have a
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mass greater than 100 GeV, which helps to avoid fake contributions coming from
mistakenly identified top-tagged large-R jets. Events passing these selections are
part of the merged SR or merged VR if they respectively pass or not the An(t"*, ()
in Table 5.2

Resolved topology selections

As mentioned above, only events failing the merged topology selections are considered
for the resolved category. Events are then required to have at least four standard jets,
and at least one of them b-tagged. The jets are selected if they have a transverse
momentum greater than pr > 25 GeV. The tt system is reconstructed with a x?
algorithm described in Section Only well-reconstructed events are selected,
asking that the x? value obtained from the algorithm is log;y(x?) < 0.9. This
requirement has a 60% efficiency on SM ¢ events.

To further increase the search sensitivity, events passing the resolved-topology
selection are split into two sub-categories based on whether one or both of the recon-
structed top quarks have an associated b-jet. The resolved2b category contains events
with both reconstructed top-quarks have an associated b-jet, while the resolved1b
category contains events where only one of the two reconstructed top-quarks has an
associated b-jet. Events passing the resolved topology selections are therefore split
into 4 categories: the resolved1b SR (VR) for events in the resolved1b category that
pass (not pass) the An selection described in Table , and the resolved2b SR (VR)
for events in the resolved2b category that pass (not pass) the An selection.

Figure shows data/MC comparison in the resolved1b and resolved2b SR re-
gions for the leading jet pr and for the leading lepton pTH

5.3.2 Invariant mass reconstruction of the ¢t system

The main observable used in the analysis, on which the presence of new physics
signals is tested, is the reconstructed invariant mass of the ¢t system, my;. The ¢t
system is reconstructed by taking as input the final-state particles measured in the
detector, i.e. the physics objects. This reconstruction is performed differently for
events in the resolved and merged topologies due to the different objects present in
each of the two categories. Still, the neutrino reconstruction is the same in both
categories and is described in the next paragraph.

The reconstruction of the ¢t system is complicated by the emission of extra radi-
ation, which can reduce the sensitivity of the analysis, particularly at high resonance
masses. The effect of this, at the simulation level, can be seen in Figure [5.5] where
the generated Z’ mass is compared to the total mass of the tt system decay products
taken from the generator itself.

Neutrino reconstruction

The transverse momentum of the neutrino p?. is identified with the Ej’lms in the event,
assuming that a single neutrino is the only source of missing transverse energy in
the event. Instead, the longitudinal component p% cannot be determined solely from
the missing transverse energy in the event and it is here calculated imposing the
W boson mass constraint m%V = (p¥ + pZ)Q, in a similar way as in the case of the
single-top cross-section analysis discussed in Chapter [ Section There are
three possibilities when solving this quadratic equation:

'Here leading refers to the object of that type with the highest transverse momentum.
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Figure 5.4: Pre-fit jet pr distributions in the resolved1bd SR category and
resolved2b SR category [5.4(b), and lepton pT distribution in the resolved1 b SR cate-
gory |5.4(c)|and resolved2b SR category |5.4(d)| comparing data and simulation. Only
statistical uncertainties are included.

e if there is only one real solution, that is taken as the neutrino longitudinal

momentum;

e if no real solution is found, the missing transverse energy vector is rescaled and
rotated by a minimal amount to obtain exactly one real solution. It is assumed
that this effect is caused by a mismeasurement of the E7**® in the event,

e if two real solutions are found the procedure is different for the resolved and
merged topology: in the first case the solution resulting in a smaller x? value
is taken, while for events in the merged topology the solution with the smallest
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Figure 5.5: Mass of the generated Z’ signal compared to the mass of the tt decay
products at generator level of the 500 GeV mass resonance in [5.5(a)l and 2.5 TeV in

pY is chosen.

Event reconstruction in the resolved topology

A x? minimization approach is used to select the four jets originating from the tf
decay out of all of the selected standard jets in the event. The x? function is defined
as:

9 mii — My 2 (m]’jb — mjj) — m(t -W) 2
i =]
I(th—W)

2 2

T |:mjlz/ - mtl] + |:(pT,jjb - pT,jlu) - (pT,th - pT,tl)
Oy, 0 Apr

(5.2)

The first term is a constraint requiring the mass of a pair of jets m;; to be close to
the W boson mass. The second term constrains the mass of a three-jet system that
includes a b-tagged jet m;; to be close to the mass of the hadronically-decaying top
quark (tp). Since m;; and mjj;, are strongly correlated, the mass of the hadronically
decaying W boson is first subtracted to decouple this second term from the first one.
The third term is used to constrain the mass of the leptonically decaying top quark
(t;), and the final term constrains the transverse momenta of the two top quarks to
be similar, as expected for SM ¢t production at LO. All possible jet permutations
are considered and the one with the lowest value of x? is chosen in each event.

This estimate is improved using the precise knowledge of the W boson and top-
quark masses. First, the momenta of the two jets assigned to the hadronic W boson
decay are corrected based on the constraint that their total invariant mass must
be close to the W boson mass. Then, the momenta of the third jet assigned to
the hadronic top-quark decay is corrected based on the constraint that the total
invariant mass of these three jets must be close to the top-quark mass. No scaling
is applied to the jet assigned to the leptonically-decaying top quark in order to
avoid over-correcting the jet momenta beyond the range compatible with the jet
energy resolution and the uncertainty on the jet energy scale, caused by the poorer
ET”?Z'SS resolution. This correction does not change the y? minimization process and
therefore does not affect the jet-parton assignment, but improves the m;; resolution.
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Event reconstruction in the merged topology

For the merged topology, the hadronically decaying top quark can be straightfor-
wardly identified with the top-tagged selected large-R jet. The leptonically decaying
top-quark is reconstructed from the selected candidate jet identified with the b-jet
(as explained in Section , the selected lepton and the reconstructed neutrino.

5.4 Statistical Analysis and Systematic Uncertainties

The reconstructed invariant mass of the ¢t system in the resolved1b, resolved2b SRs
and in the merged SR are used to perform a simultaneous Profile Likelihood Fit.
The Statistical analysis setup, as well as the modelling of the background processes,
have been verified first in the VRs (defined in Section . Both statistical and
systematic uncertainties are taken into account in the fit.

5.4.1 Systematic Uncertainties

Several sources of systematic uncertainties that can affect the normalization and
shape of the invariant mass distributions predicted for the various background and
signal processes, in the different signal and validation regions are considered and
described in the following.

Luminosity and Pileup

The uncertainty on the combined integrated luminosity of the dataset collected be-
tween 2015 and 2018 corresponds to 0.83% [122]. The MC samples are corrected
to the luminosity profile measured in data with a pileup weight, and its relative
uncertainty is taken into account.

Reconstructed physics objects

Uncertainties related to the reconstruction, identification and isolation of leptons
are considered through uncertainties on the corresponding SFs. In addition, uncer-
tainties arising from the energy/momentum scale and resolution of the leptons are
also considered. In the case of electrons within an angular distance of AR from the
closest jet less than 0.4, an additional uncertainty of 10% is added to the standard
identification SF uncertainty as discussed in Section [3.1.5

Uncertainties related to the JES and JER are included for all jets as explained
in Section [3.1.4] Additionally, large-R jets also have uncertainties related to the Jet
Mass Scale (JMS) and Jet Mass Resolution (JMR).

The uncertainties on the b-tagging calibration are determined separately for b-,
c- and light-jets (as explained in Section . An additional uncertainty to take
into account of the flavour-tagging SFs extrapolation at high pr is applied. Events
in the merged topology are also affected by an uncertainty related to the top tagging
SFEs. Finally, the uncertainty on the E;l”ss is applied as explained in Section

Modeling Uncertainties

The following sources of modelling uncertainties are the main ones affecting MC
simulated background samples and are considered in this analysis, although some of
them may be negligible for certain small background processes. They are listed here,
while a more detailed explanation can be found in Section [3.2.3}

e missing higher orders in the perturbative QCD ME computation;
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e uncertainty on the amount of ISR and FSR;
e choice of the PDF sets;

e uncertainty on the method for the matching and merging of ME calculation
with PS model;

e uncertainty on the choice of the parton shower and hadronisation model,

For the tt background process, renormalization and factorization scale uncer-
tainties are estimated separately for (anti)top pr and my; distributions by varying
independently the scales up and down by a factor of two. For this sample, also the
uncertainty in the EW contribution is estimated by comparing the nominal spectra
to those obtained with the NNPDF3.0QED PDF set. Furthermore, two uncertainties
are assigned to the iterative reweighting method, which takes into account possible
biases due to the choice of the order in which the reweighting is applied and pos-
sible differences between the parton-level top-quark definitions in the higher-order
calculations and the NLO MC prediction. An additional uncertainty with respect
to those defined in Section referred to as lineshape uncertainty, related to the
treatment of ¢f spin correlations in different generators, is estimated by comparing
the nominal sample with an alternative sample generated with the same setup as the
nominal one but using MadSpin to decay the top quarks.

Uncertainties on the cross-section normalization of all background processes are
applied, the values can be found in Table Uncertainties on the multi-jet fake /non-

Table 5.4: Summary of the normalization uncertainties on the calculated cross-
sections for the different background components.

Background process Up variation Down variation
[%] K
tt +5.6 -6.1
Single-top: Wt-channel +5.4 -5.4
Single-top: t-channel +4.3 -3.7
Single-top: s-channel +4.4 -4.1
tt+ 7 +10.4 -12.0
tt+W +13.3 -12.0
tt+ H +6.8 -9.8
W + jets +50.0 -50.0
Z + jets +30.0 -30.0
Diboson +50.0 -50.0
Multijet +50.0 -50.0

prompt lepton background estimation are considered separately for the e+jets and
the p+jets channels and other than the conservative 50% normalization uncertainty,
an additional systematic uncertainty related to the smoothing procedure applied in
the boosted topology is used. Normalization uncertainties on the W + jets back-
ground process are set to a conservative 50% based on the CA normalization factors
derivation method. Only the normalization uncertainty is considered for the Z+jets
and diboson processes which are minor backgrounds in this analysis and are set
to a conservative 50%. The normalization uncertainties for the other processes are
derived from the theory calculations mentioned in Section [5.2.3]
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The modelling uncertainties are treated as uncorrelated between all signal and
background samples. Additionally, the uncertainties in the SM ¢f background related
to the modelling of the PS and hadronisation, the ME computation matching to the
PS, and the choice of the hgqm), parameter are treated as uncorrelated between all
3 signal regions. These uncertainties are obtained by comparing the nominal to an
alternative sample in each case (the so-called two point systematics), an approach
that typically yields conservative uncertainties with non-negligible constraints in the
Profile LH fit. These uncertainties are kept de-correlated among signal regions to
prevent constraints from propagating across regions, thus minimizing the constraints
on these nuisance parameters. Additionally, uncertainties in the SM t¢ background
related to the choice of pur and pp, amount of ISR/FSR cannot be assumed to
be fully correlated across different topologies and are therefore de-correlated among
resolved and merged topologies.

5.4.2 Profile Likelihood Fit and Exclusion Limit

The agreement between the data and the SM prediction is tested with a Profile LH
fit of the expected distributions in m,; to the observed distributions, both with a
background-only hypothesis and including a signal contribution in the model. When
testing the presence of a particular signal, a single Parameter of Interest (POI) is in-
cluded, as a signal strength parameter fsigna1 multiplying the signal prediction for the
tested signal benchmark, interpreted as the ratio of the observed over the predicted
value of the pure-signal process cross section times its branching fraction to tt. For
each tested signal hypothesis, the signal strength is extracted from a simultaneous
fit in all the three signal regions considered: the resolved1b and resolved2b for the
resolved topology and the signal region for the merged topology. In addition, another
parameter corresponding to the normalization of the SM ¢t background common to
all signal regions is left free to float during the fit.

The Profile LH fit has already been described in Section [3:4.1} In the absence of
significant excess in the data over the background-only prediction, upper limits at
95% CLs are derived on the production cross-section times branching ratio to ¢t for
the resonances predicted by the models discussed in Section The upper limits
are calculated as explained in Section [3.4.3

Systematic uncertainties with an effect of less than 0.01% are removed from the
model in order to improve the fit stability. Shape effects which arise from statistical
fluctuations in the systematic uncertainties distributions are smoothed for most of
the NPs distributions.

5.4.3 Background modelling and fit setup validation

The modelling of the SM background as a function of my is tested in the three
Validation Regions, defined in Section This is particularly important to check
the description of data-driven background estimation (such as the fake/non-prompt
multijet background and the CA normalization factors for the W+jets background),
as well as modelling of systematic uncertainties related to background processes, tt
production being the most relevant one.

Figure shows the my; distribution in the three VRs defined (resolved topology
with one b-jet, resolved topology with two b-jets, and merged topology) for data and
SM background expectation. Good agreement of the data with the SM background
expectation within the total uncertainty is observed in VRs.

The myz distribution after the Profile LH fit to the three VRs under the background-
only hypothesis (jtsigna = 0) is shown in Figure and the expected constraints
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Figure 5.6: Pre-fit distributions of the reconstructed my; for the three VRs. In the
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with a mass of 3 TeV, scaled by a factor of five for better visibility, is also shown in
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Figure 5.7: Post-fit distributions of the reconstructed m,; for the three VRs. In the
lower panels, the ratio of the data and background prediction is shown. The expected
relative deviation from the background prediction in the presence of a Z’ resonance
with a mass of 3 TeV, scaled by a factor of five for better visibility, is also shown in
both panels.

and variations of the central value of the NPs are shown in Figure [5.8

Figure shows some small shifts of some NPs. The largest ones are observed on
JES uncertainty NPs related to pileup, n and energy scale modelling, on the W-+jets
normalization in the boosted topology, for t¢ FSR in the resolved1b NP relative
to the shape of this uncertainty, and on the fake/non-prompt multijet background
estimation.

The upper limit at 95% CLg has been extracted for all signal sample masses con-
sidered in this analysis in the validation region to compare the effect of background
estimation techniques, in a region of the phase space where the analysis is supposed
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is shown in Figure As a test to check the effect of the smoothing procedure

Jet

JMA COMB Flat2Dsmoothed
JMA COMB smoothing

JMF COME shape

JMFL COME Stat

JMA COME MCSmal jet

JMA COME MGRAD

JMA COME MCPS.

JMS {large R ef) topo GO0
JMS FF {large-R jol) AlCIRers
JMS FF {large- je1) shage

JMS FF {large-R jet) PS

JMS FF {large-F jet) ME

JMS FF {large-R jel] LargerSamgle
JMS R, flarge-R jat) pen.

JMS R, (NP tracking 2}

JMS R, (modeling exira)

JMS R (medelling)

JMS R, (baseline exirs)

JMS R, (bassing)

JES (large-R jety ryint ¥

JES {lamge-F jot) 1pint top

JES (large-F jot) rpint stat

JES (punch-through)

JES Flawour Shower

JES Flawour Shower HF

JES Flavour Had

JES Flavour Had HF

JES Flawaur GenShawar HF
JES Flavar Composition

JES ipieup g topalogy)

JES (pilaup offsat )

JES ipileup offsat NPV)

JES pleup p. tarm)

JES (n nen-closure, 2018 data)
JES (n, modalling}

JES (1, 101, stat )

JES (1 non-closurs, positve 1)
JES (1 non-closurs, nogativa 1l
JES (lerga- jet afi. NP mixed 3}
JES (larga-R jet aff, NP mixed 2}
JES {langa-Fl jot aff, NP mixed 1}
JES (effactiva NP mixed 2|

JES (effactiva NP mixed 1)

JES (larga-R jot aff, NPgstector 2)
JES (larga-R jet aff. NPdetector 1)
JES {lange-Fi et aff. NF modalling 4]
JES (large-R j21 off. NP modalling 3}
JES (large-R jet off, NP madnlling 2}
JES {larga-R et aff. NF modalling 1)
JES (effective NP modeling 4)
JES (effective NP modeling 3)
JES (effactive NP modeling 2|
JES (gffective NP modeling 1)
JES (large-A jot off. NP stal. 5)
JES {large-FL et off. NP stat. 3)
JES {large-Fl et aff. NP stat. 2
JES (large-Al jot off. NP stat. 1)
JES [effective NP stal. 5)

JES [effactive NP stat. 3}

JES [effective NP stat, 2}

JES fellective NP stal. 1}

JER {large-R jat) Allathar

JER {large-F ol NP stat

JER {large-R jel) MC-gen

JER {large-F jef] flav rasp.

JER {large-R jol) flav comp,

JER {large-Fjel] rrinl. Modeing
JER {large-R jot) NP4

JER {large-R jof) NP3

JER {large-R je1) NP1

JER {large-R je1) evn sel

JER {large-R jof) closure

JER {farge-F jei) DatavshC
JER (gt NP 12 - rest term)

JER {eflectve NP 11)

JER {eflective WP 10)

JER {eflactive NP 9)

JER {eflective NP 8)

JER {eftective NP 7)

JER {eHective NP &)

JER {sfiectve NP 5)

JER (eflective NP 4)

JER (eftective NP 3)

JER {sHactve NP 2)

JER (eflective NP 1)

JER {Data vs. MC)

2An Asimov dataset is an artificial dataset constructed by setting all observed quantities to
their expected values according to the nominal model used. This approach allows for the evaluation
of expected experimental sensitivities without the influence of statistical variations in the actual

data [153].

80

0
(®-6.1/00

.0
(6-0,)/46

Instrumental

Electron ID SF (close-by-jet)
Muon isolation SF (syst.)
Muon identification SF (syst.)
Muon trigger SF (syst.)
Muon trigger SF (stat.)
Electron identification SF
Electron reconstruction SF
Electron energy resolution
Electron energy scale

Muon momentum resolution (CB)
Muon momentum scale
Muon sagitta resolution bias
NT

brtagging eff. (c—> extrapolation)
brtagging eff. (high-p_ extrap.)
brtagging eff. (ight, NP 3)
brtagging eff. (light, NP 2)
brtagging eff. (light, NP 1)
b-tagging eff. (light, NP 0)
brtagging eff. (c, NP 1)

brtagging eff. (¢, NP 0)
brtagging eff. (b, NP 3)
brtagging eff. (b, NP 2)
brtagging eff. (b, NP 1)

brtagging eff. (b, NP 0)

ET (soft track resolution, perp.)
é“" (soft track resolution, para.)
EP* (soft track scale)

Pileup reweighting

Luminosity

Modelling

WDS vs. DR

Single top pThard

Single top PS

(T rew. One-emission (mi(T))

{7 rew. One-emission (p (1)

{Trew. NN vs LUX PDF$

{F rew. order

ENNLO mu (i) boo.

£FNNLO mu, (m{(17)) boo.

{TNNLO mu (m((T)) res.

(T NNLO mu (m((T)) res.

{TNNLO mu (p, (1)) boo.

{ENNLO mu (p'(t)) boo.

{INNLO mu (p, (1) res.

ENNLO mu (p'if)) res.

{T NNLO POFs

{TFSR (Acc.) (Baosled)

T FSR (Acc.) (Resolved with 2 b-jet)
{TFSR (Shape) (Boosted)

1T FSR (Shape) (Resolved with 2 b-jet)
(T FSR (Shape) (Resolved with 1 b-jet)
(TISR (A14)

(ISR (u,) boo.

(TSR (u}) res

{FISR (u) boo.

(TISR {u,) res.

(T ISR (f1,40) {Ace.) (Boosted)

(ISR (Ryury) (Ace.) (Resolved with 2 bret)
1T ISR (Ayumy) (Ace.) (Resolved with 1 b-jet)
(T ISR (f1,,,,} (Shape) (Boosted)

(ISR (h,,) (Shape) (Resolved with 2 b-jet)
{FISR (,,,,) (Shape) (Resolved with 1 b-jet)
uees . ) (BOOS1E)

s e ) (ReS0Ived with 2 b-jet)
s e s (Resolved with 1 bjet)
ME-PS match. (Shape) (Boosted)

fe-pS matcn. (stapes (Resolved with 2 brjet)
11E.#5 maton. (srape) (Resolved with 1 brjet)
Minasnaps (rez.) (Boosted)

Finschape () (Resalved with 2 b-jet)

@ insshapo (Acs.) (Resolved with 1 b-jet)
Finesnape (snace) (Boosted)

Hirscraps shaoo) (Resolved with 2 brjet)
fnsznaps (sheos) (Resolved with 1 bjet)
itPs (acz) (Boosted)

iPs ince) (Resolved with 2 brjet)

s iacc) (Resolved with 1 brjet)

s tsnuve) (Boosted)

173 snape) (Resolved with 2 bjet)

175 (srape) (Resolved with 1 bjet)

Zijets norm.

Dibason norm.

Wi cross-section

Fakes & NP norm.
Fakes & NP norm.
Fakes & NP norm.
Fakes & NP norm.
Fakes & NP norm.
Fakes & NP norm.

boosted ()
res 2b (u)
res 1b (u)
boosted (&)
res 20 (¢)
res 1b (6)

Modelling_wjet

Wajets Scales Envelope

Wjets PDF alpha s

Wijets alt. PDF 0

Wejets norm. boosted (Boosted)

Wajets norm. res 2b (Resolved with 2 b-jet)
Wijets norm. res 1b (Resolved with 1 b-jet)




applied in the boosted topology to the fake/non-prompt multijet background (de-
scribed in the expected limits have been extracted and shown in Figure in
the case of no smoothing procedure applied to this multijet background. It can be
clearly seen that in the VRs the effect of the smoothing is within the 20 sensitivity
band for the 95% CLg. The plot also shows the observed upper limit on the signal
cross-section times branching ratio to tt for the Z’ signal in the VRs. The values
are expected not to be very sensitive as the selection on the An(t"%, ¢) reported in
Table and is chosen to enhance the signal over background ratio in the signal
regions while decreasing it in the validation regions.
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Figure 5.9: Observed and expected upper limits on the signal cross-section times
branching ratio to tt for the Z’ signal at 95% CL, extracted from the validation
regions.

5.5 Results

The agreement between the observed data and the SM prediction in the signal regions
is tested with a background-only hypothesis fit in which only the nuisance parameters
are allowed to vary (isignal = O for all the signal benchmarks). The m; distributions
in the three signal regions before and after the fit to the full 140 fb~! dataset are
shown in Figure [5.10(a)}, |5.10(b)|respectively. The observed post-fit m,; distribution
is compatible with the post-fit expected spectra within the (constrained) uncertainty
bands in all signal regions.

Figure shows the constraints and variations of the central value of the NPs
after the fit to data. Some shifts of some NPs are observed, all within a 1o variation.
In particular the first NPs related to the JES uncertainty, the W-+jets normalization
in the resolved1b SR NP, the multijet background normalization NPs, the NP related
to the t£ NNLO PDFs and the NP relative to the t¢ FSR in the resolved1b SR show
the largest shifts. Moreover, some constraints are observed for NPs corresponding
to background modelling uncertainties, with the strongest constraints appearing on
the NPs related to the ME-PS matching uncertainty in the resolved1b and resolved2b
SRs.
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Figure 5.10: Pre-fit and post-fit distributions of the reconstructed my
for the three signal regions. The expected relative deviation from the background
prediction in the presence of a Z’ resonance with a mass of 3 TeV, scaled by a factor
of five for better visibility, is also shown in both panels.

A new method to compute the impact of different sources of systematic uncer-
tainty has been recently suggested [154]. In this way, the contribution to the uncer-
tainties in the POls of each systematic source r can be computed as the covariance
between the POIs with respect to the selected systematic uncertainty r. Figures|5.12
show the contribution of the first 20 NPs after a fit to data with a function including
background and signal prediction. In particular, Figure |5.12(a)| and [5.12(b), show
the NPs contribution ordered from the largest from top to bottom for the Z’ sig-
nal model, corresponding respectively to a mass of 750 GeV and 1 TeV. The plots
also show the relative shifts and constraints of the associated NPs: the post-fit best
value of the fit is shown as a black dot, and its post-fit £1¢ variation with a black
line. The dominant contributions are related to jet uncertainties, t¢ modelling un-
certainties and a couple of «y-parameters, representing the statistical uncertainty for
bins in the resolved and boosted SRs. Some of the best-fit values for the NPs are
shifted from the pre-fit value, still remaining within the 1o shift. Figure [5.13]shows
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Figure 5.11: Nuisance parameters after a fit to data using the m;; distribution in the
SRs. NPs are arranged in different groups based on the different systematic categories
they belong to. The NPs correspond to systematic uncertainties explained in @

the same ranking plots but for Z’ signal with higher masses: 3 TeV and 5 TeV. In
Figures [5.13(a)l and [5.13(b)| the contribution to the POI uncertainty is dominated
by y-parameters relative to the statistical uncertainty of bins of the boosted SR. In
particular, they are relative to the highest bins in the my; distribution in the boosted
SR used for the Profile LH fit.

83



Unc. componenton u:

Ap
-0.008.006.06¢.0020 0.00@.008.008.008

up | up _adn 5edn
| OpoiPOyp GgoPch
w/ p = linear correlation coe|

—— Nuis. Param. Pull

¥ (realSR2b bin 5)

JES (pileup p topology)

t rew. NN vs LUX PDFs

v (realSR1b bin 5)

¥ (realSR2b bin 3)

tTISR () res.

hape (Shape) (Resolved with 2 b-jet)
11PS (Shape) (Resolved with 2 b-jet)
Wijets Scales Envelope
b-tagging eff. (b, NP 0)

¥ (realSR2b bin 6)

¥ (realSR1b bin 3)

) (Shape) (Resolved with 2 b-jet)
tF NNLO mu (m(t)) res.

¥ (realSR1b bin 6)

JER (effective NP 2)

¥ (realSR1b bin 7)

1Ps (Acc.) (Resolved with 2 b-jet)

epsmaen. (ec) (Resolved with 1 b-jet)

AR RA AR RN RR RN RARNRRRNRRRNRARNRRRNRAR:

Vs =13 TeV, 140.1 f&'

e

fTISR (yF) res.

NI IO Frvv AT T

2 15 1-05 0 05 1 15 2
(B-0,)/20
Z' 750 GeV

(a)

Unc. component on  u:

An

-0.068.006.068.0020 0.002.008.006.008

up | _up _adn Adn
| OpoiPOyp GgoPGNp
w/ p = linear correlation coe|

—— Nuis. Param. Pull

v (realSRboosted bin 5)

7Y (realSR2b bin 7)

Single top pThard

¥ (realSR1b bin 7)

Wt DS vs. DR

3 (Shape) (Resolved with 2 b-jet)
tT1SR (h,,,,) (Shape) (Boosted)
{T1SR (h,,,,) (Acc.) (Boosted)

T lineshape (Acc) (Boosted)

e ps mach. ee) (BOOStE)

PS (Acc) (Boosted)

1 ME-PS match. (Shape) (Boosted)

tT FSR (Acc.) (Boosted)

¥ (realSR2b bin 10)

fHISR (u,) boo.

vy (realSRboosted bin 4)

vy (realSRboosted bin 2)

v (realSRboosted bin 7)

JES (large-R jet eff. NP mixed 1)
)

1t Ps (shape) (Resolved with 2 b-jet)

T T T T T T T T T T T T

Vs =13 TeV, 140.1 fo'

——

N N e AT P

2 15 -1-05 0 05 1 15 2
(B-0,)/0
(b) Z' 1 TeV

Figure 5.12: Ranking plot showing the contribution of the top 20 sources of uncer-
tainties on the signal strength in a fit to data, together with the relative shifts and
constraints on the associated nuisance parameters.
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Figure 5.13: Ranking plot showing the contribution of the top 20 sources of uncer-
tainties on the signal strength in a fit to data, together with the relative shifts and
constraints on the associated nuisance parameters.
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No significant excess is found over the range of signal masses considered, and
the largest local significance for the Z’ signal corresponds to 1.750 for a mass of
7' =500 GeV. The upper limit at 95% CL; has been extracted for all signal sample
masses considered in this analysis. The expected upper limit, extracted using an
Asimov dataset, and the observed ones using the collected experimental data are
shown in Figure for the Z’ signal, in Figure for the gx x signal and
Figure for the Gik signal. The cross-section limits are extracted for each
mass point and are interpolated with straight lines in the regions between the mass
points. The observed limit is within the 20 error band (shown in the Figures in
yellow) for all signal masses considered showing no significant deviation from the SM
background-only prediction. The considered model can be excluded for the case of
the Leptophobic Non-Standard Topcolor Z’ up to myz = 3.8 TeV (mz = 3.5 TeV
expected), for the case of the Kaluza-Klein graviton excitation spin-2 colour singlet
up to mag ., = 1.2 TeV (mg,, = 1.2 TeV expected), and for the Kaluza-Klein gluon
excitation spin-1 colour octet up to my,, = 4.1 TeV (mg,, = 3.85 TeV).

The search provides the tightest upper limits on the production cross-section
times branching ratio for low-mass ¢t resonances, excluding, for example, values of the
cross-section times branching ratio greater than 7 pb for a Z’ with a mass of 450 GeV,
and provides the strongest constraints on broad resonances with a relative width of
30%. These exclusion limits show also a clear improvement with respect to the
previous ATLAS analysis searching for heavy particles decaying into top-quark pairs
in the semileptonic decay channel at /s = 13 TeV using an integrated luminosity
of [L =36.1 fb~1 [10]. For instance, the excluded mass value for the Leptophobic
Non-Standard Topcolor Z’ signal was there of mz = 3.2 TeV (my = 2.85 TeV
expected), showing that the result discussed in this thesis improves the excluded
signal mass value of 0.6 TeV (0.65 TeV) in the observed (expected) excluded signal
mass. Similar improvements are found also for the KK gluon and KK graviton signal
models.
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Figure 5.14: Observed and expected upper limits on the signal cross-section times

branching ratio to ¢t for the Z’ signal in for the grx i signal in [5.14(b), and
for the Gxx inf5.14(c)l The theoretical predictions for the production cross-section

times branching ratio of the signal process decaying to tt at the corresponding masses
are also shown.
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Conclusions

This thesis presented two complementary physics analyses involving top quarks, per-
formed using data collected by the ATLAS experiment at the Large Hadron Col-
lider, contributing both to precision measurements of Standard Model processes and
searches for physics beyond the Standard Model. The candidate was strongly in-
volved in both these physics analyses.

The first analysis achieved the first observation of single top-quark production
in the t-channel at the centre-of-mass energy of /s = 5.02 TeV, despite the limited
integrated luminosity of 255 pb~!. The analysis was performed by selecting events
with exactly one charged lepton and two jets, one of which required to be b-tagged.
Jets produced in the forward region of the ATLAS detector (2.5 < |n| < 4.0) are
selected to enhance the signal-over-background ratio. A profile likelihood fit to a
Boosted Decision Tree discriminant distribution in the ¢*+jets and £~ +jets chan-
nels is performed. The measurement yields a total ¢-channel single top production
cross-section of o(tqg + tq) = 27.1741 (stat.) 137 (syst.) pb, allowing to claim the
observation of the process with a significance of 6.1 standard deviations over the
background-only hypothesis. The ratio of top to anti-top quark production cross-
sections was measured to be R, = 2.737583 (stat.) 95 (syst.), and the value of
frv - |Vis| was extracted to be 0.9470-11 [6]. These results, despite having larger
uncertainties than measurements at higher centre-of-mass energies which use signifi-
cantly larger datasets, provide an independent test of the Standard Model predictions
at this new energy and offer new valuable input for constraining parton distribution
functions. The candidate played an essential role in the development of the analysis
strategy, and its optimisation, as well as in the extraction of the results.

The second analysis consisted in a search for new spin-1 and spin-2 heavy reso-
nances decaying into top-quark pairs, in final states with exactly one lepton, using
the full Run 2 dataset, consisting in 140 fb~! of pp data collected at /s = 13 TeV.
Topologies where the products of hadronic top-quark decays are fully resolved as
well as those where they are collimated into larger-radius jets were exploited, to
optimise the sensitivity of the search over the full m, range. Ad-hoc overlap re-
moval techniques were used in the analysis, allowing to separate charged leptons
from hadronic jets while keeping a high selection efficiency at high mass, where lep-
tonic top-quark decay products are mostly collimated. No significant excess over the
Standard Model prediction was observed over the whole inspected mass range. Up-
per limits were set on the production cross-section times branching fraction for three
benchmark models. The search provided the tightest upper limits on the production
cross-section times branching ratio for low-mass ¢t resonances, excluding, for exam-
ple, values of the cross-section times branching ratio greater than 7 pb for a Z’ with
a mass of 450 GeV, and provides the strongest constraints on broad resonances with
a relative width of 30%. The presence of a leptophobic Z’ boson is excluded up to
3.8 TeV (expected 3.5 TeV), Kaluza-Klein gluon up to 4.1 TeV (expected 3.9 TeV),
and Kaluza-Klein gravitons up to 1.2 TeV (expected 1.2 TeV). The excluded values
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of the tested signal models substantially extend the sensitivity compared to previous
searches in the same decay channel. The candidate contributed in a decisive way to
the finalisation of the search, taking care of its re-optimisation and of the statistical
analysis for the extraction of the results.

The technical developments presented in the Appendix, regarding electron iden-
tification in challenging environments with nearby jets, personally carried out by
the candidate, will contribute to the ongoing improvement of physics object recon-
struction in ATLAS. These developments are valuable for current physics analyses
in ATLAS, and even more so for future searches for new physics. Indeed, higher
energy regions and tails of mass distributions will become increasingly populated
with data, thanks to the rapidly growing integrated luminosity collected during the
ongoing LHC Run-3 data-taking and the foreseen HL-LHC run. In addition, higher
instantaneous luminosity values, predicted for the HL-LHC run, will correspond to
harsher pile-up conditions, thus increasing the probability of overlap between leptons
and jets.

In summary, this thesis presented key measurements and technical developments
related to the physics of the top quark from multiple perspectives. It advanced our
understanding of Standard Model top-quark production through the t-channel single
top-quark production measurement, which observed this process for the first time
at the specific energy of /s = 5.02 TeV with a small dataset of 255 pb~!. Then
it explored the high-energy frontier by searching for new heavy resonances decaying
into t¢ pairs with a dataset of 140 fb™!, and setting new constraints on the tested
new physics models. Lastly, it also contributed to technical challenges within the
ATLAS collaboration, such as the characterization of electron identification in dense
hadronic environments.
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Appendix A

Studies of Electrons Close to Jets

Electrons serve as clean probes for both Standard Model measurements and search
for new physics in particle physics analyses. Leptonic final states have a relatively
low background compared to hadronic channels, with a clear experimental signature
in detectors, and are present in numerous physics processes.

The identification and measurement of electrons can have different levels of com-
plexity depending on their topological configuration. Isolated electrons benefit from
both inherent physical advantages and extensive experimental optimization. From
a physics perspective, isolated electrons are easier to reconstruct and identify, as
nearby particle deposits do not contaminate their detector signatures. Additionally,
since most ATLAS physics analyses focus on signatures with isolated electrons, op-
timized, and extensively validated reconstruction and identification procedures have
been developed for isolated electrons. In contrast, the scenario of electrons with
small angular separation from jets has received limited dedicated study and is usu-
ally excluded from standard physics analyses.

The topological configuration with electrons close to jets is especially relevant in
highly boosted scenarios or in processes involving heavy particle decays, where the
decay products can be highly collimated. Some important physics processes that are
studied with LHC collision data for which electrons close to jets are a crucial tool
are:

e Heavy resonance searches, as Z' — tt ( for instance the search discussed in
Chapter |5) or W/ — tb lead to boosted top quarks. In these cases, the W
boson from the top decay can produce an electron that overlaps with the b-jet
from the same top decays;

e Vector Boson Fusion (VBF) and Vector Boson Scattering (VBS) processes at
high energies, where EW bosons can be produced with a significant boost,
leading to collimated decay products;

e Searches for BSM particles with multi-step decay chains, such as super-symmetric
scenarios where the new physics particle decays via W bosons and light quarks,
potentially resulting in nearby electrons and jets.

As the LHC continues to probe higher energy regimes, such topological config-
urations become more common due to the boost in final state particles created by
heavy particles. The current ATLAS standard practice of excluding electrons with
an angular distance AR(e,jet) < 0.4 reduces the signal acceptance and limits our
sensitivity to new physics signatures.

The challenges in reconstructing and identifying electrons close to jets arise from
several factors: the overlap of calorimeter deposits between the electron and the jet,

90



the difficulty in correctly reconstructing overlapping tracks and matching them to the
correct energy clusters in the calorimeters, and the complex interplay between elec-
tromagnetic and hadronic shower developments in the detector. Standard electron
identification techniques become significantly less efficient in this scenario. Physics
analyses interested in using electrons close to jets need precise measurements of the
identification, isolation, reconstruction and trigger electron efficiencies and SFs. Any-
way, electron identification efficiencies and relative SFs have not been computed for
electrons with AR(e, jet) < 0.4 in the ATLAS collaboration.

In this Appendix the electron identification efficiency as a function of the angular
distance AR(e,jet) between the electron and the closest jet and the relative SFs are
computed in Section In this context identification efficiencies and SFs are stud-
ied also for electrons with 0.2 < AR(e, jet) < 0.4. In Section the distributions
of variables used for identifying electrons in the ATLAS detector are compared for
electrons with AR > 0.4 and with 0.2 < AR < 0.4.

A.1 Electron identification efficiencies with respect to
the angular distance from a jet

A.1.1 The Tag-and-Probe method

Electron reconstruction, identification and isolation SFs are applied to MC simu-
lations to correct the corresponding efficiencies with respect to data. As briefly
mentioned in Section [3.1.2] electron SFs are defined as the ratio of the efficiency in
data and the efficiency in the MC simulation

SF = SDATA (A1)
EMC

The electron efficiencies can be factorised as a product of the electron reconstruction,
identification, isolation, and trigger efficiencies:

Nreco Nz Niso . Ntrig
)
Nclus Nreco Nz Niso

(A.2)

€ = Ereco * €id * €iso * Etrig =

where N, is the number of reconstructed electromagnetic (EM) calorimeter clus-
ters, Nyeco 18 the number of reconstructed electron candidates, IN;g is the number
of identified electron candidates passing previous selections, N;s, is the number of
isolated electron candidates passing previous selections, and Ny.;4 is the number of
triggered electron candidates passing previous selections.

To obtain these efficiency measurements in data, a clean and unbiased sample
of electrons is needed. The decay of the Z boson into an electron-positron pair is
used, in this case, one of the electrons is required to pass strict selection criteria
(referred to as tag), while the other one serves as an unbiased source to measure
the efficiency (referred to as probe). The background estimation method considered
in this Appendix is the Z-mass method, which uses the invariant mass distribution
of the electron-positron pair distribution to subtract the background from data, as
defined in [155].

In the ATLAS collaboration, electron efficiencies are computed with the so-called
Tag&Probe software [I56]. To perform the studies described in this Appendix some
developments of the software have been implemented, such as the treatment of jets
as physics objects, the implementation of the angular distance between two objects
AR = +/(An)? + (Ag)?, the possibility to choose the variables with respect to which
compute the efficiency and SFs, the choice of the closest jet in angular distance
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from the electron probe and a modified basic overlap removal. As a baseline, the
Tag&Probe software does not use any overlap removal technique. Since most elec-
trons are reconstructed both as an electron object and wrongly as a jet object, an
overlap removal technique is needed when considering electrons with respect to jets.
In this context, the basic overlap remowval technique implemented in the software the
reconstructed jet in the event is rejected if it is found to be within AR(e,jet) < 0.2
from any electron in that event.

A.1.2 Datasets and event selections

Electron identification efficiencies shown in this Section have been computed using
data collected during Run 2 in 2018 at an energy in the centre-of-mass of /s =
13TeV. Such data are compared with MC simulation of the signal processZ — eTe™
process, simulated for the nominal sample with POWHEGBOX v2 [82] interfaced with
PyTHIA8, while a second one is simulated with the SHERPA generator.

Some minimal event selections have been applied to both the data and MC sam-
ples:

e tag electron: pr > 25GeV, |n| < 2.47, |o4,| < 5.0, |94, |sin(0) < 0.5;
e tag jet: pr > 25GeV, |n| < 2.47;
e probe electron: pr > 15GeV, |n| < 2.47;

e at least one tag jet.

A.1.3 Electron identification efficiency and SFs maps with respect
to AR(e,jet)

Electron identification efficiency has been computed both for data and MC sam-
ples with respect to the transverse momentum pr and the pseudorapidity n of the
electron probe, and the angular distance AR(e,jet), for three identification working
points (WPs): Loose, Medium and Tight [58], which have been already discussed in
Section [3.1.2] Figures [A1] and [A.2] show electron identification efficiency map with
respect to pr and AR(e,jet). The first two bins in AR (0.0 < AR < 0.2) do not have
any event as expected based on the basic overlap removal technique implemented (as
explained in .

These efficiency maps show that the identification efficiency drops significantly
for events with 0.2 < AR(e, jet) < 0.4. Furthermore, from the error maps, it can
be seen that the error on the efficiency is 0.01 for events with AR > 0.4, while it is
significantly larger for events with AR < 0.4. This is mainly caused by the statistical
uncertainty, which is much larger for AR < 0.4, in particular for high pr bins.

Similar electron identification efficiency maps with respect to the electron probe
n and the angular distance AR(e,jet) have been also produced and they show similar
characteristics to those commented for the previous efficiency maps.
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Figure A.1: Electron identification efficiencies for Loose, Medium and Tight identi-
fication WP (a, ¢, e) and their errors (b, d, f) for MC sample with respect to pp of
the electron probe and the angular distance between the electron probe and the tag
jet AR(e,jet).
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Figure A.2: Electron identification efficiencies for Loose, Medium and Tight identi-
fication WP (a, ¢, e) and their errors (b, d, f) for data sample with respect to the
electron probe pr and the angular distance between the electron probe and the tag
jet AR(e,jet).
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Electron identification SFs are computed using the electron identification efficien-
cies shown in Figure [AJ]and [A72] The SFs map and their uncertainties with respect
to the electron probe ppr and the angular distance between the electron probe and
the tag jet AR for the three identification WPs already mentioned are shown in Ap-
pendix/figuresA These maps show that SFs have values close to one for most
bins in pr and AR. The SFs values vary more in the two bins for 0.2 < AR < 0.4,
for such bins the uncertainties are bigger, as a consequence of the higher statistical
uncertainties for the corresponding efficiencies in data and MC.
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Figure A.3: Electron identification SFs for Loose, Medium and Tight WP (a, c, e)
and their errors (b, d, f) with respect to pr and AR(e, jet).

To look at trends in the efficiencies and SFs with respect to one variable at
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a time, plots of the electron identification efficiencies and SFs have been produced
with respect to electron probe pr, for various AR bins, as well as with respect to AR
for pr bins. Figure show a few representative plots. Figure [A.4(a)| and |A.4(Db)|
show a different trend for efficiencies than the other efficiency plots with respect to
the electron probe pr for AR(e,jet) > 0.4 bins (here only |A.4(c) and [A.4(d)| are
show, anyway all other bins have a similar trend). The difference in this efficiency
trend for AR(e,jet) > 0.2 is investigated in the following, different reasons might
be the cause: a possibility is that not all electrons and jets reconstructed objects in
events with AR(e,jet) < 0.4 are real electron and jets, another possible explanation
is that for electrons with AR(e,jet) < 0.4 the reconstruction process is not correct
as the electron and jet energy clusters and hits overlap with each other. Plots in

- .**.4o~|44—|r| scaitiyidg

1l | | | Ll H
T2 3 s s 6 7

I

(h)

Figure A.4: Electron identification efficiencies with respect to the electron probe
pr for various AR(e,jet) bins in |[A.4(a)| to [A.4(d)| and efficiencies with respect to
AR(e,jet) for various electron probe pp bins. The bottom panel shows the corre-
spondent electron identification SF values. Three identification WPs are shown, in
black the Tight WP, in red the Medium WP and in blue the Loose WP.

Figures [A.4(g)[and |A.4(h)[show that electron identification SFs vary with AR(e,jet)
for high electron probe pr bins, effects which are not present in Figures and
In particular for electron pr > 60 GeV the SFs reach minimum values 0.8
even for AR greater than 0.4.

A.1.4 Different MC generators comparison in electron identifica-
tion efficiencies

The choice of MC generator can influence the determination of electron identification
SFs, particularly for electrons close to jets. Different generators employ different
models for parton showering, hadronization, and underlying event simulation, which
affect the electron’s calorimeter isolation and shower shape variables. The accurate
modelling of the jet’s internal structure and its interaction with nearby electrons
requires precise simulation of both the perturbative QCD processes governing the
initial parton shower and the non-perturbative effects controlling hadronization.
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To look at this effect on the electron identification efficiencies and SFs shown
in the previous Section, efficiencies have been computed for the POWHEG+PYTHIA
MC generated sample and for the SHERPA MC generated sample. In this context,
the electron identification efficiencies have been computed for four AR(e,jet) bins
corresponding to: [0.2 — 0.4], [0.4 — 1.0], [1.0 — 2.0] and [> 2.0]. The identification
efficiency and SFs maps are computed with respect to the electron probe pr and
1. The ratio between the efficiencies values obtained with POWHEG+PYTHIA and
SHERPA MC generators multiplied by a factor of 100 is shown in Figures [A.5] The
corresponding SFs map with the ratio between SFs computed with the two MC
generators multiplied by a factor of 100 is shown in Figures The efficiency maps
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Figure A.5: Electron identification efficiencies difference between the

PowHEG+PyTHIA and the SHERPA MC generator for the identification Loose WP
with respect to the electron probe ppr and 7 for four different AR(e,jet) intervals.
Values of the efficiency in Figure for some bins at high pr are completely
dominated by the statistical error and are therefore not significant.

in Figures |A.5(b)} |A.5(c), |A.5(d)| show a relative efficiency difference of maximum
7.5% in the so called crack-region (1.37 < |n| < 1.52), and a maximum of 7.3% when
excluding the crack-region. In general many bins of the relative efficiency difference
are over 1%. These values are obtained for what we consider the standard definition
of the electron physics objects in the ATLAS collaboration, and it indicates that
providing electron identification SFs for different MC generators (differently from
what is currently the standard approach) would probably enhance the precision of
physics analyses using electrons in the final state. The relative efficiency difference
for electrons with 0.2 < AR(e,jet) < 0.4 shown in Figure shows percentage
values quite large, and larger that for AR(e,jet) > 0.4. As explained above this is
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an expected behavior, coming from the important interplay between the hadronic
jet parton shower and the hadronization process description of the MC generator
models with the electronic shower of the electron probe. It is to be noted here that,
as already discussed for the efficiency maps in values of the efficiency for 0.2 <
AR(e,jet) < 0.4 in bins at high pp of the electron probe are completely dominated
from the statistical error and are therefore not significant. The behaviour of relative

- - - . czar

417905 5215 - 7820 - 6073 | 95.07 oo MM 044 177 |08 =26 Ws2aN 035 8
2935 -10.60 - E - 9854 2000 So1. 134 111 132 096 EGN 119 003 074
582 2896 - K - 126.41 113920 219 044 061 87 000 189 |2
2589 5198 4. - -37 -80.29 26 152, 181 291 [ A79 260 040 [DI09N 028 | 126 6
3263 -66.53 -79 7 - -5 = Tay. 191 011 119 =
2035 2312 - 2 115, 078 010 032 140 201 049 055 033 s 2
584 1552 6390 -44 -92.47 10 - 1500 8 0s. 030 070 441 300 014 039 [235) 1.1 8
1533 448 - g 0. 002 NEE/M 38 161 159 015 016 084 g
1713 2537 - 7065 £ 077120 010 128 124 038 079 099 02 2 £
o 1532 -11.38 83.47 . e 8 oo JEECNEZTN o060 -001 059 160 -0.24 2
& 1544  10.51 E K X -1000 & & o1 IEEIN 095 133 082 400 171 057 K
818 1427 2 o) M2 133 131 120 083 028 265 036 -0 2
666 -35.94 2 op. 224 (18 240 042 140 145 103 056 2
1925 2324 297 - 115 MM 72 A8 271 077 041 077 01 I
1069 2344 500 8 437085 133 048 09 015 197 179 107 25
1458 -60.19 -26 E 2297 -75. @ 152 JESER) 436 039 130 [R22571 440 054 167 @
2632 2348 -49 E E 4568 -91.3 oy MEECM 018 183 010 047 277 226 |29 4
1154 772 -80.67 -33.53 X . -22. 2ot 400 339 377 TN M 036 095 N
975 3060 6472 -989 -75.78 X ! a7 024 [NBBBN 205 174 157 286 067 071
- E -8 E 64.3 0 e K
4116 -20.62 i 84.68 -74.21 72_47m 0.75 254 239 ._. 235 064 6
150 200 250 300 350 400 450 600 250.0
priGeV)
(b) 0.4 < AR(e,jet) < 1.0
zar zar
ooy TEEIESIN 166 015 [EECE 109 170 190 a7 18100 003 038 035 048 4760175
201, 187 036 0o JEFZES 195 016 017 002 B 201 025 113 038 071 040 027 029 3
g1 049 146 008 066 155 [NBFON| 023 003 g1 057 09 030 001 08 076 058 -0.00
1. M4 115 109 043 033 060 083 112 152 JFOB2 144 043 082 002 025 084 004
Y37 227 770 173 110 082 005 044 059 = 17030 050 126 052 059 001 056 059 2 o
i 166 001 020 102 052 030 -0.17 2 i1 169 092 019 014 09 047 030 a3
0s. 035 (2760 143 179 016 -038 000 0.0 28 0. 007 113 049 089 08 051 041 007 8
06, 062 08 019 075 039 146 013 049 g 0. 057 [ISSN 020 059 014 052 017 048 . 8
01 112 094 090 081 019 110 022 001 g 0 1781 031 074 042 027 061 042 013 g
g oo 227 145 184 118 |[N2590 037 065 2 § oo, 077 MEESE7AN 079 72N 105 097 074 2
€ op. 107 116 o018 101 [EFFR 145 (242 0.19 0F € 1. 083 095 08 101 05 122 072 09 K
06, 049 142 139 130 060 026 047 026 e o 184N 107 060 122 029 039 054 029 o
op. 072 085 069 418 028 007 046 047 2 o8 135 054 047 004 083 049 006 2
145, 100 128 038 126 183 076 055 -036 £ 1q5. MO7 113 (7000 066 094 046 043 022 2
130 028 -005 111 009 -037 2% 137165 058 076 037 066 050 010 009 -1y
: 186 032 003 138 037 048 @ s 098 087 -005 006 126 091 036 @
178 087 022 063 -0.11 -061 181 09 080 054 018 046 013 002 034
151 -031 [847 -009 063 088 2ot JEIHEN 155 NS4 o054 071 007 133 043 -2
017 119 048 047 091 -0.12 4 aa7. 128 060 032 073 080 062 040 0.0
1.52 004 101 JEEEN 043 a7, MO 52 034 76 JEEECN o045 037 008
300 350 400 450 600  250.0 150 200 250 300 350 400 450 600  250.0
priGeV) priGeV)
(c) 1.0 < AR(e,jet) < 2.0 (d) AR(e,jet) > 2.0

Figure A.6:  Electron identification scale factors difference between the
POWHEG+PYTHIA and the SHERPA MC generator for the identification Loose WP
with respect to the electron probe pp and 7 for four different AR(e,jet) intervals.
Values of the SFs in Figurefor some bins at high pr are completely dominated
by the statistical error and are therefore not significant.

SFs difference between the POWHEG+PYTHIA and the SHERPA MC generator shown
in Figure [AZ0] is very similar to that discussed for the relative efficiency difference
in Figure Variations of up to ~ 7% are found for the standard electron object
definition in the ATLAS collaboration (AR(e,jet) > 0.4), while considerably larger
differences are seen in the case of 0.2 < AR(e,jet) < 0.4.

A.2 Study of identification variables for electron close to
jets

The electron identification algorithm currently used in the ATLAS collaboration is
based on a Likelihood function which uses different observables describing both the
track left by the candidate electron in the ID (referred to as track-related variables),
and the electromagnetic shower of the candidate electron in the calorimeters (referred
to as shower-related variables), more details on the identification process can be found
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in [58]. The identification algorithm has been optimized in the ATLAS collaboration
only considering electrons for which AR(e,jet) > 0.4 or for electrons in events with no
jets at all. Considering the results shown in Figure|A.4(a) and[A.4(b)| the possibility
that track-related and shower-related variables used for the electron identification
have considerably different behaviour for electron close to jets AR(e,jet) < 0.4 than
for the standard electron object definition in ATLAS is studied.

The variables used for the electron Likelihood identification are listed, with a
short explanation in Table [AT1] To investigate the MC shape of these variables
their distributions have been plotted in different bins of the electron pr and 7 for
electrons with AR(e,jet) > 0.4 in blue and for electrons with 0.2 < AR(e,jet) < 0.4
in red. the binning used is electron pr = [15.,20.,30.,40.,50.] and electron |n| =
[0.00, 0.60,0.80,1.15,1.37,1.52,1.81,2.01, 2.37, 2.47].
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Type Description Name
Hadronic
leakage Ratio of E7 in the first layer of the hadronic calorimeter to | Ryad1
Ep of the EM cluster (used over the range || < 0.8 and
In| > 1.37)
Ratio of E7 in the hadronic calorimeter to Ep of the EM | Ryaq
cluster (used over the range |n| > 0.8 and |n| < 1.37)
Third layer of | Ratio of the energy in the third layer to the total energy f3
EM cal.
Middle layer of | Lateral shower width, \/(EEm?)/(ZEZ) — ((BEim)/(ZE))?, | Wia
EM calorime- | where F; is the energy and 7; is the pseudorapidity of cell i
ter and the sum is calculated within a window of 3 x 5 cells
Ratio of the energy in 3x3 cells over the energy in 3x7 cells | Ry
centered at the electron cluster position
Ratio of the energy in 3x7 cells over the energy in 7x7 cells | R,
centered at the electron cluster position
Strip layer of | Shower width, \/(EEZ(Z — imax)?) (2 F;), where i runs over | Wtot
EM calorime- | all strips in a window of An x A¢ = 0.0625 x 0.2, corre-
ter sponding typically to 20 strips in 7, and 4y is the index of
the highest-energy strip
Ratio of the energy difference between the largest and second | Elatio
largest energy deposits in the cluster over the sum of these
energies
Ratio of the energy in the strip layer to the total energy fi
Track quality Number of hits in the B-layer (discriminates against photon | nprayer
conversions)
Number of hits in the pixel detector N Pixel
Number of total hits in the pixel and SCT detectors nsi
Transverse impact parameter do
Significance of transverse impact parameter defined as the | og,
ratio of dg and its uncertainty
Momentum lost by the track between the perigee and the | Ap/p
last measurement point divided by original momentum
TRT Total number of hits in the TRT NTRT
Ratio of the number of high-threshold hits to the total num- | Fyr
ber of hits in the TRT
Track—cluster An between the cluster position in the strip layer and the | Any
extrapolated track
matching A¢ between the cluster position in the middle layer and the | Ago
extrapolated track
Defined as A¢s, but the track momentum is rescaled to the | AdRes
cluster energy before extrapolating the track to the middle
layer of the calorimeter
Ratio of the cluster energy to the track momentum E/p

Table A.1: Electron Likelihood identification input variables [5§]
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A similar trend for most of the variables used as input for the likelihood iden-
tification is found to have a similar shape both for electrons with AR(e,jet) > 0.4
and with 0.2 < AR(e,jet) < 0.4. Some representative plots are shown in Figure
Looking over all distributions, some identification variables are found to have sig-

o
°
=

| — 0.2< DeltaR < 0.4

— DeltaR > 0.4

Normalized ditribution

1
Dplp

(a) 2p/p for 15 < pr < 30 GeV and 0.0 <
In] < 0.6

— 0.2<DeltaR < 0.4

— DeltaR > 0.4

Normalized distribution

o
9
S

AR AR RAR RN RARAR RARRR AN

PRI R S IR VR
-0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1

(¢) RHaa1 for 30 < pr < 50 GeV and 2.01 <
In| < 2.37

— 0.2<DeltaR < 0.4

— DeltaR > 0.4

Normalized distribution

L L B L L B

ratio

(b) Eratio for 30 < pr < 50 GeV and 1.52 <
In| < 1.81

— 0.2< DeltaR < 0.4

o
9
S

— DeltaR > 0.4

Normalized distribution
°
o
2
@

e
)
2

0.005

o=t ‘w |’ m‘ ,“-' ﬁﬂ'ﬂ ) M |

@

(d) Ry for 15 < pr < 30 GeV and 0.8 <
In| < 1.15

Figure A.7: Some representative electron varaibles used in the Likelihood electron
identification for specific electron pr and |n| intervals. The red lines shows the distri-
bution for electrons with AR(e,jet) > 0.4, while the blue dots show the distribution
for electrons with 0.2 < AR(e,jet) < 0.4.

nificantly different shapes for electrons with AR(e,jet) > 0.4 and electrons with
0.2 < AR(e,jet) < 0.4. It is noticed that this happens particularly at higher val-
ues of the electron pr (pr > 40 GeV) and higher values of the electron |n|. It is
noticed that the variables more affected by this difference are the so-called track-
related variables, such as 2p/p, nrrr, A@Rres, do. Some representative plots are
shown in Figure[A.8] The difference observed in some of the variables describing the
electron track characteristics in the detector when comparing electrons close to jets
(0.2 < AR(e,jet) < 0.4) to electrons with AR(e,jet) > 0.4, might be caused by a
non-correct reconstruction of the electron track, caused by various hits left in the ID
very close by between the electron and the hadronic jet. This suggests that a further
study of the electron reconstruction process for electrons close to jets could lead to
a better understanding of this behaviour.
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Figure A.8: Some representative electron variables used in the Likelihood electron
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for electrons with 0.2 < AR(e,jet) < 0.4.
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