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Abstract

The top-quark is the heaviest known particle of the Standard Model (SM) and it
is extensively studied at the Large Hadron Collider (LHC) due to its importance
in probing fundamental parameters of the Standard Model (SM) and its role as a
background in various searches for physics Beyond the Standard Model (BSM). The
top-quark can be produced in pairs (¢f), which is the most abundant production mode
at the LHC, or singularly in association with other particles. In particular, the single-
top is important because less studied and more challenging to treat theoretically.
The analysis presented in this thesis fills this gap, by measuring the cross-section of
WbWb, which is a final state of both ¢f and single-top processes. While the ¢t and
tW are commonly treated as independent processes, the presented thesis addresses
the interference effects between them, which become particularly relevant at higher
orders in perturbative QCD, providing a more consistent theoretical treatment. The
analysis uses semileptonic WbWb decays and thereby is complementary to the result
in the dilepton channel. To improve the modelling in a broad phase-space, two phase
spaces are defined: one encompassing the majority of events to have the largest
accessible cross-section, and another targeting the tails of distributions to explore
phase spaces relevant to BSM searches. The differential cross-section measurements
are valuable for assessing and tuning Monte Carlo generators, determining SM
parameters, and constraining uncertainties in BSM searches. Using the full dataset
from the ATLAS detector at the LHC at y/s = 13 TeV with £ = 140 fb™! collected in
Run-2, this study contributes to a more comprehensive understanding of top-quark
pair production and its implications for future physics searches. The result of this
thesis can be further used by the scientific community without the limitation of

needing a detector simulation to tune and validate the theoretical predictions.






Zusammenfassung

Das Top-Quark ist das schwerste bekannte Teilchen des Standardmodells (SM)
und wird am Large Hadron Collider (LHC) aufgrund seiner Bedeutung fiir die
Untersuchung fundamentaler Parameter des Standardmodells (SM) und seiner Rolle
als Hintergrund fiir die Suche nach Physik jenseits des Standardmodells (BSM)
eingehend untersucht. Das Top-Quark kann in Paaren (¢t) produziert werden,
was die haufigste Produktionsart am LHC ist, oder einzeln in Verbindung mit
anderen Teilchen. Insbesondere die Einzelproduktion ist wichtig, da sie weniger
untersucht und theoretisch schwieriger zu behandeln ist. Die in dieser Arbeit
vorgestellte Analyse fiillt diese Liicke, indem sie den Querschnitt von WbWb
misst, der ein Endzustand sowohl von tf als auch von Single-Top-Prozessen ist.
Wihrend ¢t und ¢ {iblicherweise als unabhéngige Prozesse behandelt werden,
befasst sich die vorliegende Arbeit mit den Interferenzeffekten zwischen ihnen,
die bei hoheren Ordnungen in der storungsbehafteten QCD besonders relevant
werden und eine konsistentere theoretische Behandlung erméglichen. Die Analyse
verwendet semileptonische WbWb-Zerfalle und ist damit komplementéar zu den
Ergebnissen im Dileptonkanal. Um die Modellierung in einem breiten Phasenraum
zu verbessern, werden zwei Phasenrdume definiert: einer umfasst die Mehrheit
der Ereignisse, um den grofsten zugéinglichen Wirkungsquerschnitt zu erhalten,
und ein anderer zielt auf die Schwénze der Verteilungen ab, um die fiir die BSM-
Suche relevanten Phasenrdume zu erforschen. Die Messungen des differentiellen
Wirkungsquerschnitts sind wertvoll fiir die Bewertung und Abstimmung von Monte-
Carlo-Generatoren, die Bestimmung von SM-Parametern und die Eingrenzung von
Unsicherheiten bei der BSM-Suche. Unter Verwendung des gesamten Datensatzes
des ATLAS-Detektors am LHC bei /s = 13TeV mit £ = 140fb™ !, der in Run-2
gesammelt wurde, tragt diese Studie zu einem umfassenderen Verstdandnis der Top-
Quark-Paarproduktion und deren Auswirkungen auf die zukiinftige Physiksuche
bei. Die Ergebnisse dieser Arbeit konnen von der wissenschaftlichen Gemeinschaft
weiter genutzt werden, ohne dass eine Detektorsimulation zur Abstimmung und

Validierung der theoretischen Vorhersagen erforderlich ist.
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Introduction

Particle physicists aim to comprehend the basic building blocks of matter and the
fundamental forces that govern their interactions. Central to this endeavour is the
Standard Model (SM), a well-established theory which describes the electromagnetic,
weak and strong interactions [1, 2]. These interactions are studied at the world’s
largest and most powerful particle accelerator: the Large Hadron Collider (LHC)
[3] at the European Organization for Nuclear Research (CERN).

The heaviest of all known elementary particles of the Standard Model is the
top-quark (t), with a mass of 172.69 GeV [4]. Since its discovery at Fermilab, the
top quark has been the subject of ongoing research and analysis.

At the LHC, almost 90% of top quarks are produced in pairs (¢f) via gluon-
gluon fusion (gg — tt). The other relevant production mechanism is through
quark-antiquark annihilation (¢q — tt). The total cross-section for the top-pair
production is oy (m; = 172.5GeV, /s = 13TeV) = 831.8733573% 1 pb [4].

In addition to pair production, single top quarks can also be produced in associ-
ation with other particles. At the lowest order in ag, single top-quark production
occurs via quark-antiquark annihilation in the s-channel (g¢’ — tb), quark-b-quark
interaction in the t-channel (¢gb — t¢’), or gluon-b-quark interaction (gb — tW ™).
The latter is referred to as W-associated top-quark production (tW) [5].

At the next higher order in ag [6], top-quark production in association with a
W-boson and a b-quark (tWb) has to be considered. Since the top quark decays
to a W-boson and a b-quark in over 99% of cases, the top-quark production in

association with a W-boson and a b-quark tWWb and top pair production tf have

11



12 1. Introduction

the same final state which is (WbWb) [4]. Therefore, these production modes
interfere, and this interference has to be accounted for when calculating the cross-
sections of top-quark processes.

The theoretical treatment of the interference between these two processes is
quite complicated. The correct description of the interference involves the full
calculation of the all WbWb contributions. However, the available parton showers
do not accurately reflect the time evolution at the matrix element level. This
includes the fact that the top and W bosons have a width, and the underlying event
(UE) and non-resonant b-quarks can start the parton shower before the W /top
decays. Consequently, it is unclear what belongs together in the parton shower.
For the description of WbWb final state, significant theoretical development is
required to control the parton shower. It may be less effective for phase spaces
where the description of tW is adequate (in the bulk of tW) but beneficial in search
regions where the interference between ¢t and tW processes is poorly described,
making parton shower issues less significant. Several definitions of the tWW channel
have been given in the literature, each with the aim of recovering a well-behaved
expansion in ag. In fact, the interference problem affects any computation that
considers contributions beyond the leading order. Consequently, to address these
interference-related issues, methods such as Diagram Removal (DR) [7| and Diagram
Subtraction (DS) [7] are employed.

As more data is collected at the LHC and top processes are measured with
higher accuracy and in extreme phase spaces, it became apparent that these
schemes do not adequately describe the data as they factorize the interference
process without fully accounting for it. The complexity of modelling the interference
process poses a challenge to theorists and requires the inclusion of higher-order
corrections. For this reason a comprehensive measurement of this process is essential
to compare with theoretical predictions and improve their accuracy. In addition,
the interference between top-quark pair production and single-top production in
higher-order perturbative QCD introduces significant uncertainty in the search for
new physics phenomena at high masses |8, 9].

The interference between ¢t and tW processes has been studied in the past by
the ATLAS [10] and CMS [11] experiments at the LHC in the dilepton channel,
and discrepancies between Monte Carlo modelling for the interference and data
have been observed.

The motivation for this thesis is to provide a detailed measurement of the

process in phase spaces sensitive to the tW and ¢t interference, offering insights
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into top-quark physics and contributing to the ongoing efforts to refine theoretical
predictions and reduce uncertainties in high-mass searches for new physics.

This thesis presents the first measurement of the differential production cross-
sections of the process pp — WbWb in the | + jets (or single lepton) decay channel,
using data collected with the ATLAS detector [12] at the LHC during LHC Run-2
(between 2015 and 2018) at a center-of-mass energy of /s = 13 TeV. The decay
channel refers to the decay of the two W bosons, where one W boson decays
leptonically into a charged lepton (muon or electron, u* or e*) and a neutrino v,
while the other decays hadronically and can be identified using jets. The semileptonic
decay channel provides the opportunity to measure the W-boson kinematics directly,
since the hadronically decaying W-boson can be fully reconstructed. In addition,
the cross-section in the [ +jets channel is higher with respect to the dilepton channel.
On the other hand the [+jets channel presents a challenge due to the presence
of missing transverse energy in the final state.

Two different phase spaces are defined in this analysis. The first one, similar
to the phase spaces often used in the Standard Model measurements, is denoted
as the measurement-like phase space. This phase space allows to probe the phase
space where the cross section is the highest. The second phase space is based on
the phase space targeted by Beyond Standard Model (BSM) physics, defined as the
search-like phase space. This phase space represents a novelty as it is the first time
in ATLAS that a measurement has been designed specifically for a search.

Variables particularly sensitive to the interference are identified, and the measure-
ment of the differential cross-section is performed using an unfolding procedure to
correct for the limited geometric acceptance and the limited efficiency of the detector.
The unfolded result is then compared to the different theoretical predictions for
the interference. Unfolded data can be further used by the scientific community
without the limitation of needing a detector simulation to tune and validate the
theoretical predictions.

The thesis is organised as follows. Chapter 2 gives a brief summary of the
Standard Model. Chapter 3 describes the Large Hadron Collider and the ATLAS
experiment. Chapter 4 details how the proton-proton collisions are simulated in this
thesis. Chapter 5 describes how the identification of physics objects is performed.
The differential cross-section measurement is presented in detail in Chapters 6, 7

and 8. Finally, the results are presented in Chapter 9.
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Theoretical Framework

2.1 The Standard Model of Particle Physics

The Standard Model (SM) of particle physics was proposed by S. Glashow, S. Wein-
berg and A. Salam in the 1960s and 1970s and represents the current understanding
of the building blocks of matter [1, 2.

It describes three of the four fundamental interactions: the strong, weak and

electromagnetic forces. At present, the SM does not describe the gravitational force.

2.1.1 Theoretical formulation of the SM

The theoretical formulation of the Standard Model is based on the Lagrangian
formalism and the notion of symmetries [13|, and it is based on four-dimensional

quantum fields . The SM is described by the Lagrangian density
Lsv = Locep + Lewk (2.1)
which is invariant under the local gauge symmetry
SUB)c@ SU2),@U(1)y (2.2)

where SU(3)¢ is the colour symmetry, SU(2), is the weak isospin symmetry and
U(1)y is the hypercharge symmetry. Together, SU(2);, and U(1)y describe the

electroweak interactions, while SU(3)s characterises the strong interactions.

Ithree spatial dimensions and one time dimension.

15



16 2.1. The Standard Model of Particle Physics

Strong Interactions

The strong interaction is described by Quantum Chromodynamics (QCD). QCD
involves quarks, which are spin 1/2 fermions, and gluons, which are spin 1 bosons
(vector bosons). The conserved quantity in QCD is colour. There are three colours:
red, blue and green, and the three corresponding anti-colours. Particles combine in
such a way that they are colourless, this can happen by summing up all three colours
or by combining colour/anti-colour, this phenomenon is known as colour confinement.

The strong interactions are invariant under the symmetry group SU(3) as
q(w) = Ulx)g(z) = e~ 50 g(z) (2.3)

where gg = 4mag is the coupling constant of strong interactions coupling while o, are
an arbitrary functions. T, represents the 8 generators of SU(3) ?, these generators

require the introduction of 8 fields, the gluons, denoted by G*. G transforms as

1
GZ — GZ - _8;Laa - fabcabGZ (24)
gs
The QCD lagrangian density can be written as
1 a v,a —( -
Locp = =7 ) Fi F™ +q(iv" D, — m)g (2.5)
with
D, = 0, +igl,G" (2.6)
Fi, = 0,Go — 0,G5 + gs fancGoGe, (2.7)

QCD is a non-abelian theory, meaning the gluon can self-interact and the
result of this is the third term of the equation. A fundamental feature of QCD is
asymptotic freedom: quarks interact weakly at high energies, hence allowing for
perturbative calculations, but strongly at low energies, preventing the unbinding
of baryons and mesons.

Colour confinement and asymptotic freedom are related to the running of the
strong coupling constant ag. ag is not constant, but is expressed as a function of
the energy scale of the interaction, Q? [6], as shown by Figure 2.1.

The evolution of ag as a function of Q? is expressed as

ag(Q*) = @s(Agep) (2.8)

Q2
1+ BaS<A2QCD) In (%

2T, is a 3 x 3 matrix such that [T}, Ty] = i fapeTe-
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Figure 2.1: Comparison of the values of ag(Q), determined from fits, with the QCD
prediction using the world average (blue band) as input and the value obtained from the
global fit (yellow band) [14].

with

12N¢ — 2Ny
127

where N¢ = 3 is the number of possible colours and Ny < 6 is the number

B= (2.9)

of active flavour quarks. Agcp is an infrared cut-off scale beyond which the
perturbative approximation doesn’t hold, its value is &~ 200MeV.

In the framework of perturbative QCD (pQCD), predictions for observables
are expressed in terms of the renormalized coupling ag(p%), a function of an
(unphysical) re-normalization scale ur. When taking ug close to the scale of the
momentum transfer @) in a given process, then ag(p% ~ @) is indicative of the

effective strength of the strong interaction in that process [4].

Electroweak Interactions

Electroweak theory aims to unify the weak and electromagnetic interactions. It

is invariant under the transformation of the symmetry group

SU(2), ® U(1)y (2.10)
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Where L stands for left-handed particles and Y is the hypercharge. The
symmetry group SU(2);, ® U(1)y is described by four generators corresponding
to four gauge bosons.

Fermions are coupled according to their chirality state

1
Left-handed fermions: ¢, = Ppy = 5(1 L (2.11)

1
Right-handed fermions: g = Prip = 5(1 + ) (2.12)

Py i are the left /right handed projection operators, while 45 = i7%y'4?~y3. The
generators consist in a triplet for SU(2),, W/, (i = 1,2,3), which couples with

)

left-handed fermion fields, and a singlet for U(1)y, B*, which couples with fermions
of both chiralities. Left-handed fermions are paired in doublets with isospin I = 1/2,
while right-handed fermions are isospin singlets with I = 0. The fermions are
further divided into quarks and leptons.

There are three families of quarks

(5) () () - e @ @ G 01 0,

and three families of leptons

(V;)L’ (V:)L (”TT)L ©r> War (Drs W) g W) g (7)g

The weak hypercharge and the third component of the isospin are related to

the electromagnetic charge ) as follows

Q=1L+ g (2.13)

The hypercharge involves right- and left-handed particles, therefore the la-

grangian density is invariant under U(1). In this case the field transforms as
Yrr— UL g = OV, o (2.14)

On the other hand, isospin symmetry only applies to left-handed particles, there-

fore the lagrangian is invariant under SU(2) transformations. The field transforms as
b = SUQ2)yp = P2y, (2.15)

with 7¢/2 being the SU(2) generators, with a = 1,2,3 3.

3The SU(2) generators, 7, are the Pauli matrices.
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Four physical fields corresponding to the four vector bosons can be obtained

with the following linear combinations

A* = sin(Oyw )WL + cos(Ow ) B* (2.16)

ZF = cos(Ow )WL — sin(Oy ) B* (2.17)
1 :

Wiy = —=(W, FiW2) (2.18)

V2

where A* corresponds to the photon, Z# to the neutral Z boson and W5 to the
charged W# bosons. The angle 6y represents the weak mixing angle.

For a fermionic field v, the lagrangian density is constructed as

1 1 -
ACSWIC = _ZW;LVW(I,/W . Z_lejBlw + Z’w,YMDMw (2.19)

where the index a runs over the three gauge bosons. The field strength tensor

terms, which define the the field dynamics, are defined as

B,, = 0d,B, —9,B, (2.20)
Wi, = 0,W5 —a,W; — igw e {W?, Wi} (2.21)

and D, is the covariant derivative

/
D, = 0, + igW"I, + i%BNY (2.22)

with g, ¢’ being the coupling constants of SU(2) and U(1) respectively. The

couplings are such that the mixing angle, #y,, can be written as a function of the two

/

9

sin(fy) = ——t (2.23)
RV

cos(Ow) = % (2.24)
gty

It has to be noted that the gauge symmetry of the SU(2);, ® U(1)y group does
not allow mass terms for the W* and Z bosons. However, these bosons are known
to be massive, suggesting that the current theory of electroweak interactions is
incomplete. The solution to this problem lies in the phenomenon of spontaneous

breaking of electroweak symmetry, which will be discussed in the following section.
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The Brout-Englert-Higgs Mechanism

The Brout-Englert-Higgs mechanism [15, 16] introduces a complex scalar field,o,
which transforms as a doublet under SU(2) gauge transformations. This allows to
give a mass to all the particles with non-zero weak hypercharge. The scalar field
spontaneously break the SU(2); ® U(1)y symmetry and at the same time preserve
the gauge symmetry of electromagnetism, according to

Introducing a SU(2),, doublet with I =1/2, I3y = —1/2 and ¥ = 1:

o) = (%00). (2.2

where ¢*0 are complex fields.

The associated lagrangian is

Ly = (Du0)'(D") +V(9) (2.27)
Where the potential, illustrated in Figure 2.2, is
V(9) = —i*(0'0) + N(¢1¢)* = —1*¢” + A\¢' (2.28)
The value of the field at the minimum of the potential is given by
1p?  2?
=__-F _ - 2.2
#a) = -5 =2 (2.29)

In order to have a physical solution it must be A > 0, otherwise the potential
is not bounded from below. This choice defines a ground state, also known as
vacuum expectation value (vev). Depending on the sign of u?, the ground state can
be unique with a minimum in ¢ = 0, for p? > 0, or degenerate for p? < 0. In the
latter case, the minimum of the potential is obtained for a non-zero field value. The
Lagrangian is still gauge invariant, but the vacuum expectation value v is not null.
The value of the field in the minimum of the potential is given by ¢? = 1?/2\ = v /2.

The vacuum expectation value v can be evaluated using the relation
2

% - &ijl—%v B QmTW = (V2Gp) '/ (2.30)
Precision measurements of the Fermi constant GGz, from muon lifetime measurements,
give v = 246.22 GeV [18|.
As a result of a gauge transformation, three out of the four components of the
¢ field can be set at 0, thus Equation 2.26 becomes

¢(x) = % (U +(;l(x)) (2.31)

where h(x) is the scalar Higgs field.
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Reld)

Figure 2.2: The Mexican hat potential that leads to spontaneous symmetry breaking. The
vacuum, the lowest energy state, is described by a randomly chosen point at the bottom
of the brim of the hat. The Higgs boson is a massive spin-zero particle corresponding to
quantum fluctuations in the radial direction, oscillating between the centre and the sides
of the hat [17].

Gauge Bosons Substituting the field ¢(z) (Eq. 2.31), and the expressions for Wf
and B, (Eq. 2.16) in the kinetic part of the lagrangian density (Eq. 2.27), it is
possible to obtain the masses for the vector bosons as

my = % (2.32)
2 12
My — —\/9;9“ 2.33)
m, =0 (2.34)
From the definitions of my, and myz one gets
mw
— = 0 2.35
T cos(6h) (239

Fermions For the fermions, it is necessary to introduce a Yukawa term, which
represents the interaction between the Higgs field and the fermionic field.

For the electrons, for example, it holds

Les = ge ((176, &), (Zﬁ;) ernter (¢, ¢") (';) R) (2:36)
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After the symmetry breaking, the choice of the unitary gauge, the following
terms are generated

Lep = —iv(éLéR + égréyr) — ih(éLéR + égeér) (2.37)

V2 V2

The first term, %v(éLéR + éreéy) represents the mass of the electron, given

by its coupling to the Higgs g. and the vacuum expectation value v:

Me = gel) = Je y (2.38)

V2
The second term, g—;h(éLé R+ €rér) gives rise to an interaction between the

Higgs boson and the electron. The same procedure applies to the other leptons
and the down-type quarks. The masses for the up-type quarks are generated in a
similar way when considering the hermitian conjugate of the Higgs doublet. In any
case, the mass of all Dirac fermions is dynamically generated after the symmetry
breaking and is defined by the coupling of the fermion to the Higgs field, as

g
my = ggn = \/—%v (2.39)

The coupling of the fermions to the Higgs boson results to be

m
gy = Tf (2.40)

Neutrinos are an exception, as right-handed neutrinos have zero weak hyper-
charge, they do not couple to the Higgs boson.

Higgs Boson The mass of the Higgs boson itself depends on two parameters of the
potential V' (¢): the vacuum expectation value v and the coupling parameter A. The
mass of the Higgs boson is a free parameter of the theory and its value my depends
on the parameters of the potential. The Higgs boson was discovered in 2012 by the
ATLAS and CMS collaborations at the Large Hadron Collider at CERN [19], [20].

Since then, the Higgs boson has been used to probe the Standard Model, but
also to search for properties that would allow the existence of new physics. At
the LHC, the main production mechanisms for the Higgs boson are: gluon-gluon
fusion (ggF'), vector-boson fusion ( VBF'), Higgs-strahlung (associated production
with a gauge boson, VH) and an associated production with a pair (¢t) of top
quarks (#tH) [21]. Various measurements have fixed the mass of the Higgs boson at
my = 125.25 £ 0.17GeV [4].

All the particles discussed in the previous sections, as well as their properties

are summarised in Figure 2.3.
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Standard Model of Elementary Particles
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Figure 2.3: Scheme of the Standard Model of particle physics. On the left-hand side the
three generation of fermions, in the centre the three generation of anti-fermions, on the
right-hand side the force carriers and the Higgs boson.

2.2 Phenomenology of particle collisions

The proton-proton (pp) collisions that take place at the LHC (described in detail
in Chapter 3) involve interactions among different constituents of the protons.
The proton structure is explained at high energies by Richard Feynman’s parton
model [22]. The protons are made by three valence quarks (u u d), by gluons and
by sea quarks, which are fluctuation of gluon to a quark anti-quark pair called
gluon-splitting. These constituents are called partons, any of these partons can
interact in the collisions. The probability of a parton i carrying a momentum
fraction z in a collision with a momentum transfer Q? is given by the Parton
Distribution Functions f;(z, Q%) 23] 2.4.

The pp collisions occur at a partonic centre-of-mass energy defined by v/§ =
\/5T1T3, where /s is the centre-of-mass energy of the pp collisions and the indices
represent the two incoming partons which participate in the reaction. Partons not
taking part in the hard interactions are called spectator quarks and contribute to
very soft additional processes called underlying event.

During the collisions, the quarks and gluons produced in the process emit QCD
radiation in what is known as the parton-showering process. The parton showers

(PS) can be initiated by a parton emission either from the two incoming partons
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Figure 2.4: Proton distribution functions of gluons, valence and sea quarks inside the
proton depending on two different values of Q2 [23].

(initial state radiation (ISR)) or from the partons produced by the hard-scatter vertex
(final state radiation (FSR)). The energy of the quarks and gluons in the shower
decreases with time, and the strong interaction property of colour confinement
prevents the observation of free coloured particles in nature. Consequently, it leads
to the formation of collimated sprays of charged and neutral hadrons, known as
jets, in a process called hadronisation. This process cannot be described using
perturbative QCD, but relies instead on phenomenological models adapted to the
experimental data. All the steps of the collisions are shown in Figure 2.5.

The factorisation theorem [25] states that the different sub-processes in the deep
inelastic scattering can be factorised because they occur at different energy scales,
therefore it is necessary to introduce an ad hoc energy scale, known as factorisation
scale pp. The interaction cross-section can be divided into two parts: a non-
perturbative long distance part (due to color confinement), given by Parton Density
Functions (PDFs) f, and one perturbative short distance part (due to asymptotic

freedom), given by 6;;_,x. The cross-section, for a process X, can then be written as

1 1
Opp—X :Z/O dxz/o dx]/fz(mhN%)f](x]7#’%’>&m—>X(mzpux]pm:u?%nu%‘) (241)
ij

The subscripts ¢ and j refer to the participating partons, and the sum is

performed over all the possible partons combinations. The function f are the
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Figure 2.5: Illustration of an LHC proton-proton collision [24].

PDFs, ug is the renormalisation scale and pp is the factorisation scale, all these
parameters will be described in detail in the following.

The functions f; and f;, indicate the proportion of momentum denoted as x;
carried by the parton ¢ when the protons are probed at an energy scale pr. The
scale for the perturbative regime is of the order 1GeV? < up < Q2.

The evolution of the PDFs with respect to the energy scale pup is described
by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [26]. The
shape of the PDF is determined experimentally in events such as lepton-proton
scattering, jet production, and Drell-Yan events [27], [28].

The partonic cross-section ;;_,x, is affected by both the factorisation scale and
the renormalisation scale. In particular pug controls the divergent contributions
appearing in the calculations beyond Leading Order (LO). The renormalisation scale
can be varied when modelling these calculations in Monte Carlo (MC) simulations
to derive an uncertainty on the predicted cross-section, because the choice of
the scale is arbitrary.

0ij—x can be calculated perturbatively as a function of the strong coupling ag

[4], therefore it also depends on the scale at which ag is evaluated:

OppsX = Q500 + Q50] + %09 + ... (2.42)

The first term, oy, is the leading order, the second term corresponds to the
next-to-leading order (NLO) correction and so on. These higher order terms in ag

are associated with radiative corrections as a result of gluon or quark emission.
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Figure 2.6: Cross sections as a function of different final states. The theoretical predictions
are shown in grey, while the blue, orange and violet points represent the LHC measurements
at /s =7,8,13 TeV respectively [29].

The scale parameters are chosen arbitrarily and they are not intrinsic to QCD.
The standard value is taken as up = pur = Q2. Ideally, a physical observable
should not depend on these scales and cross-section calculated for any values of the
parameters should remain invariant. But this is only true if all the perturbative
orders are included in the calculation which is theoretically as well as practically
impossible. One can reduce the scale dependency by including more and more terms
in the calculation. The scale dependence is usually assigned as an uncertainty in
the theoretical calculations due to missing higher orders terms.

Over the course of several years, a good agreement has been observed between the
experimental observations and the theoretical predictions derived from simulations
implementing the above calculations. Figure 2.6 presents a comprehensive overview
of the production cross-section in proton-proton collisions for diverse Standard
Model processes, revealing that the agreement persists across a vast range of

14 orders of magnitude [29].
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2.3 Physics of the top quark

This thesis will address a specific measurement regarding the top-quark properties
and production mechanism, hence this section will give an overview of the physics
of the top quark, exploiting its properties and its importance in current studies.

The existence of the top quark was postulated by M. Kobayashi and T. Maskawa
in 1973 [30],|31] and finally discovered by the CDF and DO collaborations at the
Tevatron (Fermilab) in 1995 [32]. Its mass is currently measured as 173.34+0.98 GeV,
which is an average of the Tevatron and LHC measurements [33]. The top quark
has short lifetime, 7, = 0.5 - 10~2*s, which is an order of magnitude shorter than
the average time required for a parton to hadronise, meaning that the top quark
is the only quark that can be observed in the free state.

Another important property of the top quark is its Yukawa coupling with the

Higgs mass. The coupling has a value of

\/imt

v

g = ~1 (2.43)

Possible deviation of g; from the expected value may indicate new physics

effects that come into play to modify the effective coupling between the top-

quark and the Higgs field.

2.3.1 Top quark production

In proton-proton collisions, top quarks can be produced in pairs or singly, either
via the strong or the electroweak interaction. Both production modes are described

in the following paragraphs.

tt production

The dominant top quark production mechanism at hadron colliders is via strong
interactions. At the LHC, gluon-gluon fusion (gg — tt) is responsible for 90%
of tt production, while quark-antiquark annihilation (¢q7 — tf) accounts for the
remaining 10% [4].
The leading order Feynman diagrams for both processes are shown in Figure 2.7.
Predictions for the total top-quark production cross sections are available at
next-to-next-to-leading-order (NNLO) in perturbation theory, including the next-

to-next-to-leading-log (NNLL) soft gluon resummation. The cross section is

o (my = 172.5GeV, /s = 13TeV) = 831.8 7355321 pb (2.44)
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(a) gq — tt (s-channel)

9 i
(b) gg — tt (s-channel) (c) gg — tt (t-channel) (d) gg — #t (u-channel)

Figure 2.7: Leading-order (LO) Feynman diagrams for top-quark pair production.

where the first uncertainty comes from the scale dependence and the second
from the parton distribution functions [4|. Figure 2.10 shows the evolution of the
tt cross section from theoretical calculations and experimental measurements as a
function of the centre-of-mass energy and luminosity for different experiments at the
LHC. The experimental measurements are in good agreement with the prediction,
indicated by different markers. In this thesis, the relevant centre-of-mass energy
is /s = 13TeV with an integrated luminosity of L = 140fb~ ',
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Figure 2.8: Summary of LHC and Tevatron measurements for the t¢ production cross-
section as a function of the centre-of-mass energy compared to the NNLO QCD calculation
complemented with NNLL resummation (Nov. 2023) [34]. In this thesis, the relevant
centre-of-mass energy is \/s = 13 TeV with an integrated luminosity of L = 140fb~!.

Single top quark production

Single top quarks can be produced via electroweak interactions, which allows the
creation of a quark flavour via the exchange of a W boson. The leading order

Feynman diagrams for single top production are shown in Figure 2.9.

t-channel In this channel, a bottom quark turns into a top quark by exchanging
a virtual W-boson with the emission of an up-type quark ¢ (or anti-quark §).
This process is the dominant mechanism for single-top production at the LHC
(v/s = 13TeV). The NNLO cross section for t-channel single top quark production
(t + 1) is calculated for m; = 173.2GeV:

o (Vs =13TeV) = 215721 pb (2.45)

The uncertainty results from a variation of the renormalisation scale between

p = 1/2m; and p = 2m; [4].
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Figure 2.9: Leading-order (LO) Feynman diagrams for single-top production: a) t-channel
, b) s-channel and ¢) Wt-channel.

~ ATLAS+CMS Preliminary t-channel .

Xiv:2310.01518, PRD9O(2014)112006, EPIC77(2017)531, ATLAS-CONF-2023-0267]
LHCtopWG B ATLAS axiv (2014). (2017)

- - -i-{' ® CMS 3HEP12(2012)035, JHEP06(2014)090, PLBB0O (2019)135042
. . .
S|ng|e top—quark prOdUCtIOn LHC comb. sxepos(2019)088
November 2023 tw
B ATLAS PLB716(2012)142, JHEP01(2016) 064, JHEP01(2018)063

® CMS PRL110(2013)022003, PRL112(2014) 231802, JHEPO7 (2023)046

- i{.z . + LHC comb. sueros (2019088

- ii_i . s-channel

B ATLAS PLB756(2016)228, JHEP06(2023)191

10?

® CMS 3HEP09(2016)027
- ¢ LHC comb. sepos 2019088 -

Inclusive cross-section [pb]

1 === NNLO MCFM, JHEP 02 (2021) 040 N
} PDF4LHC21
scale 0 PDF [J o uncertainty, m,,=172.5 GeV

- = = aNNLO +aN°LL JHEPO5 (2021)278
PDF4LHC21
tw: tf contribution removed

10 == scale 0 PDF 0 o uncertainty, mmp:172.5 GeV

b = = = NLO NPPS205(2010) 10, CPC191(2015) 74
CT10nlo, MSTW2008nlo, NNPDF2.3nlo

=k M= M= M,

=EEE scale [0 PDF [J o uncertainty, mmp:172.5 GeV

*Preliminary

5 7 8 13

Vs [TeV]

Figure 2.10: Summary of ATLAS and CMS measurements of the single top production cross-
sections in various channels as a function of the center of mass energy. The measurements
are compared to theoretical calculations based on: NLO QCD, aNNLO QCD complemented
with aN3LL resummation and NNLO QCD. (Nov. 2023) [34]. In this thesis, the relevant
centre-of-mass energy is /s = 13 TeV with an integrated luminosity of L = 140fb~!.



2. Theoretical Framework 31

s-channel In the s-channel, a pair of quark and anti-quark combines to form a
W-boson, which subsequently decays into a top (anti-top) and anti-bottom (bottom)
quark. This channel has the smallest non-negligible contribution to single top
production. The cross section at NNLO for the LHC is [4]

o147 (Vs = 13 TeV) = 10.033:29+9-27 (2.46)

Wt-channel Single top quarks can be also produced in association with W -bosons.
At NNLO, for the LHC, the production cross section is [4]

047 (Vs = 13TeV) = 71.7H18+340 (2.47)

Any analysis carried out in the tWW channel must face the same challenge: the
close similarity of this process to tt production. Experimentally, it is a challenge to
separate collisions where this process has occurred from those where pair production
has occurred. Thus, measurements of tWW depend crucially on this separation and
on estimating the effects that ¢f has on the extraction of tW. This challenge

is the focus of this thesis.

Others

The remaining top quark production processes with smaller cross sections in proton-
proton collisions are not always classified in the same group. The processes in which
the top-quarks in the final state are accompanied by other vector bosons are called
associated production modes. Most of them have a top-antitop quark pair in their
final state with a boson: ttZ, ttW, tty and tt H. There are also single-top associated
production processes: tZq, ty, tWZ, tH or tHW . There are other processes which
cannot be considered as associated production or which have a very small production

cross section. Within this category is the tttt process, which has recently been
studied by both ATLAS and CMS collaborations at CERN [4].

2.3.2 Top-quark decay

The top quark decays almost exclusively via
t— Wb (2.48)

with a probability of |Vi|? ~ 99.8% [4].
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The W boson then decays either leptonically into a charged lepton and its

corresponding neutrino according to
Wt — Ity (2.49)

where [ can be either e, or 7.

Or it can decay hadronically into a pair of quark and anti-quark
W+ —qq (2.50)

where ¢ and ¢ are up- and down-type quark respectively. Since quarks exist in
three colours and there are three possible leptonic decays, this gives a total of
6 possible W boson decays. The W boson decays 33.5% of the times in leptons
and 66.5% of the times in hadrons [4]. Figure 2.11 shows, in a pie chart, the
decay channels of the the W boson.

Figure 2.11: Pie chart of the W decay channels. The hadronic decay is shown in blue,
while the three different leptonic decays are shown in purple, red and green [35].

tt and single top events can then be classified into three broad categories
according to the decays of the W bosons resulting from the decays of the top
and anti-top quarks, respectively.

It should be noted that the 7 lepton has a lifetime of less than 107 s [4] and
therefore it decays before reaching the first layer of the detector. Like the top quark, 7
leptons decay through a W boson or into a e/p and 7,/,. Additionally, in both cases,
a T neutrino is present. Therefore, in the ¢t final states, often only stable charged

leptons (e and p) are considered, including those coming from 7 lepton decays.
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Hadronic decay channel A ¢ event is conventionally referred to in LHC analyses

as all-hadronic if both the W* and W~ bosons decay into quarks, according to

tt — WTbW b — q¢'bq"q"'b (2.51)

All-hadronic events are characterised by six jets in the final state: four light- jets
and two b-jets. The frequency of this process is 45.7%, which makes this channel
the dominant ¢ decay channel. Despite the high abundance of this decay, it is very
difficult to reconstruct the top quarks due to the large jet multiplicity [4].

Di-leptonic decay channel In this channel both W-bosons decay leptonically, ac-

cording to

tt — WHoW=b — [Tybl~ b (2.52)

where | = e, u, 7. This process occurs with a probability of 10.5%, the small
branching fraction for this channel results in low statistics. The detector signature
is characterised by two b-quark jets, two oppositely charged leptons and the absence

of transverse energy from the two neutrinos [4].

Semi-leptonic decay channel A ¢ event in which one W-boson decays into leptons

and the other into quarks is classified as semileptonic, according to

tt — WTbW b — qq'bl" b (2.53)

The occurrence of this process is 43.8%, therefore comparable to that of the
all-hadronic channel. The detector signature includes four jets, one charged lepton

and missing transverse energy from the neutrino [4].

2.3.3 Study of ¢t and ¢V interference

When the tW process is studied experimentally at NLO in QCD, it is found to
have final states that it shares with ¢, namely the WbWb final state.

Given the theoretical framework for simulating these processes, it is not pos-
sible to use tW and tt as completely separate processes, since the processes are
characterised by their final states.

Historically, most analyses use separate ¢tV and ¢t Monte Carlo (MC) simulations
at NLO in QCD. However, this separation poses a number of challenges.

First, there will be events corresponding to Feynman diagrams that can be in

both tW and tt, leading to double counting of events if both samples are used
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simultaneously. Secondly, the effect of interference between the Feynman diagrams
is ignored when calculating the squared amplitude of the matrix element. In tWW and
tt at NLO in QCD, Feynman diagrams that can have a top-antitop pair on-shell are
called doubly resonant diagrams (and come from the t¢ process), while those where
only one can be on-shell are called singly resonant diagrams (and come from tW).

To describe the interference let’s introduce the notation A,z as the O(gwas)

amplitude of the process:

a+ B t+W+6 (2.54)

where 0 is the parton (identified as the b-quark), that can be omitted in the notation.
The total amplitude of tW + tt process is therefore:

tW t
Aag = AL + A% (2.55)

where the two terms are respectively the singly and doubly resonant contributions
diagrams to the tWb cross-section.

At NLO, the amplitude of the process becomes:

Aas)? = |AD 2+ 2Re AV AU | 4+ ALY (2.56)
= o + Ioeﬁ + Daﬁ (257)

the first term, S,3, is associated to the single-top production diagrams, the
second, Z,3, is the interference term and the third, D,g, is the contribution from .

There are several approaches to deal with the interference between tW and tt,
i.e. to remove the Z,g term from the amplitude calculation.

The NLO real-emission contribution to the subtracted short-distance partonic

cross-section including the flux factor and phase space is:

A

1
46 = 5= (85 + Zap + Dag) doy (2.58)

where d¢, is the three-body final state phase-space, while the hat on S denotes
that the infrared singularities have been subtracted.

The hadron production cross-section can be written as

do =do® +) / dydzoLopddas (2.59)
ap

do® indicates the contribution to the cross-sections that are not already

included (Born, soft-virtual,..), and L, is the parton-level luminosity. The Diagram
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Removal (DR) and Diagram Subtraction (DS) cross-sections, become (Ref. [36]

for detailed calculation)

dxidx A
doPR = dg® / 2 L osSasd 2.
o o +QZB 2:)311}28£ 58 8 QZ53 ( 60)
doPS = do® — do*utt (2.61)

subt is designed to remove numerically the doubly-resonant contribution

where do
and 15&5 is defined such that D,z — Dag will vanish when m — mt

The DR cross section is not gauge-invariant. However, thls is not a problem
in practice, as it can be made gauge-invariant by repeating the DR calculation
in a number of alternative gauges. The difference between the two equations

in 2.60 is as follows:

dzyd
doPR — dgP5 = Z/ D12 b 5(Sus + Tog + Dag — Dag)dos (2.62)

2x1298

that depends on the interference term and the D,g — Dqg difference.
A gauge invariant subtraction term can be found by choosing an appropriate
value of the Daﬁ.

Writing all this calculations in amplitudes notation one gets:

Aa = AtW 2 -Aa g = AtW 2 Ag Att 2 CSUB 2.63

BIDR — BlDS — ap

with C°UB cross-section level subtraction term. From these equations one gets:
[aslbr = [aslbs = 2Re{ ALS AL} (2.64)

The use of these separate and combined samples requires, as mentioned, the
modification of the tW sample. This modification requires the addition of an
additional source of uncertainty consisting of the difference between the Monte
Carlo simulations for DR and DS approaches.

Another possibility is to work directly with the WbWb final state, including all
interference terms between tW and tt by construction, defined as bb4l. The ATLAS
collaboration has published extensive studies at the generator level [37, 38|.

The interference between ¢t and ¢tV has already been studied by the ATLAS
experiment at the LHC (see Chapter 3 for details on the experimental setup) in the
dileptonic channel [10]. The result of the paper is shown in Figure 2.12, which shows
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the normalised cross section as a function of a variable sensitive to the interference.
The black dots represent the data with its associated statistical uncertainty, the
colored dots represent the different theoretical predictions. Diagram Removal is
shown in red, Diagram Subtraction in green and the bb4l prediction is shown in
purple. The lower panel shows the ratio of the theoretical predictions to the data
and DR and DS predictions show tension with respect to the data.

The ¢t and tW interference in the single lepton channel has never been exploited

and is the focus of this thesis.
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Figure 2.12: The unfolded normalized ml’jl”mmax distribution along with various Monte
Carlo (MC) predictions of the ¢ + tW signal. The uncertainty on the data includes all
statistical and systematic sources, while uncertainties for each of the MC predictions
correspond to variations of the PDF set and renormalization and factorization scales. The
data are compared to predictions using the Diagram Removal (red), Diagram Subtraction
(green) and the bb4l (purple) scheme [10].

2.4 Shortcomings of the Standard Model

The Standard Model has been tested several times throughout the years and and

while there is ample evidence supporting its validity, there are also valid reasons
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to believe that the SM may not be complete.

Matter Anti-matter Asymmetry The observable universe primarily consists
of matter rather than antimatter, despite the expectation that equal amounts
of both should have been generated following the Big Bang through CP-
conserving processes, while the SM CP-violating processes are insufficient to

account for the observed imbalance between matter and antimatter [39].

Neutrino Oscillations The Standard Model assumes that neutrinos are massless,
but experiments have shown that neutrinos do have mass. An extension of the

Standard Model is required to incorporate neutrino masses and oscillations

[40] [41] [42].

Gravitational Force The gravitational interactions between fundamental
particles are not described in the Standard Model, that appears to be valid
only until the Planck scale (8(1019GeV) [43].

Higgs-boson Mass The coupling of the Higgs boson to the other particles
is directly proportional to their respective masses. In consequence, any (so
far unobserved) new particle would yield a significant contribution to the
Higgs-boson mass through loop diagrams. If these quantum corrections are
not canceled or finely adjusted, they would result in a substantial mass for
the Higgs boson, creating a significant disparity between the electroweak scale
(which pertains to the masses of W and Z bosons) and the Planck scale.
Based on the quantum corrections, it is expect the mass of the Higgs boson to
be much larger than what is actually observed. The fact that the Higgs boson
has a relatively light mass, raises inquiries as to why quantum corrections
do not drive it towards significantly higher values. To explain this problem,

known as the hierarchy problem, an extension of the SM is needed [44].

Dark Matter There are astrophysical evidences for the existence of the
DM, such as: rotational velocities of galaxies, measurements of the cosmic
microwave background and gravitational lensing. This matter, not accounted

for by the Standard Model, constitutes 24% of our universe.

New Physics There is evidence of inconsistencies between the predictions of
the Standard Model (SM) and the empirical observations, as lepton flavour
universality in B meson decays [45] and the anomalous magnetic dipole moment

of muons [46].



38

2.4. Shortcomings of the Standard Model



The ATLAS experiment at the LHC

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [3] is a circular accelerator located at Conseil
Européen pour la Recherche Nucléaire (CERN), at the Swiss-French border near
Geneva. It is situated approximately 100 m underground and it has a circumference
of about 27km. It is placed in the tunnel that was initially constructed, between
1984 and 1989, for the Large Electron Positron (LEP) collider [47].

The LHC accelerates two beams consisting of bunches of protons (or heavy
ions) in opposite directions around its ring. To keep the particles on a circular
trajectory LHC uses 1232 dipole magnets capable of generating a magnetic field
of 8.33 T and 858 additional quadrupoles are located along the ring to focus the
beam. Eight Radio Frequency (RF) cavities are placed along the ring to accelerate
the particles as they pass. If the particle with the target energy passes when the
electric field is zero, it will not be accelerated, while more (less) energetic particles
will be accelerated (decelerated). This means that the particles get clumped in
the so-called bunches. Particle bunches are formed in an earlier acceleration stage
involving several accelerators from the CERN complex, the procedure of which
is explained below. There are 2808 bunches per beam and each bunch, in Run
2, can contain up to 1.15 - 10! protons. The bunches collide at four Interaction
Points (IP), where the main experiments of the LHC are placed: ATLAS [12], CMS
[48], ALICE [49] and LHCb [50]. ATLAS and CMS are multi-purpose experiments,

39
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ALICE is specialised in heavy ion collisions, while LHCb focuses on B-meson decays.

Figure 3.1 shows the accelerator complex.

The CERN accelerator complex
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Figure 3.1: The CERN accelerator complex, in 2022 [51].

The proton source is where it all starts at the LHC. Hydrogen gas is injected into
the Linac2 (Linac4 in Run3), which returns protons accelerated to 50 MeV. The
protons are subsequently accelerated to higher energies by the Proton Synchrotron
Booster (PBS), the Proton Synchrotron (PS), and the Super Proton Synchrotron
(SPS). Finally, the protons are transferred to the LHC rings, where they reach
the final energy. After reaching the final centre-of-mass energy, the bunches are
circulated for ~ 10 hours, with a frequency of 25ns.

The LHC operation is divided into distinct periods: Run (when data is collected)
and Long Shutdown (LS). Run 1 and Run 2 took place between 2009 and 2013
and between 2015 and 2018, respectively. Run 3 began in the summer of 2022
and it will extend up to 2025. Throughout the LS, the LHC underwent several
upgrades: during LS1 the centre-of-mass energy was increased from 8 to 13 TeV,
and during LS2, significant upgrades were made to the LHC accelerator complex,
and the centre-of-mass energy was increased again from 13 to 13.6 TeV. During
the next Long Shutdown (LS3) the LHC will be upgraded to the High-Luminosity
LHC (HL-LHC) [52], resulting in a collision rate that is five times higher than
in the original design of the LHC.
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3.1.1 Luminosity and pile-up

At LHC, the rate of pp collisions per second leading to a process X is given by:

Wzﬁ'ax (31)

where oy is the cross section of the process under study and £ is the instanta-

neous luminosity. The luminosity is measured in cm~2s7!, or alternatively in

barn (1b = 10**ecm2s71).
The machine luminosity depends on the beam parameters and can be written as:

_ NINQfTGva .
dro,oy

c F (3.2)

where Np, N5 are the number of protons per bunch in the beams, f,., is the
revolution frequency and N, the number of bunches crossing at the interaction
point. Therefore the total factor f,..,/N, represents the number of bunch crossings
per time unit. The term F' is the so-called luminosity reduction factor, which
accounts for non-zero collision angles, while the terms o,, o, are the transverse
sizes of the bunches in the x, y directions.

When the beams are accelerated, the particles are forced into a circular orbit
by the magnets and tend to oscillate around the direction of propagation.

The integral of the instantaneous luminosity over a period of time is called the
integrated luminosity and it is a measure of the number of events. It is expressed
as the inverse of a cross-section, in barns. Figure 3.2 shows the luminosity reached,
year by year, by the ATLAS experiment during Run 2.

The luminosity in the LHC is not constant over a physics run but can decay
due to intensity degradation, or the so-called lumz levelling.

The detectors collect data during an LHC fill, a period during which the beams
circulate and collide in the LHC machine. Data acquisition is possible as soon as
the LHC declares stable beams, a condition indicating that stable particle collisions
have been achieved. Each of the data sets taken during the continuous recording
of the detector is referred to as a run. Each run in subdivided into Luminosity
Blocks (LB), typically corresponding to 1-2 minutes of data taking. Sometimes
the detector is prone to problems that can prevent the sub-detector systems to
perform correctly, therefore not all the data collected is usable. The data that can

be used for physics analyses is named Good for Physics.
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Figure 3.2: Cumulative integrated luminosity delivered to and recorded by ATLAS between
2015 and 2018 during stable beams pp collision data-taking at /s = 13 TeV. The total
luminosity delivered by the LHC is shown in green, the luminosity recorded by ATLAS is
shown in yellow and the luminosity good for physics is shown in blue [53].

As mentioned in the previous section, the number of protons produced per
bunch is high, therefore more than one collision can happen per bunch crossing.
This number is indicated by the Pile-Up (PU) pu:

(1) = L0 (3.3)

o is the cross section for the collisions, while 7. is the time between bunch crossing.
Figure 3.3 shows the average number of overlapping events in a bunch crossing.
The number is Poisson distributed with average < pu >, the average value for
the full Run 2 is < p >= 33.7.
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Figure 3.3: Luminosity weighted distribution of the mean number of interactions per
bunch crossing, p, for the full Run 2 pp collision data set at /s = 13 TeV. The values of
integrated luminosity and the mean p are shown for each year of data-taking [53].

3.2 The ATLAS Detector

The ATLAS (A Toroidal LHC ApparatuS) detector is a multi-purpose experiment
whose primary goal is to identify and measure the properties of the particles
produced in the pp collisions at the LHC [54].

It is the largest of the four detectors at the LHC: its dimensions are 25m in
height and 44 m in length, while overall weight of the detector is approximately
7000t. Figure 3.4 shows a sectional view of the ATLAS detector.

The ATLAS geometry, and therefore the coordinates of the particles produced
in the pp collisions, can be described by a cylindrical coordinate system, as
shown in Figure 3.5.

ATLAS uses a right-handed coordinate system with the origin at the interaction
point, in the centre of the detector. The x-axis points from the IP to the centre
of the LHC ring, the y-axis points upwards while the z-axis runs along the beam
pipe. The azimuthal angle ¢ is measured around the beam axis and the polar
angle, 0, is the angle from the beam axis.

The rapidity y of a particle with energy £ and momentum p., in the z-

direction, is defined as

11 E+p,
=_In
Y= E T,

(3.4)
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Figure 3.4: Cut-view of the ATLAS detector [55]
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Figure 3.5: LHC ring coordinate system [56].

This is an useful observable since the differential of y, dy, is invariant under
Lorentz transformation along the z-axis [54].
In case of massless particles, or in the limit of large momentum, the rapidity

approximated by the pseudorapidity

n = —Intan (g) = %m (%) (3.5)
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Figure 3.6: Schematic of the coordinate system and common observables used in the
ATLAS Experiment. Figure adapted from Ref. [56]

where 7 is the total momentum of the particle.

The distance AR in the pseudorapidity-azimuthal angle plane is defined as

AR = /Ap® + Ag? (3.6)

The ATLAS detector is hermetic around ¢ but not completely along 6, this
is the reason why in the x — y plane both the transverse momentum pr and the
transverse energy FEp are defined.

All the coordinates and the observables used in the ATLAS experiment are

shown in Figure 3.6.

3.2.1 Inner Detector

The Inner Detector (ID) [57] is the closest detector to the IP. Its purpose is to
measure the tracks left by charged particles produced in the collisions. The bending
of the tracks, due to the presence of the magnetic field, allows for the measurement
of the momentum of the particles. Figure 3.7 shows the cut-view of the ID, along
with its dimensions. The inner detector is composed by four sub-detectors which are,
from the innermost to the outermost: Insertable B-Layer (IBL), Pixel (PIX), Semi-
Conductor Tracker (SCT) and Transition Radiation Tracker (TRT). A complete
overview of the performance of the inner tracking system is given in Ref [58|.
Insertable B-layer The IBL [60] is the innermost sub-detector of the ID. It was

installed between Run 1 and Run 2, with the aim of maintaining and improving the
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Figure 3.7: Cut-away view of the ATLAS inner detector, along with its dimensions. Figure
from Ref. [59].

performance of the ATLAS detector. It can mitigate the radiation damages in the
pixel detector and also improve the tracking precision in high pile-up environments.
The IBL covers a pseudorapidity region of |n| < 3 and its spatial resolution is
10pm in the R — ¢ plane and 66.5m in the z plane.

Pixel detector The Pixel detector [61] is composed by three layers of sensors
located between 50.5 < R < 123mm. The sensors inside the barrel (|n < 1.4)
are arranged approximately parallel to the magnetic field and the beam axis,
while the sensors in each end-cap (1.1 < |n| < 2.5) are organized radially with
constant azimuthal angle. In both structures, the sensors are placed such that
the readout area of one module is covered by the active area of the following
one. The pixel detector covers an angular range of || < 2.5 and the measured
spatial resolution is between 5 and 12 mm.

Semi-Conductor Tracker The SCT [62], as the pixel detector, is organised in

layers and disks. It uses silicon strips that are distributed across four layers in the



3. The ATLAS experiment at the LHC 47

barrel, located between 30 < R < 51 mm, and nine layers in the end-caps. The SCT
covers |n| < 2.5 and it can measure particle tracks with a precision of up to 25 prad.

Transition Radiation Tracker The TRT [63] is located in the outermost part
of the ID. It consists of a gas-filled straw tubes with a diameter of 44 mm, these
tubes are the active part of the TRT and contain a mixture of different gases. The
straw tubes are then immersed in a matrix of polypropylene fibres (foils in the
end-cap), which is the radiator material that causes the transition radiation. In
the barrel, the tubes are parallel to the beam pipe, while in the end-caps they
are organised in a disk structure. The barrel region covers the range |n| < 1
and provides a spatial resolution of ¢ > 130pnm. TRT purpose is to to provide
positioning information as well as identifying charged particles. Tracks within
In| < 2.5 and with a pr > 0.4GeV can be reconstructed by the ID.

3.2.2 Calorimeters

Figure 3.8 shows the ATLAS calorimeter system. Its purpose is to measure the
energy of the particles by reconstructing the electromagnetic and hadronic showers.
Electromagnetic showers are produced by a particle that interacts primarily or
exclusively via the electromagnetic force, usually a photon or electron. Hadronic
showers are produced by hadrons (i.e. nucleons and other particles made of quarks),
and proceed mostly via the strong nuclear force. The system is composed of two
sub-detectors: the electromagnetic (ECAL) and the hadronic (HCAL) calorimeters
[64]. These detectors cover a range |n| < 4.9 using a sampling technique, consisting
of alternating layers of passive and active materials.

A critical point for the calorimeters is the containment of the shower, this is
achieved using small radiation (Xj) and interaction (\) length.

Electromagnetic Calorimeter The ECAL is shaped as an accordion: it uses lead
absorber plates as passive material and liquid Argon (LAr) as the active material.
The ionisation produced by particles in the active material is read by the electronics
in the lead absorber. The ECAL is divided into a barrel part and two end-cap
components, each housed in their own cryostat. The barrel calorimeter consists of
two half-barrels, separated by a gap at z = 0, while each end-cap is divided into
two coaxial wheels. The barrel region covers a pseudorapidity range of |n| < 1.475
and the end-caps cover the region 1.37 < || < 3.2. The gap region between
1.35 < |n| < 1.52 is called crack-region because it contains a large amount of
inactive material. The barrel is radially segmented into three longitudinal layers for
In| < 2.5. The first layer, around 4-5 X thick, is finely segmented in the 7 direction,

the second layer collects most of the shower energy and the last layer is used to correct
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Figure 3.8: Cut-away view of the ATLAS calorimeter system [65].

for leakage behind the electromagnetic calorimeter. All layers together correspond
to more than 22X,. To enhance the energy resolution, a thin presampler layer is
placed between the cryostat and the calorimeter, covering the region |n| < 1.8. Tt
provides the first sampling of the shower just before the electromagnetic calorimeter.
The shower evolution is controlled by the radiation length X, !. This is the mean
distance travelled by the incident electron before it looses 1/e of its initial energy
via radiation and, at the same time, it is also the 7/9 of the mean free path for pair
production by a high energy photon before converting into an e™ /e~ pair. For this
reason it is necessary to have the ECAL as thick as possible: the total depth of the
ATLAS ECAL is between 22 < X, < 33 depending on the |n| value.

The energy resolution of the ECAL was measured in test beams (with electrons)
before the installation in the ATLAS cavern. The energy resolution was measured
as a function of the beam energy, and it is parameterised as

o) _101% 415047 (3.7)
E E(GeV) E

where the first term is stochastic, the second one is related to the non-uniformity

of the detector response and the third accounts for noise effects.

LA useful approximation is X, ~ 180A4/Z2, where A is the mass number and Z is the atomic
number.
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Hadronic Calorimeter The HCAL is used to detect the energy deposited by the
hadronic showers initiated by the hadronic charged particles (p, 7%, K=, etc..). Tt is
divided into three parts: the tile calorimeter, the Hadronic End-Cap Calorimeter
(HEC) and the Forward Calorimeter (FCal). The tile calorimeter is a sampling
calorimeter made of steel as passive material and scintillating tiles as active material,
placed around the EM calorimeter. Two sides of the scintillating tiles are read out
in two separate photomultiplier tubes by wavelength-shifting fibres that allow the
signal to be converted into visible light. The tile calorimeter covers a pseudorapidity
region of |n| < 1.7. The HEC consists of two independent wheels located directly
behind the end-cap of the ECAL and sharing the same LAr cryostats. The wheels are
made of copper plates interleaved with LAr gaps. It covers a pseudorapidity region
of 1.5 < |n| < 3.2. The FCal is integrated into the HEC cryostats and it consists of
three modules in each end-cap, it cover a pseudorapidity region of 3 < |n| < 4.9.
The first, made of copper, is optimised for electromagnetic measurements, while the
other two, made of tungsten, mainly measure the energy of hadronic interactions.
The energy resolution of the HCAL is given by

o(B) _ 5% 16GeV .. (38)

E V E(GeV) E

The first term is related to the stochastic nature of the development of the

hadronic showers, the second one is due to noise from the read-out electronics and
the last one is a constant term to account for unknown effects. In the HCAL the
shower evolution is dominated by the interaction length A, which describes the travel
distance of a high energy hadron before it interacts with a nucleus. To prevent a
particle that is not a muon to provide signals in the muon spectrometer (phenomenon
known as punch-through), the thickness of the HCAL should be sufficient to contain
the entire hadronic shower. At n = 0 the depth of the ATLAS HCAL is 9.7\.

3.2.3 Muon System

The Muon Spectrometer (MS) [66] is the outermost of the ATLAS sub-detectors,
its structure is shown in Figure 3.9. It is based on the magnetic deflection of muon
tracks in the toroidal magnets and it is instrumented with trigger and tracking
chambers. The magnetic field, almost orthogonal to the muon trajectories, is
generated by a system of three large air-core toroids. Each toroid consists of eight
coils arranged radially and symmetrically around the beam axis. The MS is designed
to provide independent measurements of the momentum of the charged particles in

the pseudorapidity range |n| < 2.7 and to trigger on these particles in the region
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In| < 2.4. The momentum resolution is ~ 10% for 1TeV tracks. The system is
divided into a barrel part, up to |n| < 1.05, and two end-caps. The geometry of
the barrel is coaxial with three cylinders centred in the IP, called: Barrel-Inner
(BI), Middle (BM) and Outer (BO), at radii of approximately 5m, 7.5m and 10 m.
The end-caps are made of three wheel-shaped structures named Endcap-Inner (EI),
Middle (EM) and Outer (EO) ? which are placed at distances of 7.4m, 14m and
21.5m from the IP respectively. The end-caps cover the region at high . In both the
barrel and the end-caps the magnetic field goes up to 2T. The muon spectrometer
consists of 4000 individual muon chambers using four different technologies: Thin
Gap Chambers (TGC), Resistive Plate Chambers (RPC), Monitored Drift Tubes
(MDT) and Cathode Strip Chambers (CSC). TGC and RPC are used as triggers,

while MDT and CSC are used as precision chambers.
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Figure 3.9: Cross-section of the ATLAS MS in the (r, z) plane (left) and in the r — ¢
plane (right) comprising all detector modules [67].

Precision chambers MDT are used for precision measurements of the muon tracks
in a pseudorapidity range |n| < 2.7, except in the innermost end-cap layer, where
their coverage is limited to |n| < 2.0. The MDT chambers consist of three to eight
layers of aluminium drift tubes filled with a gas mixture of Ar : CO (93% : 7%).
The drift tubes are placed along the r—z plane and they yield a resolution up to 3 pm.
CSC are installed on the Small Wheel, in the |n| > 2.0 region, due to their ability
to cope with a high rate of particles. CSC are multi-wire proportional chambers
based on a 80% : 20% mixture of Ar and CO,. The chambers are organised in
quadruplets of planes, divided into strips, providing four independent measurements

of the |n| and ¢ coordinates. This gives a resolution of 40 pm in the bending plane

2Also called: Small Wheel, Big Wheel and Outer Wheel
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(n) and of 5mm in the transverse plane (¢). The difference in resolution between
the bending and non-bending planes is due to the different readout pitch.
Trigger Chambers The MS is also used as a trigger system for the ATLAS
experiment, therefore it must be fast. Two different technologies are used for this
scope: RPC and TGC. Resistive Plate Chambers are used in the barrel region,
in the pseudorapidity range of || < 1.05. In the RPC, two resistive plates are
separated by 2mm gaps filled with a gas mixture of CoHoFy : CyHyo (97% : 3%).
Each plate is segmented into strips, which allows a preliminary measurement of the
position of the hit left by a track. Two doublets of RPCs are installed in the BM
and BO layers. In the larger pseudorapidity region, 1.05 < |n| < 2.4, a triplet of
TGC is installed on the small wheel, while two doublets are located on the big wheel,
closer to the IP. The TGCs use a gas mixture of COs : n — pentane (55% : 45%),
with anodes parallel to the MDT wires and cathode strips along the radial direction,
providing a two-dimensional measurements of a hit with a time resolution of the
order of 5ns. The trigger chambers also complements the precision chambers
with additional information about the track position in the bending plane (1) and

one in the non-bending plane (¢).

3.2.4 Forward Detectors

The ATLAS forward region is covered by three smaller detectors. The data provided
by these detectors are not explicitly utilized in this thesis, and as a result, they are
only briefly outlined in the following. The LUCID (LUminosity measurements using
Cherenkov Integrating Detector) [68] and ALFA (Absolute Luminosity For ATLAS)
[69] detectors are used to to determine the luminosity delivered to ATLAS. The
Zero Degree Calorimeter (ZDC) |70] is used to determine the centrality of heavy-ion
collisions. AFP (ATLAS Forward Proton) [71] aims at tagging very forward protons.

3.2.5 'Trigger system

The huge amount of data produced by the LHC exceeds the ATLAS readout capacity
and not all the collected data is of interest for physics analyses. Therefore, a trigger
system |72] is used to select the interesting events and to reduce the amount of
data recorded. As Figure 3.10 shows, events are selected using a two-stage trigger
system: Level 1 (L1) and High-Level Trigger (HLT).

L1 is hardware based and it selects interesting events coming from the calorimeter
(L1Calo) or the muon spectrometer (L1Muon). LlCalo can identify electrons,

photons or tau-leptons and it can also provide jet candidates and the missing
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Figure 3.10: Scheme of the ATLAS trigger system in Run 2. [72] 3

transverse momentum calculation. L1Muon can provide an estimate of the transverse
momentum of the muon candidate. The combined information from the L1Calo,
L1Muon and additional control subsystems (such LUCID and ZDC) is sent to the
Central Trigger Processor (CTP) decides to accept or reject the events or to limit
the number of accepted L1 candidates, if the read-out rate exceeds the system
capability. L1 can select objects by considering event-level quantities (such total
energy in the calorimeter) or by considering topological requirements (such angular
distances or invariant masses). The second step in the trigger chain is the HLT,
which is software based and processes events accepted by the L1 trigger. It performs
a more sophisticated analysis of the events and it is largely based on the offline
software Athena [73]. The output rate of the HLT system during Run 2 was 1.2kHz,
with a typical disk writing rate of 1.2 > GB/s [72].
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Monte Carlo event Generators

In order to compare the data measured with the ATLAS detector with theoretical
calculations, it is important to introduce a method to generate the expected detector
response starting from a given physics process. This is done by simulating the
entire chain of events, starting from the pp collisions and ending with the detection
of stable particles within the simulated detector.

There are different steps to generate accurately the Monte Carlo simulated data,
which are shown in Figure 4.1. The first step involves the calculation of the Matriz
Element (ME) for the hard-scatter process of interest. Subsequently, the Parton
Shower (PS) is used to simulate additional partons. Any resulting partons then
undergo the process of hadronisation. Additionally, it is necessary to account for
events that involve remnants of the collisions interacting further (underlying events)
as well as pile-up. Finally, the comparison between the generated MC events and
the actual data occurs after their interaction with the detector volume, in order
to accurately replicate the detector response.

The previous steps allow for various levels to be defined, at which data and

simulation can be compared:

e Parton-level: the process is terminated before the hadronisation, resulting in
only quarks and gluons in the final state. The decay of unstable particles,

such as the top quark and W-boson, is not calculated.

e Particle-level: physical particles before they interact with the detector material
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e Detector-level: physical particles after passing through the detector simulation

The analysis discussed in this thesis is performed at particle-level, with the
events in the data adjusted for the limited acceptance and precision of the detector
(see Chapter 7).

Hadronisation

Hard-scatter vertex
(matrix element)

Underlying event  °s

Figure 4.1: Illustrative diagram of the simulation of a proton-proton collision. Partons
from the protons are shown by dark blue lines. The large dark red circle indicates the
most energetic parton interaction. The emerging particles decay at the light red circles.
Resulting hadrons are illustrated by light green ellipses and their decays in dark green.
Photons and leptons are drawn in yellow. Additional parton-parton interactions (purple
ellipsis) and the hadronisation of further proton remnants (small dark green ellipses) form
the underlying event. Figure adapted from Ref. [74].

4.1 Generator building blocks

The Monte Carlo simulations rely on the concept of factorisation, which has been
explained in detail in Chapter 2. In general, at high energies the partons (quark
and gluons) forming the hadrons produce highly energetic outgoing partons when
colliding. This hard process is computable and it is the one of the main interest
in particle collisions. It is also important to know what happens at low energies

to obtain a complete description of the final state. At scales at which ag becomes
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large (order 1GeV), the perturbative QCD breaks down, and phenomenological
models are considered to describe the process of fragmentation of the partons.
The hadronisation cannot be calculated and it has to be modelled from QCD.
The transition from high to low scales is given by the parton showering. In this
process, partons combine or hadronise to form colour neutral particles, which
may decay further to form more stable states. The following sections will give an
overview of each step that is necessary to generate a Monte Carlo sample which

can be used for physics analyses.

4.1.1 Matrix Element (ME)

The starting point is to choose a hard process and generate it according to its
matrix element (ME) and phase space. The hard process is typically calculated
at leading order (LO), next- to-leading order (NLO). Higher orders provide higher
accuracy but come with immensely increased computational complexity. This limits
the choice for the available and commonly used order of the calculation.

As explained in Section 2.2, the determination of the cross section for a final
state X in the pp collision involves the use of parton distribution functions and the
cross sections of the partons ¢ and j that produce X. Afterwards, the cross section
is calculated by integrating the matrix element over the phase space.

A key aspect in the event simulation is the calculation of the matrix element (or
scattering amplitude) M x 1, a quantity that describes the transition from an initial
to a final state in a parton interaction. The matrix element is used in the definition of

the partonic production cross section of a final state X, which is given by the formula

(4.1)

00
Opp—X — E /dq)XJrk
k=0

In this equation ®y . stands for the available phase space of the interaction

> M (@)
=0

resulting in a X + k final state. The sum over k corresponds to the sum of the
additional real emissions that can occur, and the sum over [ is the sum over the
number of virtual correction loops. The matrix element My is computed as
the sum of the Feynman diagrams resulting in a X + k final state with [ loops.
The numbers k, | are used to describe the order of the perturbative calculations
needed for the determination of the partonic cross section. A configuration of
(k= 0,0 =0) means that the inclusive production cross section of a final state X
is performed at LO, a configuration of k = n,l = 0 describes the LO cross- section
calculation for a final state of X produced in association with n jets and a more

generic configuration of (k + [ > n) stands for a cross-section calculation of a final
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state X at N"nLO, where the calculations at N* 'LO for X + 1 jet, N*2LO for
X + 2 jets,..., up to LO for X + n jets are also included.

4.1.2 Parton Showers (PS)

Coloured particles can radiate gluons which can then radiate other gluons or
quark-antiquark pairs, which result in parton showers (PS).

There are three possible QCD emissions (splitting) that can occur: g — gg,
g — qq and g — gq. To accurately simulate these additional emissions, a dedicated
algorithm is required [26]. The parton shower estimates an energy scale ¢* for
the final state particle if it emits a gluon, or if the gluon splits into two quarks.
If the energy of the particle ¢> < Agep (Agep ~ 1 GeV is the cut-off scale), the
quark or gluon is considered a final particle. However, if ¢> > A, the additional
quark /gluon splitting is accepted and the parton shower continues recursively by
adding emissions and splitting gluons from the resulting particles.

This principle applies to the outgoing partons. In case of showers coming from
the incoming partons, among the radiated partons could be the ones from which
the hard-scatter vertex is created. Then in this case the final energy ¢® of the
shower is the initial energy scale of the hard-scatter interaction, and this is not
compatible with the MC generators for the PS caused by the outgoing partons.
For this reason, a backward evolution is being used in this case, where the shower
from ISR is developed backwards by the MC generators with each of the partons
before the splitting being at a higher energy.

Lastly, there is a potential risk of duplicating the partons from both the hard-
process and the parton shower when combining multiple ME. To handle this different
techniques have been developed, which are matching and merging.

In matching techniques, processes at a chosen order from the matrix element are
directly matched to their parton shower equivalents and excluded from additional
calculation in the parton shower. This gives exact results up to the chosen order.

In merging, a cut-off scale is introduced above which partons are taken from the
matrix element, and below which they come from the parton shower. The result
is then not accurate to a specific order but a mixture of the order used by the
matrix element and all orders considered by the parton shower.

A comprehensive overview of the two methods is presented in Ref. [75].
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htpb

Figure 4.2: Ilustrative diagram of the Lund string model (left) and the cluster model
(right). Figure from Ref. [80].

4.1.3 Fragmentation and Hadronisation

The termination of a shower occurs when the radiated partons reach the hadronisa-
tion scale. At this point, the QCD calculations are no longer applicable, leading to
the introduction of phenomenological models to describe the hadronisation process.

There are two main models, shown in Figure 4.2, used in the event generators:

e Lund string model: in this model the quarks are connected by strings and
gluons are represented by kinks in the strings. The energy between quarks
increases as they are separated, eventually leading to the string breaking and
forming ¢q pairs. The combined energy of the pairs is smaller than the original
pair, reducing the total energy in the system until the process is no longer

kinematically possible [76].

e Cluster model: this model is based on the concept of pre-confinement |77],
which states that partons with the same colour charge are likely to be close
in phase space after the PS, and can be grouped in colour-singlet clusters. As
a first step the gluons from the PS are split into ¢q pairs and colour-singlet
clusters are formed. Then, the clusters are divided until their invariant masses
match the one of a known hadron [78, 79].

4.1.4 Underlying event

There are additional processes occurring alongside the hard process, initiated by

the other partons in the protons. These underlying events and must also be
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incorporated into the Monte Carlo simulations of the different physics processes.
Additionally, the pile-up has to be taken into account in the MC simulations. Similar
to hadronisation, these interactions are described by phenomenological models that

include parameters that are tuned by using the experimental data.

4.2 Overview of Monte-Carlo event-generators

The simulation of a physics process is dependent on Monte Carlo generators,
which are software tools that incorporate specific algorithms for each stage of the
simulation. These generators are classified into general-purpose, matrix-element,
and special-purpose categories based on their functionality. The following is a brief

overview of the MC generators and their respective characteristics.

4.2.1 Matrix-element generators

A matrix-element (ME) generator is specialised in providing accurate ME calcu-

lations and cannot perform the rest of the simulation steps (PS, hadronisation, etc.).

e POWHEG-BOX is an MC event generator able to implement NLO calculations in
parton shower MC programs, known for its accuracy in handling higher-order

corrections, crucial for precise theoretical predictions [81].

e MADGRAPH5-aMC@NLQ is an MC event generator able to implement the MCQNLO
method, allowing for the matching of NLO QCD calculations with event
generators like HERWIG and PYTHIA for more accurate predictions. This tool
is specialized in generating matrix elements for specific processes, particularly

useful in scenarios involving new physics [82].

4.2.2 General-purpose generators

A general-purpose generator is able to perform a comprehensive event simulation,
beginning with the matrix element calculation and extending to the hadronisation
process. These generators are commonly utilized for parton showering and hadro-
nisation, with integration with other generators specializing in ME calculations.

The main general-purpose generators are outlined as follows:

e PYTHIA ME calculations for 2 — n, (n < 3) physics processes at NLO accuracy.
It is reliable during the PS simulation providing an accurate description both

at high and low energy scale regimes. The PS emissions are ordered in
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transverse momentum (pr). Apart from the ME and PS simulation PYTHIA is
able to perform the hadronisation step following the Lund string model, while
it can also simulate the UE interactions. It is commonly used mainly for the

PS step in combination with other more accurate ME generators [83].

e HERWIG performs ME calculations at NLO for 2 — 2 physics processes. The PS
emissions are ordered with respect to their opening angle and are accurately
simulated due to the full spin correlation information that is included for
the emitted partons. In contrast to PYTHIA, HERWIG makes use of the cluster

model in the hadronisation and UE simulations [84].

e SHERPA performs ME calculations at LO (for < 4 additional partons) and
at NLO (for < 2 additional partons). It uses a dedicated PS algorithm
following the Catani-Seymour dipole formalism [85], a ME to PS matching
algorithm based on the CKKW procedure [86] and the cluster model for the
hadronisation step [87].

4.2.3 Special-purpose MC

e EVTGEN is specialized for the decays of heavy hadrons (those containing c-
quarks and b-quarks), used on top of PYTHIA and HERWIG to improve their
modeling of these hadrons [88].

e MadSpin is used for the modelling of heavy resonance decays after their ME
has been estimated at NLO by MADGRAPH5. The tool takes into account the
spin correlations among the decay products and it includes off-shell corrections,

leading to a more accurate description of these processes [89].

4.3 Detector simulation

The particles generated with one of the simulation programs described in the
previous sections are processed with the ATLAS detector simulation to obtain
the detector response.

First, energy depositions of the generated particles in the sensitive volumes
of the detector are emulated using the Geant4 [90, 91| framework. The energy
depositions are then transformed into electric signals and digital output signals
for all of the detector components.

The Monte Carlo production chain, in a nutshell, is divided into several steps:
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e Event generation: generation of the physics event by creating sets of particle

four-momenta. In ATLAS, these sets are typically carried out by event
generators. Stable or long-lived particles that decay in the detector volume
are forwarded to the detector simulation. This type of MC simulated data is

often referred to as particle level.

Detector Simulation: next step is the simulation of the interaction of the
particles with sensitive and non-sensitive detector material. In the sensitive
materials, the interacting particles produce the hits, which are collected
for further analysis in the next steps. The simulated data acquired from
this procedure correspond to the reconstruction level, and are the ones
used in comparisons with real data in the different physics analyses. An
accurate simulation of the ATLAS detector is achieved with the Geant4 |90,

91] framework.

Digitization: the hits in the detector simulation need to be further processed
to mimic the output of the detector readout. This process is different for each
sub-detector. Digitization also deals, in almost all the sub-detectors, with
noise modelling and event pile-up. These digital signals can then be processed
by the same software used for the data and particles can be reconstructed, as
described in Chapter 5.

Reconstruction: consists of the local pattern recognition, reconstruction of
tracks, vertices, cells and clusters in all the different sub-detectors. This step
also includes the creation of the high-level objects such as particles of different

identification, jets including their flavour tag or missing energy estimation.

4.4 Data and Monte Carlo Samples

This section presents the data and Monte Carlo simulated event samples used in

the measurement presented in this thesis.

4.4.1 Data sample

The measurement presented in this thesis uses the full data-set collected by the

ATLAS detector during the Run 2 operation. This consist of data from p — p

collisions at a centre-of-mass energy of 13TeV corresponding to an integrated

luminosity of 140 fb™*. The partial integrated luminosities for each year of operation

are reported in Table 4.1:
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Year Int. lumi. (pb™')

2015 3244.5
2016 33402.2
2017 44630.6
2018 28791.6

Run 2 140068.94

Table 4.1: Integrated luminosity per year.

4.4.2 Monte Carlo simulated samples

The contribution of Standard Model processes is evaluated from Monte Carlo
simulated samples [92].

The pile-up is modelled by overlaying the simulated hard-scattering event with
inelastic pp events generated with PYTHIA8.186 [93] using the NNPDF2.31o set of
parton distribution functions [94] and the A3 set of tuned parameters [95].

The detector response is simulated with Geant4 [91]. As a full simulation of
the detector response is computationally expensive for some of the estimates of
modelling uncertainties, the fast-simulation package ATLFAST-II [92] is used, which
parametrises hadronic showers in the electromagnetic and hadronic calorimeter
to speed up the simulation.

The Monte Carlo events are weighted to reproduce the distribution of the average
number of interactions per bunch crossing ({u)) observed in the data. The (u) value
in data is re-scaled by a factor of 1.03 £ 0.04 to improve agreement between data
and simulation in the visible inelastic pp cross-section [96].

The signal samples are defined as the sum of the ¢ and the tW samples from
the same combination of generators and parton showers. The signal samples are

discussed in the paragraphs below and summarised in Table 4.2.

Nominal signal sample

tt production The production of ¢t events was modelled using the POWHEGBOXv2
[81, 97, 98] generator, which provided matrix elements at NLO in the strong coupling
constant ag, and the NNPDF3.0nlo [99] parton distribution function. The hggm,
parameter, which controls the matching in POWHEG and effectively regulates the
high-pr radiation against which the ¢t system recoils, was set to 1.5m; [100]. The
functional form of the renormalisation and factorisation scales was set to the default
scale /m? + p2. The events were interfaced with PYTHIAS.230 [101] for the parton

shower and hadronisation, using the A14 set of tuned parameters [102] and the
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NNPDF2.31o set of PDFs [94]. The decays of bottom and charm hadrons were
simulated using the EVTGEN1.6.0 program [88|.

The tf sample was normalised to the cross-section prediction at NNLO in QCD in-
cluding the resummation of NNLL soft-gluon terms calculated using TOPpp2.0 [103—-
109].

For pp collisions at a centre-of-mass energy of /s = 13 TeV, this cross-section cor-

responds to o () ynr.osNNLL = 832731 pb using a top-quark mass of m; = 172.5 GeV.

tW production As discussed in Chapter 2, there are different treatments for
the interference, corresponding to different Monte Carlo samples that can be
used for single-top production. The Diagram Removal (DR) scheme is the one
nominally used by most ATLAS analyses, and is also referred to as the nominal
signal sample in this thesis.

Single-top tW associated production was modelled using the POWHEGBOXv2 (81,
98, 110, 111] generator, which provided matrix elements at NLO in the strong
coupling constant ag in the five-flavour scheme ! with the NNPDF3.0nlo [99] PDF
set. The functional form of the renormalisation and factorisation scales was set
to the default scale \/m The Diagram Removal scheme [36] was employed
to handle the interference with t¢ production [100]. The events were interfaced
with PYTHIA8.230 [101] using the A14 tune [102| and the NNPDF2.3lo PDF set.
The decays of bottom and charm hadrons were simulated using the EVTGEN1.6.0
program [88]. The inclusive cross-section was corrected to the theory prediction
calculated at NLO in QCD with NNLL soft-gluon corrections {112, 113]. For pp
collisions at a centre-of-mass energy of /s = 13 TeV, this cross-section corresponds
to o(tW)yponnr, = 71.7 £ 3.8 pb, using a top-quark mass of m; = 172.5 GeV.

Another signal sample is considered for ¢tW, which is the PH+PY8 (DS). It
similar to the nominal PH+PY8 sample but using the diagram subtraction scheme
[36, 100]. Combined with the nominal ¢t sample, it is presented in legends and
tables as PH+PY8 (DS).

@c@Event Generating Program

Process (GEN) GEN PDF accuracy PS PS Tune | Total-cross section accuracy
tt POWHEGBOXv2 NLO PYTHIA8.230 Al4 NNLO + NNLL
tW POWHEGBOXv2 NLO PYTHIA 8.230 Al4 NLO + NNLL

Table 4.2: Software setup used to generate simulated events for the Standard Model signal.

!Consist in a consistently massless treatment of the b-quark, which can therefore be found in
both initial and final states.
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4.4.3 Background samples

The background samples used in the analysis are discussed below and summarised
in Table 4.3. The dominant background are the W -jets events. Other backgrounds
are grouped in categories. In the plots and tables other top consists of s-channel
and t-channel single-top production. The Z+jets and diboson events are named
Other V/VV in the following plots and tables.

W+jets and Z+jets production The production of V+jets was simulated with
the SHERPA2.2.11 [114] generator. In this set-up, NLO-accurate matrix elements
for up to two partons, and LO-accurate matrix elements for up to five partons were
calculated with the Comix [115] and OPENLOOPS [116-118] libraries. The default
SHERPA parton shower [119] based on Catani-Seymour dipole factorisation and the
cluster hadronisation model [120] were used. They employed the dedicated set of
tuned parameters developed by the SHERPA authors and the Hessian NNPDF3.0nnlo
PDF set [99]. The NLO matrix elements for a given jet multiplicity were matched
to the parton shower (PS) using a colour-exact variant of the MCONLO algorithm
[121]. Different jet multiplicities were then merged into an inclusive sample using
an improved CKKW matching procedure [86, 122] which was extended to NLO
accuracy using the MEPSatNLO prescription [123]. The merging threshold was set to
20 GeV. Electroweak virtual corrections are included in the 2.2.11 configuration,
and are available as an alternative generator weight based on the NLO EW_ ;.
approach [124, 125].

The V+jets samples were normalised to a next-to-next-to-leading-order (NNLO)
prediction [126].

Diboson production Samples of diboson final states (V1) were simulated with
the SHERPA2.2.1 or 2.2.2 [114] generator depending on the process, including
off-shell effects and Higgs boson contributions, where appropriate. Fully leptonic
final states and semileptonic final states, where one boson decays leptonically and
the other hadronically, were generated using matrix elements at NLO accuracy in
QCD for up to one additional parton and at LO accuracy for up to three additional
parton emissions. Samples for the loop-induced processes gg — V'V were generated
using LO-accurate matrix elements for up to one additional parton emission for
both the cases of fully leptonic and semileptonic final states. The matrix element
calculations were matched and merged with the SHERPA parton shower based on
Catani-Seymour dipole factorisation [115, 119] using the MEPS@NLO prescription |86,
121-123|. The virtual QCD corrections were provided by the OPENLOOPS library
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[116-118|. The NNPDF3.0nnlo set of PDFs was used [99], along with the dedicated
set of tuned parton-shower parameters developed by the SHERPA authors.

Other single top production Single-top t-channel production was modelled using
the POWHEGBOXv?2 [81, 98, 111, 127] generator at NLO in QCD using the four-flavour
scheme and the corresponding NNPDF3.0nlo set of PDFs [99]. The events were inter-
faced with PYTHIA8.230 [101] using the A14 tune [102| and the NNPDF2.3lo set
of PDFs [94]. Single-top s-channel production was modelled using the POWHEGBOXv?2
[81, 98, 111, 128| generator at NLO in QCD in the five-flavour scheme with the
NNPDF3.0nlo [99] parton distribution function set. The events were interfaced with
PYTHIA8.230 [101] using the A14 tune [102] and the NNPDF2.31lo PDF set.

ttV production The production of ¢tV events was modelled using the MGNL0O2.3.3
[82] generator, which provided matrix elements at NLO in the strong coupling
constant ag with the NNPDF3.0nlo [99] PDF. The functional form of the renor-
malisation and factorisation scales was set to the default of 0.5 x Y. \/m? + p%’i,
where the sum runs over all the particles generated from the matrix element
calculation. Top quarks were decayed at LO using MADSPIN [89, 129| to preserve
spin correlations. The events were interfaced with PYTHIA8.210 [101] for the parton
shower and hadronisation, using the A14 set of tuned parameters [102] and the
NNPDF2.31o [99] PDF set. The decays of bottom and charm hadrons were simulated
using the EVTGEN1.2.0 program [88].

ttH production The production of ¢t H events was modelled using the POWHEGBOXv2
[81, 97, 98, 111, 130| generator at NLO with the NNPDF3.0nlo [99] PDF set.
The events were interfaced to PYTHIA8.230 [101] using the A14 tune [102| and
the NNPDF2.3lo [99] PDF set. The decays of bottom and charm hadrons were
performed by EVTGEN1.6.0 |[88].

Process @c@Event G(e él%l;;mg Program GEN PDF accuracy PS PS Tune | Total-cross section accuracy
V + jets SHERPA 2.2.11 NLO SHERPA SHERPA NLO

Vv SHERPA 2.2.1 & 2.2.2 NLO SHERPA SHERPA NLO
Othertop POWHEGBOXv2 NLO PYTHIA8.230 Al4 NLO

ttv MGNLO 2.3.3 NLO PYTHIA8.230 Al4 NLO

ttH POWHEGBOXv2 NLO PYTHIA8.230 Al4 NLO

Table 4.3: Software setup used to generate simulated events for the Standard Model
backgrounds.
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Object Reconstruction

Particles generated by the collision travel through the ATLAS detector interacting
with the detector material (see Chapter 3). Different particles leave distinct
signatures in various sub-detectors, as illustrated in Figure 5.1.

Electrons (depicted in yellow) create signals in the ID and produce showers in the
electromagnetic calorimeter, while photons (shown in green) only produce showers in
the electromagnetic calorimeter. Muons (in orange), as minimum-ionizing particles
(MIP), can traverse the entire detector and leave only traces in the inner detector
and (small ones) in the calorimeters. They are the only charged SM particles that
commonly reach the Muon Spectrometer. Neutrinos (represented by dashed white
lines) do not leave any signals in the sub-detectors, their presence can only be
deduced from observing momentum imbalance in the event. Charged hadrons (in
red) generate signals in the ID, electromagnetic calorimeter and in the hadronic
calorimeter. Conversely, neutral hadrons (depicted in red) pass through the detector
without leaving a track and then shower in the calorimeters.

The deposits left by these particles are collected, transformed into electronic
signals, and digitized for subsequent analysis. Object reconstruction is the procedure
that allows the conversion of digital electronic signals into the characteristics of
the particles involved in the interactions. These reconstructed objects are used
to select events of interest for the physics analyses.

The following sections provide a description of how the detector signatures

are reconstructed as physics objects.
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EXPERIMENT

Figure 5.1: How ATLAS detects particles: diagram of particle paths in the detector [131].

5.1 Charged particles in the Inner Detector

The trajectories of the charged particles, or tracks, are one of the fundamental
ingredients to reconstruct the objects in the ATLAS detector. The tracks are
reconstructed using the Inner Detector. Since it is immersed in a magnetic field,
the particles have a helicoidal trajectory inside the detector. The trajectory with
respect to the primary vertex position is described by a curvilinear parametrization

using five parameters, shown in Figure 5.2.

e Transverse impact parameter dy: distance of closest approach in the transverse

plane between a track and the beamline

e Longitudinal impact parameter zy: z-coordinate of the space point at which

dp is determined
e ¢ and ¢: polar and azimuthal angle at the perigee, defined in Section 3.2

e Charge over momentum ¢/p: defines orientation and curvature

The foundation of the tracking process is the detection of hits generated by
particles in the Pixel and SCT detectors, provided that the energy deposit, in the
silicon sensors or drift tubes, exceeds a fixed threshold. The hits in neighboring

cells are combined into clusters to create space-points. These space points are built
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track

Figure 5.2: Scheme of the parameters used to construct the tracks in the Inner Detector
[132].

using the centre of gravity of the energy deposits in the hits. A group of three space-
points form the initial track seeds. These track seeds are then extended into track
candidates by incorporating hits from other layers of the inner detector, excluding
the TRT, with the assistance of a Kalman filter [133|. The track candidates may
share some of the hits, and to resolve any ambiguities, a quality score is used in an
ambiguity resolution algorithm. The latter takes into account several criteria, such
as the number of ID layers with a hit, the y2?-squared value and the pr of the track
candidate, as extensively explained in the reference [132]. Track candidates that do
not meet the selection criteria are rejected during the ambiguity resolution process.

The final step involves extrapolating the tracks to the TRT and combining
them to form the ultimate reconstructed objects. The complete reconstruction
procedure is thoroughly described in Reference [134]. A visual representation of
the tracking procedure can be seen in Figure 5.3.

There are multiple proton-proton collisions per bunch-crossing, as mentioned
in Chapter 3. However, only one collision is of interest, to identify it, the vertez

must be reconstructed. The vertex reconstruction is based on reconstructed tracks
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Figure 5.3: Schematic representation of the tracking procedure. Figure adapted from
[135].

that are compatible with the one originating from the interaction region and fulfill
certain quality criteria. By identifying peaks in the distribution of these tracks
along the z-axis, seed-vertices are constructed. For each seed-vertex, an exact vertex
position is calculated using a dedicated vertex fitting algorithm. Tracks that are
not compatible with a fitted vertex are used in the reconstruction of other vertices.

Primary vertices are those directly at the beamline where proton-proton interac-
tions occurred. Typically, there is more than one primary vertex per bunch crossing.
The hard-scatter vertex is the primary vertex with the highest sum of squared
transverse momenta of the associated tracks. Secondary vertices arise from particles
with a long lifetime, such as b-hadrons, which travel before decaying, causing a

displacement between the vertex position and the beamline.

5.2 [Electrons and photons

Electrons and photons are reconstructed from energy deposits in the electromagnetic
calorimeter with a matching (for e~ ) or a non-matching track (for ). As they are
reconstructed similarly, they are discussed together. A schematic representation of

the reconstruction process is shown in Figure 5.4 and discussed in the following.
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Figure 5.4: Schematic view of the electron reconstruction and identification. Picture from

[136].

The reconstruction process starts with the creation of topoclusters, which
are clusters of energy deposits in the electromagnetic calorimeter and hadronic
calorimeter that are topologically connected. These clusters are dynamic and
adjusted in size based on the energy they contain, allowing for the recovery of
energy from bremsstrahlung photons or electrons resulting from photon conversions
(v = ete™). Once the topoclusters are defined, they are matched to ID tracks
which are re-fitted to accommodate the bremsstrahlung effect. Additionally, efforts
are made to reconstruct vertices where photon conversions have occurred (such
as those involving two oppositely charged tracks).

Topoclusters that are matched to tracks are identified as electrons, those with
matched conversion vertices are classified as converted photons, and those with
neither are categorized as unconverted photons.

After the formation of topoclusters, it is necessary to distinguish between prompt
leptons, which originate from the hard scatter or the decays of heavy resonances
(such as the Higgs, Z, and W-bosons), and background sources. The background
consists of misidentified jets as electrons or photons, non-prompt decays from b- or

c-quarks, or cases where electrons are reconstructed as photons or vice versa.

In order to distinguish between signal and background, two additional steps

are implemented:

e Identification: the identifications of prompt electrons is accomplished by
constructing a likelihood discriminant using measurements from the ID,
calorimeter, and their combination. Three sets of identification selection

requirements are defined correspondingly to increasingly restrictive selections:
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Loose, Medium and Tight. These selections result in progressively reduced
background, but also a decrease in signal acceptance. These identification

requirements are valid in the pseudorapidity range |n| < 2.5.

Isolation: to further suppress the non-prompt objects from heavy flavour
decays or the mis-identification of light hadrons as electrons, isolation criteria
are applied. These criteria are applied to tracks and energy clusters in
the proximity of the electron candidate. The requirements are based on
topoclusters of energy deposits in the calorimeter and reconstructed tracks in
a direction similar to that of the photon candidate. Both calorimeter-based
and track-based isolation variables are utilized to ensure electron isolation.
The metric employed is based on the variable E$"?° which represents the
sum of the missing transverse energy of clusters within a AR = 0.2 cone,

excluding the clusters associated with the candidate itself.

Differences in reconstruction, identification and isolation between the simulated

objects and the collected data lead to differences in reconstruction efficiency. To

correct for these disparities Scale Factors (SF) are applied. These are calculated

from Z — ete™ as well as from J/i¢ — ete™ events and are applied as per-event

weight. The efficiencies are shown in Figure 5.5.

The electron used in this analysis use the Tight working point for both the

identification and isolation. Photons are not specifically selected in the measurement.

For electrons there is also a requirement of pr > 10 GeV and || < 2.47.
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Figure 5.5: Efficiency for the electron identification at different working points, as a function
of the transverse energy FEp. The inner (outer) uncertainty bars give the statistical (total)
uncertainties. Picture from [137].

5.3 Muons

The primary signature utilized for muon reconstruction is that of a Minimum
Ionizing Particle (MIP), which can be identified by the presence of a track in the
Muon Spectrometer and very low energy deposits in the calorimeters. The global
muon reconstruction process relies on informations from the inner detector and
muon spectrometer tracking detectors, as well as the calorimeters.

The track reconstruction in the inner detector follows the procedure described
in Section 5.1. The track reconstruction in the muon spectrometer begins with
the identification of muon segments, which are straight lines in the segment of the
muon spectrometer. These muon segments from multiple stations are combined
using a loose constraint based on the position of the IP and a parabolic trajectory,
which provides an initial approximation of the muons path in the bending plane.
Subsequently, a x? fit of the muon trajectory is performed, taking into account
potential misalignment effects and interactions with detector material. Once this
preliminary muon track is obtained, the association of muon spectrometer hits with

the track is verified, removing outlier hits and including those that were not initially
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used. There are five main strategies for muon reconstruction, each corresponding to
a specific type of muon. The muons used in the analysis presented in this thesis are
Combined (CB) muons, in this case muons are reconstructed by matching muon
system tracks to ID tracks. More detailed informations on the other types of muons
can be found in Ref. [13§|

Two more steps are needed, as for electrons and photons, to distinguish between

signal and background:

e Identification: after the reconstruction, high-quality muon candidates used
for physics analyses are selected based on specific criteria related to the
number of hits in various ID sub-detectors and muon spectrometer stations,
track fit properties, and variables assessing the compatibility of individual
measurements in the two detector systems. Three standard selection Working
Points are designed: Loose, Medium and Tight. The Loose selection WP is
optimised for maximal efficiency. The Medium WP provides an efficiency and
purity suitable for a wide range of analyses, while keeping the systematic
uncertainties in the prompt-muon efficiency and background rejection small.

Finally, the Tight selection WP provides the highest level of hadron rejection.

e Isolation: similar to electrons and photons, the activity close to the recon-
structed muons is taken into account from the ID, from the calorimeters, or
from both.

The different reconstruction efficiencies between data and simulation are investi-
gated in Z — ptp~ and J/¢ — ptpu~events and corrected by applying different
event weights to simulated events. Figure 5.6 displays the selection efficiency as
a function of the transverse momentum of the muon for the three WPs.

In the measurement performed in this thesis, the muons are of the combined
type and the Tight working point is used for both isolation and identification.
There is also a requirement of pr > 10GeV and |n| < 2.5.
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Figure 5.6: Muon reconstruction and identification efficiencies for the Loose, Medium,
and Tight criteria. The plot shows the efficiencies measured in J/1¢ — p*p~ events
as function of pr. The predicted efficiencies are depicted as open markers, while filled
markers illustrate the result of the measurement in collision data. When not negligible,
the statistical uncertainty in the efficiency measurement is indicated by the error bars.
The panel at the bottom shows the ratio of the measured to predicted efficiencies, with
statistical and systematic uncertainties. Picture from [138].

54 Jets

Hadronic jets are the final product of the hadronisation of a quark or a gluon and
are composed of a multitude of collimated hadrons. Given that, their corresponding
signature has to be found in both the inner detector and the calorimeter System.
The identification of a jet starts in the calorimeter, from the identification of

clusters of localised energy deposits.

5.4.1 Jet identification and reconstruction

The high granularity of the ATLAS calorimeter allows the signals left by the
particles interacting with the sensitive material of the detector to be combined
into topoclusters (described in section 5.2). Particle-flow objects [139, 140] are
the basic ingredient for the formation of jets. They are constituted of tracks and
calorimeter clusters. Their reconstruction algorithm is described below and is
extensively documented in Ref. [141].

Particle-flow objects are reconstructed starting from the topological clustering
of the calorimeter cells following a "4 — 2 — 0”7 topocluster reconstruction algorithm

[142] similarly to the electrons and photons reconstruction as described in Section
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5.2. If the resulting topoclusters present two or more maxima, they are split into
smaller topoclusters. Finally, the four-vector of the topocluster is constructed,
assuming zero mass, using the direction with respect to the primary vertex and
the sum of the energy in the cells making up the cluster.

A number of algorithms have been developed and studied to complete the
reconstruction of the topoclusters that will constitute the jet. The most commonly
used in ATLAS and in the analysis presented in this thesis is the anti-kr jet
clustering algorithm, presented in [143], which is an infrared and co-linear safe

algorithm !. It is based on the evaluation of the distance metrics:

AR;j*
R2

B p%“,i ( )

1

(5.1)

where d; ; measures the distance between two constituents, while d; p repre-
sents the distance between a constituent and the beam. The parameter R is
called as the jet radius, which is the only free parameter in the represents the
distance between constituents i and j in the in the rapidity-azimuth plane, i.e.
AR = (i —m)* + (b — ¢;)°.

The parameter m is an integer that defines different types of algorithms
with m = 1 representing the k; algorithm [144]; m = 0 representing the Cam-
bridge/Aachen algorithm [Yu.L. Dokshitzer 1997|; and m = —1 defining the
anti-k; algorithm [143].

This algorithm is appplied to the constituents with a defined four momenta,
such as topo-clusters or particles. This constituents can be seen as a hadron with a
four-momentum given by the sum of the four-momenta of the constituents. The

procedure of finding jets goes as follows:

e Fix a value for R in the denominator of Equation 5.1 and compute the distance
d;; each constituent ¢ and j using their corresponding pr values. Evaluate d;p

for each constituent 7 as well.

e Find the smallest d;j ,i.e., min(d;;) and the smallest d;p , i.e., min(d;5) among

all combinations obtained from the previous step, and proceed as follows:

!Collinear and infrared safe, which means that the algorithm should not be sensitive to collinear
splitting of the partons and to the extra radiation of arbitrarily soft particles.
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— If min(d;;) < min(d;g): combine the two entities i and j to form a new
constituent. Remove the entities i and j from the procedure and add the

new constituent.

— If min(d;;) > min(d;p): recognise the constituent i as a jet and remove

it from the iteration.

e Repeat the procedure until no constituents are left. The procedure so

performed results into almost perfect conical jets.

The jets used in this thesis are clustered using anti-kr algorithm with R = 0.4.

Furthermore, if high-energetic entities have AR;j > 2R, they are reconstructed
as two individual, conic jets. For R < AR;j < 2R, the overlap is divided between the
two jets. Constituents with AR;j < R are merged into a single high-energetic jet.

Matching particle- and detector-level jets within AR;j < 0.3 in dijet events
allows the particle- and detector-level jet energy (E,q+ and Ege, respectively) to
be put in relation. The central value of the Egye;/Epq,+ distribution is called the
Jet Energy Scale (JES), its width the Jet Energy Resolution (JER).

5.4.2 Jet Energy Scale (JES) and Jet Energy Resolution (JER) cal-
ibration

Successively, multiple calibration steps are carried out to correct differences in the
jet energy between detector- and particle-level.

The first set of corrections aims to reduce the pr of a jet taking into account
the presence of pile-up interactions, exploiting the average pp-density in the y — ¢
plane and the actual area of a jet. A residual effect correction, dependent on the
number of interactions per bunch crossing and the number of primary vertices,
is applied to the jet transverse momentum.

At a second stage, an absolute correction of the JES and the jet-n attempts to
match the four-momentum of the reconstructed jet with the one of the particles
originating the shower. This correction is derived by simulated events, using
reconstructed jets after the origin and pileup corrections, matching the truth jet to
the reconstructed one if the first is within a AR = 0.3 cone centred in the second
one. For such jets the energy response, defined as the ratio Fyeco/ Eputn, is computed
and determined in bins of Ej,.., then is inverted and applied to the EM scale jets.
A similar correction is applied to the reconstructed value of 7, parametrising the
difference between 1., and 7., as a function of n and Ey.p, this correction
has a significant effect for jets in the transition region between the barrel and the

endcap, and between the endcap and forward calorimeter.



80 5.4. Jets

After the previous corrections have been applied, the difference of p;r between
truth and reconstructed jets can vary, depending on many aspects like the jet energy
distribution, the development of the shower along the calorimeter depth and the
particle that initiates the shower. A set of sequential corrections, named Global
Sequential Calibration are derived using different observables and applying the
relative correction as a function of the truth py and 7 of the jet.

The last step of the jet calibration consists in applying correction factors derived
in data events, measuring well known processes. These in-situ calibrations are
divided in two classes, the first corrects the pr response of jets in the forward
region ( 0.8 < |n| < 4.5), to that of well-measured events in which two central
jets (|n] < 0.8) are back-to-back in ¢. A second step consists in balancing the pr
of central jets to a reference object which provides the correct pr scale; for this
purpose Z — ete” or Z — putpu~ are reference objects for the pr up to 950 GeV,

while the balance to a set of low-pr jets allows for a correction up to 2TeV.

A scheme of the steps for the jet reconstruction and calibration is shown in

Figure 5.7. A more detailed overview of the Jet Energy Scale (JES) and Jet Energy

Resolution (JER) corrections is given in Ref. [140].

Reconstructed pr-density-based Residual pile-up Absolute MC-based
jets pile-up correction correction calibration
Jet finding applied to Applied as a function of Removes residual pile-up Corrects jet 4-momentum
tracking- and/or event pile-up p; density dependence, as a to the particle-level energy
calorimeter-hased inputs. and jet area. function of y and N, scale. Both the energy and

direction are calibrated.

Global sequential Residual in situ

calibration calibration

Reduces flavour dependence  Aresidual calibration

and energy leakage effects is applied only to data

using calorimeter, track, and to correct for data/MC
muon-segment variables. differences.

Figure 5.7: Schematic steps for the jet reconstruction and calibration [140].

The jets used in the measurement presented in this thesis have a requirement
of pr > 25GeV and |n| < 2.5.

5.4.3 Jet Vertex Tagger

The pile-up interactions can lead to additional reconstructed jets in an event, which

are not of interest. These jets can are identified and suppressed with the use of
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the Jet Vertex Tagger (JVT) [145]. The JVT is a multivariate algorithm which
outputs the probability that a jet is originated by the primary vertex. It is based
on two inputs: the fraction of the total momentum of tracks in the jet which
is associated to the primary vertex (JVF) [146] and on the number of primary
vertices in the events, Npy. The former is defined as the ratio of the py sum of
the tracks which are associated with the jet and originate from the hard-scatter
vertex and the pr sum of all the associated tracks. The JVT is only used for jets
within || < 2.5. For more forward jets, the forward Jet Vertex Tagger (fJVT)
is used, which is detailed in Ref. [147]. The JVT is constructed in such a way
that the resulting hard-scatter jet efficiency is stable as function of Npy. This
requirement on the jet tracks reduces the fraction of jets from pile-up to 1%, with

an efficiency for pure hard-scatter jets of about 90%.

5.4.4 b-tagging algorithms in ATLAS

Identifying jets containing a b-quark is referred to as b-tagging. When a b-quark is
produced during a collision event, it hadronizes to form a jet in the detector, known
as the b-jet. b-tagging is used to study the properties of the decay modes of the
b-hadrons, using the reconstructed tracks associated with the corresponding b-jet.

The algorithms used for b-tagging exploit the characteristic lifetime (7 of b-
hadrons 1.5-107'2s, that corresponds to a travelled distance of ¢r ~ 0.45 mm inside
the detector before they decay. They are therefore characterised by topologies
with at least one displaced vertex with respect to the point where the hard-scatter
collision occurred. The algorithms used by the ATLAS experiment to identify
the b-jets are described below [148].

In order to characterise the performance of b-tagging in simulation, it is necessary
to assign a label to the jets based on the truth information obtained from MC
simulations. If a b-hadron with a transverse momentum pr > 5 GeV is found within
a cone of radius R = 0.3 centered on the jet axis, the jet is classified as a b-jet. If no
b-hadron is detected, the same procedure is repeated for c-hadrons and 7-leptons.

Any remaining jets are categorized as light-jets®.

The low-level taggers

To identify the b-jets ATLAS has developed multiple low-level taggers, which are
based on different features of the b-jets. These low level algorithms are then

combined together into the high-level taggers.

2A light-jet refers to a jet originating from a u/d/s or gluon
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The TP2D and IP3D [149] taggers are the two primary algorithms based on
the impact parameter (IP) associated with the jet. The IP2D only considers d as
discrimintant, while IP3Dmakes also use of the zy parameter and its correlation with
do. For both the taggers, a Log-Likelihood Ratio (LLR) quantifies the probability
for a track to be compatible with a b-, ¢- or a light-jet. Since the IP2D and
IP3D don’t account for correlation between the tracks a Recurrent Neural Network
(RNNIP) [150] has been developed, it takes tracks as input and produces a single
output score for each jet.

ATLAS employs two algorithms for secondary vertex reconstructions. SV1 [151]
reconstructs the displaced vertex, while JetFitter [152] performs a reconstruction
of the full weak decay chain of the b-hadron. All of these low-level taggers are
combined using a multivariate classifier to maximize the performance of b-tagging
and obtain high-level taggers.

These low-level taggers are then combined into the High-Level Taggers (HLT')

to increase the discrimination power of identifying the b-jets.

The high level taggers

During ATLAS history, there are several variants of the high-level taggers were
implemented [153]. The one that will be discussed in the following is the one
relevant for ATLAS Run 2 and for the measurement presented in this thesis. The
more advanced version optimised for Run 3 can be found in Ref. [154].

The DL1r algorithm combines the low-level taggers in a deep neural network.
The outputs of DL1r are represented by py, p., and pigne, indicating the probabilities
of a jet being classified as b-, c-, or light, respectively. These probabilities are then

combined to generate a single output score for each jet (Dpp;):

Po
fcpc + (1 - fc>plight

where f, is the fraction of c-jet events used in the training, that is set to 0.0018.

DL1 = In (5.3)

From the output score of the three high level taggers, different Working Points
(WP) are defined, independently of the jet pr, corresponding to a b-jet tagging
efficiency of 60% ,70% ,77% ,85%. The b-jet tagging efficiency is defined as:

Nflav(DHLT > Tf)

Gflav = == Nflav (54>

total

where /1% is the efficiency for b-, c- or light flavoured jet, in which for each flavour

the denominator is the total number of jets, while the numerator represents the
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number of jets with a High Level Tagger score (Dypr) larger then a threshold 7%,
where T is the cut value of the WP derived using a ¢t sample.

Figure 5.8 illustrates the efficiency of b-tagging and the c-jet rejection factor,
defined as the inverse of the efficiency for a background jet to pass the given
selection requirement, as a function of the transverse momentum of the jet for
three high-level taggers. All three taggers exhibit similar levels of performance
for what concerns the b-jet.

The efficiency of tagging a c- or a light-jets as a b-jets is the mis-tag rate.

An incorrect modelling of the variables used for the identification of the heavy
quarks in Monte Carlo simulations would result in different labelling efficiency
in data and Monte Carlo. To correct for these effects the performance in the
simulation is matched to the data by special calibrations. The calibrations are
performed in tf dilepton events for b jets and c jets, while the light jets are
calibrated with Z-+jets events.

Scale factors (SF) are defined to match the b-tagging performance of the
simulations to that of the data. They are defined as a function of the transverse

momentum, as

€data

SFdata—MC = (55>

Emc
where €, is the efficiency computed in simulation with parton shower models

for a tt sample based on Powheg+Pythia8 generator and ¢ is the efficiency calculated
from data. The scale factors are derived separately for b-, - and light-flavour jets
and are assumed to be independent between different jets. The scale factors are
applied as a multiplicative correction to the event weights in the analyses.

The analysis presented in this thesis selects b-jets with 77% efficiency working
point. This means that the efficiency of b-tagging a b-jet is 77%. Using this working
point also means that 20% of the c-jets are mis-identified as b-jet and less than
1% of the light-jets mis-identified as b-jets.
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Figure 5.8: The b-tagging efficiency, €, and c-jet rejection factor for several high-level
b-taggers, including DL1r, as a function of jet pr, evaluated using simulated ¢t events, for
the 77% WP. The lower panels show the ratio of each algorithm’s performance to that of
MV2c10. The statistical uncertainties of the efficiencies are indicated as coloured bands

[148).
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5.5 Overlap Removal

The physics objects are reconstructed individually, as explained in the previous
sections. However, it may happen that a physical object is reconstructed by several
different algorithms, which are designed to reconstruct different particles, e.g. an
electron is also reconstructed as a jet, resulting in a double counting of energy
deposit in the calorimeter. This can lead to an overlap of these objects. To avoid
reconstruction ambiguities and double counting, an overlap removal procedure is
applied, depending on the definition of the objects involved. The following overlap

removal procedure is applied to the baseline leptons and jets:

e First, calorimeter-tagged muons are removed if sharing an ID track with

electrons,

e All electrons sharing an ID track with a muon are removed,

e Jets which lie in a cone of AR = /(An)2 + (A¢)? = 0.2 around an electron

candidate are removed.

e All jets lying within AR = 0.2 of an electron are removed. Electrons within

AR < 0.4 of the remaining jets are discarded.

e Finally, jets within AR < 0.2 of a muon and which either have less than
three tracks or fulfil pr(u)/pr(jet) > 0.5 and pr(u)/ > pr(alljet tracks) > 0.7
are removed. Muons overlapping with AR < 0.4 of the remaining jets are

removed.

5.6 Missing Transverse Momentum (FE7'5%)

The missing transverse momentum (E7*%) arises due to undetected energy in the
event, either due to neutrinos escaping detection or to other particles outside
the acceptance.

The momentum imbalance is defined in the transverse plane, as ?l}”“ =
(piss,py**,0), a schematic view of the P is shown in Figure 5.9. The
magnitude of the missing transverse momentum is referred to as the missing
transverse energy BN = |?$”3|

The reconstruction of the E¥*** is performed at the analysis stage, by including
the reconstructed physics object (hard term), as well as additional signatures that
are not associated to other objects or objects that fail analysis selection-criteria

(soft term). The latter can be calorimeter-based or track-based. The track-based
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Figure 5.9: Schematic view of the momentum imbalance [35].

method is used in the measurement presented in this thesis due to its enhanced
performance in EF*$ against pile-up [155].

The E* is reconstructed as:

Bt == We=> =Y Pr=) Pr—) Pr - ) 7r"| (56)
e P T v jet soft
The correct determination of EZ"*** is challenging as it requires the reconstruction
of all other objects and precise measurements of the properties in all detector
subsystems, leading to a complete description of the hard scatter of interest. The
constructed value for EM** is therefore strongly influenced by the excellent, but
still limited, resolution of the detector and sensitive to pileup.

A complete description of EM* definition and performance can be found
in Ref. [156].
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Event Selection and Background
Estimation

The WbWb final state is a complex final state which encompasses contributions
from various topologies. In this thesis the considered final state is the semileptonic
final state, in which one of the W decays leptonically and the other one decays
hadronically. The dilepton final state has been analysed in ATLAS Run-1, and the
result is shown in Chapter 2. The semileptonic channel is the best compromise
between statistics and purity of selection, as explained in Chapter 2.

In this case, the WbWb final states is:

pp — WbWb — luggbb (6.1)

where | = e7, = and v = 7, 7,.

The analysis presented in this thesis focuses on two kinematic regions. The
first, which will be referred to as measurement-like phase space (MLPS), considers
a rather inclusive phase space in order to constrain the interference effects between
the tt and tW processes.

The second region is referred to as the search-like phase space (SLPS) due to its
purpose of investigating a phase space typically targeted by Beyond Standard Model
searches. This region is motivated by large impact observed by various searches of
systematic uncertainties related to the modeling of ¢¢ and ¢tW interference. Examples

of such uncertainties include SUSY searches [8] or searches for Dark Matter [9].

88
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6.1 Interference sensitivity metrics

Two metrics have been defined to assess whether an observable is sensitive to
interference between tW and tt. The first metric measures the difference between

DR and DS simulated tWW samples as follows:

Nps

o (6.2)

where the quantities Npgr (Npg) are the number of events simulated with the
single-top DR (DS) generators, respectively, passing the event selections. The
events are normalised to the luminosity. This ratio it is at least 5% in at least
50% of the bins of each observable under study, with peaks up to 20% for the
most sensitive distributions in the measurement-like phase space and up to 50%
in the search-like phase space.

Given the variation in the modelling of the tWW sample, measuring the quantities
that are sensitive to it will help to tune the generators. This will specifically highlight
areas of phase space where the modelling may be inaccurate. It is also important
to measure any region where the proportion of tWW contribution is significant, as
effects of interference cannot be observed in areas of the phase space where the
top-pair process vastly dominates over the single-top process. This effects leads to

the definition of a second metric, defined as the fraction of ¢{WW events in the signal:

N(tW)

N(tW) + N(tt) (6.3)

For the search-like phase space, an additional metric is used to optimise event
selection with respect to those described in Eq. 6.2 and 6.3. The Figure Of Merit
(FOM), is defined as the difference between the purity of DR and DS, the first

and second terms in the following equation, such that:

N M
FOM = PR - DS (6.4)
Ntotal—simulated(DR) Ntotal—simulated(DS)

where Npr (Nps) are the number of events simulated with the single-top DR
(DS) generators passing the event selections. Ntotal—simulated(DR) (Ntotal—simulated(DS)>

are the total number of events simulated with the single-top DR (DS) generators.
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6.2 Event selection

The selection is optimised using simulated MC event samples. All events are
required to contain exactly one signal lepton as defined in Chapter 5. Events are
selected with a single lepton trigger and a minimum py requirement of > 30 GeV
is placed on the lepton. Furthermore the expected number of jets in the signal
is 4 (2 jets from top-quark decays and 2 from W-boson decays), so a preselection
condition of at least 4 jets and at least 2 b-jets in the event, tagged at the 77%
WP, is applied. The neutrino from the second W-boson decay introduces E7s.
This allows a cut on EF® +m!Y > 60GeV to be applied to remove the QCD
background, which in this case enters the selection as a mis-identified or non-prompt
lepton. The m}¥ is defined as the transverse mass computed from the lepton and
Efss 4-vectors where the z-component is set to 0.

In the search-like phase space, additional event selections are incorporated, to
bring the phase space close to the one targeted by searches. In this particular
region, both the transverse momentum of leptons (pr) and missing transverse
energy (EM*) demonstrate sensitivity to the difference between DR and DS. For
the characteristic distributions please refer to figures in Section 6.4.

To enhance the sensitivity of the measurement to the interference in the
search-like region, a requirement is imposed on the linear combination of E7ss

and pr as follows:

Emiss > — A pp(l) + C (6.5)

where A and C' represent the gradient and the intercept, respectively. The
combination maximise the separation between DR and DS while maintaining
enough statistical data. The cut is set at EF*s > —0.625 - pr(l) + 270GeV. A
scheme of the cut is shown in Figure 6.1.

In addition to the baseline selection, other cuts are introduced to suppress tt
events and to enhance the difference between DS and DR as a proxy for a phase

space sensitive to the interference:

e The mj}™ variable, described in 6.3.1, was chosen to discriminate single-top
from tt events. It was found that selecting a phase space where events con-
taining two on-shell top quarks were suppressed provided a strong sensitivity

to the interference. This was achieved by selecting m{™ > 150 GeV.

e The AR(by,bs) variable, described in 6.3.3, was chosen to further reduce the
tt on-shell background. The cut applied was set at AR(by,by) > 1.4.
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E;zim
High E?’“ High El’f’iss
Low lepton p; High lepton p,
150 GeV
W E;zn'xs Low E;u'ss
Low lepton High lepton p,

200 GeV

Lepton py

Figure 6.1: Scheme of the triangular cut in the search-like phase space

e The Leading b-jet pr variable was chosen to reduce the ¢t on-shell and W+ jets

backgrounds. This was set to pr(b;) > 160 GeV.

The summary of the event selection can be found in Table 6.1.

Selection measurement-like phase space search-like phase space
Njets Z 4

Nb—'jets 2 2

Emiss m)V (60, 00)

pr(l) (30, 00)

pr(j) (25, 00)

Eqss — > —0.625 pr(l) 4+ 270
myn — (150, 00)
pT(bl) — (160,00)
pr(ba) — (50, 00)
AR(bl,bg) - (14,71’)

pr(J1, ja) — (50, 00)

Table 6.1: A summary of the event selection for measurement-like and search-like phase

space.

6.3 Studied observables

To suppress a large fraction of semi-leptonic on shell ¢t events and SM background,

dominated by W-jets events, a number of discriminating variables have been
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selected. Out of basic quantities as lepton pr, leading b-jet pr and subleading
b-jet pr show both high fraction of ¢t events in the signal and large DR/DS
difference. Several compound variables have also been defined, which are introduced
below. Missing transverse momentum is used as defined in Section 5.6. All the

variables are shown in Section 6.4.

6.3.1 mpn

It is the invariant mass of a b-jet and a lepton [10], it is a quantity that discriminates
very well between resonant and non-resonant WbWb production. mi?™ constrains
well one of the tt top quark decays, because it is expected that my, is always
below 1y, while in non-resonant Wb systems my; can have any value. Therefore
events which have my > my,, indicate that at least one of the two Wb pairs
was produced non-resonantly.

It is designed to feature and end point at 150 GeV for a b-jet and a lepton coming
from the decay of an on-shell top quark. An ambiguity is present when pairing the
correct b-jet to the lepton. The solution which provides the highest sensitivity is:

mimn —

my" = min {mp, } (6.6)

where the b; goes over all b-jets in the event. As a result of the suppression of
the on-shell ¢ contribution for high values of m}**"  the differential cross-section
above this kinematic endpoint has an increased sensitivity to Wb systems with a
higher invariant mass, which is greater than the one expected from resonantly

decaying top quarks.

6.3.2 Asymmetric stranverse mass

It is based on the definition of the stransverse mass, which is an extension of
the transverse mass. It is used to measure masses of particles pair produced
at hadron colliders, where each particle decays to one particle that is directly
observable and another particle whose existence can only be inferred from missing
transverse momenta.

The symmetric mpy variable is defined as
mT2(PT,17PT,2>E?iSS) = min [max(mT<pT,laqT,l)va(pT,%qT,Q))]? (6.7)

qr,1+qr,2=ETss

where my is the transverse mass, pr; and pr2 indicate the transverse momentum
vectors of two particles of the same mass and EZ"** is the missing transverse

momentum vector.
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It can be generalised for the asymmetric case where one of the particles of the
same mass decays fully visibly and the other decay involves an invisible particle,

as is the case for the ¢t channel in this analysis [157].

miss : miss miss
amT2(pT,blapT,b27pT,€aET ):mln[mT2(pT,b1+pT,éapT,b27ET )7mT2(pT,b17pT,b2+pT,Z7ET )]

(6.8)
where mrq is the stransverse mass, pr; and pro indicate the transverse
momentum vectors of two particles of different mass (the b-jets and the lepton)

and E7"%° is the missing transverse momentum vector.

6.3.3 AR(b,b)

It is the distance between two b-tagged jets, it is used to further reduce the tt

non-resonant contribution. It is defined as:

AR(b1,b2) = v/ (e, — 1oy )2 + (G0, — 1,7 (6.9)

It can evade the m}"*™ kinematic end point at 150 GeV if the two b-tagged jets
used in the reconstruction do not originate from the two top decays, but instead

from the b- and a misidentified c-quark from a hadronic top decay.

6.4 Detector-level plots

Sensitive variables were defined by evaluating the sensitivity metrics described in
Section 6.1. They can be split into two categories, where the sensitivity to the
tW and tt interference is targeted: basic quantities describing individual particles
and more complex composite quantities. Figures 6.2 and 6.3 show the expected
distributions of lepton pr, leading b-jet pr, E7** and m** (bl), for the measurement-
like and search-like phase space, respectively. The top panel of the figures shows
the detector-level distribution of the signal, which is composed of ¢t and tW (DR)
samples, shown with a green line. The DS signal sample is shown in purple. The
different backgrounds are also shown in different colours, the dominant backgrounds
being W+jets, in orange. The metric discussed in Equation 6.3 is shown in the
first bottom panel. The green line represents the nominal signal modelling sample
(DR), while the purple line represents the alternative modelling sample (DS). The
ratio highlights the regions where the tW contribution is significant: a lower value
indicates a higher ¢tWW contribution. In this ratio, the tWW contribution is highest

in the case of the Diagram Subtraction (DS), for all the six variables. The second



9/ 6.4. Detector-level plots

ratio plot shows the second metric, as defined in Eq. ??. This ratio highlights the
discrepancy between DR and DS generators, it reveals the inconsistencies between

different theoretical predictions for all variables.
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Figure 6.2: Kinematic distributions of basic and compound variables sensitive to the
interference between ¢t and single-top processes at detector level: a lepton p7 distribution,
b leading b-jet pr distribution, ¢ subleading b-jet py distribution, d m¥(bl) distribution,
e EFss distribution, f mi?*™ distribution. Detector-level distributions are compared with
predictions using Powheg + Pythia 8 as the ¢t signal model and both Powheg + Pythia
8 DR and DS for the tW signal model. The two predictions differ only in the modelling
of the tW contributions. The upper ratio panel displays the ratio of the tWW contributions
for each of the four modelling schemes to the combined tt 4 tW signal predictions. The
lower ratio panel displays the ratio of the DS prediction to the nominal one. Expected
data uncertainty is displayed using error bars. Shaded areas show Monte Carlo systematic
uncertainty.
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Figure 6.3: Kinematic distributions of basic and compound variables sensitive to the
interference between tf and single-top at detector level: a lepton pr distribution, b leading
b-jet pr distribution, ¢ subleading b-jet pr distribution, d leading m7*(bl) distribution, e
Emviss distribution, f mJ7™ distribution. Detector-level distributions are compared with
predictions using Powheg + Pythia 8 as the ¢t signal model and both Powheg + Pythia
8 DR and DS for the tW signal model. The two predictions differ only in the modelling
of the tW contributions. The upper ratio panel displays the ratio of the tWW contributions
for each of the four modelling schemes to the combined tt + tW signal predictions. The
lower ratio panel displays the ratio of the DS prediction to the nominal one. Expected
data uncertainty is displayed using error bars. Shaded areas show Monte Carlo systematic
uncertainty.
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6.5 Background Estimation

Several backgrounds have to be taken into account in the analysis. The W +jets,
other vector boson (Z-jets and diboson events) and other top (s-channel and ¢-
channel single top, ¢tV ttH), are estimated using Monte Carlo simulations. The
prompt background leptons originating from decays of Z-, W-, and H-bosons, or
from prompt leptonic 7 decays are also estimated using Monte Carlo simulations.
The misidentified (mis-ID) lepton contributions, which come from processes such
as in-flight decays of mesons, jets reconstructed as leptons, and electron photon
conversions are estimated using the data-driven fake-factor method (briefly explained
in Section 6.5.2).

The yields in the measurement-like phase space are listed in Table 6.2, and in
Table 6.3 for the search-like one. These are estimated for all relevant Standard

Model processes using Monte Carlo simulation described in Chapter 4.

Measurement-like Selection Yield

Mis-ID lep. 20370+ 150
Other V 25180+ 80
Other top 91080+ 67
W-jets 109800+ 260
tt 4003000+ 700
tW (DR) 143100+ 140
tW (DS) 120500 £ 130
Expected 4393000+ 780
Data 4 305000 =+ 2100

Table 6.2: Yields of individual signal and background samples in the measurement-like
phase space. The total expected yield is estimated using the nominal ¢ + tW Diagram
Removal (DR) sample. The alternative Diagram Subtraction (DS) scheme is also shown.
The uncertainties are only statistical.

Although the Monte Carlo simulations are used for optimisation of the signal
selection and for the estimate of the contamination of the Standard Model back-
ground processes, the analysis strategy is designed such that the normalisation
of the dominant processes is directly derived from data, as explained in the

following section.
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Search-like Selection Yield

Mis-ID lep. 42.11+ 3.0
Other V 53.214+ 0.93
Other top 74.26+ 1.3
W-jets 274.1 £ 3.6
tt 617.2 £ 4.0
tW (DR) 1542  +15
tW (DS) 1876 + 5.3
Expected 2603 £16
Data 1834  +43

Table 6.3: Yields of individual signal and background samples in the search-like phase
space. The total expected yield is estimated using the nominal ¢¢ + tW Diagram Removal
(DR) sample. The alternative Diagram Subtraction (DS) scheme is also shown. The
uncertainties are only statistical.

6.5.1 W-jets Control Region

The dominant background in the analysis comes from the W-+jets processes. A
Control Region (CR) is defined to determine the background and to constrain the
normalisation of the W-jets background in the measurement-like and search-like
phase space. The control region is designed to have similar kinematic properties
to the corresponding phase space but with inverted variable selection, to increase
the yield and the purity of the background. The W +jets control region contains
exactly three jets, which are selected to ensure orthogonality to the SR, two of which
are b-jets. To further enhance the fraction of the W-jets events, a cut centred
around the W-boson boson mass is applied through the variable m!. In addition,
to reduce the ¢t contribution, a cut is made at mj}" > 180 GeV. The resulting
W +jets selection is shown in Table 6.4 and the corresponding yields in Table 6.5.

Figure 6.4 shows the distribution of the mj" variable. The purity of the
W +jets sample is approximately 50 % and no significant sensitivity to the ¢f and
tW interference is observed. A single-bin distribution is used in the likelihood

fit as described in the following.
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Selection W+jets CR
N (central jet) =3
Nbfjets Z 2
miy + Episs (60, 00)
pr(l) (30, 00)
ml (40, 100)
myrn (180, 0)
SR veto enabled

Table 6.4: A summary of the event selection for the W+jets control region.

W-jets CR Yield

Mis-ID lep. 12820+ 88
Other V 21530+ 83
Other top 6140+ 19
W-jets 198300 £ 550
tt 131000+ 130
tW (DR) 23810+ 60
tW (DS) 21250+ 56

Expected 393600+ 580
Data 412000 £ 640

Table 6.5: Yields of individual signal and background samples in the W-jets control
region. The total expected yield is using the nominal t#W DR sample. Uncertainties are
statistical only.
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Figure 6.4: Distributions of the mgl“”m variable in the W +jets Control Region.
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Likelihood Fit

The fitting procedure is implemented using the HISTFITTER [158] fitting framework.

A background-only likelihood fit is performed for the W +jets control region,
introduced in the previous section. The likelihood fit aims to maximise the logarithm
of the likelihood function, taking into account the observed data in the control
region and the expected background predictions.

The fit is modelled by a probability density function (PDF), which combines
a Poisson terms for all the events corresponding to the background processes
in the relevant regions.

The normalisation of the W+jets background is regulated by a free-floating
parameter, also known as the normalisation parameter. Additional parameters,
referred to as Nuisance Parameters (NP), are modelled with Gaussian distributions
in order to account for uncertainties associated with various sources such as statistical
fluctuations and systematic effects.

The HISTFITTER framework [158] internally splits each uncertainty nuisance
parameter into normalisation and shape components. All the systematics are
included the fitting process.

The extrapolation from the Control Region to the signal region is determined
by the so-called transfer factor for the normalised W-+jets background process.
This factor determines the estimation of the yields in the measurement-like and

search-like phase space and is calculated as:

MC(PS, init.)

} = o x MC(PS, init) (6.10)

where N(PS,est.) is the estimated background in the measurement-like and
search-like phase space for the normalised W +jets background process, N(CR, fit.)
is the fitted number of events for W+jets in the control region, MC(PS,init.)
and MC(CR, init.) are the initial estimates of the contributions from the W+jets
background in the two analysis phase space and CR respectively, as obtained in
the MC simulation. The ratio in the square brackets in Eq. 6.10 is defined as
the Transfer Factor (TF). N(CR,fit.) can be rewritten as p, multiplied by a fixed
nominal background prediction. p is the normalisation factor obtained in the fit to
the data. The application of the transfer factor allows systematic uncertainties in
the predicted background processes to be (partially) removed in the extrapolation.

The normalisation factor for the W-jet background obtained from the fit to
the data is ¢ = 1.095 £+ 0.099.
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The pre- and post-fit distributions for the measurement-like and the search-like
phase space are shown in Figure 6.5 and 6.6, respectively. A small reduction in
uncertainties is observed in the tail of the m}}"" variable in the measurement-like
phase space, where the fraction on W+jets background is particularly high. The
uncertainty is still high as the signal modelling uncertainty is unchanged and only

the W + jets background is affected by the fit.

. | | | | . g Ty
g , }Daa  EWOER 3 Q1075 [5=13TeV, 140 fb" #Total SM a’ E
= y1 #««Total tt 3 w F +ets B
2 (s =13TeV, 140 fb s T 107F MLPS Dveiets
[MOthert 7§ 6F Other V/VV
Other V/VV] 107 [7IMis-ID lep. 5
[IMis-ID lep. § 5[ Bl
4 10 3
3 10° B 3
10°g .
- 10°F -~
1 = 108 E
g C : 3
9] a 1.2
E ; 1.0
8
% ) g O.u‘
O 7900 300 300 400 500 600 700 0 100 200 300 400 500 800 700
mo" [GeV] mi" [GeV]
(a) (b)

Figure 6.5: Pre-fit and post-fit distributions for mg?i” in the measurement-like phase space.
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Figure 6.6: Pre-fit and post-fit distributions for mg’l‘m in the search-like phase space.

6.5.2 Fake and non-prompt leptons

The fake-factor method is a technique used to estimate the misidentified electrons, or
muons, derived from a control region which is abundant in this type of background.
For each misidentified lepton, a fake factor is calculated, which is a weight related
to the probability of a mis-identified fake lepton satisfying the selection criteria of a

prompt lepton. The events containing fake leptons are then weighted by the fake
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factors weights. The fake factors are measured in a control region, in which the
data has orthogonal selections with respect to those in the analysis phase space.

Fake electrons arise from three background sources. They are either mis-
reconstructed jets, mostly originating from light quark or gluon fragmentation,
photon conversions or real electrons arising from secondary decays of light and
heavy flavour mesons within jets. Fake electrons are typically less isolated than
prompt electrons and have a lower chance of passing tighter identification levels.
The simulation does not provide an optimal modelling of fake electrons which
ultimately arise as the final product of a chain initiated by strong interactions.

Fake muons arise from in-flight decays of mesons inside jets with the semi-
leptonic decay of the B meson as one of the largest contributions. Combinations
of prompt and fake muons can contribute to the measurement region if the fake
muons satisfy tight isolation and impact parameter requirements.

In the analysis presented in this thesis the fake and non-prompt background

is negligible with respect to other backgrounds.
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Unfolding

At a collider, measurements are typically based on counting experiments in which the
observed events are classified according to their properties. The measured spectrum
of the data differ from the Monte Carlo simulated spectrum, due to detector
effects, as resolution, as well as limited acceptance and efficiency. Consequently, the
reconstructed distributions of physical quantities cannot be directly compared with
theoretical distributions or among different experiments. Data need to be corrected
for these effects using the so-called unfolding procedure. The unfolding procedure
has to be performed on data and can correct towards parton- or particle-level.

For this analysis, the particle-level approach is used, because parton-level is an
ill-defined intermediate step in event generation, as explained in Chapter 4.

The aim of the unfolding is to retrieve the particle-level distribution f(x)
of a physical quantity x, starting from the experimental measurement y whose
distribution g(y), is altered by detector effects.

Detector effects can be categorised into two different categories:

e Detector efficiency and geometrical acceptance: not all events are included
in the measurement of the physical quantity of interest due to geometric

acceptance and trigger selection efficiency.

e Limited resolution effect: it is impossible to measure any physical quantity

with infinite accuracy. As a result, there will be discrepancies between the

105
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7. Unfolding

measured value y and the true value z, resulting in a smeared distribution of
g(y) compared to f(x).
The relation that links f(x) and g(x) is given by:

/Mh@wﬁwﬂw+mw=gw) (7.1)

where the function Mg(y, x) represents the smearing function that accounts

for detectors effects and resolution, while b(y) denotes the background.

The equation 7.1 can be rewritten as a matrix equation representing discrete

measurements, specifically events collected in histograms [159]:

MpZ+b=17 (7.2)

The distribution f(x) is discretised into a vector # of dimension M,,, which
represents how many events fall in a histogram bin. Similarly, g(y) and
b(y) are transformed into vectors i and 5, respectively, each of dimension
M,. Mg is the M, x M, response matriz containing the matched events, i.e.
events passing both the particle-level and the detector-level selection. The
response matrix Mp is derived from Monte Carlo simulations and describes
how many events migrate from bin particle-level ¢ to reconstructed-level bin j.
Nevertheless, some events in a reconstructed-level bin may move to another

bin at particle-level, this phenomenon is referred to as bin migration.

The migration matriz M is obtained by normalising the response matrix to

the sum of the particle-level rows, as

Mp,i,
> i Mg,

Figures 7.1 and 7.2 show the migration matrices for the measurement-like

M, ; = (7.3)

and the search-like phase spaces, respectively, for simple (lepton pr, leading
b-jet pr) and compound variables (EF*$ m*™ and m4*"(bl)) of the analysis,
introduced in Chapter 6. The probability for reconstructed-level events to be
reconstructed in the same bin as the particle-level event is represented in the
elements on the diagonal of the migration matrix. The fraction of off-diagonal

events represents the elements that migrated to the other bins.

The choice of bin boundaries is crucial for the migration matrix, as the fraction

of events on the diagonal depends on them. Mathematically, the matrix has
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to be be injective, i.e. distinct and invertible. In the case of the analysis
presented in this thesis, the variables at detector and particle level are basically
linearly dependent and the requirement is to have at least 45% of the events

on the main diagonal.

Since the migration matrix describes only those events that satisfy both the
particle and reconstructed-level selection criteria, two correction factors have

to be taken into account.

— Efficiency: this is the fraction of all events passing the particle-level
selection in bin 7 that are also matched to detector-level (i.e. pass both
the detector- and particle level selections). It can be calculated from the
response matrix as €; = ; Mpg,; ;. A low efficiency indicates that either
the event selection at the detector level is too strict or that there are

deficiencies in object identification or event reconstruction.

— Acceptance: this is the fraction of all events that pass the detector-level
selection in bin j that are also matched at particle-level (i.e. pass both
the detector- and particle level selections). It can be calculated from
the response matrix as A; = > . Mg, ;. A low acceptance indicates that
the event selection at the detector level is too loose. This factor takes
into account events at the reconstructed level that do not fall within the

fiducial region defined at the particle-level.

Efficiency and acceptance for the measurement-like and searches-like phase
space are shown in Figures 7.3 and 7.4, respectively, for simple and compound
variables of the analysis. The z-axis represents the detector-level variable in
the case of the acceptance (in red) and the particle-level variable in the case of
the efficiency (in blue). In the measurement-like phase space, the acceptance is
of the order of 70%, meaning that 70% of the events passing the detector-level
selection fall within the particle-level fiducial region. On the other hand, an
efficiency of 30% means that 30% of the events passing the particle-level phase
space selections are correctly reconstructed at detector-level. In the search-like
phase space the acceptance is slightly lower, of the order of 60%, while the

efficiency is of the same magnitude.

The procedure for solving Equation 7.2 for the vector of interest 7 is called
unfolding. If M, = M, and ¥ are redefined as § — y o= — l;, then Eq.
7.2 takes on the characteristics of an inverse problem. However, due to the

statistical nature of the experiment, the observed event counts typically follow
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Figure 7.1: Migration matrix of: a lepton pr distribution, b leading b-jet pr distribution,
¢, ¢ subleading b-jet pr distribution, d m?i”(bl) distribution, e E%”ss distribution, f
ml’)’l’m distribution in the measurement-like phase space. The particle-level variables are
displayed on the y-axis and the detector-level variables on the z-axis. The z-axis shows
the percentage of the matched events in each bin.
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Figure 7.2: Migration matrix of: a lepton pr distribution, b leading b-jet pr distribution,
¢ subleading b-jet pr distribution, d m?i”(bl) distribution, e Eg?iss distribution, f mg’[m
distribution in the search-like phase space. The particle-level variables are displayed on
the y-axis and the detector-level variables on the z-axis. The z-axis shows the percentage
of the matched events in each bin.
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Figure 7.3: Acceptance (in red) and efficiency (in blue) for the measurement-like phase
space: a lepton pp distribution, b leading b-jet pp distribution, c¢ subleading b-jet pr
distribution, d mZ*(bl) distribution, e EJ** distribution, f m*" distribution.
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Figure 7.4: Acceptance (in red) and efficiency (in blue) for the search-like phase space: a
lepton pp distribution, b leading b-jet pp distribution, ¢ subleading b-jet pp distribution,
d m¥(bl) distribution, e EX$ distribution, f m#™ distribution.
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a Poisson distribution and often do not perfectly match the expected values.
When Eq. 7.2 is solved by matrix inversion, these statistical fluctuations
in gj’ can introduce significant statistical uncertainties. A more physically
motivated approach to derive & from Eq. 7.2 is to impose the condition
that 7 has to exhibit sufficient smoothness, which is achieved by a technique
known as regularisation. This regularisation still uses the redefinition i —
gj’ =1 — I;, although the strict equality between M, and M, isn’t mandatory.
Regularisation reduces the effect of statistical fluctuations in the measured
distribution y’ on the unfolded result Z. A common approach to regularisation
is Tikhonov regularisation unfolding [160|, which is the method used in the
analysis presented in this thesis. Alternative regularisation methods include
for example Bayesian regularisation [161], iterative dynamically stabilised

unfolding [162] and Gaussian process unfolding [163].

In the context of the analysis presented in this thesis, the unfolding procedure
works as follows: starting with the observed number of events in the data (IVy),
the procedure first subtracts the background contribution N, (described in
Chapter 6). Acceptance, migration and efficiency corrections are then applied,
all of which are determined by Monte Carlo simulation of the signal sample.
The acceptance correction A is applied first. The resulting distribution is then
unfolded to the particle level. Validation of the optimised binning unfolding
procedure is ensured by requiring that closure tests (see Section 7) are satisfied
without introducing bias. An important application of the unfolding method
is the measurement of the differential cross section do of a process. The
differential cross section of interest is a function of a kinematic variable X,

and the procedure for measuring it can be summarised as follows:

d(fﬁd_
dX; L- AX =

ZM AN (Nygj — Nyj) (7.4)

where AXj is the bin width, L is the integrated luminosity, ¢;, A7 are obtained
from MC as described above, Ng; and N, ; represent the data measured by
the detector and the backgrounds, respectively. The inverted migration matrix
as obtained with the iterative unfolding procedure is symbolised by M~!. The

index ¢ runs over the particle-level bins and j on the detector-level bins.

The performance and the stability of the unfolding procedure has to be tested.

Important tests are detailed in the following.
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Closure tests

A closure test checks a fundamental property of unfolding: whether unfolding
the Monte Carlo distribution of the reconstruction-level signal returns the

Monte Carlo distribution of the particle-level.

In the simple closure test, the signal Monte Carlo reconstruction-level distribu-
tion is unfolded and compared to the Monte Carlo particle-level distribution.
The Monte Carlo used to construct the migration matrix, efficiency, acceptance
is exactly the same Monte Carlo which is used for the unfolding inputs. The
following expression is evaluated, where Np; is the unfolded signal Monte
Carlo particle-level distribution in bin ¢ and U(Ng;) is the unfolded signal

Monte Carlo reconstructed-level distribution in bin <.

A; =U(Nr;) — Ny

If A; is less than the statistical uncertainty calculated after the unfolding,
the simple closure test is said to be successful. In the simple closure test, no
statistical fluctuation are expected, because used the Monte Carlo samples
are same in the matrix and in the inputs, such that they compensate. The
result, for the measurement-like and searches-like phase space are shown in
Figures 7.5 and 7.6, respectively, for simple and compound variables of the
analysis. The particle-level distribution is shown with a solid black line and
the unfolded data is shown with a solid blue line. All the closure tests are

successful in both analysis regions.
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Figure 7.5: Closure test for the measurement-like phase space: a lepton pp distribution, b
leading b-jet pr distribution, ¢ subleading b-jet pr distribution, d m/**"*(bl) distribution, e
ET’?“S distribution, f mgz‘i" distribution.
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Figure 7.6: Closure test for the search-like phase space of the analysis: a lepton pr
distribution, b leading b-jet pp distribution, ¢ subleading b-jet pr distribution, d m/*™(bl)
distribution, e E?”SS distribution, f m}}l”” distribution.
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Stress tests

Ideally, the unfolding should be independent on the input distribution and
a perfect closure should always be achieved. However, discrepancies in the
shape of the distributions of the unfolded observables can lead to a bias of
the result. Similarly, information is lost as the unfolding is only performed
in one observable. Discrepancies in the shape of distributions in variables
that are not unfolded (hidden variables) can also lead to a bias of the result.
Stress tests are bias tests which evaluate how well the unfolding reproduces
the particle-level distribution, or more specifically, whether both shape and
normalisation are significantly different from the nominal signal for an input
which is significantly different from the Monte Carlo simulation used to define

the migration matrix.

The stress test uses a different input distribution from the standard Monte
Carlo, either by using a different generator with a different model or by
reweighting the input distribution. The latter method is used for the analysis
and is explained in the following. Generally, stress tests define a weight
per particle-level bin. This weight is then applied to all events that fall
into the corresponding particle-level bin, as well as to the corresponding
reconstruction-level event. The number of truth bins is denoted by n;. First,
n; weights w; are defined. Each truth event e; falling into bin i is weighted
with w;. The corresponding reconstruction-level event e, is weighted with
w;, too. Given these modified event-weights, the reconstruction- and particle-
level distributions are calculated. The resulting distributions are denoted by
17" and R7" respectively. The weight of reconstruction-level events is not
changed if their corresponding particle-level event is not contained in any of
the particle-level distribution bins. However a reconstruction-level event is

reweighted even if the particle-level event does not pass the fiducial criteria.
Stress tests compare the unfolded reweighted reconstruction-level N7 to the
particle-level Ny, that is, the bias

A; = U(N:;”)Z - N{¥
is considered. If this difference is within the statistical uncertainties of the
unfolding, no bias is assumed.

The weights to be used depend on the bias to be assessed. Several possibilities

are evaluated in this analysis:
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— In the linear stress test the weights are chosen such that wy = —0.5 and
wy, = 0.5, with the weight increasing linearly across the truth bins. That
is

2
T
The linear stress test tests the bias with respect to large shape differences.

— In the data-driven stress test, the weights w; are defined such that the dif-
ference |Ny; — NJ¥'| between the data and the reweighted reconstruction-
level distribution is small. In this analysis, the weights are obtained
by first unfolding the data with the matrix-inversion method, that is
without any regularisation term by using the inverse migration matrix.

A smooth function is then fit to the ratio Usat(Na.s)

Nt ) of the matrix-inversion
unfolded data and the particle-level Monte Carlo prediction (Uy denotes
the unfolding function for the matrix-inversion method). The weights
w are then defined as the value of this smooth function. If |Ng; — Ng
is small, the data-driven stress test evaluates the bias for a distribution

that is similar to the data.

If the difference Ai is smaller than the statistical uncertainties, the
data-driven stress test is said to close. If it does not close, Ai is used as

an additional uncertainty:.

The weights of the data-driven stress tests described here are calculated

at particle-level.

In this analysis, a small modification to the stress test is applied to account for
the fact that events that pass the event selection at reconstruction level, but
not at the truth level, are not reweighted in the stress test. These events are
treated as background at reconstruction level (only consider matched events
in the unfolding process and no acceptance correction is carried out in the

unfolding process.

The results for the linear stress test are shown in Figure 7.7 and 7.8 for
the measurement-like and the search-like phase space, respectively. The
uncertainties are statistical data uncertainties only. The unfolded reweighted
reconstruction-level distribution and the reweighted particle-level distribution
either agree within uncertainties, or the reweighted reconstruction-level distri-
bution is just outside of the uncertainty band, such that the difference would

be covered by the not shown uncertainties.
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Results for the data-driven stress tests are shown in Figure 7.9 and 7.10,
for the measurement-like and the search-like phase space, respectively. The
agreement between the data and the reweighted detector-level distribution
can not always be achieved to be within the statistical uncertainties from the
data due to the demanding reweighting of some variables. Nevertheless, the
unfolded reweighted detector-level distribution and the reweighted particle-
level distribution agree within the Monte Carlo statistical uncertainties. Non-
closure, if observed, yields an uncertainty that is well below the uncertainty

observed from other sources as seen in Chapter 8.

The implementation of the systematic uncertainties in the unfolding procedure
is shown in the next chapter, while the results of the unfolding procedure are

presented in Chapter 9.
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Figure 7.7: Linear test for the measurement-like phase space: a lepton pr distribution, b
leading b-jet pr distribution, ¢ subleading b-jet pr distribution, d mTTm"(bl) distribution, e

E%”iss distribution, f ml’)’}m distribution.
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Figure 7.8: Linear test for the search-like phase space of the analysis: a lepton pr
distribution, b leading b-jet pr distribution, ¢ subleading b-jet pr distribution, d m%”i”(bl)
distribution, e Ejmiss distribution, f m{)’l”” distribution.
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Figure 7.9: Data stress test for the measurement-like phase space: a lepton pr distribution,
b leading b-jet pr distribution, c¢ subleading b-jet pr distribution, d m%”i”(bl) distribution,
e E7*%¢ distribution, f mfﬁm distribution.
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Figure 7.10: Data stress test for the search-like phase space of the analysis: a lepton pr
distribution, b leading b-jet pr distribution, ¢ subleading b-jet pr distribution, d mgﬂm‘”(bl)
distribution, e Ejmiss distribution, f ml’)’l”” distribution.
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Systematic Uncertainties

There are several sources of systematic uncertainties that can affect the
measured unfolded differential cross-sections. The experimental systematics
are briefly explained in Section 8.1, while the uncertainties associated with
the modelling of the signal and background are discussed in Section 8.2. The
uncertainties related to the background and to data and Monte Carlo statistics
are discussed in Sections 8.3 and 8.4, respectively. The recommendations
for these uncertainties are provided by ATLAS performance groups, which
suggest a proper treatment for each uncertainty. Finally, the propagation of
these uncertainties through the unfolding procedure is discussed in Section

8.5.

8.1 Experimental systematics uncertainties

The detector uncertainties considered in the analysis presented in this thesis
are: leptons, jets, b-tagging, missing transverse energy and pile-up modelling.
These uncertainties are appliedmas a re-scaling factor in the energy and

momentum of the selected physics objects.
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8.1. Experimental systematics uncertainties

8.1.1 Leptons

Both electrons and muons have uncertainties associated with the energy and
momentum scale and resolution, as outlined in Sections 5.2 and 5.3. These
variations modify the momentum of the leptons. The calibration of lepton
momentum reconstruction and identification introduces uncertainties, which
are then propagated changing the scale factors of the leptons. In a similar
way, the scale factors for the trigger efficiencies are varied to account for
uncertainties in the measurements of the trigger efficiencies of the lepton
triggers [137] [138].

8.1.2 Jets

The impact of the systematic uncertainties related to jets [140] arise from
the calibration of the jet energy scale [164| and resolution [164], as detailed
in Section 5.4. The uncertainties are estimated by varying the jet energies
according to the uncertainties derived from Monte Carlo simulation and in-situ

calibration measurements [165].

8.1.3 b-tagging

The calibration of b-tagging efficiency and mis-tagging rates derived from the
simulation is modified to match the values observed in the real data [166].
Uncertainties resulting from this procedure are taken into account in the
presented analysis. The primary sources of uncertainty in the calibration
procedure are attributed to the modelling of the Standard Model processes,
the limited number of simulated and observed events, and the calibration of

the jet energy scale.

8.1.4 Missing transverse energy

The uncertainties on the energy scales and resolutions of the reconstructed
leptons and jets are propagated in a correlated way to the missing transverse
momentum [155]. In addition, there are scale and resolution uncertainties as-
sociated with the soft term [167]. These uncertainties introduce modifications
to both the magnitude and direction of the missing transverse momentum

vector.
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8.1.5 Luminosity and pile-up

Further sources of experimental uncertainties arise from the measurement of
the integrated luminosity and the correction of the number of pile-up collisions
to data in simulated events. The uncertainty on the full Run-2 integrated
luminosity is 0.82% [168], obtained using the LUCID-2 detector [169] for the
primary luminosity measurements, complemented by measurements using
the inner detector and calorimeters. The uncertainty on the re-weighting
procedure is used to correct the Monte Carlo pile-up profile to match the
data.

8.1.6 Detector-level breakdown

Figures 8.1 and 8.2 show a detailed breakdown of the detector systematic un-
certainties for the measurement-like and search-like phase spaces, respectively.
The figures show the relative uncertainties for lepton pr (top left), leading
b-jet pr (top right), E#% (bottom left) and mi*™ (bottom right). Each type
of uncertainty is represented by a different colour, while the total uncertainty
represented by a solid black line. The total uncertainty is calculated as the
sum in squares of the individual contributions. In both phase spaces the
uncertainties do not exceed 12%, at most. The main contribution to the total
uncertainty is given by the Jet Energy Scale uncertainty (solid red line), for
both the measurement-like and the search-like phase spaces. In both cases,
the uncertainty is of the order of 4%, except for the mJ}"" variable, where it
reaches 10%. In addition, the b tagging efficiency (solid green line) also makes
a significant contribution, for the lepton py and the leading b jet pr in the

measurement-like phase space.
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Figure 8.1: Breakdown of detector uncertainties for the measurement-like phase space: a
lepton pr distribution, b leading b-jet pp distribution, ¢ subleading b-jet pr distribution,
d mZ"(bl) distribution, e EF% distribution, f m}*" distribution. The total uncertainties

is shown in black and the single contributions are shown in different colors.
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Figure 8.2: Breakdown of detector uncertainties for the search-like phase space: a lepton

pr distribution, b leading b-jet pp distribution, c¢ subleading b-jet pr distribution, d
mi" (bl) distribution, e EF¥*s* distribution, f mJ*" distribution. The total uncertainties
is shown in black and the single contributions are shown in different colors.
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8.2 Modelling systematic uncertainties

The limited understanding of how the generators model the signal processes
is a significant source of uncertainty. The impact of this type of uncertainty

has been assessed using alternative predictions described in Section 4.4.2.

8.2.1 Cross-section

In this analysis the ¢t and tWWb samples are combined together with their
independent normalisations. To account for possible fractional differences due
to cross-section uncertainties, the t¢ and tW cross sectional uncertainties are

anti-correlated and this is applied as the uncertainty.

8.2.2 Hadronisation model

The uncertainty due to the choice of the hadronisation model and other non-
perturbative aspects of the parton shower is evaluated using the Powheg+Herwig?

sample.

8.2.3 Renormalisation and Factorisation Scales

Production cross-sections are computed with perturbation expansions as an
approximation. This implies that the cross-section depends on the choice of
the renormalisation and factorisation scales pr and pp, respectively, for both
the hard-scatter and showering processes. This is taken as an uncertainty
by varying the default scales (ur = 0.5(2.0) and pp = 0.5(2.0)) using the
nominal generator and taking the differences of the obtained cross-section
[170].

8.2.4  Ngamp

The hgqmp parameter controls the Matrix Element/Parton Shower matching in
Powheg and regulates the high pr radiation. The estimation of this uncertainty
is performed using a dedicated sample generated with Powheg+Pythia8, where
the parameter hgqm, is multiplied by a factor of 2-my,, compared to its nominal
value (Ragmp = 1.5 M) [171].
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8.2.5 Matrix-element Matching

This uncertainty accounts for the fact that the modelling of the top-quark
processes involves the matching of the next-to-leading order Monte Carlo
calculation of the hard-scatter provided by Powheg to the parton shower
provided by Pythia. The matching procedure connects the hard-scatter
generator to the parton shower such that it includes the full evolution of
the event, without leaving holes or double counting in the regions of the
radiation phase space. The estimation of this uncertainty is based on the pherd
parameter, which regulates how the Pythia phase space is determined. The
approach used in the matching between Powheg and Pythia is called vetoed
shower, where Pythia generates emissions in the full phase space but vetoes
the emissions in regions of the phase space already covered by Powheg [172].
This uncertainty is assessed by comparing an alternative sample obtained
hard

setting the p7*"® parameter in Pythia to 1 and comparing it to the nominal

sample, in which the parameter is set to 0.

8.2.6 Recoil to top

As the top quark decays to a b-quark and a W-boson, gluon emission can
occur. The modelling of the subsequent showers determines how accurately
the original top quark can be reconstructed, therefore the changes in the
gluon emission modelling impact all coloured resonance decays. Gluon
emission results in a change in energy-momentum of the decay products,
however this has to be distributed to other particles in the system to ensure
that conservation laws are preserved. For this reason, the choice of the
gluon’s particle of origin is important, as it affects the emission phase space.
The default samples uses the recoiling against b-quarks, deciding how the
momentum is re-arranged between the W-boson and the b. This uncertainty
compares the nominal sample with the sample in which the top-quark itself
acts as a recoiling object for the second and subsequent emissions. This is the
modelling uncertainty in which only the top pair component of the signal is

modified.
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8.2. Modelling systematic uncertainties

8.2.7 Top-quark mass

The top-quark mass is known with a precision of about 0.5 GeV [173]. This
has implications for the analysis as the kinematics of the decay products,
and hence the probability of passing the selection requirements, depend on
the top-quark mass. To estimate the uncertainty, two additional simulated
samples are used with varied top-quark mass values of 169 GeV and 176 GeV.
Except for the top-quark mass, these samples have the same setup as the
nominal ¢¢ and ¢V samples. The final uncertainty is then scaled by 1/7 to
match the effect of a 0.5 GeV shift in the top-quark mass. The uncertainty of
0.5 GeV is determined from events in the full phase space. Since the top-quark
mass is Lorentz invariant, it is appropriate to apply this top-quark mass value

and uncertainty to the limited phase space used in the analysis.

8.2.8 PDF

The efficiency, acceptance, and possibly the response matrix are modified by
selecting a different PDF. To evaluate the influence of different PDF sets, a
re-weighting procedure is applied to the nominal Powheg+Pythia8 ¢t and tW
samples. This procedure follows the PDFforLHC15 prescription [174] and uses
the LHAPDF tool [175].

8.2.9 tIW Diagram Removal and Diagram Subtraction

Another component of the uncertainty is represented by the difference between
the diagram removal (DR) and diagram subtraction (DS) schemes, used to
remove the overlap between the ¢¢ and tWW productions, as explained in Section
2.3.3. This uncertainty specifically affects the tWW component of the signal.
The uncertainty estimate is derived by considering the envelope of all the
alternative tW DR/DS samples, while keeping the tf component fixed at its

nominal value.

8.2.10 Modelling Breakdown

Figures 8.3 and 8.4 show a detailed breakdown of the theory systematic
uncertainty for the measurement and search phase spaces, respectively. The
figures show the relative uncertainties for lepton pr (top left), leading b-jet
pr (top right), EF*s (bottom left) and m%™ (bottom right). Each type of
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uncertainty is represented by a different colour, while the total uncertainty
represented by a solid black line. The total uncertainty is calculated as the
sum in squares of the individual contributions. In the measurement-like phase
space the total uncertainty doesn’t exceed 50%, while in the search-like phase
space it reaches 80%. The largest contribution to the theory uncertainties
comes from the factorisation and renormalisation scales (dashed green line) in
the measurement-like phase space and from the tW DR vs DS uncertainty

(solid red line), for the search-like phase space.
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Figure 8.3: Theory uncertainty breakdown for the measurement-like phase space: a lepton
pr distribution, b leading b-jet pr distribution, c¢ subleading b-jet pr distribution, d
mi¥m(bl) distribution, e B distribution, f m*" distribution. The total uncertainties

0.2

0.1

08—
F {s=13Tev, 140 fb™* — total signal modelling
0 7: MLPS ----cross-section ]
""F Theory summary 75Df;us B
0 Gi |§R +FSR E
E . ]
0.5 recoll to top A
s — top mass 1
= — showering choice -
0.4 — DR/DS B
0.3 =

W

0 100 200 300 400 500 600 700

Lepton P, [GeV]
(a)
O.SJ‘FH“HH‘H‘1””‘””‘””‘””

r 13 TeV, 140 fb~ — total signal modelling|
0 7i MLPS - cross-section E
"t Theory summary - SDE ; s B
0.60- |§R +FsR B
E B ]
0.5 recoﬂ to top .
s — top mass 1
r — showering choice
0.4 — DR/DS E
0.3 =
02— ——
0.F 4
0F el R W

50 100 150 200 250 300 350 400
Subleading b-jet P, [GeV]

(c)

F lsE13Tev, 140" ' total signal moteling
0.9F MLPS ----Ccross-section -
F Theory summary o SDF +0s B
0'8? 1R L sk E
0.7k fgaa, 4
= . ]
C recoil to top 5
0.6 — top mass =
£ — showering choice ]
0.5 —DR/DS E
0.4F 3

I [ 1 I

e PR
Cb 100 200 300 400 500 600 700 800 900

Missing ET [GeV]

(e)

8.2.

Relative uncertainty Relative uncertainty

Relative uncertainty

Modelling systematic uncertainties

I Ty
\‘—L 13 TeV, 140 fb* — total signal mode\llng

0. 9j MLPS - cross-section E
E Theory summary - EDEJ s 1

0. = |§R +Fsr E
0.7 "M’ 4
E recoll to top B
0.6 — top mass =
E — showering choice 3
0.5 —DR/DS E

015 {
E = =
0 eSS P i | |

100 200 300 400 500 600 700 800 900

Leading b-jet P, [GeV]
(b)

E 513 Tev, e tota signal modeling
0.9F MLPS - cross-section 3
E PDF + ag B
o Si Theory summary “u+p E
) = I§R Esr E
0.7k ﬂ E
E recon to top 3
0.6 — top mass -
C — showering choice  J
05 —DRIDS e
0.4F 3
0.3k E
0.2F E
0.1E =
e B e ——

CU 100 200 300 400 500 600 700 800 900
Minimum b-jet and lepton m. [GeV]

(d)

£ 5= 13TeV, 14015" | —tota ignal modeling
0.9F MLPS - cross-section 3
E Theory summary PDF + ag 1
0.8& —H T H =
E 18R + FsR E
0.7k o s
E P k|
e recoil to top 5
0.6 — top mass =
£ — showering choice  J
0.5F —DRIDS E
0.4F =
0.3k
0.2;_/'—’7 E

%100 200 300

400 500 600
mi" [GeV]

is shown in black and the single contributions are shown in different colors.



8. Systematic Uncertainties

Relative uncertainty Relative uncertainty

Relative uncertainty

1.8”‘HHHHHHHHHHHH
F‘ 13 Te‘V 140 ‘fb * ‘—to!al‘slgnal n-‘lodelllng

1 67 SLPS ---- Cross-section |
[ Theory summary PDF +ag ]

L —HtH ]
1.4 |§R +FSR -
C % ]
1.2 recoll to top B
C — top mass ]
1 — showering choice |
r —DR/DS B
0.8 1
L e —
0.4 =
o2 o 4

e e T
o = .. I B
100 200 300 400 500 600 700
Lepton P, [GeV]
(a)

14 13 TeV ‘1;10‘ f‘ 4 ‘—‘tot;ﬂ ;l‘gngl‘n{o&e‘lhr‘g
T SLPS -- cross-section ]
1 Zi Theory summary 75Df ; s 7:
s |§R+ESR ]
L mn ]
= recon to top -
N — top mass 7
L — showering choice _]
0'87 —DR/DS -
Oleil—'—‘ {
04r .
0.2 b

I

0100~ 200 300 400 500 600

Subleading b-jet P, [GeV]
(c)

L8 Ty
(s =13 TeV, 140 fb’ — total signal modelling]
1.6 SLPS ---- Cross-section B
"L Theory summary PDF +0s ]
L —H ]
1.4 |§R Yesr -
L ?ﬁ"y’ ]
12 reccul to top B
C — top mass ]
1 — showering choice |
E —DRIDS ]
0.8~ —
O-Gﬁ E
04 -
L E

o0 100 200 300 400 500 600 700 800 900
Missing ET [GeV]

(e)

Relative uncertainty Relative uncertainty

Relative uncertainty

18—
[ Vs=13TeV, 140 fb" —totalslgnalmodelllng

1.6 SLPS --cross-section

[ Theory summary - EDEJ as ]
1.4 |§R +FsrR -
r nyv ]
12p recoll to top +
C — top mass ]

1 — showering choice —

L —DR/DS +
0.8 =

0.6

0.4

W

0.2

%ﬂ

200 300 ‘400 500 600 700 800 900
Leading b-jet P, [GeV]

(b)

L8 e

(s=13TeV, l40fb — total signal modelling|
1.6F SLPS --cross-section B
[ Theory summary PDF +ag

— ]

1.4 |§R +Fsr -
1.2 % .
. reccnl to top 1
—top mass ]

— showering choice

—DR/DS +

ey
T T T T[T T T T[T T

£56°300 250 300 350 400 450 500 550 600
m5" [GeV]

(d)

1.8
F F‘ 13 +eV 1‘40 fb‘ ‘—Iot‘al slgn‘al mo(‘ielllng
1 67 SLPS --cross-section |
"L Theory summary PDF +ag ]
L —H il
1.4 iR 1 Esk -
L 7hg il
. cerephil 4
12p récoil to top B
C — top mass ]
1 — showering choice —
= —DR/DS b
0.8~ |
L 7
0.6~ -
04| 3
0.2 3
E ,—1 I ]
T ) I I |

f‘SO 200 250 300 350 400 450 500 550 600

my" [GeV]

(f)

185

Figure 8.4: Theory uncertainty breakdown for the search-like phase space: a lepton pr
distribution, b leading b-jet pr distribution, ¢ subleading b-jet pr distribution, d mmm(bl)
distribution, e E}mss distribution, f mg?”" distribution. The total uncertainties is shown
in black and the single contributions are shown in different colors.
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8.3 Uncertainties on the background processes

Multiple backgrounds affect the measurement, resulting in the presence of

multiple associated uncertainties.

8.3.1 W-tjets

The full detector uncertainties and the modelling uncertainties on PDFs, scales
and electroweak corrections are applied similarly to the signal sample. A
likelihood fit is then performed in a dedicated control region to constrain
the normalisation effects of each uncertainty and to split the shape and

normalisation effects. Further details are described in Section 6.5.1.

8.3.2 Background from fake and non-prompt leptons

Two uncertainties are assigned to the fake and non-prompt lepton background,
separately for electrons and muons. They are derived from variations in the

selection of fake estimates and are described in more detail in Section 6.5.2.

8.3.3 Other background processes

Additional background processes collectively contribute less than 5% of the
total yield in the regions and have a minimal impact on the overall uncertainty.
Scale, PDF and electroweak uncertainties are applied to the Other-V samples
(described in Ch. 4), while only a conservative 25% normalisation uncertainty
is applied to the Other-t samples (described in Ch. 4).

8.4 Finite MC and data sample statistics

To account for the limited statistics of the Monte Carlo and data samples,
pseudo-experiments are used to evaluate the impact of finite statistics. Figures
8.5 and 8.6 show the Monte Carlo (dotted black line) and expected data
statistical (dotted black line) uncertainties, respectively. Overall, the total
uncertainty is of the order of 3% and 6% at most, for the measurement-like
and search-like phase space. The major contribution to the total uncertainty,

in both regions, is given by the expected data statistical uncertainty.
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Figure 8.5: Statistical uncertainty breakdown for the measurement-like phase space: a
lepton pr distribution, b leading b-jet pr distribution, c¢ subleading b-jet pr distribution, d
mF"(bl) distribution, e B distribution, f m™ distribution. The total uncertainty is
represented by the full black line, the expected statistical uncertainty by the black dotted
line and the Monte Carlo statistical uncertainty is represented by the dashed black like.
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Figure 8.6: Statistical uncertainty breakdown for the search-like phase space: a lepton pr
distribution, b leading b-jet pr distribution, ¢ subleading b-jet pr distribution, d mmm(bl)
distribution, e EY’Z”SS distribution, fmg’l”” distribution. The total uncertainty is represented
by the full black line, the expected statistical uncertainty by the black dotted line and the
Monte Carlo statistical uncertainty is represented by the dashed black like.
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8.5 Uncertainty propagation through unfolding

Each systematic uncertainty is evaluated at detector-level and then propagated
through the unfolding procedure (described in Chapter 7). Deviations from
the nominal predictions are evaluated separately for the upward and downward
variations for each bin of each observable, combining the electron and muon

channels.

Pre-unfolding shifts are used to propagate uncertainties associated with the
limited amount of data and Monte Carlo statistics, detector systematics and

background modelling.

As described in Chapter 7, the unfolded spectrum N;; can be expressed as

Ny; = ZM TAM (N — Nyj) (8.1)

€k K ;
j
The variables € ;, M; j, and A% correspond to the unfolding corrections. Ny ;

and N, ; represent the data and the backgrounds, respectively.

The experimental and theoretical systematic uncertainties are evaluated using
up and down variations at detector level, which are propagated to particle
level. The up and down uncertainties resulting from individual uncertainties
are then combined at particle level, by adding them in quadrature, assuming

no correlation:

/down /dow
o = Y (oa ™) (82)
sys
If an uncertainty is one-sided, it is symmetrized at the reconstruction level

and the two resulting up/down variations are propagated to the particle level.

Depending on the type of uncertainty, different propagation procedures are

used, as described in the following sections.

8.5.1 Experimental systematic uncertainties

The propagation of the detector systematic uncertainties is based on the shift
of the unfolding corrections (acceptance, efficiency and migration matrix) and

the expected background, while keeping the data constant:

ZM VAR (Ngy — NG (8.3)
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In the equation, primed quantities indicate varied quantities.

The data is then unfolded with these varied corrections and the difference to

the nominal unfolded data defines the uncertainty o:

/

Oexp.sys. — Nt,i - Ntﬁ' (84)

The described technique has been used for the evaluation of systematic
uncertainties in this thesis. Other techniques have been considered, but the

results are consistent within the different techniques.

Figures 8.7 and 8.8 show a detailed breakdown of the detector systematics
for the measurement-like and search-like phase spaces, respectively, after the
unfolding procedure. The figures show the relative uncertainties for lepton pr
(top left), leading b-jet pr (top right), EF*$ (bottom left) and m*" (bottom
right). Each type of uncertainty is represented by a different colour, with
the total uncertainty represented by the black line. The total uncertainty
is calculated as the sum of the squares of the individual contributions. In
both phase spaces the uncertainties do not exceed 15% at most, except
for the variable mj}™. This is attributed to the transition region between
the resonant ¢t and resonant tW diagrams in the bin between 150 GeV and
200 GeV, where m}"™ shows sensitivity. The main source of uncertainty in
the detector uncertainties is still the Jet Energy Scale uncertainty (full red
line) for the measurement-like phase space. For the search-like phase space

the major contribution is the data statistics (black dotted line).
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Figure 8.7: Post-unfolding detector systematic breakdown for the measurement-like phase
space: a lepton pr distribution, b leading b-jet pr distribution, c¢ subleading b-jet pr
distribution, d m#Z"(bl) distribution, e EZ*** distribution, f m}}*" distribution. The total
uncertainties is shown in black and the single contributions are shown in different colors.
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Figure 8.8: Post-unfolding detector systematic breakdown for the search-like phase space:
a lepton pr distribution, b leading b-jet pr distribution, ¢ subleading b-jet pr distribution,
d mZ"(bl) distribution, e EF% distribution, f m}*" distribution. The total uncertainties
is shown in black and the single contributions are shown in different colors.
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8.5.2 Modelling systematic uncertainties

The propagation of the signal modelling uncertainties is also based on the

upwards/downwards variations.

The modelling uncertainties are implemented as follows:

— Unfold nominal pseudo-data Npq ;, where Nypq; = N, ;j + Ny j, calculated
using Monte Carlo quantities, using varied migration matrix, acceptance

and efficiency

1 4
Npg= 5 D) MU AN [Ny — Ny ] (8.5)
Y

— Compare the result with Monte Carlo nominal truth, /V,
Osig.mod. — Nt - Nt/ (86)

— Use this uncertainty as uncertainty on the unfolded data.

Figures 8.9 and 8.10 show a detailed breakdown of the theory systematics
for the measurement-like and search-like phase spaces, respectively, after the
unfolding. The figures show the relative uncertainties for lepton pr (top
left), leading b-jet pr (top right), EF** (bottom left) and mj™ (bottom
right). Each type of uncertainty is represented by a different colour, while the
total uncertainty represented by the solid black line. The total uncertainty
is calculated as the sum in squares of the individual contributions. In the
measurement-like phase space the main contributions to the total uncertainty
are the showering choice (solid cyan line) and the tW DR vs DS uncertainty
(solid red line), whereas for the search-like phase space the total uncertainty

comes only from the tW DR vs DS uncertainty.

The uncertainty in the DR vs DS comparison is significant due to the fact that
the unfolding process not only corrects for detector effects, but also for the
out of acceptance contributions in the unfolding phase space. To address this
issue, a Monte Carlo simulation is required to estimate the out-of-acceptance
migrations, which are then corrected during the unfolding process. When
implementing a cut at m}}"* > 150 GeV, there is a risk of ¢f events moving
from the on-shell to the off-shell regime due to resolution effects, and this
effect needs to be accounted for using Monte Carlo modelling. However, the

Monte Carlo simulations do not accurately represent the data, resulting in a
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high sensitivity of the unfolding process to the Monte Carlo modelling and the
off-shell migrations. This sensitivity is particularly relevant in the context of
the DR vs DS comparison, as the choice to rely on a particular Monte Carlo
simulation, in this case the DR simulation, can have a significant impact on

the results.
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Figure 8.9: Post-unfolding theory systematic breakdown for the measurement-like phase
space: a lepton pr distribution, b leading b-jet pr distribution, c¢ subleading b-jet pr
distribution, d m#Z"(bl) distribution, e EZ*** distribution, f m}}*" distribution. The total
uncertainties is shown in black and the single contributions are shown in different colors.
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Figure 8.10: Post-unfolding theory systematic breakdown for the search-like phase space:
a lepton pr distribution, b leading b-jet pr distribution, ¢ subleading b-jet pr distribution,
d mZ"(bl) distribution, e EF% distribution, f m}*" distribution. The total uncertainties

is shown in black and the single contributions are shown in different colors.
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8.5.3 Background modelling

Uncertainties affecting the modelling of the background are propagated to
the unfolded result by varying the background prediction, while preserving all

other unfolding corrections and unfolding the data:

1

€k,i

Niy=—-Y M ;A (Noy — Ny ) (8.7)

J
Such that
Obkg.mod. — Nt,i - Nt,ﬂ (88)

8.5.4 Data and Monte Carlo statistical uncertainty

Data The uncertainty due to the data statistics is propagated through
the unfolding by creating Npscudo—eap = 10000 Poisson smeared pseudo-

experiments, which undergo through the unfolding procedure.

The shifting of data is defined as:

Xshift =X+ 0Xx * Tpois (89)

X is the number of events in the bin, ox is the standard deviation and s
is a Poisson random number. The final statistical uncertainty is evaluated

from the standard deviation over all the toy distributions.

Monte Carlo The number of events in each bin is smeared by a Gaussian
shift with mean equal to the yield of the bin, and standard deviation equal
to the uncertainty of the bin. Then, the smeared spectrum is unfolded.
The procedure is replicated for Npseydo—ezp = 10000 times, then the final
statistical uncertainty is evaluated from the standard deviation over all the

toy distributions.

Figures 8.11 and 8.12 show the Monte Carlo and expected data statistical
uncertainties for the measurement-like and the search-like phase space, re-
spectively, after unfolding. The resulting statistical uncertainty is found to be

below 6%, for both analysis regions.
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Figure 8.11: Post-unfolding statistical breakdown for the measurement-like phase space: a
lepton pr distribution, b leading b-jet pr distribution, c¢ subleading b-jet pr distribution, d
miF(bl) distribution, e E distribution, f m™ distribution. The total uncertainty is
represented by the full black line, the expected statistical uncertainty by the black dotted
line and the Monte Carlo statistical uncertainty is represented by the dashed black like.
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Figure 8.12: Post-unfolding statistical breakdown for the search-like phase space: a lepton
pr distribution, b leading b-jet pr distribution, c¢ subleading b-jet pr distribution, d
mF"(bl) distribution, e B distribution, f m™ distribution. The total uncertainty is
represented by the full black line, the expected statistical uncertainty by the black dotted
line and the Monte Carlo statistical uncertainty is represented by the dashed black like.
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8.6. Total Systematics Breakdown

8.6 Total Systematics Breakdown

Figures 8.13 and 8.14 show the total systematic breakdown post-unfolding
procedure for the measurement-like and searches-like phase space. The total
uncertainty is calculated as the sum in squares of the single contributions. Asin
the figures shown in the previous sections, the total uncertainty is represented
by a solid black line and the individual uncertainty contributions by different
colours. For the measurement-like phase space the major contribution to the
total uncertainty is given by the Jet Energy Scale (solid red line) uncertainty
in the first bins of the distributions and by the signal modelling (solid blue
line) uncertainty in the tails. Significant contributions are also given by fake
factors (dotted yellow line) in the last bin of the lepton py and by the b-tagging
efficiency (solid green line) in the last bins of the leading b-jet pr variable. In
the search-like phase space, the largest contribution to the total uncertainty

comes from the signal modelling (solid blue line).
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Figure 8.13: Total uncertainties breakdown post-unfolding for the measurement-like phase
space: a lepton pp distribution, b leading b-jet pp distribution, c¢ subleading b-jet pr
distribution, d mZ**(bl) distribution, e EJ** distribution, f mj*" distribution.
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Figure 8.14: Total uncertainties breakdown post-unfolding for the search-like phase space:
a lepton pr distribution, c¢ subleading b-jet pr distribution, d mZ"(bl) distribution, b
leading b-jet pr distribution, e E’TmsS distribution, f mgl“” distribution.



8. Systematic Uncertainties 153



Results

This chapter presents the unfolded differential cross-sections in the measurement-
like and search-like phase spaces, for the simple and compound variables,
presented in Chapter 6. The unfolding procedure used to obtain the unfolded
cross section is detailed in Chapter 7, and the associated uncertainties are
determined according to the methodology outlined in Chapter 8. The unfolded
data are then compared with the theoretical predictions discussed in Chapter
4. The data were collected by the ATLAS detector, described in Chapter 3,
at the Large Hadron Collider (LHC) during LHC Run-2, covering the period
from 2015 to 2018, at a centre-of-mass energy of /s = 13 TeV.

The unfolded differential cross-sections are presented in Figure 9.1 and 9.2, for
the measurement-like (MLPS) and search-like phase spaces (SLPS) respectively.
The top panel in the figures shows the unfolded differential cross section of
data (black dots) and generated Standard Model prediction (green and violet
crosses) with their respective total uncertainties, displayed as a colored shaded
area. There are two shaded areas: the dark grey shows the total uncertainty
and the yellow comprises all the uncertainties except for the DR /DS systematic.
The reason for excluding this systematic is due to its significant influence
and dependence on the single top model (DR or DS), which is not ideal
for accurate measurement purposes. As described in 8, in certain phase

space the dominant modelling uncertainty of the measurement is the DR /DS

15
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uncertainty. The presence of this uncertainty in the dominant set indicates
that the unfolding procedure implemented in the measurement is sensitive to
the underlying modelling of the single-top process, and in particular to the
underlying modelling of its interference with top-pair processes. This can be
expected, as the measurement is designed to have maximum sensitivity to
the interference as well as because the single-top and top-pairs are treated
simultaneously as the signal and unfolded together. It is also important to
emphasise that many attempts have been made in the design of this analysis
to reduce the DR /DS uncertainty as much as possible, although considering
this uncertainty is necessary as it is a real dependence of the measurement
on the Monte Carlo modelling assumptions. This uncertainty will be easily
removed once the new Monte Carlo samples modelling interference will become
available [38]. For this reason the measurement is also shown excluding DS/DR,
expecting that future measurements in this field will be able to significantly

reduce this systematic uncertainty in the measurement.

The total uncertainty is the quadrature sum of experimental and theoretical
systematic and statistical uncertainties. The bottom panel shows the ratio of
generated SM prediction to the unfolded data. The figures in the left column
show results for the measurement-like phase space and the right one the results
for the search-like phase space. The rows show the different variables: lepton
pr in the first row, leading b-jet pr in the second row and subleading b-jet pr
in the third row in Figure 9.1. While Figure 9.2 shows EZ*** in the first row,
mi™ in the second row and mF™(bl) in the third row.

The first variable to be discussed in this chapter will be m**, shown in figures

9.2c and 9.2d, as it is the most sensitive to interference.

As detailed in Chapter 6, this variable is the invariant mass of a b-jet and
a lepton [10] and it can discriminates very well between resonant and non-
resonant WbWb production. It is designed to exhibit an endpoint at 150 GeV

for a b-jet and a lepton originating from the decay of an on-shell top quark.

The m}*™ variable effectively constrains one of the t¢ quark decays, since
it is expected that my will always be below m,,, whereas in non-resonant
Wb systems my, can take any value. Therefore, events with my > myp
indicate that at least one of the two Wb pairs was produced non-resonantly.
Consequently, the suppression of the on-shell ¢¢ contribution for high values of
m results in an increased sensitivity to Wb systems with a higher invariant

mass, exceeding the one expected from resonantly decaying top quarks.
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9. Results

For the measurement-like phase space (MLPS), Figure 9.2¢c, the Diagram
Removal and Diagram Subtraction predictions are in agreement with the
unfolded data in the first bins of the distributions. However, beyond the
150 GeV cut-off, there are discrepancies between the two predictions: the
DR prediction shows an upward trend compared to the data, making it
incompatible with the unfolded data. Conversely, the DS prediction remains

consistent with the data within the uncertainties.

In the search-like phase (SLPS), Figure 9.2d, space the DR and DS predictions
envelope the data, suggesting that the overall normalisation in this phase space
is not properly predicted. In particular, in this phase space characterised
by extreme conditions, the acceptances of the DR and DS samples show

significant differences due to variations in the tW fraction present in the
DR/DS Monte Carlo samples.

The remaining sensitive variables are shown in the rest of the figures and show

min

a behaviour very similar to my)

In the measurement-like phase space (MLPS), the Diagram Removal and
Diagram Subtraction predictions are in agreement with the unfolded data in
the first bins of the distributions. From the middle bins to the tails the two
predictions behave differently: the DR predictions has a slope with upward
trend with respect to data and are not compatible with the unfolded data, on
the other hand the DS predictions are, for most of the variables, compatible
with data within the uncertainties. In the search-like phase space (SLPS),
both the DR and DS predictions envelope the data indicating that the overall
normalisation in this phase space is not accurately predicted for all variables
considered. In general, neither of the two predictions is compatible with

unfolded data within the uncertainties.

For the lepton transverse momentum, the discrepancy between data and Monte
Carlo simulated samples is attributed the mismodelling of the top quark pr
spectrum in the t¢ simulation. This effect has been observed in different
differential cross-section measurements [176, 177]. The mismodelling occurs at
the high-pr tail, where the MC prediction is typically overestimated, and there
is an additional effect for high jet multiplicity events, where the MC prediction
is typically underestimated. This mismodelling affects kinematic variables
which are constructed based on the pr of all physics objects and it depends

on the number of jets in the event. Better agreement of the distributions
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Figure 9.1: Absolute differential cross-section measurement as a function of: lepton pr (a,
b), leading b-jet pr (c, d) and subleading b-jet pr (e, f) for the measurement-like (a, ¢, €)
and search-like (b, d, f) phase space, compared to DR and DS interference generators. The
cross-section is unfolded at particle-level in the fiducial phase space. The unfolded data
are shown as black points, while coloured points indicate the MC predictions. Data points
are placed at the centre of each bin while predictions are shifted for clarity. Uncertainties
are shown by the shaded bands. The lower panel shows the ratio of the MC predictions to
the unfolded data.
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9. Results

Figure 9.2: Absolute differential cross-section measurement as a function of: EM$ (a, b),

min

My,

(c, d) and mpy (e, f) for the measurement-like (a, ¢, ¢) and search-like (b, d, f) phase

space, compared to DR and DS interference generators. The cross-section is unfolded at
particle-level in the fiducial phase space. The unfolded data are shown as black points,
while coloured points indicate the MC predictions. Data points are placed at the centre of
each bin while predictions are shifted for clarity. Uncertainties are shown by the shaded
bands. The lower panel shows the ratio of the MC predictions to the unfolded data.
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are obtained by reweighting the ¢t sample based on NNLO corrections to the

top-quark pr spectrum.

Figures 9.3a and 9.3c show the difference between the Monte Carlo predictions

without correcting for the ¢¢ mismodelling, while figures 9.3b and 9.3d show

the reweighted distributions. From the ratio plot it can be seen that both the

DR and DS predictions, especially the DS prediction, are in almost perfect

agreement with the data.
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Figure 9.3: Absolute differential cross-section measurement as a function of the lepton pr,
for the measurement-like (a, b) and search-like (c, d) phase space, compared to DR and DS
interference generators. Figures a and ¢ show the result without taking into account the
mismodelling of the t¢, while figures b and d show the Monte Carlo predictions considering
the tt reweighting. The cross-section is unfolded at particle-level in the fiducial phase
space. The unfolded data are shown as black points, while coloured points indicate the
MC predictions. Data points are placed at the centre of each bin while predictions are
shifted for clarity. Uncertainties are shown by the shaded bands. The lower panel shows
the ratio of the MC predictions to the unfolded data.

It has to be noticed that for the measurement-like phase space the uncertainty

band doesn’t show any difference if DR/DS modelling uncertainty is considered
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9.1. x* calculation

while for the search-like phase space the uncertainty band without DR /DS
is smaller, reducing from 50% to 20%. The size and shape of the DR /DS
systematics is different then the difference to the data as well, even if there is
a 50% systematics in some bins, this shows that the measurement is relevant

even with significant systematics.

The agreement of the different models with the measured differential cross-
sections is assessed by computing the x?, and corresponding p-values, of the
unfolded data with respect to the theoretical predictions. The tables are

shown in the next section.

To summarize, while there is reasonable agreement between models and data
for the measurement phase space, especially for the Diagram Subtraction
prediction, the models have some difficulty in describing the search-like phase
space. In the latter phase space, the interference between the production of
two on-shell tops and at least one off-shell Wb system is more important. This
difference is expected because DR and DS interference schemes are designed
to describe tWb events and only approximate the interference between top

pairs and single tops.

9.1 ? calculation

The level of agreement between the unfolded cross-sections and the different
predictions is evaluated by using a y? test-statistic. The results of the x? test
are presented in Section 9.1.1. The thresholds for the p-value, obtained from
the x? test, are:

— p-value < 0.0455 : 20

— p-value < 0.027: 30

— p-value <5.7-107": 50
The x? are computed using the formula:

=VIxC 1t xy (9.1)

where V represents the vector of residuals, defined as the difference between
the unfolded differential cross-section and the different predictions. C is the

covariance matrix of V.
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The covariance matrix C is computed for each source of systematic uncertainty

as:

Ci1 Ci2 -+ Cip
Co1 Ca2 -+ Cop

Cij = (92)
Cpl Cp2 - Cpp

where Cij = 04 0j.

The o, are defined as:

o= T (9.3)

up,down
7

are defined in the same way, considering the j-th bin.

o represent respectively the up and down variation in é-th bin. The o;

The systematic component of the covariance matrix is defined as the sum of
each covariance matrix for each systematic and the total covariance matrix is

defined as the sum of the systematic and the statistical components.

9.1.1 2 Tables

This section shows the y? values and the correspondent p-value for the unfolded

simple and compound variables in the two phase spaces of the analysis.

Table 7?7 shows, for the measurement-like phase space, compatibility between
data and Monte Carlo predictions. The leading b-jet pr, subleading b-jet pr
and m"(bl) show a discrepancy of 20 for the DR predictions, which is not
significant. There is an exception for the lepton transverse momentum, which
is motivated by the mismodelling of the ¢t samples detailed in the previous

section.

For the search-like phase space the table is not shown as the p-value < 0.001,
corresponding to a value of 50 for all the variables, except for the EF* which
for the DR prediction shows a 20 disagreement. For both the phase spaces
the % and p-values are calculated for the Diagram Removal and Diagram

Subtraction predictions.
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| Observable | PH+Pythia8 (DR) | PH+Pythia8 (DS) |
| | x> / NDF  p-value | x> / NDF  p-value |
Missing Erp 11.08 / 6 0.086 530 / 6  0.506
mpn 750 /9 0.585 |10.48 /9 0.313
Minimum b-jet and lepton my | 22.21 / 8  0.005 754 /8 0.479
Lepton pr 32.26 /11 0.001 | 19.06 /11  0.060
Leading b-jet pr 2219 / 9 0.008 |19.88 /9 0.019
Subleading b-jet pr 1762 / 7 0.014 | 16.67 / 7 0.020

Table 9.1: x2? and p-values for the simple and compound variables in the measurement-like
phase space. Both x? and p — values are calculated for both the Diagram Removal and
Diagram Subtraction schemes.
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Summary and outlook

This thesis presented the first measurement of the differential production cross
sections of the pp — WbWb process in the [+jets decay channel. The data
used in this thesis were collected by the ATLAS detector at the Large Hadron
Collider (LHC) during LHC Run-2, spanning the years 2015 to 2018, at a
centre-of-mass energy of /s = 13TeV [12].

WbWh is a common final state for both top quark pair production (¢t) and
single top quark production at Next-to-Leading Order (NLO) in ag (tWb).
Since these two processes share the same final state, there is interference
between them. Various theoretical models, such as Diagram Removal, Diagram
Subtraction and more recently the bb4l schemes, have been developed to
accurately represent this interference. The intricate nature of modelling this
interference presents a challenge to theorists, requiring the inclusion of higher

order corrections.

A comprehensive measurement of this process is therefore essential to compare
with theoretical predictions and improve their accuracy. In particular, the
interference between top-quark pair production and single-top production in
higher-order perturbative QCD introduces considerable uncertainty in BSM
physics.

During Run-1, a previous measurement revealed inconsistencies between the

modelling of the interference and the collected data. The novelty of the

16/
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measurement presented in this thesis lies in its novel nature, as it marks the
first instance of performing the interference measurement in the single lepton
channel.

The decay channel refers to the decay of the two W bosons, where one W
boson decays leptonically into a charged lepton (muon or electron, u* or e*)
and a neutrino v, while the other decays hadronically and can be identified

by jets.

Two different phase spaces have been defined for this measurement. The first,
known as the measurement phase space, is very similar to the phase spaces
commonly used in Standard Model measurements. The second, known as
the search-like phase space, is tailored for Beyond Standard Model (BSM)
searches. Variables which are particularly sensitive to the interference have
been identified, and the differential cross section is measured using an unfolding
procedure to correct for limited geometric acceptance and detector efficiency.
Discrepancies between the data and the Monte Carlo generator in the unfolded

cross section have been found.

This thesis provided a thorough investigation of the interference between ¢\
and tt, providing valuable insights into top quark physics. It contributes to
ongoing efforts to improve theoretical predictions and reduce uncertainties in

the search for new physics at high masses.

The important contribution of the thesis comes from the fact that the
interference measurement has been made for the first time in the single lepton
channel, both for the ATLAS and CMS experiments. Several variables sensitive
to the interference have been found and different theoretical predictions have
been compared. For the measurement-like phase space significant discrepancies
have been found between unfolded data and predictions, indicating that the

interference is not well modelled by any of the existent generators.

The results of this thesis are important since unfolded data can be further
used by the scientific community without the limitation of needing a detector

simulation to tune and validate the theoretical predictions.

The sensitivity of the analysis is currently limited by statistical limitations
and uncertainties related to the interference. Therefore, further improvements
can be achieved with data from Run 3 and by using new Monte Carlo samples,

which can be optimised based on these results.
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