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ABSTRACT

The top quark provides a unique opportunity to test the Standard Model of particle physics. Its
heavy mass causes it to decay before it can hadronize, allowing for the study of the properties of a bare
quark. This thesis presents differential cross-section measurements stemming from various top quark
processes. This measurement is conducted in the presently uncovered semileptonic channel, where
one W boson decays leptonically and the other decays hadronically. The analysis is motivated by the
need to improve the modeling of the interference effects between singly-resonant and doubly-resonant
top quark decays. This effect has been the source of significant modeling uncertainties in other top-
sector analyses. The data and simulation used to perform this analysis correspond to the full ATLAS
Run 2 dataset, collected 2015-2018. This data corresponds to an integrated luminosity of 140 fb´1 and a
center of mass energy of

?
s “ 13 TeV. The measured cross-sections are compared to predictions using

different combinations of MC generators. Together with a complementary analysis in the dileptonic
channel, this thesis provides a means to constrain modeling uncertainties towards the development of
an all-inclusive bb4l generator. This generator could model all top quark processes while accurately
accounting for all interference effects.
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CHAPTER 1

Introduction

The current prevailing theory in the field of particle physics is the Standard Model (SM), which rep-
resents the primary classification of all known elementary particles and three out of four fundamental
forces. Physicists compiled the present-day Standard Model in stages, adding more elementary par-
ticles through experimental observations. The model has proven to be successful in predicting the
existence and basic properties of several well-known particles, including the W, Z, and the H (Higgs)
bosons. Experiments later verified these properties with a high degree of precision.

The top quark (t) was one of the last particles added to the SM, partly due to its high mass. Ex-
perimentalists faced several challenges when trying to make a top quark measurement: (1) producing
enough energy in a collision event to produce a top quark; (2) reconstructing a top quark from its decay
products in amongst the other background processes; and (3) generating a sufficiently high number
of top quark events to perform a meaningful measurement. The discovery of the top quark was offi-
cially announced in 1995 at the Tevatron particle accelerator. The two major experiments located at the
Tevatron, Collider Detector at Fermilab (CDF) and D-Zero (D�O), independently reported a top mass of
176 ˘ 8 (stat.) ˘ 10 (syst.) GeV [1] and 199`19

´21 (stat.) ˘ 22 (syst.) GeV [2], respectively. For context, the
accepted value for the top mass as reported by the Particle Data Group (PDG) is 172.69 ˘ 0.30 GeV [3].
The precision of this measurement underscores the rapid development of accelerator and particle de-
tectors. Simultaneously, simulations of SM processes have also improved, allowing for more accurate
predictions of the final state particles produced in a collision event.

A Toroidal LHC ApparatuS (ATLAS) [4] is the culmination of this rapid development. ATLAS is
one of four major experiments at the Large Hadron Collider (LHC) and serves as a general-purpose
particle detector. The ATLAS physics program is multifaceted and spans SM measurements, exotic
physics searches, and dark matter searches. Physicists using ATLAS data study the properties of the
final state particles, such as momentum, energy, mass, etc. Researchers then compare the distributions
of these observables to the distributions predicted by theory. Any deviations between data and theory
are particularly interesting to the broader physics community. The model could be better constrained
to match the data in these regions. These constraints result in models that better represent the data
and reduce uncertainties for future analyses.

The results in this thesis use ATLAS data collected between 2015 and 2018 during the Run 2 data-
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2 CHAPTER 1. INTRODUCTION

taking period at a center-of-mass energy of
?

s “ 13 TeV. This analysis studies the various SM pro-
cesses that result in a semileptonic final state of WWbb. The semileptonic final state consists of one
of the W-bosons decaying leptonically into a lepton and its corresponding neutrino while the second
W-boson decays hadronically into a pair of quarks.

The physics observables of interest will naturally correspond to combinations of the WWbb final
state. The goal of the analysis is to calculate differential cross-sections of these observables. Differential
cross-sections are widely used in particle physics, as they can be sensitive to potential new physics
Beyond the Standard Model (BSM). Similar analyses, studying the same WWbb final state, have only
focussed on a single process. This analysis adopts a more comprehensive approach by considering all
eligible processes that result in a WWbb final state. The result is a holistic picture of the pp Ñ WWbb
process. Theorists and phenomenologists can then use these measurements to better constrain future
models. The dissertation is organized as follows.

Chapter 2 motivates the study of the WWbb final state in the context of top quark physics. The chapter
also provides a brief overview of the interference effect between the tt and tW processes.

Chapter 3 provides a theoretical background on the SM and the SM processes that result in a WWbb
final state. The chapter delves deeper into the interference effect between the tt and tW processes.

Chapter 4 provides an overview of the LHC and the various subsystems making up the ATLAS de-
tector.

Chapter 5 discusses the data and simulation samples used in this analysis. In doing so, this chapter
provides a general description of the MC process. Several relevant generator-specific tunes and
parameters are also discussed in this chapter.

Chapter 6 discusses the reconstruction of the physics objects used in this analysis. In addition to the
basic object definitions, this chapter discusses the reconstruction of the leptonic and hadronic W-
bosons. This chapter also introduces the minimax variable as a method to assign b-jets. Finally,
the fake-factor method, used to estimate the background from fake leptons, is also discussed.

Chapter 7 describes the cuts used to define the different measurement regions. The chapter also lists
the primary observables of interest and presents detector-level control plots of these observables
in the nominal measurement region.

Chapter 8 describes the experimental and theoretical uncertainties considered in this analysis. The
chapter lists the Nuisance Parameters that are varied to estimate the systematic uncertainties.

Chapter 9 describes the unfolding procedure used to extract the differential cross-sections. Unfolding
is conducted using the TUnfold package and the L-curve scan method to select the regulariza-
tion strength. The final absolute and normalized differential cross-sections are presented in this
chapter. These cross-sections are compared to the predictions provided by different generators.

Chapter 10 concludes the dissertation by summarizing the main observations and results and how
they can be used in the development of better models.
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Appendices A-F present additional material that supplements the main text. These appendices in-
clude the derivation of the neutrino momentum, additional cutflow tables, collection of plots
for the alternative signal regions, a closure test for the unfolding procedure, comparisons of the
parton vs particle-level hadronic-W definitions, and additional observables related to b-jet pT

asymmetry and fraction.
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CHAPTER 2

Motivation

The physics effort at the LHC roughly falls under two categories: (1) precision measurements of the
SM, and (2) dark-matter/BSM searches. In recent years, dark-matter (and other BSM) processes have
garnered much of the attention. Precision measurements are an equally important endeavor for several
reasons. As mentioned, theorists use these measurements to constrain their models to better agree with
data. These measurements can also serve as inspiration for the development of future Monte-Carlo
(MC) generators. These generators are essential for many dark-matter and BSM searches to estimate
SM backgrounds.

The properties of the top quark (t) continue to be a key focus area. In particular, top quark pair
production (tt) is extensively studied at the LHC. Differential cross-sections of various top quark ob-
servables probe the fundamental parameters of the SM, such as the top quark mass. These properties
are sensitive to potential new physics wherever significant discrepancies between data and simulation
arise. Naturally, it’s particularly important to focus on the regions where the models require further
tuning.

Top quark pair production is one of the most abundant processes observed in proton-proton colli-
sions due to its relatively large cross-section at high energies. Figure 2.1 compares the cross-section for
various SM processes across the ATLAS Run 1 and Run 2 data-taking periods.
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Figure 2.1: SM Production Cross-Sections in the ATLAS Detector. Cross-sections correspond to measurements
taken during the Run 1 and Run 2 ATLAS data-taking periods. The center-of-mass energy during these run peri-
ods were

?
s “ 7, 8 (Run 1), and 13 (Run 2) TeV. The gray-shaded boxes indicate the cross-sections as predicted

by theory. The vertical length of the shaded boxes represents the total uncertainty on the cross-section measure-
ments. Plot is taken from Ref. [5].

At the high energies of the LHC, the pp collisions in the ATLAS detector produce top quark pairs in
abundance. This large cross-section is an advantage for analyses studying top quark properties. This
property is especially important for some BSM analyses, where the tt process constitutes a significant
proportion of the background. ATLAS continues to make precision measurements of various top quark
properties for these reasons. Figure 2.2 shows the level of agreement between data and theory for
various SM processes across the ATLAS Run 1 and Run 2 data-taking periods.
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Figure 2.2: SM Production Cross-Sections in the ATLAS Detector Compared to Theory. Cross-sections cor-
respond to measurements taken during the Run 1 and Run 2 ATLAS data-taking periods. The center-of-mass
energy during these run periods were

?
s “ 7, 8 (Run 1), and 13 (Run 2) TeV. Measurements are compared to the

SM theory predictions, where the gray-shaded boxes represent the uncertainty in the theoretical predictions. The
darker-colored error bars represent the purely statistical uncertainty, while the lighter-colored error bars account
for all uncertainties, including systematics and luminosity. Plot is taken from Ref. [5].

Top quark pair production is one of the most precisely measured multi-particle processes in AT-
LAS. This precision is partly due to its high production cross-section, which significantly reduces sta-
tistical uncertainties. This process is also relatively well-modeled, which is why the tt cross-section is
said to be a precision test of the SM. The slight deviation in the data-to-theory ratio from unity likely
indicates that models could be tuned to represent the data better.

Top quark pair production is also the dominant process in this analysis. The number of resonant
top quarks in the process defines other channels contributing to the WWbb final state. The next most
dominant signal process belongs in the class of singly-resonant top quark diagrams, with the dominant
process being tW. Other signal contributions include diagrams with zero-resonant top quarks and
higher-ordered processes with off-shell top quarks. Previous measurements targeting the same WWbb
final state considered either the tt [6–9] or tW [10, 11] processes as signal and treats the other processes
as background.

At higher orders in perturbative Quantum Chromo-Dynamics (QCD), an interference effect exists
between the doubly-resonant tt and singly-resonant tW processes because they share an identical fi-
nal state. Evaluating the different approaches to modeling the single-top samples is an additional
challenge for the analyses referenced above. For example, analyses performing a measurement using
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the tt process would need a single-top sample decoupled from its tt counterpart. The two strategies
for generating tW samples are the Diagram-Removal (DR) and the Diagram-Subtraction (DS) meth-
ods [12]. Figure 2.3 demonstrates the differences identified by the original authors of the DR/DS tW
calculations as a function of the transverse dilepton momentum.

Figure 2.3: Predicted DS-to-DR Ratio as a Function of Dilepton Transverse Momentum. The upper pane plots
the predicted DS/DR ratio as a function of the dilepton transverse momentum (ppℓℓq

T ). The different colored lines
correspond to different transverse momentum veto cuts. The bottom pane shows the scale dependence obtained
by varying a multiplicative factor on the top mass (mt). These plots demonstrate the potential differences that
could arise for the DR and DS approaches as ppℓℓq

T increases. Analyses targeting a single-top process as the signal
must address this complication. In these analyses, it is necessary to evaluate the differences between the two
methods. Plot is taken from Ref. [12].

Evaluating the DR and DS approaches is necessary to estimate the uncertainties associated with
this quantum interference. The modeling of this interference can be a significant component of the
total uncertainty, especially for BSM physics [13–17]. In the search for top squarks [13], the modeling
uncertainty from the interference between tt and tW is estimated using inclusive WWbb events. The
theoretical uncertainties quoted in that paper were 19-26% for tt events and 38-57% for tW events.
This uncertainty is a significant component of the total uncertainty, which would only increase after
accounting for other background modeling uncertainties. A direct measurement of WWbb would be
sensitive to this interference effect. By treating both tt and tW contributions as signal, the results could
be used to improve future MC generators. A comprehensive generator that accurately describes both
tt and tW production, including quantum interference effects at higher-orders, would be of great use
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to the larger top physics community. In that regard, there exists a pp Ñ ℓ`νlℓ
´νℓbb (bb4l) generator

[18] which by itself is a self-contained tt and tW generator. Likewise, predictions of the semileptonic
version of the bb4l also exists [19], and efforts are ongoing to implement this into the existing dileptonic
bb4l framework. Discrepancies between data and bb4l predictions would be of most interest to the
original authors of the bb4l generator.

The authors of Ref. [19] have presented predictions at NLO for various bb4l observables. After
including NLO corrections, several observables show significant deviations from the corresponding
LO predictions. These include transverse momentum, invariant mass, angular, and rapidity distribu-
tions. As shown in Figure 2.4, these discrepancies arise in the high-energy regions and the tails of the
selected distributions. These high-energy regions can be accurately probed with the increased dataset
and sufficiently high energies of the Run 2 data-taking period. This analysis measures the distributions
in data and compares them to existing MC predictions.
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(a) Lepton transverse momentum. (b) Leading b-jet transverse
momentum.

(c) Leading jet transverse
momentum.

(d) Subleading jet transverse
momentum.

(e) Leptonic-top transverse
momentum.

(f) Hadronic-top transverse
momentum.

(g) Hadronic-top mass. (h) (µ ` b) invariant mass. (i) ∆R between leading and
subleading jets.

Figure 2.4: Predicted bb4l Differential Cross-Section Distributions at LO and NLO. Selected differential cross-
section predictions are shown at LO and NLO corresponding to a center-of-mass energy of

?
s “ 13 TeV. The

upper panel plots the LO and NLO predictions, while the lower panel plots the ratio of the NLO and LO pre-
dictions. Significant LO-NLO discrepancies are observed in the tails of the selected distributions. The following
observables are plotted: (a) lepton transverse momentum, (b) leading b-jet transverse momentum, (c) leading
jet transverse momentum, (d) subleading jet transverse momentum, (e) leptonic-top transverse momentum, (f)
hadronic-top transverse momentum, (g) hadronic-top mass, (h) (µ ` b) invariant mass, and (i) angular separation
(∆R) between leading and subleading jets. Plots are taken from Ref. [19].



CHAPTER 3

Theory

This chapter lays the theoretical foundation for the measurements conducted in this analysis, begin-
ning with a description of the SM. The discussion will cover the properties of the top quarks in the
SM, including various production and decay modes. Next, we will describe the various processes
contributing to the WWbb final state. Since the final measurements will be compared to various SM
predictions, an overview of the methods used to derive these predictions will also be provided. Many
of these calculations have referenced the interference effects between tt and tW. Here, this chapter
extends the discussion of this interference effect that was introduced previously and elaborates on the
theoretical source of this effect. Thus, there will also be a description of the DR and DS methods for
decoupling this interference.

3.1 The Standard Model

The Standard Model (SM) of particle physics is the theoretical framework that serves to classify all
known elementary particles and three out of four fundamental forces. Figure 3.1 shows the SM or-
ganized into two groups: fermions and bosons. The fermions are the basic building blocks of matter
and have a half-integer spin. The bosons, representing the forces, have integer spin values and are
exchanged during particle interactions. Gluons (g) mediate the strong nuclear force, the W˘/Z medi-
ates the weak nuclear force, and the photon (γ) mediates the Electro-Magnetic (EM) force. Finally, the
Higgs (H) boson couples to the other SM particles through which the SM particles acquire their mass.

3.1.1 Fermions and Bosons

The SM further categorizes fermions into quarks and leptons, organized into three groups of two,
known as generations. Quarks have a fractional electrical charge and are relatively massive particles
in the SM. The top quark, a focus of this analysis is the most massive of all elementary particles, with
an approximate mass of 173 GeV. In addition to electric charge, quarks and gluons also contain a
color charge, which can only come in three types: red, green, and blue. During particle interactions,
quarks and gluons actively exchange color charge. Since gluons also carry a color charge, they can

11
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Figure 3.1: Standard Model of Elementary Particles. The Standard Model (SM) of particle physics classifies all
known elementary particles into fermions and bosons (and their respective antiparticles). Fermions are comprised
of the quarks and leptons and constitutes the vast majority of the visible matter in the universe. Bosons represent
the three major forces included in the theory of the SM. The Higgs boson arises from the Higgs mechanism which
is a component of Electroweak theory. Particles interact with the Higgs field to acquire their masses. The plot
lists, for each particle, the charge, spin and estimated mass. Plot is taken from Ref. [20].

self-interact. Therefore, pairs of gluons can initiate interactions and pair-produce a quark-antiquark
pair. In the context of this analysis, this gluon-fusion process is the primary production mode for top
quark pairs.

A color charge also results in an effect known as color-confinement. This effect ensures that quarks
and gluons cannot exist as free particles. Instead, quarks must "hadronize" with other quarks and
gluons to form (color-neutral) composite particles. Hadrons composed of two quarks are known as
"mesons" and three quarks are known as "baryons" and exist in a color-neutral state. Protons and
neutrons fall under the category of baryons, consisting of a bound state of pu, u, dq and pu, d, dq, respec-
tively. As a result, quarks created by the high energy proton collisions at the LHC quickly hadronize
and form structures known as jets, which are subsequently captured and reconstructed by the ATLAS
detector.

Three generations of leptons comprise the other subgroup of fermions. Leptons have an integer
electrical charge and are relatively light compared to quarks. They interact via the electromagnetic
force through the exchange of a photon or via the weak nuclear force through the exchange of a W˘/Z.
Unlike quarks, leptons do not carry color charges and can exist as free particles in nature. Particle
interactions that result in a purely-leptonic final state are said to be "clean", avoiding much of the
messiness associated with jets.
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3.1.2 Mathematical Definition of the Standard Model

The SM is formulated in the language of Quantum Field Theory (QFT), which treats the fundamental
particles as fields in all points of spacetime rather than discrete point-like particles. Mathematically,
the SM is summed up by Eq. 3.1 as a gauge-invariant quantum field theory [21].

L “ ´
1
4

FµνFµν

` iψ̄��Dψ ` h.c.

` ψ̄iyijψjϕ ` h.c.

` |Dµϕ|
2

´ Vpϕq

(3.1)

In broad terms, each line of the above equation translates to the current understanding of the elemen-
tary particles and their interactions with the fundamental forces. The first line describes the action
of forces (electromagnetism, weak and strong nuclear forces) neatly captured in the electromagnetic
tensor, Fµν. The second line describes the fermions (using the Dirac spinor, ψ representation) under
the actions of the fundamental forces. The third line corresponds to the "Yukawa Interaction" [22] and
refers to the interaction of Dirac particles with a scalar field (ϕ). In the SM, this scalar field is the scalar
Higgs field, and the couplings of fermions to this field result in the quarks and leptons acquiring their
mass. The final line of that equation enables self-interactions of the Higgs field (Vpϕq), whereby an
effect known as "spontaneous symmetry breaking" results in the vector bosons acquiring their mass.

The lagrangian is both gauge-invariant and Lorentz-invariant. A gauge, as it relates to mathemat-
ics and physics, refers to choosing a mathematical representation of a theory. Often, mathematician-
s/physicists choose a specific gauge for the convenience of simplifying the mathematics and making
it easier to understand and apply. Gauge invariance is the idea that the underlying physics of a the-
ory should not depend on a specific choice of the mathematical representation of that theory. The SM
is both gauge-invariant and Lorentz-invariant, so it remains consistent regardless of its mathemati-
cal representation or choice of reference frame. In other words, two observers in different reference
frames measuring the same physical properties should get the same answer regardless of their choice
of gauges.

The symmetries of gauge invariance within the SM are organized using group theory. A group is
a mathematical structure where all elements satisfy several properties: closure, associativity, identity,
and inverse. The lagrangian of the SM is expressed in a gauge identified by the SUp3q b SUp2q b

Up1q groups [23]. The symmetries prescribed by these three groups roughly correspond to the three
fundamental interactions described by the SM.

3.1.3 Weak Interactions

As the name implies, the weak nuclear force is the weakest of the three fundamental forces included
in the SM. The weak interaction is responsible for radioactive beta decay, which converts a neutron



14 CHAPTER 3. THEORY

into a proton (nÑ p ` e´
` νe). A neutrino was included in the theory of beta decay by Wolfgang Pauli

to conserve momentum and energy. The SM incorporates the weak interaction as a SUp2q b SUp1q

symmetry group component.
The massive vector bosons, W`, W´, and Z, mediate the weak interaction. The two fundamental

weak interaction processes include the charged and neutral current interactions. The charged current
interaction is so named because the process involves the exchange of electrical charge through the
exchange of the W˘ bosons. Radioactive beta decay proceeds through a charged current interaction
as one of the d quarks in the neutron converts to a u quark by emitting a W´ boson. Another charged
current interaction involves a charged lepton converting to a neutrino of the same lepton flavor by
emitting a W. Figure 3.2 illustrates the fundamental vertices of the charged current interaction.

l νl

W˘

(a) Leptonic charged current interaction.

q q1

W˘

(b) Flavor changing charged current interaction.

Figure 3.2: Fundamental Charged Current Interaction Vertices. The charged current weak interaction proceeds
through one of these two fundamental vertices. The emittance or absorption of a W˘ is responsible for converting
(a) leptons to neutrinos, and (b) converting quarks to another flavor.

The semileptonic final state of this analysis contains both of these fundamental vertices. The two
W-bosons undergo weak decay through the charged current interaction. In this process, one W decays
into a charged lepton and its corresponding neutrino, while the other W decays hadronically into a
quark and antiquark.

The other type of weak interaction is the neutral current interaction mediated by the exchange
of a Z-boson. Unlike the W˘, interactions of the Z do not involve any transfer of electric charge,
hence the name neutral current. In the neutral current interaction, a fermion such as a neutrino can
emit or absorb a Z-boson and remain in the same flavor state while only experiencing changes in
energy. Neutral current processes are important in neutrino scattering experiments where an incoming
neutrino scatters off the electrons in a medium [24]. Figure 3.3 shows the fundamental vertex for the
neutral current process.
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f f

Z0

Figure 3.3: Fundamental Neutral Current Interaction Vertex. The neutral current weak interaction proceeds via
the exchange of a Z-boson without the exchange of electrical charge.

The neutral current process does not contribute to the signal in this analysis. However, the produc-
tion of Z-boson alongside several quarks (which quickly hadronize into jets) is one of the background
processes considered (Z + jets).

3.1.4 Quantum Electro-Dynamics

Quantum Electro-Dynamics (QED) is the quantum field theory describing interactions between light
and matter. Electrically charged particles interact electromagnetically through the exchange of pho-
tons. Unlike their W˘ and Z counterparts, photons are massless as a direct consequence of the QED
Lagrangian lacking any mass terms coupled to the vector fields. A m2-like term would negate the
gauge-invariance of the existing Lagrangian. The Lagrangian density describing QED interactions is
shown in Eq. 3.2 and is represented in the SM as a Up1q symmetry.

LQED “
1
4

FµνFµν
` ψpi��D ´ mqψ (3.2)

The above equation is written in terms of the aforementioned electromagnetic tensor, Fµν, a Dirac
spinor, and its corresponding adjoint, ψ (ψ). The Dirac spinors are connected by the gamma matrices,
γµ, which Dirac introduced in his relativistic wave equation to describe the interactions of fermions.
Finally, Dµ is known as the gauge covariant derivative, which when expanded, yields Dµ ” Bµ ´ ieAµ.
This gauge-invariant derivative introduces Aµ as the potential produced by the electron itself. When
solved, the equations of motion of the QED Lagrangian yields the following two equations.

lAµ
“ ejµ, l ” BµB

µ (3.3a)

piγµ
Bµ ´ mqψ “ eγµ Aµψ (3.3b)

Eq. 3.3a represents the QED version of the classical Maxwell’s Equations, a set of equations that form
the basis of classical electromagnetism. Eq. 3.3b is the Dirac equation including a non-zero potential
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term. The Dirac spinor (representing fermions) couples to the gauge electromagnetic potential in this
formulation. This coupling of the Dirac fermions to a massless field allows the charged fermions to
interact via the exchange of a photon. Figure 3.4 shows the resulting fundamental QED vertex.

X˘ X˘

γ

Figure 3.4: Fundamental QED Interaction Vertex. The QED interaction is the quantum field theory version of
classical electromagnetism. Two charged particles (shown by X˘) interact by exchanging a photon.

Physicists unified the electromagnetic and weak interactions into a comprehensive description
known as the Electroweak theory [25, 26]. The SM represents Electroweak theory as the SUp2q b Up1q

symmetry group. The combination of the two gauge groups yields a set of three (massless) W-bosons
(W1,2,3) and a fourth B-vector boson that is also massless. The addition of these bosons maintains the
symmetries of the electroweak theory. The symmetries of the electroweak theory can be spontaneously
broken, leading to the generation of the masses of the vector bosons via the Higgs mechanism [27]. It
begins with the Higgs potential as a function of the Higgs field (ϕ), as shown in Eq. 3.4.

Vpϕq “ ´µ2ϕ:ϕ ` λpϕ:ϕq
2 (3.4)

Interactions of the initially massless electroweak W and B bosons with this field result in the vector
boson fields obtaining the masses of the SM W˘, Z, and γ particles.

3.1.5 Quantum Chromo-Dynamics

Quantum Chromo-Dynamics (QCD) is the quantum field theory describing the strong interactions
between quarks and gluons. The strong force is responsible for maintaining the structural integrity of
the nucleus in atoms. Thus, the strong force has the shortest range of all of the fundamental forces at
approximately the size of the nucleus of an atom. Gluons are the massless force carriers of the strong
interaction and are exchanged during quark-quark (and gluon-gluon) interactions. The quarks also
carry an additional quantum property known as color, a property of quarks and gluons that can take
on values of red, blue, green, and their anticolor counterparts. Color-confinement is a feature that
prevents quarks from existing as free particles. The QCD lagrangian, shown in Eq. 3.5, is represented
in the SM by the SUp3q symmetry group.
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LQCD “ ψipiγµ
pDµqij ´ mδijqψj ´

1
4

Gα
µνGµν

α (3.5)

The QCD Lagrangian shares some similarities with the previous QED Lagrangian. The quark field
spinor ψi (ψi) replaces the Dirac spinor, which describes fermions in QED. Note, the subscripted i
takes on the values of 1, 2, and 3 roughly corresponding to the three possible colors. The same gamma
matrices, γµ also appear here. The covariant derivative, pDµqij “ Bµδij ´ igpTαqij A

α
µ, has a similar

form to the QED covariant derivative. The differences begin with the g-constant which measures the
coupling strength between quarks and gluons. QCD also introduces the pTαqij matrices, which are 3 ˆ 3
matrices that act as the generators of SUp3q. In group theory, a generator denotes the smallest set of
group elements that generate all other elements through linear combinations of these generators. The
set of eight pTαqij matrices are responsible for producing the eight gluon variations exchanged during
strong interactions. In the QCD covariant derivative, the gluon potential, Aα

µ characterizes these eight
gluon variations. Finally, the gluon field strength tensor Gα

µν is the QCD analog of the electromagnetic
tensor.

Gluons must contain a color and an anticolor (or some superposition of color and anticolor states).
However, one expects that there should be 3 ˆ 3 “ 9 total gluons instead of the eight described by
theory. It is possible to formulate a list of nine unique gluon colorless states using a linear combination
of three colors and three anticolors. However, the so-called color singlet state (defined by a linear
combination of „ prr ` bb ` ggq is omitted since such a state does not permit interactions with other
color states. During the strong interaction, interacting particles exchange color charges so that the
initial and final states remain color-neutral. This condition leads to the color confinement property
inherent to QCD. Figure 3.5 shows the fundamental vertices for QCD.
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q q

g

(a) Gluons coupled to quark-antiquark.

g g

g

(b) Three gluon self-interaction.

g

g

g

g

(c) Four gluon self-interaction.

Figure 3.5: Fundamental QCD Interaction Vertices. The QCD interaction is mediated by gluons and the ex-
change of color charges. The emittance or absorption of a g converts (a) quarks into their antiquark counterparts.
Gluons carry color, allowing for (b) three-gluon and (c) four-gluon self-interactions.

The gluon-gluon fundamental vertex dominates top quark pair production at higher energies,
while the quark-antiquark annihilation process contributes more at lower energies.

3.2 Top Quark Properties

The top quark has a mass of approximately 173 GeV, making it the heaviest of all elementary parti-
cles. This large mass leads to several interesting properties unique to the top, the measurements of
which serve as tests of the SM. ATLAS and CMS have independently measured the single and double
top quark production cross-sections at the LHC and observed good agreement with predicted cross-
sections. Figure 3.6 shows the inclusive cross-section from tt production, while Figure 3.7 shows the
inclusive cross-section from single-top production. A consistent physics effort has been put into stud-
ies of the top at both ATLAS and CMS throughout the last decade.
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Figure 3.6: Measured tt Inclusive Cross-Sections at ATLAS and CMS. The inclusive tt cross-sections have been
measured at ATLAS and CMS in different decay channels and center-of-mass energies. Measurements are com-
pared to NNLO predictions. The error bars on the data point represent the total uncertainty on the cross-section
for each measurement. The colored bands represent the uncertainties associated with various MC parameters.
Plot is taken from Ref. [3].
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Figure 3.7: Measured Single-Top Inclusive Cross-Sections at ATLAS and CMS. The inclusive single-top cross-
sections have been measured at ATLAS and CMS in various decay channels and center-of-mass energies. Mea-
surements are compared to NLO and NNLO predictions. For each measurement, the inner error bars on the data
point represent the statistical uncertainty. The outer error bars represent the total uncertainty after summing all
remaining uncertainties. The colored bands represent the uncertainties associated with various MC parameters.
Plot is taken from Ref. [3].

The top mass is an important parameter in the formulation of the SM. ATLAS and CMS have both
conducted multiple measurements of this quantity. Figure 3.8 shows a summary of top mass mea-
surements made by ATLAS and CMS in various decay channels. While a direct measurement of the
top mass is not conducted in this analysis, we will present differential cross-sections of various top
quantities (including the mass). The semileptonic final state of the WWbb process allows for the full
reconstruction of the top quark. A focus on a semi-boosted final state probes kinematic regions where
the theoretical calculations based on the SM still contain large uncertainties. This is important for anal-
yses with large backgrounds from top processes, where modelling uncertainties can be a significant
source of systematic uncertainty.
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Figure 3.8: Top Mass Measurements from Direct top quark Decay Processes at ATLAS and CMS. The top
quark mass has been measured at ATLAS and CMS in various top quark decay channels and center-of-mass
energies. Individual measurements are plotted relative to the current combined average of mt “ 173.34 ˘ 0.76
GeV. For each measurement, the inner error bars on the data point represent the statistical uncertainty. The outer
error bars represent the total uncertainty after summing all remaining uncertainties. Plot is taken from Ref. [28].

A unique property of the top is its short lifetime, due to its large mass. The lifetime of the top
is shorter than the time for hadronization, meaning the top quark does not form any quarkonia (qq)
states, unlike the other five flavors of quarks. This characteristic is unique to the top quark, allowing
analysts to study a quark in its natural state and not subject to the property of color confinement. Upon
decaying, the top quark will decay almost 100% of the time to a W-boson and a b-quark via the weak
force. Decays to other light quarks are also possible but are highly suppressed. This level of suppres-
sion is quantified by the Cabibbo-Kobayashi-Maskawa (CKM) matrix, whose elements quantify the
probability of flavor-changing weak interactions. The nine elements of the CKM matrix are another
important measurable property of the top. The current accepted CKM matrix values are shown below
[3].
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|VCKM| “

»

—

–

|Vud| |Vus| |Vub|

|Vcd| |Vcs| |Vcb|

|Vtd| |Vts| |Vtb|

fi

ffi

fl

(3.6a)

|VCKM| “

»

—

–

0.97435 ˘ 0.00016 0.22500 ˘ 0.00067 0.00369 ˘ 0.00011
0.22486 ˘ 0.00067 0.97349 ˘ 0.00016 0.04182`0.00085

´0.00074

0.00857`0.00020
´0.00018 0.04110`0.00083

´0.00072 0.999118`0.000031
´0.000036

fi

ffi

fl

(3.6b)

Here, it is evident that the |Vtb| " |Vts|, |Vtd| explaining why the top quark will almost always convert
to a b-quark alongside the release of a W.

3.3 pp Ñ WbWb Processes in the SM

The final state of interest contains two W-bosons and two b-quarks. Several processes could contribute
to such a final state, categorized by the number of top quark resonances. Top quarks are mainly pro-
duced in tt pairs; at the LHC 90% of the tt processes occur via gluon-gluon fusion (ggÑ tt) [3]. Another
production mechanism, although less favored, is the production of tt through quark-antiquark anni-
hilation (qq Ñ tt). These processes proceed through the strong interaction and form the dominant
process of this analysis. A representative Leading-Order (LO) diagram of these processes is shown in
Figure 3.9.
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(a) tt production via gluon-gluon fusion.
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(b) tt production via quark-antiquark annihilation.

Figure 3.9: Representative tt Production Modes at the LHC. tt production at the LHC is dominated by (a)
gluon-gluon fusion, while (b) quark-antiquark annihilation is another mechanism by which tt is produced but at
a much lower rate.

The above diagrams illustrate doubly-resonant top quark pair production. This process produces
both top quarks on-shell with a mass consistent with the "true" mass of the top. Similarly, singly-
resonant processes produce a single on-shell top quark. These processes are known as tW processes
and proceed via the electroweak interaction. Figure 3.10 presents sample diagrams for the singly-
resonant top quark process.
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(b) tW production via quark-antiquark annihilation.

Figure 3.10: Representative tW Production Modes at the LHC. Singly-resonant processes can also contribute
to the same WWbb final state, using the same (a) gluon-gluon fusion process, or (b) quark-antiquark annihilation.
These processes produce a single on-shell intermediate top quark, but occur less frequently than their doubly-
resonant counterparts.

Other rarer processes can create the WWbb final state containing zero on-shell tops. These processes
fall under non-resonant processes and may involve a virtual top quark (off-shell). Some rarer SM
processes can produce a WWbb final state without involving a top quark. These processes can include
more exotic mechanisms such as the example processes shown in Figure 3.11.
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(a) WWbb production involving an off-shell antitop.
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(b) WWbb production involving gluon-splitting.

Figure 3.11: Representative Non-Resonant Production Modes at the LHC. Non-resonant processes include
zero on-shell top quarks, implying virtual particles or no top quarks whatsoever. Two examples are shown where
the WWbb final state is achieved through the production of (a) an intermediate off-shell antitop, or via (b) gluon-
splitting. Nonetheless, these processes must be considered to produce an inclusive WWbb cross-section measure-
ment.

These diagrams are shown at tree-level, without any high-order (self-interactions) loops included.
Theorists have computed higher-ordered predictions and included these in the present set of MC event
generators. A fundamental goal of this analysis is to compare the measurements of the observables
of interest with the predictions of WWbb at these higher-orders. Therefore, it is necessary to briefly
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describe the process by which various top properties are computed.

3.4 Methods for Computing Top Quark Predictions

Predictions for tt production have been computed at the Next-to-Leading Order (NLO) [29–31]. These
references proceed using the Narrow Width Approximation (NWA). The NWA enforces the assump-
tion of an on-shell top and that the mass of the top is much greater than the decay width, Γt{mtÑ 0.
This limit greatly reduces required computations by removing diagrams which contribute at higher
orders of Γt{mt. This is an important feature for future MC generators looking to expand to higher-
orders. For context, to compute the NLO QCD corrections to pp Ñ WWbb requires the inclusion of
300 qq Ñ WWbb one-loop diagrams and 800 ggÑ WWbb one-loop diagrams [32]. This number of
diagrams grows exponentially with the order of the calculations, requiring the input of thousands of
two-loop diagrams.

The NWA approximation begins by first writing down the amplitude for the processes of interest.
To compute the cross-section, the amplitude is squared to obtain the probability for the process. The
squared amplitude is then integrated over the phase space to get the final fiducial cross-section. To
demonstrate the usefulness of the NWA, we start with the amplitude of the tree-level process of top
quark pair production in the fully-leptonic final state (ij Ñ tt Ñ pbℓ´νqpbℓ`νq) shown in Eq. 3.7 [33].

Atree
“

˜

Ãpt Ñ bℓ`νq
ip�pt ` mtq

p2
t ´ m2

t ` imtΓt

¸

ˆ Ãpij Ñ ttq

ˆ

˜

ip´�pt ` mtq

p2
t ´ m2

t ` imtΓt
Ãpt Ñ bℓ´νq

¸

(3.7)

The amplitude does not make any assumptions about having the top quark on-shell. This require-
ment is enforced after squaring the amplitude and applying the NWA. As written, the amplitude is
expressed in terms of several sub-amplitudes, Ã. These correspond to the production of the intermedi-
ate tt process and subsequent decay to the dilepton final state. The remaining terms in the amplitude
represent propagators1. After squaring the amplitude and applying the NWA, the propagators have
the form shown in Eq. 3.8.

1

pp2
t ´ m2

t q
2

` m2
t Γ2

t

ˇ

ˇ

ˇ

ˇ

Γt{mtÑ0
“

2π

2mtΓt
δpp2

t ´ m2
t q (3.8)

The propagator is defined in terms of the top’s transverse momentum, mass, and decay width (pT, mt

and Γt). Adding the Dirac delta function after applying the NWA enforces the on-shell top mass. The
1In QFT, the propagator is a mathematical expression describing a particle’s propagation from one state in spacetime to another.
Feynman diagrams represent these as internal lines connecting pairs of vertices. As a result, propagators often enter into
cross-section calculations. The denominators of propagators often carry a iϵ-like term. This term is introduced to maintain
causality and ensure that any virtual particles represented by the propagator remain in the light-cone (i.e., virtual particles are
still subject to the speed of light limit).
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amplitude can then be simplified into a form that contains a term with zero-orders of Γt{mt and higher
orders of Γt{mt, which do not contribute to the approximation, as shown in Eq. 3.9.

Atree
“ UpptqÃpij Ñ ttqVpptq ` Op

Γt
mt

q (3.9)

Here, Upptq, Vpptq correspond to the simplified on-shell Dirac spinors for top and anti-top, respec-
tively. The advantage of such spinors is that the calculation can proceed without further prescriptions
to differentiate between the top and the anti-top. Furthermore, any terms carrying Γt{mt factor will
also reduce to zero, eliminating non-resonant diagrams and significantly reducing the computation
required. After defining the amplitude, the calculation proceeds as any other computation, and any
number of physical properties, such as the cross-section, mass, etc., can be calculated by taking the
square of the amplitude.

Despite its usefulness in simplifying the problem, the NWA is not without its downfalls. Firstly,
the application of the NWA comes with an associated accuracy parameterized by the ratio (Γt{mt) and
is approximately OpΓt{mtq « 1% [34]. This error is important for analyses targeting phase spaces
sensitive to off-shell top mass effects. Thus, the NWA becomes less applicable in regions where the
limit of Γt ! mt does not apply. Secondly, the NWA cannot be applied to calculations focusing on
an inclusive final state, requiring contributions from singly-resonant and non-resonant top processes.
For example, the previously mentioned bb4l generator that features a calculation leading to a pp Ñ

bbℓ`ℓ1´νℓνℓ will not be able to apply the simplifying powers of the NWA as this would eliminate a
large subset of diagrams that could contribute to this final state.

3.5 tt and tW Quantum Interference

Up to this point, the methods for computing predictions have only mentioned tt. There is an added
challenge in performing computations involving single-top production. A quantum-interference effect
exists at higher-orders in QCD that results from the same WWbb final state between tt and tW pro-
cesses [12]. In the computation of tW production, the calculation must consider all possible processes
resulting in the following final state.

t ` W `
ÿ

i

Xi (3.10)

The tXiu set corresponds to a set of particles that can be produced alongside the base tW final state. At
LO in the SM, the production of tW is represented as follows.

bg Ñ tW (3.11)

At NLO, the set becomes tXiu ” b. Processes such as gluon-gluon fusion, which produces a top quark
pair can also contribute. In this process, the produced antitop decays to a Wb (ggÑ tWb). At leading-
order, the two processes are well-separated as the cross-section for the doubly-resonant tt process is
much larger than the singly-resonant tW process, σtt ą σtW . When one includes NLO corrections to
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tW, the addition of doubly-resonant processes begins to have a sizeable contribution. It turns out that
the NLO corrections can be larger than the LO terms in the region where the Wb mass approaches the
top quark resonance.

M2
Wb ” ppW ` p2

bq » m2
t (3.12)

At the resonance, a divergence can occur in the propagator. The divergence is avoided by including a
regulatory term defined by the decay width of the top, Γt. Including a non-zero top width comes with
an inherent challenge since this factor must be included in all electroweak correction orders to avoid
this divergence [12]. This same approach has already been illustrated in top quark pair production
propagators shown in Eq. 3.7.

There have been a few approaches to deal with this interference effect during the calculations of
single-top processes. The first approach is to conclude that tW is not an independent process but a
subprocess (alongside tt) that leads to a final state of WWb or WWbb. This way, the interference effects
are naturally avoided, as there is no need to decouple the two resonant top processes. The two are
treated as contributions to the same final state. One of the challenges associated with this approach is
that there are non-negligible corrections at NLO to the tt process, which would degrade the accuracy
of the prediction if not included [35]. This approach also lacks the flexibility of offering an exclusive
single-top generator, especially for analyses strictly focusing on tW as their signal. The more flexible
approaches are the DR and DS methods [12].

Diagram Removal (DR) The DR approach removes all doubly-resonant diagrams contributing to the
same final state as singly-resonant tW at NLO accuracy.

Diagram Subtraction (DS) The DS approach introduces a subtractive term that cancels out the con-
tributions of local NLO doubly-resonant tt.

To illustrate these two approaches for isolating tW, we begin by writing down the amplitude (Aαβ) for
all partonic processes of tWb.

αpp1q ` βpp2q Ñ tpk1q ` Wpk2q ` δpkq (3.13)

The interacting particles with their corresponding momenta are labeled as αpp1q and βpp2q, while the
b is represented by the δpkq term. The resulting amplitude will then contribute to both tW and tt.

Aαβ “ AptWq

αβ ` Apttq
αβ (3.14)

To calculate the probability, the next step is to square the amplitude.

|Aαβ|
2

“ |AptWq

αβ |
2

` 2R
!

AptWq
αη Apttq˚

αβ

)

` |Apttq
αβ |

2

” Sαβ ` Iαβ ` Dαβ

(3.15)
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In the above, Sαβ represents the singly-resonant contributions, Iαβ quantifies the interference between
the two processes, and Dαβ represents the doubly-resonant contributions. We define the NLO differ-
ential cross-section by factoring in this probability.

dσ̂αβ “
1
2s

´

Ŝαβ ` Iαβ ` Dαβ

¯

dϕ3 (3.16)

Here, the hat denotes that infrared singularities have already been subtracted. These are singularities
caused by intermediate soft gluons, where "soft" refers to gluons carrying away small amounts of
energy or momentum in an interaction. Soft gluons force some internal propagators on-shell, resulting
in singularities that either need to be renormalized or, in this calculation, subtracted away [36]. The
dϕ3 term represents the three-body final state phase space.

We obtain the complete hadro-production differential cross-section from the above cross-section by
summing over all possible α, β processes.

dσ “ dσp2q
`

ÿ

α,β

ż

dx1dx2Lαβdσ̂αβ

“ dσp2q
`

ÿ

α,β

ż

dx1dx2
2x1x2s

Lαβ

´

Ŝαβ ` Iαβ ` Dαβ

¯

dϕ3

(3.17)

The quantity dσp2q represents all other contributions to the process defined by the process defined in
Eq. 3.13. s is the squared center of mass energy and Lαβ is the parton-level luminosity. The xi represents
the momentum fractions of the interacting particles, integrated over all possible momentum states of
the scattering particles.

The next step is to match the NLO computations to the parton showers according to the specific
parton showering packages such as Monte-Carlo at NLO (MC@NLO) [37]. In the process, MC coun-
terterms2 are subtracted from the above equation and absorbed into the Ŝαβ term. This action is per-
missible because this term already has particular prescriptions for dealing with such singularities. The
resulting differential cross-section is as follows.

dσpDRq
“ dσp2q

`
ÿ

α,β

ż

dx1dx2
2x1x2S

LαβŜαβdϕ3 (3.18)

Now, the cross-section does not involve any contributions from Iαβ or Dαβ. Doubly-resonant contribu-
tions have been removed from the cross-section. The diagram subtraction method starts from Eq. 3.17
and appends an additional term to subtract away the doubly-resonant term.

2MC evolution can result spurious NLO terms leading to different types of divergences (e.g., collinear divergences). Countert-
erms are constructed and appended to the cross-section calculations to cancel out such divergences [38].
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dσpDSq
“ dσ ´ dσsubt (3.19a)

dσsubt
αβ “

1
2s

D̃αβdϕ3 (3.19b)

dσpDSq
“ dσp2q

`
ÿ

α,β

ż

dx1dx2
2x1x2S

Lαβ

´

Ŝαβ ` Iαβ ` Dαβ ´ D̃αβ

¯

dϕ3 (3.19c)

Now, we can evaluate the difference between the DR and DS approaches.

dσpDSq
´ dσpDRq

“ dσp2q
`

ÿ

α,β

ż

dx1dx2
2x1x2S

Lαβ

´

Iαβ ` Dαβ ´ D̃αβ

¯

dϕ3 (3.20)

As expected, the difference is characterized by the interference term, Iαβ, and the difference between
the subtraction term and the doubly-resonant contribution. The difficulty is in defining such a sub-
traction term that cancels out all doubly-resonant contributions. The first condition is to ensure the
difference, Dαβ ´ D̃αβ is as close to zero as possible, and the DR and DS differ only in the size of the
interference. It is impossible to force a difference of exactly zero because of the requirements of local
gauge invariance. However, one can guess the ingredients required to form a subtraction term. It
should contain such a term to account for doubly-resonant production, and the subsequent decay of
the t Ñ Wb.

D̃αβ “ |Ap0q
pαβ Ñ ttq|

2
ˆ BWpMWbq ˆ |Ap0q

pt Ñ Wbq|
2 (3.21)

where Ap0q
pαβ Ñ ttq corresponds to the amplitude of the LO top pair production, and Ap0q

pt Ñ Wbq is
the decay amplitude of the antitop to Wb. The BWpMWbq term is the Breit-Wigner probability density
function that includes the familiar Γ term to prevent divergences in mass resonances.

A measurement of the size of this interference has been previously conducted [39]. The referenced
analysis combines tt ` tWb events, resulting in a final state with two leptons and two b-jets. The
observable of interest is a minimax quantity formed using the two leptons and the two b-jets.

mminimax
bℓ ” mintmaxpmb1ℓ1

, mb2ℓ2
q, maxpmb1ℓ2

, mb2ℓ1
qu (3.22)

This quantity was inspired by previous analyses measuring the masses of supersymmetric particles
[40, 41]. The minimax observable is particularly useful when there is a combinatorial ambiguity in
the pairings of particles. In the dilepton context, the minimax variable sets a kinematic minimum for
the b-ℓ pairing. It has the useful property of being bounded by the top quark’s mass for tt events
but can be much larger for tW events in cases where the wrong pairing is chosen. As a result, the
minimax variable is sensitive to the interference effects between tt and tW, particularly in the region
mminimax

bℓ ą mtop.
The distribution of this variable shown in Figure 3.12 already shows the differences between DR

and DS. The difference is especially relevant in the tails of the minimax distribution. In the semilep-
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tonic channel, we cannot construct an identical minimax variable using two leptons and two b-jets as
input since there is only one lepton in each event. Therefore, this analysis constructs a modified min-
imax variable by replacing the second lepton with the hadronic-W. The construction and distribution
of this variable will be described in Section 6.3.
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Figure 3.12: Minimax Distribution Plotting the DR/DS Interference Effect. The detector-level mminimax
bℓ distri-

bution is plotted for both signal and background samples. The total MC prediction is evaluated using both the
DR and DS approaches for modeling the single-top tW samples. The main panel plots the data compared against
the MC simulated processes. The bottom panel plots the ratio between the total predicted distribution and data.
The blue curve is the ratio when using the DR approach, while the orange curve shows the ratio when using the
DS approach. The differences between DR and DS can be clearly observed at large minimax values. Plot is taken
from Ref. [39].

To obtain the underlying truth distribution, the detector effects must be mathematically abstracted
away in a process known as unfolding. The unfolded distribution of the mminimax

bℓ variable is shown
in Figure 3.13. The measured distributions are compared to different combinations of MC generators.
Each generator uniquely handles the parton showering and interference calculations. The previously
mentioned bb4l generators have not yet become available for comparison against real data.
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Figure 3.13: Unfolded Minimax Distribution Plotting the DR/DS Interference Effect. The detector-level dis-
tribution of the mminimax

bℓ quantity is unfolded to reveal the underlying cross-sections. The main panel plots the
unfolded and normalized differential cross-section measurement represented by the black points. The various
colored points represent the different combinations of MC generators for the DR and DS interference. DR2 is an
additional method for computing this interference, which includes the doubly-resonant contributions directly in
the interference term. DR2 is much less used than the DR and DS schemes and is not explored further in this
analysis. The ratio plot measures the ratio between the different MC generators and the measured distribution.
Plot is taken from Ref. [39].



CHAPTER 4

LHC and ATLAS

The LHC is the world’s most powerful particle accelerator situated at the Conseil Européen pour
la Recherche Nucléaire (CERN) complex which straddles the Swiss-French border near Geneva. Two
counter-rotating beams of protons accelerate within a 27 km ring, reaching a final speed at the moment
of collision approaching the speed of light limit. Collisions occur at four interaction points in the ring
surrounded by the four major experiments. The previously mentioned ATLAS and CMS detectors are
the two general-purpose experiments designed to serve a multi-faceted physics program. A Large Ion
Collider Experiment (ALICE) studies the products of heavy-ion (Pb ´ Pb) collisions and is uniquely
suited for studying the conditions of the very early universe. Large Hadron Collider beauty (LHCb)
is the fourth major experiment at the LHC and has a concentrated focus on the physics of the b-quark.
This analysis uses data collected by the ATLAS detector. This chapter will briefly describe the LHC
and the ATLAS collider.

4.1 Large Hadron Collider

The LHC [42] results from an immense input of effort by a multinational collaboration of scientists
to try to fill the remaining gaps in the SM. Construction of the LHC began in earnest after the de-
commissioning of the Large Electron-Positron (LEP) project in 2001 [43]. The LHC repurposed the
LEP tunnels to house the ring. The project completed construction and began firing its first beams
of protons in 2008. Within two years of completing construction, the main physics program began
fully when the collision energy increased to 7 TeV. Between 2008 and 2012, there would only be a
modest increase in energy to 8 TeV. During this time, the ATLAS and CMS collaborations reported
the discovery of the Higgs boson [44]. The next big jump in energy occurred in 2015 when the energy
would reach a new energy frontier of 13 TeV. Recently, the energy would increase again in 2022 to its
present-day collision energy of 13.6 TeV.

31
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4.1.1 Pre-Accelerator Chain

The LHC ring is the final step in a series of linear and circular pre-accelerators to increase the energy
in steps up to the final 13.6 TeV energy. Significant upgrades have been made to the CERN accelerator
complex since the release of the LHC design report [45, 46]. Before 2020, the protons that would
eventually end up in the LHC ring began life as atomic hydrogen, consisting of a single proton and
a single electron. A bare proton is created by ionizing the hydrogen gas to strip away the electrons.
Recently, the LHC replaced the atomic hydrogen with negatively-charged ionic hydrogen (H´), which
is atomic hydrogen but with an additional electron. H´ ions are produced at the Linear Accelerator 4
(Linac4) facility which replaced the previously-used Linear Accelerator 2 (Linac2) facility.

Many accelerator complexes (including CERN) have begun operating using H´ ions because of
the advantages it offers over atomic hydrogen [47]. To start with, H´ and H` beams are naturally
electromagnetically attractive. Injecting H´ ions from Linac4 into the already circulating proton beam
in the PSB creates a single tightly-packed proton beam with high intensity. The H´ ions still carry extra
electrons, but these are easily stripped away by passing the beam through a stripping foil with near
100% efficiency. Previously, a physical kicker magnet stripped away the electrons with much lower
efficiency. These reasons make using H´ ions ideal for filling the LHC storage rings.

Linac4 creates the H´ ions and accelerates them to 160 MeV before entering the next link in the
pre-accelerator chain. The 160 MeV ions will have their two extra electrons stripped before entering
the Proton Synchrotron Booster (PSB) [48]. The now bare protons are then accelerated to 2 GeV be-
fore entering the Proton Synchrotron (PS), increasing the energy of the proton beam to 26 GeV. The
Super Proton Synchrotron (SPS) accepts the protons and accelerates them to 450 GeV before they are
separated into the two beam-pipes that make up the LHC. Figure 4.1 shows the layout of the CERN
pre-accelerator chain.
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Figure 4.1: CERN Accelerator Complex and LHC Injection Systems. The CERN accelerator complex comprises
several pre-accelerators and the main LHC ring. The chain begins in the Linac4 facility, which sources the H´

ions. The H´ ions have their excess electrons stripped, leaving a bare proton. The proton experiences incremental
jumps in energy as they progress through the pre-accelerator rings. Protons enter the LHC ring at 450 GeV and
reach their final energy of 6.8 TeV in approximately 20 minutes. Plot is taken from Ref. [49].

4.1.2 Radio-Frequency System

Upon reaching the LHC ring, the protons circulate the 27 km ring approximately 10000 revolutions
every second. Protons gain energy every time they traverse a Radio-Frequency (RF) cavity. An RF
cavity, in its most basic form, is two conducting plates that contain an oscillating electric-field. The
period of oscillation is set to perfectly time the direction of the electric field with the incoming proton
to maximize the efficiency of energy transfer to the proton. The oscillation of the electric fields has a
secondary effect of concentrating the protons into bunches. Protons with more energy experience less
acceleration, while those with less energy experience more acceleration. As a result, the protons do not
form a continuous beam but are organized into bunches. At the LHC, each RF system has eight such
cavities, and each cavity carries V “ 2 MV of accelerating voltage. Therefore, a proton traversing the
complete chain of eight cavities gains a E “ qV “ 16 MeV of energy per revolution. The maximum 6.5
TeV of energy is reached after the proton has made approximately ten million revolutions.
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4.1.3 Magnets System

A combination of dipole and quadrupole magnets bend and focus the protons into a circular orbit in
the LHC rings. The magnet system at the LHC uses superconducting NbTi superconducting magnets,
which operate below a temperature of 2 K and generate a magnetic field above 8 T. Superconducting
materials can carry large currents with near-zero resistance, reducing energy losses while simultane-
ously generating a large magnetic field. A total of 1232 dipole magnets surround the ring to bend the
beam of protons into a circular trajectory. These magnets correct minor deviations in the circular trajec-
tory during the protons’ millions of revolutions. Quadrupole magnets, of which there are 474, conduct
fine beam focussing. They compress the beam of protons in one direction while simultaneously ex-
panding the beam in the other direction. Multiple quadrupole magnets with rotated polarities are
strategically placed along the ring, ensuring equal compression of the proton beam from all directions.
The result is a high density of protons, significantly increasing the chance of collisions.

4.1.4 Luminosity

Each of the two 6.5 TeV beams during the Run 2 data-taking period contains 2556 bunches organized
by the RF system. The bunches are approximately 8 cm in length and contain 11 ˆ 1010 protons in
each bunch. At regular 25 ns intervals, two counter-rotating bunches of protons collide at the four
interaction points. The collision probability is rare even with billions of protons in each beam. The
number of events of interest (Nexp.) over some time is related to the cross-section of the process of
interest and a quantity known as the luminosity, L.

Nexp. “ σexp. ¨

ż

Lptqdt (4.1)

Specifically, L is the instantaneous luminosity of the beam and measures the number of particles per
area per time. Instantaneous luminosity carries units of cm´2 s´1 and is often quoted as the figure
of merit for particle accelerators. Increasing the instantaneous luminosity is a goal for many particle
physics experiments so that more data can be collected in a shorter amount of time. With more data,
the occurrences of rare events with low production cross-sections increase. L can only be adjusted by
tweaking the parameters of the experiment and beam as shown in Eq. 4.2.

L “ fcoll
N1N2

4πσ˚
x σ˚

y
F (4.2)

In this equation, fcoll is the frequency of colliding bunches, each containing N1 and N2 number of
particles. σ˚

x,y measures the transverse beam sizes in the horizontal and vertical directions at the inter-
action point. The proton beams at the LHC have a σ˚

x,y « 220 µm [50]. Finally, the F factor of order
1 considers certain inefficiencies of the beam dynamics, such as the crossing angle and finite bunch
length. Table 4.1 lists the relevant factors for the LHC between the years 2015 ´ 2018 corresponding to
the Run 2 data-taking period. During this period, the peak instantaneous luminosity is on the order of
1034 cm´2 s´1.
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Table 4.1: Selected LHC Beam Parameters for pp Collisions During Run 2. During Run 2 (2015 ´ 2018), there
were several adjustments to the LHC beam parameters. These beam parameters are used to compute the final
peak luminosity values. A particular parameter of interest is the β

˚ parameter, which quantifies the degree of
focusing at the interaction point. A unique situation occurred in 2017 where the "8b4e" filling scheme was used,
where eight bunches separated by 25 ns were followed by a four bunch-slot gap. Table is taken from Ref. [51].

Parameter 2015 2016 2017 2018

Maximum number of colliding bunch pairs (nb) 2232 2208 2544{1909 2544
Bunch spacing [ns] 25 25 25{8b4e 25
Typical bunch population [1011 protons] 1.1 1.1 1.1{1.2 1.1
β

˚ [m] 0.8 0.4 0.3 0.3 ´ 0.25
Peak luminosity Lpeak [1033 cm´2 s´1] 5 13 16 19

Peak number of inelastic interactions/crossing (xµy) „ 16 „ 41 „ 45{60 „ 55
Luminosity-weighted mean inelastic interactions/crossing 13 25 38 36
Total delivered integrated luminosity [fb´1] 4.0 39.0 50.6 63.8

When the instantaneous luminosity is integrated over a specific period of time, the resulting quan-
tity is now the integrated luminosity. The result measures the number of particle collisions and is di-
rectly related to the amount of data collected by the experiment over that period. The integrated lumi-
nosity has units of inverse area and is often reported in units of inverse femtobarn (1 fb´1

“ 10´43 m2).
For example, the total cross-section for Higgs boson production is approximately 6000 fb at 13 TeV. For
every 1 fb´1 of data collected, one can expect to produce 6000 Higgs boson events. This example il-
lustrates the importance of collecting and aggregating data from many years to increase the number
of potential events in the entire dataset. The total integrated luminosity of the entire Run 2 dataset is
approximately 140 fb´1. Figure 4.2 presents various luminosity summary plots delivered by the LHC
and collected by ATLAS.
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Figure 4.2: Selected LHC/ATLAS Luminosity Summary Plots. The plots summarizes various luminosity figures
reported by the LHC and ATLAS during 2011 ´ 2018. (a) plots the total integrated luminosity which was delivered
by the LHC during both Run 1 (2011 ´ 2012) and Run 2 (2015 ´ 2018). During Run 2, the LHC delivered a total of
156 fb´1. As shown in (b), ATLAS collected a total of 147 fb´1. A requirement of good object quality reduces the
data set to the final 140 fb´1 total. Lastly, (c) plots the recorded luminosity by ATLAS as a function of the mean
number of interactions per crossing, xµy. This value represents the average number of proton-proton interactions
when the bunches collide. Plots are taken from Ref. [51].

4.2 ATLAS Detector

The ATLAS detector is one of two general-purpose particle detectors placed around the LHC ring
[4]. The experiment was specifically designed to capture data that can be used across a broad physics
scope. The physics program includes precision measurements of the SM, as in the context of this anal-
ysis, to more exotic physics and probing for theorized processes that have yet to be directly measured.
The basic design principle has mostly stayed the same since the project’s conception. ATLAS is a near-
hermetic structure divided into several subsystems, each with its own purpose and functionality. The
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main components of the detector are concentrically placed surrounding the primary interaction point.

Inner Detector (ID) The Inner Detector is the subsystem closest to the interaction point. The ID is pri-
marily responsible for reconstructing the trajectories and momenta of particles produced during
the collision. It is characterized by its high granularity, which is crucial for achieving the high
precision needed to resolve many multi-track events.

Calorimeters The ATLAS calorimeter system is two-tiered, comprised of the electromagnetic and
hadronic calorimeters. The calorimeters measure the energy of a passing particle and provide
a second measurement of the particle’s position complementary to the ID. The energy of an in-
coming particle is determined by measuring the energy of charged secondary particles created
by the interaction of the primary particle and the calorimeter material.

Muon Spectrometers (MS) The Muon Spectrometers are the outermost subsystem of the detector and
are used to track the passage of muons. The trajectory of muons is inferred by collecting the
ionization of gas molecules in gas-filled drift tubes.

Trigger and Data Acquisition (TDAQ) The ATLAS Trigger and Data Acquisition system selects in-
teresting events for storage. The trigger system is two-tiered. A primary Level-1 (L1) trigger is
implemented at the hardware level and performs a rapid preliminary selection. The secondary
High-Level Trigger (HLT) is implemented at the software level and applies more sophisticated
algorithms to select events.

The goal is to capture all information associated with the diverse array of SM particles produced dur-
ing a pp collision. These include the quarks and gluons (observed as jets), leptons, W˘, Z, H-bosons,
photons, and other hadrons composed of quarks. Throughout its 15-year existence, the detector has
undergone several shutdowns. During these shutdowns, upgrades were made to several subsystems
to prepare for increases in both luminosity and energy delivered by the LHC. Figure 4.3 shows an
illustrated drawing of the ATLAS detector at the onset of Run 3.
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Figure 4.3: Labeled Cutaway of the ATLAS Detector. A cutaway of the ATLAS detector at the start of Run 3 is
shown with each of the main subsystems labeled. Each subsystem is specialized for a unique task during a proton-
proton collision. The Inner Detector reconstructs hits into particle tracks with high granularity. A combination
of electromagnetic and hadronic calorimeters are used to measure energy deposition. Weakly interacting muons
passing through the bulk of the active detector are registered by the specialized muon chambers. Specifically
highlighted is the addition of the New Small Wheel (NSW). These upgrades to the muon system can accommo-
date the higher rates of Run 3 and improve muon triggering and tracking. The entire detector is immersed in
a magnetic field created by a combination of solenoid and toroid magnets to bend the particle trajectories. The
result is a complete collection of the physics observables from the collision. Plot is taken from Ref. [52].

The subsystems work cooperatively to reconstruct the signals the detector collects. Table 4.2 lists
the main performance goals of the four main detector subsystems.

Table 4.2: General Performance Goals of the ATLAS Detector. The expected resolution for each of the four
main detector subsystems is listed along with their pseudorapidity (η) coverages. Table is taken from Ref. [4].

η Coverage
Detector Component Required Resolution Measurement Trigger

Tracking σpT
{pT “ 0.05% pT ‘ 1% ˘2.5

EM Calorimetry σE{E “ 10%{
?

E ‘ 0.7% ˘3.2 ˘2.5
Hadronic Calorimetry (jets)

barrel and endcap σE{E “ 50%{
?

E ‘ 3% ˘3.2 ˘3.2
forward σE{E “ 100%{

?
E ‘ 10% 3.1 ă |η| ă 4.9 3.1 ă |η| ă 4.9

Muon spectrometer σpT
{pT “ 10% at pT “ 1 TeV ˘2.7 ˘2.4

The result is a set of observables corresponding to the potentially thousands of physics objects
produced during a single collision event. Additional data-cleaning steps are needed to calibrate the
data according to the current detector conditions, and tagging procedures are needed to characterize
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the origin and quality of the events collected. At this point, it is up to the analysts to use this dataset
to complete their analysis. The remainder of this section describes each of the main subsystems.

4.2.1 Coordinate System

This section defines the standard coordinate system used throughout ATLAS, and illustrated in Fig-
ure 4.4. Naturally, the shape of the ATLAS detector lends itself to using a cylindrical-based coordinate
system. The interaction point defines the origin of the coordinate system, with the z-axis running
through the interaction point and along the beam line. The positive x-axis points from the interaction
point to the center of the LHC ring. The positive y-axis points upwards towards the surface.

z

IP

y

x

η = 0
η > 0

η < 0

η = +∞

η = −∞

p⃗T

p⃗

ϕϕϕ

θ
ηϕϕϕ

center of
the LHC

Figure 4.4: Schematic of the Common ATLAS Coordinate System. The ATLAS detector uses a right-handed
coordinate system, which places the origin at the primary interaction point. The z-axis passes through the origin
and lies along the beamline. The positive x-axis points from the interaction point to the center of the LHC ring.
The positive y-axis points from the origin to the surface. Particle positions and momenta are defined using the
standard cylindrical coordinate angles, θ and ϕ. The polar angle, θ, is used to define the much more convenient
pseudorapidity quantity to measure the angle of a particle relative to the beam axis. Plot is taken from Ref. [20].

The polar angle, θ, and azimuthal angle, ϕ, are defined as usual in the standard cylindrical coordi-
nate system. The transverse x ´ y plane runs perpendicular to the beam line. Transverse momentum
(pT) is a particularly important quantity because a large pT indicates that a hard-scatter interaction
occurred between the partons of the two colliding protons, which carried no momentum in the trans-
verse plane before the collision. The polar angle is also used to define another useful quantity known
as pseudorapidity.

η “ ´ lnptanpθ{2qq (4.3)

Pseudorapidity, η, is a useful quantity in hadron colliders to define the angle of a particle with respect
to the beam axis. Particles with a larger |η| are closer to the beamline and are likely to be detected
near the endcap regions of the detector. The range of |η| defines two exclusive regions in the detector,
|η| ă 2.5 defines the central region, while the |η| ą 2.5 defines the forward regions of the detector.
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Pseudorapidity is a much more useful quantity than simply θ because it can be shown that dif-
ferences in η are Lorentz-invariant1. Therefore, when making measurements as a function of ∆η, a
Lorentz boost can be applied to the plot without changing the underlying physics. For example, in
situations with a large imbalance of momentum that produces particles at one end of the detector,
performing a translation in η back to the center-of-mass frame is trivial.

4.2.2 Inner Detector

The ATLAS Inner Detector (ID) [53, 54] refers to the set of subdetectors closest to the beam axis and
is responsible for tracking charged particles by measuring the particle’s charge and momentum. Fig-
ure 4.5 shows a labeled schematic of the ID and its components. A central solenoid surrounding the ID
generates a 2 T magnetic field, immersing the entire ID. When a charged particle enters the magnetic
field, the path of the particle (track) is deflected, creating an arced trajectory. The direction of curvature
determines the particle’s charge and the radius of curvature determines the particle’s momentum.

Figure 4.5: Labeled Cutaway of the ATLAS Inner Detector. A cutaway of the ATLAS Inner Detector is shown
with its main components labeled. The main components of the ID include the Pixel Detectors, Semi-Conductor
Trackers (SCT), and the Transition Radiation Trackers (TRT). One of the most recent upgrades is the addition of
the Insertable B-Layer. This layer of silicon detectors is the closest layer to the interaction point and was added to
improve the tracking of low-momentum particles. Plot is taken from Ref. [52].

There are several requirements the ID must possess by being so close to the primary interaction
point. Protons collide in bunches every 25 ns within the ATLAS detector; the electronics of the ID

1Pseudorapidity, η is an approximation of the much more general rapidity quantity, y “ 1
2 ln

´

E`pz
E´pz

¯

“ tanh´1 ` pz
E

˘

. Unlike
pseudorapidity, whose differences are only Lorentz-invariant, rapidity is by itself Lorentz-invariant. However, it is a much
more difficult quantity to work within an experiment setting where the total energy (E) and complete 3-momentum vector
must be known. Often, the longitudinal (pz) can not be precisely measured, especially for missing energy. Luckily, one can
make the approximation that for near-massless particles (particles with momentum much greater than their rest mass, m ! p),
the pseudorapidity is equal to rapidity.
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must have a fast enough readout speed to cope with this 25 ns collision window. In addition, these
electronics must be sufficiently radiation-hard while constantly facing the incoming flux of particles. It
is also necessary that within the ID, the amount of dead material (i.e., non-active detector material used
for structural purposes) should be reduced to near zero. Any dead material near the interaction point
can produce unwanted secondary particles and photons not associated with the initial hard-scatter
event.

To achieve the precise momentum reconstructions used for physics analyses, the ID is segmented
into three components: the pixel detectors, the Semi-Conductor Tracker (SCT) and the Transition Ra-
diation Tracker (TRT). The three subdetectors work cooperatively to cover the entire central detector
(|η| ă 2.5) region and complete 2π coverage in ϕ with high-precision tracking capabilities. A brief
description of each of these systems is provided below.

4.2.2.1 Pixel Detector

The innermost set of subdetectors is the pixel detectors that cover a radial distance from 45.5 mm
to 242 mm, offering the highest-granularity tracking capabilities [55]. Before the start of the Run 2
data-taking period, there were three active pixel detector layers in the barrel and two identical endcap
layers. A fourth barrel layer, the insertable b-layer [56], was installed as the closest layer to the beam
pipe during the long shutdown before Run 2. The layer aims to improve track resolution by introduc-
ing an additional layer of high-precision detectors. In particular, this improves the resolution of low
pT particles, which are more sensitive to multiple scattering effects. Jet tagging is one area that will
greatly benefit from this improvement.

The basic building blocks of the pixel detector are modules consisting of silicon pixels. A single sili-
con pixel has a size of 50 ˆ 400 µm2 (in the insertable b-layer, the size of a pixel sensor is 50 ˆ 250 µm2).
A single module comprises 46080 individual pixel readout channels. The result is 80 ˆ 106 readout
channels alone in the pixel detector. The operating principle of a silicon sensor relies on creating a
depletion region by applying a reverse-biased voltage to a PN (positive-negative) junction. When
charged particles traverse the depletion region, they create electron-hole pairs (negative and positive
charge carriers) in the material. These pairs drift to opposite sides of the sensor under the influence
of the electric field, thereby generating a current. The amount of charge collected and the pixel’s po-
sition correspond to the amount of energy lost by the particle and the particle’s position, respectively.
Therefore, the spatial resolution of the pixel detector is mainly determined by the dimensions of the
individual pixel.

4.2.2.2 Semi-Conductor Tracker

The middle layer of the ID after the pixel detectors is the Semi-Conductor Tracker (SCT), which covers
a radial region from 255 mm to 549 mm [57]. Like the pixel detectors, the SCT uses silicon as the active
detector material in the form of 4088 silicon-strip detectors. These are arranged in four concentric
layers in the barrel and two layers at the endcaps. The silicon sensors are further organized into
modules. The construction of each silicon-strip module is very simple; two planes of silicon sensors
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are glued together with a baseboard material in the middle. The baseboard material provides thermal
and mechanical strength of the module and gives each module a length of 128 mm (there are different
dimensions for modules on the barrel and the endcaps). Using strips instead of rectangular pixels,
the SCT has less resolution (in the longitudinal direction) than the inner pixel detector and contains a
total of 6.3 ˆ 106 readout channels. The overall spatial resolution of each sensor is 17 µm in the r ´ ϕ

direction and 580 µm in the z direction.

4.2.2.3 Transition Radiation Tracker

The outermost layer of the ID is the Transition Radiation Tracker (TRT) and covers the radial distance
from 554 mm to 1082 mm [58]. The TRT consists of approximately 370000 straw tubes, each with a
diameter of 4 mm, which run parallel to the beamline. A single straw tube operates as a cylindrical
drift chamber made of Kapton and filled with a mixture of Xenon and Argon gas. Running down the
central axis of each tube is a 31 µm diameter Tungsten wire kept at a potential difference relative to
the straw tube walls. This potential difference creates an electric field so that the primary electrons
accelerate towards the central wire. The accelerating electrons produce secondary ionization in the
gas, which generates a measurable current signal. The TRT also allows for electron identification us-
ing polypropylene fibers (barrel) and foils (endcap) dispersed between the straw tubes to measure the
charge produced by the transition radiation. When particles move between two different materials,
transition radiation can be produced. The radiated photons interact with the gas and free more elec-
trons resulting in the generation of a large signal. Particles with a higher relativistic speed (electrons)
will produce more transition radiation than slower-moving particles (pions), which provides an easy
solution for separating electrons from the sea of other charged particles [59].

4.2.3 Calorimeters

Calorimeters are devices that measure the energy of a passing particle by collecting the energy of the
secondary showers initiated by the incident particle. The ATLAS calorimeter serves two purposes: the
first is to measure the energy of the incoming particle, and the second is to aid in the measurement
of the particle’s position alongside the ID. There are two main classes of calorimeters: sampling and
homogenous. Sampling calorimeters use alternating layers of absorbing material (such as lead), which
produces an avalanche of particle showers, and active detector material which collects the showering
energy and measures the total energy. On the other hand, a homogenous calorimeter combines these
two functions into a single complete material. The ATLAS calorimeter system, shown in Figure 4.6,
uses the sampling calorimeter construction for both the electromagnetic and hadronic calorimeters.
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Figure 4.6: Labeled Cutaway of the ATLAS Calorimeter System. A cutaway of the ATLAS calorimeter system
is shown with its main components labeled. Two main calorimeters used to identify different types of particles: an
electromagnetic calorimeter for electrons and photons and a hadronic calorimeter for measuring jets’ energy. Liq-
uid Argon is used throughout the electromagnetic calorimeter as the active medium, while the hadronic calorime-
ter uses scintillators connected to photomultiplier tubes for measurement. Plot is taken from Ref. [52].

The energy resolution of a calorimeter is naturally a function of the energy of the incident parti-
cle. Interactions of particles with higher energy with the absorbing material produce more secondary
showers, generating a larger signal response. There are other contributions to resolution which de-
pend on the geometry and construction of the calorimeter system. These contributions are known as
the stochastic, noise, and constant terms. The total energy resolution is a quadratic sum of all of these
contributions as shown in Eq. 4.4 [60].

σ

E
“

a
?

E
‘

b
E

‘ c (4.4)

In the above equation, the first term on the right-hand side is the stochastic term, which accounts for
fluctuations in the signal-generating process (i.e., the number of secondary photo-electrons produced).
The second contribution to the energy resolution is the noise term, which accounts for the inherent
electronic noise in the readout chain. The constant term, which has no dependence on energy, charac-
terizes the level of the calorimeter response non-uniformity. This is mainly due to imperfections in the
detector geometry and construction, damage from long-term radiation exposure, or unaccounted-for
secondary ionization from dead material. The resolution of the ATLAS calorimeters was measured
using test beams and yielded the following values: a “ 10%

?
GeV, b « 200 MeV, and c “ 0.2% [61].
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4.2.3.1 Electromagentic Calorimeter

The EM calorimeter measures the energy of charged particles such as electrons and photons and covers
a total spatial region up to |η| ă 3.2 [62]. The EM calorimeter has two components: the barrel, which
covers up to |η| ă 1.475, and the two endcaps, which extend the coverage to |η| ă 3.2. The EM
calorimeter uses lead as its passive absorber and Liquid Argon (LAr) as the active detection media.
Liquid Argon was ultimately chosen because of several properties: (1) Argon can be purified to a
high level of homogeneity, ensuring consistent performance in different parts of the calorimeter, (2) a
linear response over a wide range of energies, and (3) high stability in a radiation-intense environment.
When a charged particle impacts a layer of lead and creates a particle shower, the secondary particles
generate ionization in the liquid Argon layers that drift under high voltage to anode wires that collect
the charge. Since the amount of charge released by the ionization event is proportional to the energy,
the primary particle’s energy can be deduced.

The barrel portion of the EM calorimeter is segmented into cells with different granularities de-
pending on the layer in which the cell is located. Figure 4.7 is a labeled drawing of a module found in
the EM calorimeter.

Figure 4.7: Barrel Module of the ATLAS Electromagnetic Calorimeter. The basic building block of the ATLAS
EM calorimeter is a barrel calorimeter module. Non-uniform-sized cells are found in the three layers of the
module, with cells having the highest granularity being located in the single Presampler layer. The considerable
depth of the second layer ensures that most of the energy is deposited in the second layer. Plot is taken from
Ref. [4].
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Cells in the initial "Presampler" layer have the highest granularity in η ´ ϕ to account for any energy
loss that may occur before reaching the bulk of the remaining calorimeter cells. The majority of the
deposited energy occurs in the second layer and thus is the layer with the largest depth2. Finally, any
remaining energy deposited by highly energetic particles ends up in the third layer of the calorimeter
with the lowest η ´ ϕ granularity. The high degree of segmentation in the EM calorimeter aids in
tracking the positions of the particles in combination with the ID.

4.2.3.2 Hadronic Calorimeter

Quarks and gluons produced during pp collisions quickly hadronize and appear as jets in the detector.
The Hadronic Calorimeter (HCAL) surrounds the EM calorimeter and is responsible for measuring
the energy of these strongly interacting particles and consists of three sections: the tile calorimeter, the
hadronic endcap calorimeters, and the forward calorimeters. Hadronic interactions with matter in the
HCAL produce secondary hadronic showers proportional to the energy of the incident particle. Un-
like the EM showers, the secondary showers produced by hadrons involve the strong interaction and
produce a more extensive variety of particles. The result is a broader shower, which is characteristic of
a hadronic shower.

Before reaching the HCAL, the primary hadrons first pass through the EM calorimeter without
depositing large amounts of energy34. This deposition occurs because of the intrinsically large inter-
action lengths5 of these particles. The tile calorimeter, whose module is shown in figure 4.8, covers
a region up to |η| ă 1.7 and is also constructed as a sampling calorimeter. The absorbing material
is steel, and plastic scintillators are the active detector material. The two hadronic endcap calorime-
ters use liquid Argon as the detector medium interleaved with copper places acting as the absorber
and covers a range from 1.5 ă |η| ă 3.2. Finally, the two forward calorimeters cover the remaining
3.1 ă |η| ă 4.9 range. Three modules make up the forward calorimeters. One module made of copper
and placed closest to the interaction point is optimized for EM interactions. The other two modules
are made of tungsten and are optimized for hadronic interactions. Notice that the hadronic endcap
calorimeters overlap with the tile and forward sections of the HCAL. The overlap in these regions is
necessary to compensate for a drop in material density.

2Calorimeter depth can also be stated in terms of a quantity known as radiation length, X0 given in areal-density units of
g ¨ cm´2. Radiation length is defined as the amount of material traversed by a particle before losing all but 1{e of its original
energy. This 1{e factor comes from the fact that the energy loss of a particle through matter follows exponential decay. The
radiation length of pure Argon is 19.5489 g ¨ cm´2 [63].

3For charged hadrons such as the charged pions (π˘), a large fraction of their energy can also be deposited in the EM calorime-
ters. Neutral hadrons such as neutrons or hadrons interacting primarily through the strong force will deposit most of their
energy in the hadronic calorimeter by passing the EM calorimeter without significant energy deposition.

4Distinguishing energy deposits by different particles in the EM calorimeter is crucial for accurate object reconstructions (e.g.,
pion vs. electron). The large mass difference between a pion („ 130 MeV) and an electron („ 0.5 MeV) manifests itself in the
track information where an electron will have a smaller radius of curvature than a pion. Other differences in the electromagnetic
shower profile can also be used to differentiate between pions and electrons.

5For hadronic interactions, the distance traveled by a particle is defined using the interaction length, λ. The interaction length
quantifies the average distance a particle travels in a material before undergoing a significant interaction (e.g., nuclear scat-
tering). This length depends on the type of interaction, the properties of the primary particle, and the characteristics of the
medium.
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Figure 4.8: Module of the Tile Calorimeter in the ATLAS Hadronic Calorimeter. An individual module of the
tile calorimeter in the ATLAS HCAL is shown with the major parts labeled. The tile calorimeter is a sampling
calorimeter that uses steel as the absorbing material and scintillators coupled to photomultiplier tubes for active
detection. Plot is taken from Ref. [4].

4.2.4 Muon Spectrometer

Muons are the electron’s much heavier cousin and penetrate the two layers of calorimeters without
depositing any significant amounts of energy. The Muon Spectrometer (MS) [64] is the outermost
subsystem of the ATLAS detector and is specialized for measuring muon momenta over a total |η| ă

2.7 range. Like the ID, the MS measures momenta by bending the particles and measuring the radius
of the curvature. This bending is produced by a set of toroid magnets, where a single large barrel
toroid magnet generates a magnetic field in the |η| ă 1.4 region. Smaller endcap magnets generate the
magnetic field in the 1.6 ă |η| ă 2.7 range. In the transition region, 1.4 ă |η| ă 1.6, there is a reduction
in the bending power where the two magnets overlap. This configuration of magnets generates a
field that is primarily orthogonal to the trajectory of the muons while reducing the effects of multiple
scattering from the muon traversing different materials. After deflection, a set of four subdetectors
measures the muons: Monitored Drift Tubes (MDT), Cathode Strip Chambers (CSC), Resistive Plate
Chambers (RPC) and Thin Gap Chambers (TGC). These subsystems are labeled in Figure 4.9 and
described briefly below.
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Figure 4.9: Labeled Cutaway of the ATLAS Muon System. A cutaway of the ATLAS muon system is shown
with its main components labeled. There are three main components of the muon system. Monitored Drift Tubes
(MDT) are used for precision tracking purposes. Thin Gap Chambers (TGC) and Resistive Plate Chambers (RPC)
are used for triggering. Finally, the New Small Wheel (NSW) is the most recent major upgrade to the muon
system placed at each of the endcaps closest to the interaction point. The NSW is primarily used for triggering
and associating muons with the primary vertex. New detector technologies enable them to handle the increased
rates in Run 3. Plot is taken from Ref. [52].

4.2.4.1 Monitored Drift Tubes

MDTs comprise most of the detectors in the |η| ă 2.7 range. These function as cylindrical drift cham-
bers, allowing for precision measurements of the trajectories of the deflected muons. A drift tube in
the MDT is a cylindrical structure of various lengths ranging from 1 m to 6 m, with an outer diameter
of 30 mm [65]. A gas mixture of Ar{CO2 (93%{7%) fills each tube and is the source of the ionized
particles produced by a passing muon. A potential difference is placed between the anode wire at the
center of each tube and the outer walls. This potential difference causes the ionization to accelerate
toward the wire (consistently building up more ionization as it travels). The basic building block of a
MDT module, as shown in Figure 4.10, uses multiple layers of stacked drift tubes.
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Figure 4.10: Module of the MDT in the ATLAS Muon System. A MDT module uses drift tubes and the
ionization of the gas-filled tubes to measure the trajectory of a passing muon. A single layer of drift tubes only
provides directionality in one axis, but multiple layers can produce a three-dimensional path. Plot is taken from
Ref. [65].

Figure 4.11 illustrates a muon traversing three layers of drift tubes, inducing an ionization reaction
in tubes crossed by the muon. The response time of a signal generated by a passing muon gives
a measurement of the radial distance, rptqtube in each of the activated tubes. Combining all three
activated tubes gives a precise measurement of the trajectory in the plane of the tubes. The spatial
resolution of the MDT is estimated by examining the residuals between the measured drift radius and
the minimum distance between the fitted muon track and the wire, dpwire, trackq [66].
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Figure 4.11: Illustration of a Fitted Muon Track Passing Through Several Drift Tubes. A muon passing
through a tube filled with gas will generate ionization that will travel to an anode collection wire. Measuring
the drift distance, dpwire, trackq enables the reconstruction of the muon’s trajectory through the drift tubes. This
distance determines the spatial resolution of the drift chambers. Plot is taken from Ref. [66].

This muon tracking algorithm is identical across the 1088 chambers and 339 000 channels, which
comprise the MDT system. The result is a a single-tube resolution of 80 µm and a chamber position
resolution of 40 µm [67]. Extensive work in precisely aligning these large chambers provides the high
level of precision required by the detector.

4.2.4.2 Cathode Strip Chambers

At the larger 2.0 ă |η| ă 2.7 range, the counting rate of particles increases up to 1000 Hz{cm2, which
exceeds the optimal rate for the MDT system (150 Hz{cm2) [68]. In this region, the CSC system replaces
the MDT, where the former is more resistant to this increased rate while offering improved tracking
resolution. The CSC is a multiwire proportional chamber, with cathodes organized into strips. The
detection method of the multiwire chamber in the CSC is similar to the drift tube construction of
the MDT. Detection occurs when a passing particle passes through a gaseous medium, producing an
ionization shower. An anode wire then collects the products of this shower. However, in the case of
the CSC, multiple wires are strung in the radial direction sandwiched between two sets of conducting
plates. A similar gas mixture of Ar{CO2 (80%{20%) fills the volume between the two cathode plates.
ATLAS creates further segmentation by dividing the cathode plates into strips, with strips on one of
the cathode plates running parallel to the direction of the wires and the strips on the other cathode
plate running in the perpendicular direction. A cross-sectional view of the multiwire proportional
chamber is shown in Figure 4.12.
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Figure 4.12: Cross-Sectional View of the Multiwire Proportional Chamber of the CSC. The CSC is a multiwire
proportional chamber comprised of wires and strips running perpendicularly to each other. (Left) shows a cross-
sectional view of the chamber with the wires running into/out of the plane of the page. (Right) shows the rotated
view with the wires now running left/right in the plane of the page. This view shows the strips running into/out
of the plane of the page. The wire pitch s is equal to the spacing between the anode and cathode, s “ 2.54 mm.
The spacing of the readout strips is set at w “ 5.08 mm. This spacing generates a signal produced from a positive
charge to be spread over the 3 ´ 5 strips. Plot is taken from Ref. [4].

The positive charges created through ionization of the gaseous medium move towards the nega-
tive cathodes. The stripes running perpendicularly to the direction of the wires are more segmented
than the strips running parallel to the wires. Therefore, the resolution in the perpendicular strip con-
figuration is 60 µm, an improvement over the 80 µm in the MDT. For the strips running parallel to
the wires, the segmentation is much coarser, resulting in a spatial resolution of 5 mm. The entire CSC
system contains 32 such chambers, each containing four planes of CSC modules and a total of 31000
readout channels. Combining multiple layers enables the assignment of a precise η ´ ϕ coordinate to
each track in a multi-track event.

4.2.4.3 Resistive Plate Chambers

The RPC system is the first of two triggering systems in the ATLAS muon system. RPC modules
have a simple design and good spatial and time resolution. The RPC has a similar construction to
the multiwire proportional chambers of the CSC but without any wires present. Two parallel plate
electrodes create an electric field that collects the charge produced during an ionization event. A gas
mixture of C2H2F4{C4H10{SF6 (94.7%{5%{0.3) fills the space between the electrodes and is the source
of the ionized charges. Two planes of strips, oriented in perpendicular directions, measure both the
transverse (ϕ) and the longitudinal (η) direction. Figure 4.13 shows a module in the RPC system.
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Figure 4.13: Module of the RPC in the ATLAS Muon System. A module of the RPC system contains a plane of
readout strips. A second readout strip plane is oriented perpendicularly to the first plane to create a coincidence
mechanism that can be used for triggering purposes in the barrel region of the muon system. Plot is taken from
Ref. [4].

There are several requirements the trigger system must fulfill: rapid response time (small sepa-
ration between plates to avoid long drift times), bunch-crossing identification, event discrimination
based on muon transverse momentum, and acting as a complementing orthogonal measurement to
the downstream precision trackers described above. In the barrel, ´1.05 ă η ă 1.3, multiple modules
of RPC modules are layers to satisfy these requirements while providing a complete 2π coverage. The
placement of the RPC modules relative to the other triggering detectors in the muon system is shown
in Figure 4.14.
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Figure 4.14: Layout of the RPC and TGC Modules in the Muon Trigger System. The muon trigger system is
comprised of a combination of RPC and TGC modules. Multiple layers of each module type creates a coincidence
system for a trigger that can operate with high efficiency. Plot is taken from Ref. [4].

One of the main tasks of a trigger is to reject fake tracks originating from noise or multiple scattering
events unrelated to the initial hard scatter event. To create a veto system, two RPC plates sandwiching
a MDT create a coincidence scheme in which a track must pass through multiple subdetectors, pro-
ducing multiple η ´ ϕ measurements. Tracks originating from noise may only pass through a single
RPC-MDT layer and would quickly be rejected by such a trigger system. Placing the RPC-MDT pairs
in this coincidence configuration provides a means to separate low and high-pT muons. A low-pT

(6 ´ 9 GeV) muon trigger is created by using a 3-out-of-4 coincidence in the RPC 1 and RPC 2 stations.
A high-pT (9 ´ 35 GeV) muon trigger is created by selecting a 1-out-of-2 coincidence in the outer RPC
3 stations [69].

4.2.4.4 Thin Gap Chambers

The second component of the muon trigger system is the TGC system. These are organized in groups
to provide a means of vetoing tracks that do not originate from the primary collision event. In the
endcap6 (1.05 ă |η| ă 1.92), there are seven layers of TGCs, while the inner region (1.92 ă |η| ă 2.4)
contains two layers of TGC modules. These modules are organized into units and mounted radially to
form a wheel. The ATLAS detector mounts two such wheels, with the big EM wheel positioned farther
away from the interaction point while the small wheel is placed much closer to the interaction point.
Each module of the TGC system is constructed as a multiwire proportional chamber similar to the
chambers installed in the CSC. The ionization source is a mixture of CO2 and n-C5H12 (n-pentane) gas.

6In the Muon Spectrometer, there are two distinguishable regions, the barrel (|η| ă 1) and the end-cap (|eta| ą 1).
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A plane of anode wires collects the negatively charged ions, while readout strips lining the cathode
boards collect the positive ions.

During the long shutdown after the completion of Run 2, the instantaneous luminosity of the LHC
nearly doubled. One of the major challenges of coping with this luminosity was the increase in the
muon trigger rate, which quickly surpassed the readout capabilities of the electronics used in Run 2.
The current muon system was also very susceptible to fakes produced by unwanted interaction in
the dead material between the small and big wheels. To address both of these problems, the New
Small Wheel (NSW) [70] was installed during the long shutdown before the start of Run 3, replacing
the muon system’s current small wheel. The NSW uses two main detector technologies: small-strip
Thin Gap Chambers (sTGC), and Micromegas. The sTGCs are similar to the multiwire proportional
chambers previously installed but with a much smaller strip pitch, hence the name "small-strip". For
Micromegas detectors, the wire plane characteristic of a multiwire chamber is replaced by a fine mesh
which offers greater resolving two-dimensional power than a wire plane. The addition of the Mi-
cromegas technology greatly improves the precision of the NSW. The result is a muon trigger that can
cope with the higher rates of Run 3 while reducing fakes without being detrimental to physics.

4.2.5 Trigger and Data Acquisition

Several reasons necessitate a dedicated Trigger and Data Acquisition (TDAQ) [71] system. Firstly, the
data-readout rate limits the overall efficiency of the trigger. The readout of digitized data beyond
100 kHz will lead to large amounts of deadtime. At this point, storing the data becomes very costly.
Secondly, during collisions, most events contain only soft QCD objects such as quarks and gluons.
These events are characterized by minimal transverse momentum and are unlikely to contain larger
mass SM particles. Events with these soft QCD signatures are generally not very useful for further
analysis as they are unlikely to contain any interesting new physics. Another reason to discard these
events is to reduce the rate of data entering the acquisition system, which will become quickly over-
whelmed by the influx of data. A quick calculation reveals that for the nominal 40 MHz bunch cross-
ing rate and a single event requiring approximately 25 MB of space, there would be approximately 1
petabyte of data streaming in every second. The goal of the TDAQ system is to reduce this rate to a
reasonable rate that the offline data storage center can handle. The data flow from the detector to the
offline data storage is shown in Figure 4.15.
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Figure 4.15: Block Diagram of the ATLAS Trigger and Data Acquisition System. The decision on whether to
keep an event is made by a two-tiered trigger system. The L1 trigger system accepts input from the calorimeters
and the muon detectors. The system rapidly reconstructs physics objects and checks their properties against the
current trigger menu configurations. Successfully passed events and their regions of interest move onto the HLT.
The HLT trigger applies more sophisticated selection algorithms to the physics objects. Events passing this final
trigger level are saved in long-term storage for offline analysis. The result of such a system is a reduction of the
data rate from 40 MHz down to 3 kHz. Plot is taken from Ref. [52].

A two-tier system, comprising a hardware-based Level-1 (L1) trigger and a software-based High-
Level Trigger (HLT) system, makes the decision on which events are deemed interesting or not. A
trigger chain evaluates the event and decides whether to keep or to discard it. A trigger chain refers
to the set of selection criteria that, if passed, will save the event for further study. The set of all trigger
chains operating during a run period is recorded in the trigger menu. An event in the ATLAS detector
is retained and directed to offline storage if it passes any of the trigger chains listed in the trigger menu.
A separate trigger menu exists for the L1 and HLT systems.

4.2.5.1 L1 Trigger

The first level, L1, receives the subset of trigger data flux from the various subsystems at the nominal
40 MHz rate. Decision-making relies on quickly reconstructing hits and clusters into various physics
objects. These include high-pT muons from the muon system, electrons/photons registered in the EM
calorimeters, jets, and taus decaying into hadrons registered in the hadronic calorimeters. Another crit-
ical component of the trigger system is a precise calculation of the Missing Transverse Energy (Emiss

T )
from particles that leave no traces in the detector (e.g., neutrinos). L1 combines these objects and eval-
uates them against the list of trigger chains in the L1 trigger menu. After applying the L1 triggers, the
rate reduces from the input 40 MHz rate down to a maximum of 100 kHz rate, which is then passed
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onto the HLT.

4.2.5.2 High-Level Trigger

Successful events selected by the L1 trigger pass onto the HLT. The HLT accepts these events and
applies complex software-based selection algorithms. Recall that along with the event data, regions
of interest in the detector are also accepted by the HLT. By only applying these algorithms within
the regions of interest, the HLT greatly reduces the computation requirements (computation time,
bandwidth, and data readout) by not exerting any effort on regions with no interesting events. Within
these regions of interest, the HLT has access to the full granularity of the detector to help make its
decisions. The result is that the initial rate of 100 kHz received from the L1 trigger reduces to a final
rate of Op100 Hzq. Events passing the HLT trigger move onto long-term storage for offline analysis.
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CHAPTER 5

Data and Monte-Carlo Samples

Monte-Carlo (MC) simulations play an important role in many aspects of experimental high-energy
physics. One of its main uses is to simulate the expected event yields of various physics processes
according to SM theory. The decay products of the various pp collisions register as electronic signals in
the ATLAS detector. These signal are reconstructed into physics objects such as electrons, muons, jets,
and missing energy. When working with real-life detector events, it is impossible to determine which
of the dozens of physics processes could have resulted in the same detector response. We differentiate
between two types of processes: signal and background. Signal processes originate from the process
of interest (in this case, WWbb production), while background processes are all other processes that
can mimic the signal process by inducing a similar response in the detector.

By simulating background and signal events, analysts better understand the proportions of each in
their kinematic distributions. The kinematic distributions from MC are compared against real ATLAS
data. Regions of phase-space displaying significant discrepancies between real ATLAS data and the
predicted distributions are strong indicators of new physics. Theorists are particularly interested in
these phase-spaces as potential targets requiring further tuning of their models. This chapter describes
the MC process to generate the underlying signal and background events. A description of the various
MC samples used in this analysis will be provided. The data samples correspond to the Run 2 data-
taking period.

5.1 Monte-Carlo Event Generation

MC event generation is the preferred method many high-energy particle physics experiments employ
to predict the expected yields of their kinematic distributions. In broad terms, MC experiments refer to
the class of computational algorithms that uses random sampling to produce many numerical results
to solve a problem that would otherwise require a complex calculation. The MC method is prevalent
among particle physicists because the basic algorithms are built on a foundation of probability. Given
that particle physics processes are probabilistic by nature (e.g., amplitudes, cross-sections, branching
ratios, etc.), the MC method is well-suited for simulating these processes. The sequence of steps in
the MC event generation chain is introduced below, with a more detailed description of each step to
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follow.

Hard Subprocess The Hard Subprocess describes the initial hard-scatter interaction between con-
stituents of the colliding particles. In the pp context, constituent quarks and gluons of colliding
protons interact to produce other SM particles.

Parton Showering Partons carrying color produced during the Hard Subprocess, such as quarks and
gluons, can radiate additional quarks and gluons. These additional particles can lead to a cascade
of successive emissions known as a parton shower. Each successively emitted parton carries less
and less energy.

Hadronization Partons undergo Hadronization upon reaching a critical energy during the parton
showering step. At this point, the strong interaction coupling increases enough to bind individ-
ual partons into colorless hadrons.

Multiple Particle Interactions Besides the primary hard-scatter interaction, additional partons in the
hadron can also interact. The additional partons can interact in secondary collisions concurrent
with the primary interaction. These multiple parton interactions produce the underlying event.

Hadron Decay Following Hadronization, the hadrons produced are mainly unstable. This final step
concerns the decay of these hadrons into their final state daughter particles.

The final daughter particles from this sequence pass through a simulated ATLAS detector. Generally,
a particle’s mass is inversely proportional to its decay time. Therefore, heavy particles such as top-
quarks and W/Z-bosons will decay before reaching the detector. Stable particles, such as electrons,
muons, and jets, produced in the initial interaction or from an intermediate decay, will reach the de-
tector and leave a signal. The virtual signals from this simulated detector represent the best theoretical
prediction of a physics event, which could also be observed in the real ATLAS detector. There are
various general-purpose and specialized event generators on the market, characterized by different
implementations of event generation. The three main programs used for simulating the hard-scatter
process are SHERPA, PYTHIA, and HERWIG.

5.1.1 Cross-Section Calculations

Before any simulations, a calculation of the cross-section of the process of interest is performed. For
example, one can calculate the top-quark pair production process via quark-antiquark annihilation (qq
Ñ tt) following the Feynman rules from the QCD Lagrangian. From here, the scattering amplitudes,
matrix elements, and cross-section for this event can all be computed. 2 Ñ 2 (2 input partons and
2 output partons) processes, such as qq Ñ tt, are relatively simple to compute. When one includes
more partons in the final state (e.g., 2 Ñ n, n ą 2), the cross-section calculation complexity increases.
Further difficulties arise when one includes higher-order corrections to these processes, which may
include intermediate self-interactions in the form of loops. As a result, the number of contributing
diagrams increases exponentially as one moves to higher and higher orders, which is an analytical and
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computational hurdle. The benefit of including these higher-order corrections is a far more accurate
prediction. As shown previously in Figure 2.4, the addition of NLO corrections can drastically change
the distribution of certain physical observables.

5.1.2 Hard Subprocess

The probability of an event occurring is directly proportional to the cross-section of the underlying
process. Physicists compute these cross-sections perturbatively up to a particular order in perturbation
theory. The cross-sections need to be derived for all physics processes of interest. The next step is to
enter the cross-sections into the event generator to encode the production probabilities. Often, the
cross-section depends on measurable quantities (i.e., mass, energy, momentum, decay angle, etc.).
Therefore, in practice, a certain phase-space is defined using these quantities when making differential
cross-section measurements. Integration of the quantities over the complete phase space gives the total
cross-section value [72].

The hard subprocess defines the first step in event generation. In this step, interactions between
partons of the simulated colliding hadrons form the basis of the hard process of interest. The momenta
of the interacting partons are selected by drawing from known Parton Distribution Functions (PDF).
These functions are probability densities that define the probability of finding the parton carrying a
certain fraction of the total momentum of the hadron. Different collaborations have previously tab-
ulated these PDFs. A commonly used PDF set comes from the NNPDF collaboration, which uses
a neural-network approach. These PDFs are constrained using measurements from many different
physics processes. The set of physics processes include deep-inelastic scattering, Drell-Yan processes,
inclusive jet production, heavy quark production, and electroweak boson production, among others
[73]. The interaction of any color-carrying partons can initiate the next step in the simulation, parton
showering.

5.1.3 Parton Showering

When simulating events at the same energy scales as the LHC, each of the incoming partons carries
a large momentum. The resulting hard subprocess event involves large momentum transfers to the
outgoing partons, meaning the outgoing partons are substantially boosted relative to the lab frame.
Color-carrying partons undergoing this rapid acceleration will emit QCD radiation as gluons. This
radiation is the QCD analog of the corresponding QED Bremsstrahlung process, where an accelerating
electron will radiate a photon. Unlike photons, a gluon carries color and can initiate a cascade of
further radiation, creating a parton shower. Each radiated generation of partons carries less and less
momentum than the previous generation of partons. Once the partons reach a critical energy, color
confinement effects dominate, and parton showering stops.

If we consider the near-collinear splitting of a parton of type i into j ` k, the differential cross-section
of the n ` 1 parton system (dσn`1) can be computed perturbatively at leading order [74].
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dσn`1 « dσn
αs
2π

dθ2

θ
dzdϕPjipz, ϕq (5.1)

where dσn is the n-parton differential cross-section, αs is the strong coupling constant , θ is the polar
angle, and ϕ is the azimuthal angle. Finally, Pji is the splitting function that measures the probability
of parton i with momentum fraction z to evolve into a parton of type j. Eq. 5.1 can be applied to each
colored parton from the hard subprocess to iteratively generate a complete parton shower, where the
values of z, θ, and ϕ are generated using MC for each step.

An important feature relevant to the progression of the parton shower is the evolution variable.
This variable characterizes the progression of the parton shower over momentum scales. The choice of
the evolution variable depends on the specific MC generator used, with the simplest variable being the
virtuality (squared mass of the virtual partons in the shower, q2). The evolution variable determines
the momentum cutoff to terminate the parton showering. This point is the infrared cutoff, which is
defined as the point where the evolution variable falls below the hadronization scale, q2

ă Q2
0 „ 1

GeV2.
The evolution variable enters into the Sudakov form factor. This factor accounts for quantum loop
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The bounds of integration in the Sudakov form factor describe the range in which the splitting is
resolvable. Contributions with too little energy or at too small an angle are unresolvable and are not
included in the parton shower. As written, the Sudakov form factor describes a Markov process where
the characteristics of the next iteration depend only on the state of the current iteration. Starting at an
initial state, Q2, the next evolution variable q2

1 is computed by solving the following equation.

∆ipQ2, q2
1q “ R1 (5.3)

In the above, R1 is a random number uniformly generated in the interval r0, 1s. This random number
aims to introduce the inherent randomness characteristic of a parton shower. If the computed q2

1 value
is less than the infrared cutoff, Q2

0, the splitting between partons is unresolvable and the showering
terminates. Otherwise, the splitting proceeds as i Ñ j ` k and the Sudakov form factors are calculated
identically for partons j and k, ∆j,kpq2

1, q2
2q “ R2. This process continues until all splittings fall below

the critical cutoff and are no longer resolvable. The values of z and ϕ at each splitting are selected using
MC using the pre-determined probability distributions Pjipz, ϕq, assuming z falls inside the allowed
ranges set in the Sudakov form factors.

The calculation of q2 and z for each parton allows a near-complete reconstruction of the kinematics
of the parton shower. In practice, modifications to the Pji functions do not allow an analytical solution
to the Sudakov integrals and different techniques must be used to overcome this hurdle. For example,
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recent versions of PYTHIA and SHERPA use a dipole evolution model to simulate the parton showers.
A dipole in this context is a pair of matching color-anticolor partons, and the radiation occurs as the
dipole radiates away a parton. This model simplifies shower implementations and agrees well with
real data [75].

5.1.3.1 General-Purpose vs. ME/NLO+PS Event Generators

At this point, it is necessary to point out that MC generators generally fall under two categories:
General-Purpose Monte-Carlo (GPMC) generators, and Matrix-Element (ME)/Next-to-leading-Order
(NLO) combined with parton shower (PS) matching generators. GPMCs, as their name implies, are
among the most common and widely-used type of MC generators available in high-energy physics.
GPMCs offer a complete simulation of the physics processes by implementing the complete MC event
generation, including the hard-scattering process, parton showering, hadronization, and the underly-
ing event.

On the other hand, the ME/NLO + PS generators begin with an extremely precise calculation
of the matrix-elements of the various hard subprocesses. This results in a precise model for well-
separated jet products but is less accurate when the jets are collinear and soft. These soft jets fall
under the regime where parton showering models in GPMCs perform well. As discussed above,
GPMCs simulate the parton showering using a perturbative approach. Therefore, to get the best of
both worlds, a ME/NLO generator is first used to compute the matrix-elements of the hard subprocess.
The products are then interfaced (matched) to a GPMC to perform the parton showering step. For
example, in this analysis, the POWHEG BOX v2 generator is used to compute the matrix-elements of
the various physics processes, but the parton showering and hadronization are handled by PYTHIA 8.
A complete table of the MC samples used in this analysis is provided later in this chapter.

5.1.4 Hadronization

Upon reaching the infrared limit, the parton shower terminates as the perturbation theory that governs
the evolution of the parton shower breaks down. The simulation enters a non-perturbative regime in
which confinement effects dominate, and the final generation of partons forms the observed final state
hadrons. Perturbation theory is not applicable in this regime, and developing an exact theory to de-
scribe hadronization has yet to be successful. There are two choices for modeling the hadronization.
The Lund string model [76] connects quark-antiquark pairs by a string representing the color field
between the quark and antiquark. The quark-antiquark pair can move apart, "stretching" the string.
The string eventually breaks and creates a new quark-antiquark pair at the breakpoint. String forma-
tion continues until it is energetically-unfavorable to create another string and the existing quarks and
antiquarks then form the color-neutral hadron. The second model is the Cluster model [77], which
roughly assumes that a local cluster of quarks and antiquarks can be grouped into a colorless cluster.
This cluster, known as a proto-hadron, then decays into the final state observed hadrons.
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5.1.5 Multiple Particle Interactions

For events containing a hard subprocess event, additional hadronic activity are characterized by par-
tons not participating in the initial hard-scatter interaction. These interactions do not generate the high
transverse momentum objects characteristic of the hard-scatter. Softer interactions still contribute to
the total momentum transfer of the event and are collectively described as the underlying event. One
of the most common interactions relevant to hadron colliders is t-channel gluon-gluon elastic scatter-
ing, gg Ñ gg (and similar variations). Models of the underlying event build upon this basic process.
In the soft QCD regime, this process is modeled perturbatively. The t-channel propagator for this pro-
cess is forced (almost) on-shell, resulting in the differential cross-sections to increase sharply at low
energies [72].

dσ2Ñ29
dt

t2 „
dp2

T

p4
T

(5.4)

This cross-section represents a single parton-parton interaction in a hadron-hadron scattering event.
Each additional parton-parton interaction in the same hadron-hadron scattering event will contribute
twice to the parton-parton cross-section σ2Ñ2 but only once to the hadron-hadron cross-section, σtot.
If all of the parton-parton interactions are independent, then the 2 Ñ 2 cross-section is expected to
behave as follows.

σ2Ñ2ppT,minq “ xnyppT,minqσtot (5.5)

The cross-section for parton-parton scattering scales according to the average number of parton-parton
interactions, xnyppT,minq. This number, in the case of hadron-hadron scattering, could be greater than
one. Additionally, the parton-parton interaction must have a minimum transverse momentum, pT ą

pT,min so that the parton-parton cross-section remains finite. The probability for n parton-parton scat-
terings follows a Poisson distribution.

Pn “ xny
n

«

e´xny

n!

ff

(5.6)

As written, unitarity is not violated in the limit pT,min Ñ 0. Instead of the parton-parton cross-section
diverging, the expected number of interactions in the collision diverges. There are several techniques
to handle this divergence. Naturally, the total momentum of the interactions cannot exceed the mo-
mentum of the parent hadron. Therefore, a cutoff in the number of interactions suppresses events with
high-n. PYTHIA orders the soft QCD interactions by pT. Then, the parton distributions for each succes-
sive interaction are explicitly constructed so that the sum of the momentum fractions in each parton is
never greater than unity. In HERWIG, the expected number of interactions according to Poisson statis-
tics, xny, is used as an initial guess. Interactions continue to be generated until the energy-momentum
conservation limit is reached.

The color screening effect is needed as a secondary factor to regulate the divergence. Screening
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refers to a phenomenon where the interactions between partons are weakened or screened at low en-
ergy scales. At these scales, the result is that individual partons become indistinguishable. To account
for color screening, the following factor is introduced in various MC generators.

α2
s pp2

T,0 ` p2
Tq

α2
s pp2

Tq

p4
T

pp2
T,0 ` p2

Tq
2 (5.7)

In the above, αs represents the strong coupling constants, and pT,0 is a free parameter that must be
tuned to data. Theorists tune the strong coupling constants in their models to constrain the divergence.

5.1.6 Hadron Decay

The final stage of event generation involves the decay of any unstable final-stage hadrons created dur-
ing the hadronization step. The PDG contains much of the information needed to accurately describe
parton decays, decay widths, branching fractions, cross-sections, etc. However, it is not as trivial as
simply keying in all the different parameters of the PDG. One must make several distinct choices
regarding what to include in the simulation. Analysts must first define the set of hadrons to be gener-
ated. In doing so, one must be careful to avoid any biases toward certain parton flavors. As a result,
all variations of spin and parity must be included for some flavor multiplets. When deciding which
hadrons to include, another challenge arises from the difficulties of modeling properties of theoretical
flavor states that have yet to be experimentally verified. Once the set of hadrons has been defined, it
is then necessary to define the set of acceptable decays and how exactly to simulate these.

5.1.7 Detector Simulation

The decay products from the hadron decays pass through a simulated detector geometry implemented
in GEANT4 [78]. The particles pass through the simulated detector, registering their energy deposits
on simulated detector components. The data acquisition chain digitizes the signals and applies the
reconstruction algorithms. The same reconstruction algorithms applied to data are also applied to MC
to produce the final dataset. The result is a dataset that contains an identical set of information that
would be output by the real-life ATLAS detector. From here, an analyst compares the distributions of
the simulated physics observables against the same distributions obtained from real data and notes
any significant discrepancies.

5.1.8 Detector, Parton, Particle-Level

These terms correspond to the types of objects one can expect to obtain from a complete MC dataset.
A MC production allows analysts access to the initial list of generated particles and their daughters
(also known as the truth record), which would not otherwise be possible with real detector data. The
following is a description of each of the different terms.

Detector-Level This level refers to the set of physics objects registered by the detector after passing
through the reconstruction chain. The data at detector-level provides the most accurate pre-
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diction of the response that an identical response would produce in the real ATLAS detector.
Detector-level objects are available in both MC and real data.

Particle-Level This level refers to the record of final state quasi-stable particles before entering the
detector. This record includes many of the same objects found at detector-level such as jets (fol-
lowing hadronization of quarks and gluons), leptons, and photons. It is also possible to recon-
struct parent objects at particle level where the same algorithms at detector-level are applied at
the particle-level using particle-level objects. For example, the reconstruction of a particle-level
W uses the same detector-level algorithms but uses particle-level objects as input.

Parton-Level This level refers to the theoretical description of SM processes for the first generation
of daughters originating from the pp-collision. These mainly include many of the unstable ele-
mentary particles before decay. For example, in this analysis, parton-level objects may include
top-quarks, bottom-quarks, and W-bosons produced immediately following the primary inter-
action.

There are several advantages to keeping a truth record during MC production: (1) allows opportunities
to refine analysis algorithms while being able to compare to a "known solution", (2) maintains a record
of different particle properties, which can then be used for later identification (e.g., parent/daughter
particles), (3) facilitates the calculation of difficult to reconstruct objects such as missing energy and
neutrinos which relies on complex algorithms in real data and (4) provides the opportunity to evaluate
the detector response to that type of object through the use of a migration matrix.

5.1.9 Monte-Carlo Reweighting and Scaling

When comparing distributions between data and MC, the data events are always filled using a weight
of 1. For MC events, the weight can be a continuous range of numbers and can even be negative.
Several reweighting factors account for generator, detector, and reconstruction effects, which often
differ between data and simulation1.

Generator Weight (wgen) This weight varies between MC generators and is applied to correct for var-
ious generator effects. Corrections may include removing double-counted events, accounting for
QCD corrections at higher-orders in the calculation, and adjusting the simulated events’ overall
normalization to match measured cross-sections

Pileup Reweighting Weight (wprw) This weight is applied to account for the effects of pileup inter-
actions in the simulation. The weight ensures the distribution of pileup events in the simulation
accurately reflects the same conditions in the real ATLAS detector.

Lepton Scale-Factor Weight (wℓ) This SF weight accounts for various efficiencies associated with the
reconstruction of leptons in the simulation.

1During event generation, certain simulation characteristics can differ significantly from the observed or expected behavior. To
adjust the simulated events to match experimental observations better, a Scale-Factor (SF) is derived. The SF is computed as
the ratio of the efficiency in data (ϵdata) to the efficiency in simulation (ϵMC), SF “ ϵdata{ϵMC.
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Jet Vertex tagger Weight (wjvt) This weight accounts for inefficiencies associated with the Jet Vertex
Tagger (JVT)2 discriminant.

b-tagging Scale-Factor Weight (wbtag) The b-tagging algorithm labels certain jets as originating from
b-quarks or other lighter-mass quarks. This SF weight is applied to account for differences in
b-tagging efficiencies between data and simulation.

The total event weight is the product of these individual factors.

wtotal “ wgen ˆ wprw ˆ wℓ ˆ wjvt ˆ wbtag (5.8)

In addition to the event-by-event weights, the contents of each bin must be scaled to the same inte-
grated luminosity of the data sample (Ldata). This second multiplicative factor (M) is again a combi-
nation of different factors.

M “
Ldata
LMC

(5.9a)

LMC “

ř

i Wi
σ ¨ ϵ ¨ k

(5.9b)

The individual factors in the above equation are described as follows.

Total Sum of Weights (
ř

i Wi) The total sum of weights is a normalization factor that counts the to-
tal (weighted) number of generated events. To compare against other MC generators, the total
number of weighted events is often not a useful quantity and is therefore divided away.

Cross-Section (σ) This variable refers to the generator-specific cross-section value for the process of
interest. These values vary from generator to generator because of differences in theoretical
models, algorithms, input parameters, and handling of non-perturbative effects such as multiple-
parton interactions.

Generator Filter Efficiency (ϵ) This efficiency factor is associated with filters applied during event
generation. If the generator produced events with no specific biases, this factor will be 1. How-
ever, filters will sometimes be applied to remove events that do not pass certain criteria or are
otherwise uninteresting for further analysis.

k-Factor (k) This factor accounts for any higher-order processes omitted in the theoretical calculations.
During event generation, a certain accuracy in perturbative QCD is assumed for theoretical pur-
poses. However, for processes where higher-order QCD terms are more impactful, the k-factor
is used to correct from NLO to Next-to-Next Leading Order (NNLO). Like the generator weight

2The Jet Vertex Tagger is designed to improve the identification and rejection of jets originating from pileup. It does this by
considering the fraction of tracks associated with the jet coming from the primary vertex. Then, it combines this with additional
information, such as the scalar pT sum of the tracks associated with the jet. These variables are entered into a likelihood
algorithm to construct the JVT discriminant. See Ref. [79] for more details.



66 CHAPTER 5. DATA AND MONTE-CARLO SAMPLES

described above, the k-factor may or may not be unity depending on the specific MC generator
used.

5.1.9.1 Statistical Uncertainties

The statistical uncertainty on each histogram bin depends on whether the histogram is filled with
weighted or unweighted events. Assuming that each event is independent, the height of a bin is
distributed according to Poisson statistics. Given bin i with height hi, the uncertainty on the height of
bin i (σi) will be the standard deviation of a Poisson distribution with an expected value of hi, σi “

a

hi.
The Poisson uncertainty applies for unweighted events, as is the case when filling histograms with real
data. For weighted events, the uncertainty on the height of bin i instead follows Binomial statistics.
The uncertainty on the height of bin i is computed by taking the square root of the sum of the weights

squared, σi “

b

ř

j w2
j where the inner sum runs over all events j that fall into bin i.

5.2 Data Samples

This analysis uses the full Run 2 dataset, which collected 140 fb´1. During normal LHC operations,
certain issues can arise which can negatively affect the performance of the ATLAS detector. The Good
Runs List (GRL) records luminosity blocks that are deemed acceptable for analyses for each active
data-taking year. Table 5.1 lists the integrated luminosity and GRLs for each data-taking year.

Table 5.1: Run 2 Integrated Luminosity and GRL Summary. The integrated luminosity collected and GRL are
shown for each year of the Run 2 data-taking period. The uncertainties correspond to the total uncertainty on the
measured integrated luminosity figures.

Year Int. Lumi. (fb´1) GRL

2015 3.24 ˘ 0.04 data15_13TeV/20170619/physics_25ns_21.0.19.xml

2016 33.40 ˘ 0.30 data16_13TeV/20170605/physics_25ns_21.0.19.xml

2017 44.63 ˘ 0.50 data17_13TeV/20180619/physics_25ns_Triggerno17e33prim.xml

2018 58.79 ˘ 0.64 data18_13TeV/20181111/physics_25ns_Triggerno17e33prim.xml

Run 2 140.07 ˘ 1.17

5.3 Monte-Carlo Samples

This section describes the dominant MC processes contributing to the WWbb final state. There are three
categories of sample types: (1) the nominal signal samples constitute the primary events of interest, (2)
the alternative signal samples used to evaluate modeling systematic uncertainties and comparing with
data, and (3) the nominal background samples whose events can potentially mimic the characteristics
of signal events but are not the main events of interest. Table 5.2 lists the characteristics for each MC
sample.
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Table 5.2: Summary of Monte-Carlo Samples used in the Analysis. The various Monte-Carlo samples used to simulate the dominant physics
processes are listed. The MC samples are organized into nominal, alternative, and background samples. The nominal signal and background samples
are used to perform the main analysis such as filling control distributions and migration matrices used to perform the unfolding. The alternative
samples are included in the final unfolded differential cross-sections as comparisons to data. The first column lists the dominant physics processes
considered in the analysis. The second column corresponds to the labels used to refer to the different samples in the plots in the remainder of the
document. The remaining columns list the generators and a selection of various defining parameters used in the simulation of each sample. These
columns are briefly introduced after the table.

Nominal Signal Samples
Physics Process Legend Entry(s) Generator PDF Parton Shower & Hadronization Tune σ Norm. [pb]

tt PH`PYTHIA 8 POWHEG BOX v2 NNPDF3.0NLO PYTHIA 8.230, NNPDF2.3LO A14 832`41
´51

tW (DR, DS) PH`PYTHIA 8 (DR, DS) POWHEG BOX v2 NNPDF3.0NLO PYTHIA 8.230, NNPDF2.3LO A14 71.7 ˘ 3.8

Alternative Signal Samples
Physics Process Legend Entry(s) Generator PDF Parton Shower & Hadronization Tune σ Norm. [pb]

tt aMCNLO`PYTHIA 8 MADGRAPH 5 _aMC@NLO 2.3.3 NNPDF3.0NLO PYTHIA 8.230, NNPDF2.3LO A14 832`41
´51

PH`HERWIG 7.1 POWHEG BOX v2 NNPDF3.0NLO HERWIG 7.1.6, MMHT2014LO H7.1-Default 832`41
´51

MINNLO POWHEG BOX v2 NNPDF3.0NNLO PYTHIA 8.230, NNPDF2.3LO A14 832`41
´51

tW (DR, DS) aMCNLO`PYTHIA 8 (DR, DS) MADGRAPH 5 _aMC@NLO 2.3.3 NNPDF3.0NLO PYTHIA 8.230, NNPDF2.3LO A14 71.7 ˘ 3.8
PH`HERWIG 7.1 (DR, DS) POWHEG BOX v2 NNPDF3.0NLO HERWIG 7.1.6, MMHT2014LO H7.1-Default 71.7 ˘ 3.8

Background Samples
Physics Process Legend Entry(s) Generator PDF Parton Shower & Hadronization Tune σ Norm. [pb]

W+ jets W+ jets SHERPA 2.2.11 NNPDF3.0NNLO SHERPA SHERPA 20100 ˘ 1000
Z + jets Other V/VV SHERPA 2.2.11 NNPDF3.0NNLO SHERPA SHERPA 1906 ˘ 95
Diboson (VV) Other V/VV SHERPA 2.2.2 NNPDF3.0NNLO SHERPA SHERPA 211 ˘ 8
s-channel single-top (no tW) Other t POWHEG BOX v2 NNPDF3.0NLO PYTHIA 8.230, NNPDF2.3LO A14 6.35`0.23

´0.20
s-channel single-anti-top (no tW) Other t POWHEG BOX v2 NNPDF3.0NLO PYTHIA 8.230, NNPDF2.3LO A14 3.97`0.19

´0.17
t-channel single-top (no tW) Other t POWHEG BOX v2 NNPDF3.0NLO PYTHIA 8.230, NNPDF2.3LO A14 134.2`2.6

´1.7
t-channel single-anti-top (no tW) Other t POWHEG BOX v2 NNPDF3.0NLO PYTHIA 8.230, NNPDF2.3LO A14 80.0`1.8

´1.4
ttV Other t MADGRAPH 5 _aMC@NLO 2.3.3 NNPDF3.0NLO PYTHIA 8.230, NNPDF2.3LO A14 1.5 ˘ 0.1
ttH Other t POWHEG BOX v2 NNPDF3.0NLO PYTHIA 8.230, NNPDF2.3LO A14 0.51 ˘ 0.05
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The following is a description of the columns in Table 5.2.

Physics Process The particular physics process the sample is modeled after.

Legend Entry(s) The label(s) that will be used to refer to each MC sample later in the document. The
same physics process may have different legend entries corresponding to different generators.

Generator The program used to model the various processes and compute the corresponding ma-
trix elements. In this analysis the GPMC generators include SHERPA [80], PYTHIA [81], and
HERWIG [82, 83]. The ME/NLO generators include POWHEG BOX v2 [84–87] and MADGRAPH 5
_aMC@NLO 2.3.3 [88]. The MINNLOps sample [89] combines for the first time QCD corrections
at NNLO for the tt process and parton shower models implemented in PYTHIA. This approach
has been validated to agree well with ATLAS and CMS data for various tt decay modes [90]. The
resulting corrections are in the order of Op10%q relative to the NLO predictions.

PDF The PDF set used as input into the generator. The accuracy of the PDF set is also identified in
its name. As discussed previously, various collaborations make the PDF sets available. The PDF
sets used in this analysis include NNPDF3.0NLO and NNPDF3.0NNLO [91].

Parton Shower & Hadronization The program which models and simulates the parton showering
and hadronization processes. If available, the PDF set used for this step of the simulation is also
listed. The following generators are used in this analysis to simulate the parton showering and
hadronization: PYTHIA 8.230, HERWIG, and the default SHERPA parton showering model [92].
As input to the parton showering, the following sets of PDFs are used: NNPDF2.3LO [93] and
MMHT2014LO [94].

Tune The tune corresponds to the set of parameters to control the various steps of the MC generation
process. A specific tune is chosen for parameters that cannot be analytically calculated (generally
non-perturbative) to ensure better agreement between simulation and data. The set of generator
tunes includes A14 [95], H7.1-Default [96] and the default SHERPA tune.

σ Norm. rpbs The generation of MC events needs to be normalized to the cross-sections expected at a
certain center-of-mass energy. The values in this column correspond to cross-sections expected at
the Run 2 center-of-mass energy of

?
s “ 13 TeV. These values are extracted from Refs. [97–101].

5.4 Fixed vs. Dynamical Scaling

A commonly tuned parameter associated with the hard-scatter simulation is the POWHEG hdamp pa-
rameter. The definition for this parameter is hdamp “ h ¨ mtop with the h values ranging from 0.5 ´ 3.0.
hdamp is associated with the computation of the NLO QCD matrix elements and matching with the
subsequent parton showers [102]. This analysis uses a nominal hdamp parameter, hdamp “ 1.5mt.

The hdamp parameter is often associated with the tuneable renormalization and factorization scale
parameters, µr and µf, respectively. These scales are introduced into perturbative QCD calculations to
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handle certain types of divergences that arise when calculating the cross-section matrix elements. In
practice, the µr and µf scales are used to estimate the uncertainties associated with the modeling and
generation of Initial State Radiation (ISR) and Final State Radiation (FSR). To evaluate the effects of
renormalization and factorization, µr and µf are varied by 0.5 or 2.0 times the default value (µ0) [102].

The choice of the default value of the µr and µf scales can affect the final (top-quark) cross-section
calculations [103]. The µr and µf scales can be fixed or dynamically scaled. Nominally, the default
value for µr and µf is fixed to the mass of the top quark (mt “ 172.5 GeV). However, one can also
dynamically set the value of µr and µf depending on the kinematics of the process being simulated.
Eqs. 5.10a–5.10d lists several functional forms for the dynamical scale.

µ0 „ mT “

b

m2
t ` p2

T (5.10a)

µ0 „ HT “

b

m2
t ` p2

T,t `

b

m2
t ` p2

T,t (5.10b)

µ0 „ H1
T “

b

m2
t ` p2

T,t `

b

m2
t ` p2

T,t `
ÿ

i

pT,i (5.10c)

µ0 „ ET “

c

b

m2
t ` p2

T,t

b

m2
t ` p2

T,t (5.10d)

In the above, pT is the momentum of the top or the anti-top while the sum in Eq. 5.10c runs over all
massless partons in the final state. Figure 5.1 plots the total top-quark pair inclusive cross-sections
evaluated with the different dynamic scales and with two different PDF sets, MSTW2008NNLO [104]
and NNPDF3.0NNLO [91].

(a) MSTW2008NNLO. (b) NNPDF3.0NNLO.

Figure 5.1: Total tt Cross-Sections Computed with Different Dynamic Scales and PDF Sets. The total cross-
section for tt production is computed by varying the default values of different dynamic scales and two separate
PDF sets, (a) MSTW2008NNLO and (b) NNPDF3.0NNLO. Each curve has been normalized to the NNLO +
NNLL cross-section computed using the respective PDF set and the fixed µ0 “ mt. The plot is used to evaluate
the convergence speed for the different choices of dynamic scales. Plot is taken from Ref. [103].

The authors of Ref. [103] emphasize that the best choice of the dynamic scale is the one that pro-
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duces the fastest perturbative convergence to the total cross-section computed with the fixed scale
(at NNLO`NNLL). In this context, convergence is defined as the difference between the total cross-
section computed with the dynamic scale and the total cross-section computed with the reference scale.
Using this metric to evaluate the different dynamic scales yields the best choice of scale as µ0 “ mT

and µ0 “ HT{2, which occurs at approximately µ “ µ0{2. In this analysis, the dynamic scale shown
in Eq. 5.10a is used to produce the single-top DR and DS samples. In later plots, both the fixed and
dynamic scales are shown, referred to in the legend as tW (DR/DS, fix.) and tW (DR/DS) respectively.



CHAPTER 6

Object Reconstruction and Definition

The main goal of the ATLAS detector is to collect all information associated with the proton-proton
collision event. The collision products appear as electronic signals in each detector subsystem. The
detector’s job is to translate these electronic signals into their corresponding physics objects. These
baseline objects and their kinematics form the foundation for this and many other analyses. This
chapter will describe the methods through which ATLAS reconstructs physics objects on an event-
by-event basis. There will also be a description of the reconstruction of the leptonic and hadronic
W-bosons, which are a particular focus of this analysis. Finally, we describe the fake-factor method as
the preferred method for estimating the background due to fake leptons.

6.1 Baseline Objects Reconstruction

The ATLAS reconstruction chain is a step-by-step process that transforms the raw electronic signals
from the millions of read-out channels into meaningful information about the particles produced in
the collision event. The reconstruction software identifies clusters of hits that are likely associated
with the passage of a particle. During track reconstruction, multiple clusters are aligned to reconstruct
the trajectory of a particle as it moves through the detector. Next, vertex reconstruction extrapolates
particle trajectories backward to a common point in space. This process defines the primary vertices
originating from the hard-scatter event and secondary vertices from intermediate particle decays. Par-
ticle identification combines all this information to label particles (electrons, muons, hadrons, etc.).
In its most basic form, particle identification uses the fundamental characteristics to deduce the most
likely particle candidate. Even more sophisticated algorithms are applied to differentiate between
closely related particles. Figure 6.1 plots the stability of various SM particles. These variables are used
extensively in particle identification.
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Figure 6.1: Mass, Lifetime and Stability of Various Standard Model Particles. Particle identification algo-
rithms rely on accurate measurements of fundamental properties to accurately label particles. These properties
are plotted for various Standard Model particles as a function of the mass (m), proper lifetime (τ), the average
distance traveled (cτ), and a dimensionless relativistic quantity (γβ{pc). The particles are further categorized by
their stability and "promptness" of their decay in the detector. This property is especially useful for identifying
decaying B-mesons during jet-tagging. Plot is taken from Ref. [20].

This section describes the identification and reconstruction of the physics objects relevant to this
analysis. For each baseline object, the specific kinematic and quality requirements are also listed1.

6.1.1 Primary Vertex

In the context of the collision, a vertex refers to the point from which a set of tracks originate. There can
be many vertices in the same event. However, the primary vertex is defined as the vertex carrying the
largest sum of squared transverse momenta of the tracks associated with it,

ř

p2
T. A primary vertex

(with sufficient total transverse momentum) in the event is often enforced to minimize contributions
from pileup and other non-collision events. In ATLAS, the procedure for vertex reconstruction is an
iterative process beginning by identifying a set of viable particle trajectories [105]. The first iteration
fits the tracks to the best vertex position, after which any incompatible tracks (tracks not associated
with the specific vertex) are removed, and a new best vertex position is calculated. The next iteration
proceeds identically with this new best vertex position, removing incompatible tracks. This process

1The requirements described for each baseline object are based on Run 2 recommendations from the various ATLAS Combined
Performance and Trigger groups listed in https://twiki.cern.ch/twiki/bin/view/AtlasProtected/AtlasPhysicsRun2Pl
anning2019 and https://twiki.cern.ch/twiki/bin/view/Atlas/TriggerRecommendationsForAnalysisGroupsFullRun2.

https://twiki.cern.ch/twiki/bin/view/AtlasProtected/AtlasPhysicsRun2Planning2019
https://twiki.cern.ch/twiki/bin/view/AtlasProtected/AtlasPhysicsRun2Planning2019
https://twiki.cern.ch/twiki/bin/view/Atlas/TriggerRecommendationsForAnalysisGroupsFullRun2
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continues until no unassociated tracks remain in the event or no additional vertices can be found. The
primary vertex is the vertex with the largest sum of transverse momentum.

6.1.1.1 Primary Vertex Requirements

We require one primary vertex with at least two associated tracks each with transverse momentum
greater than 500 MeV.

6.1.2 Electrons

ATLAS reconstructs an electron candidate by combining clusters of cells in the EM calorimeter with
tracks from the Inner Detector [106]. Electron candidates are then calibrated to account for specific
detector effects applied at the time of reconstruction. To accommodate many varieties of analyses,
the electrons are then grouped into various working points identified by stringency of the selection
criteria, also known as the identification and isolation criteria.

6.1.2.1 Electron Reconstruction

The first step in electron reconstruction is the topological cell clustering algorithm. This algorithm
generates a set of topo-clusters: a group of calorimeter cells with sufficiently high energy. It starts with
a seed cell and iteratively adds neighboring cells if they exceed a significance threshold ςcell

2, defined
as the ratio of the energy of the cell (Ecell) to the noise value in the cell σnoise,cell. The usefulness of topo-
clusters extends beyond electron reconstruction. Topo-clusters are also used in the reconstruction of
other objects which interact with the calorimeters, such as photons and missing energy (Emiss

T ).

ςcell “

ˇ

ˇ

ˇ

ˇ

Ecell
σnoise,cell

ˇ

ˇ

ˇ

ˇ

(6.1)

At the same time the topo-clusters are being formed, the track reconstruction algorithm runs to build
tracks using hits from the Inner Detector [107]. Charged particle interactions in the pixel and SCT
detectors register as clusters from which three-dimensional measurements known as space-points can
be created. Multiple space-points are then combined to form a track seed which can be fit with a
known model (pion hypothesis) for energy loss within detector materials. The track can fail the fit to
the pion hypothesis, in which case the solution is to fall back on a model which gives more room for
energy loss due to bremsstrahlung. To better account for energy losses in the material, a Gaussian-
Sum Filter (GSF) [108] is applied. The GSF uses a weighted sum of Gaussian functions to describe the
material-induced losses. Successive losses in energy cause the charged particle’s radius of curvature
to decrease. The GSF method improves track parameters relevant to the bending plane. The result is a
GSF-track candidate from a passing charged particle.

2The absolute value of the cell significance is used because it is possible for cell signals to be negative. These negative cell signals
are the result of fluctuations arising from pileup and electronic noise. However, cells with negative signals can still enter into a
topo-cluster. These cells improve noise suppression by balancing out random positive (upward) noise fluctuations.
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After identifying a set of topo-clusters and tracks, the matching between clusters and tracks can
proceed. A cluster-track combination is considered matched if the following spatial conditions are
satisfied: |ηcluster ´ ηtrack| ă 0.05 and ´0.10 ă ´q ˆ pϕcluster ´ ϕtrackq ă 0.05, where q is the charge
of the particle3. These requirements may be satisfied by multiple tracks. The system selects the "best"
track based on detector conditions, such as the number of hits in the various Inner Detector layers. This
last step completes the electron reconstruction process. Figure 6.2 illustrates the path of a hypothetical
electron passing through the detector.

second layer

first layer (strips)

presampler

third layer hadronic calorimeter

TRT (73 layers)

SCT
pixels

insertable B-layer

beam spot

beam axis

d0

η

φ
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∆η×∆φ = 0.025×0.0245

∆η×∆φ = 0.05×0.0245

electromagnetic 
calorimeter

Figure 6.2: Illustrated Path of an Electron Through the ATLAS Detector. ATLAS reconstructs electrons by
combining tracks in the ID and clusters in the EM calorimeter. The electron candidate first passes through the
Inner Detector before depositing its energy in the high-granular calorimeter. The solid red line indicates the path
of an electron candidate. The dashed red line indicates the path of a possible photon that could be produced from
interactions of the electron with the detector materials. Plot is taken from Ref. [109].

6.1.2.2 Electron Calibration

The identified electron candidates are then calibrated to account for specific detector and reconstruc-
tion effects. Correction factors are derived using simulation and then applied to data [110, 111]. The
following effects must be corrected for to properly calibrate an electron (or photon).

Calorimeter Layer Differences The calorimeter is segmented differently between the various layers,
resulting in different energy responses in each layer. Therefore, different calibration factors must
be applied to each calorimeter layer. The calibration factors are derived using muons coming
from Z Ñ µµ decays. Muons are used because they pass through the passive material in front
of the EM calorimeter. The muon’s path through the calorimeter is extrapolated by using the
muon’s track measured in the ID. The muon energy response in each layer can be modeled by the
convolution of a Landau distribution and a noise distribution. A fit is applied to this distribution

3The second condition is asymmetric to mitigate the effects of energy loss due to bremsstrahlung, and the potential mismatches
in energy between the cluster and the track.



CHAPTER 6. OBJECT RECONSTRUCTION AND DEFINITION 75

to extract the mean of the deposited energy (xEy). This process can be repeated in data and in
MC to derive a relative calibration factor between the two (largest) calorimeter layers, α1{2 “
´

xE1y
data

{xE1y
MC

¯

{

´

xE2y
data

{xE2y
MC

¯

.

Electron/Photon Energy Estimates The electron/photon energy is computed from energy deposits
in the EM calorimeter. This energy must be corrected to account for energy deposits/losses in
unexpected areas of the detector. This can include correcting for energy losses in the passive ma-
terial before the calorimeter, energy deposits in cells neighboring the central cluster, and energy
deposited beyond the LAr calorimeter. A multivariate approach is used to derive a calibration
factor to account for these effects. A boosted decision tree is trained using the relative energy de-
posits in each calorimeter layer and the location of the shower barycenters. This trained model
is applied to simulation and data to measure the relative energy estimates.

Detector Non-Uniformity Certain localized non-uniformities can appear in specific calorimeter areas.
These include non-optimal high voltage, azimuthal non-uniformities, or biases in the calorime-
ter’s electronics calibration. The first effect arises in certain small areas of the calorimeter where
a non-nominal high voltage value is set to account for short-circuits in the LAr gaps. The correc-
tion factors for this effect are typically 1% to 7%. The second effect is mechanical in nature due
to gravity. Gaps between absorbers at the top of the detector are larger than gaps found at the
bottom. The correction factor for this effect is À 2%. The final effect results from a non-linear
electronic response to the electron’s energy during signal digitization. The electron’s energy can
differ when running the electronics at different readout gains. A correction factor comparing the
high and medium gains is computed to account for this. The correction factor for this effect is
0.1% in the barrel and 0.4% in the endcaps.

Overall Energy Scale After correcting for the effects described above, there may still be a difference
in the energy scales between data and MC. To correct this, a sample of Z Ñ ee events is used
to measure the overall calorimeter response. A distribution of the invariant mass of the Z is
first constructed in both MC and data. Then, estimates of the correction factors are obtained by
minimizing the χ2 between data and MC. The derived correction factors are typically between
0.001% ´ 0.01%.

6.1.2.3 Electron Identification

To maximize flexibility, ATLAS reconstructs electrons with various identification efficiencies. The iden-
tification efficiency is defined as the number of actual electrons correctly identified out of the total
number of generated electrons. These identification efficiencies correspond to working points: Loose,
Medium, and Tight. Electrons satisfying each tighter working point is a subset of the electrons in the
previous working points. Figure 6.3 plots the different identification working points as a function of
the electron candidate’s ET and η.
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Figure 6.3: Electron Identification Efficiencies for Various Working Points. The electron identification effi-
ciency is measured as a function of the electron’s (a) transverse energy and (b) η for the three main electron
identification working points. The efficiency for a Tight selection is nominally between 60%-70% in the ET ă 20
GeV range. Since the Tight working point is often used for signal electrons, a cut on the electron’s transverse
energy is placed to avoid this region of lower efficiency. Plots are taken from Ref. [112].

The identification working points are computed using a likelihood approach. This method deter-
mines a discriminating variable based on the quality of the track reconstruction and the distribution
of the energy deposition in the various layers of the calorimeter (see Table 1 in Ref. [112]). As the
name suggests, the Loose working point has the loosest set of criteria and thus the highest identifica-
tion efficiency (when evaluated on Z Ñ ee events). This higher efficiency comes at the cost of lower
background rejection, leading to a higher probability that an object that was not an electron (e.g., jet) is
incorrectly identified as an electron. In practice, a signal electron is nominally selected using the Tight
working point to ensure the lowest probability of misidentification.

6.1.2.4 Electron Isolation

Electron isolation characterizes the amount of separation between an electron candidate and all of the
other decay products in an event. A well-separated electron is also known as a prompt electron, identi-
fied as originating directly from the main signal process. In this analysis specifically, a prompt electron
originates from the decay of a W. On the other hand, non-prompt electrons can originate from differ-
ent sources: (1) the product of a heavy-flavored quark decays (e.g., a b-quark decays to a c-quark via
the exchange of a W which subsequently decays into a lepton and neutrino), (2) pair production from
a photon converting to a pair of e`e´, and (3) from other particles being misidentified as electrons.
Like electron identification, ATLAS provides several isolation working points for flexibility. Figure 6.4
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plots the different isolation working points as a function of the electron candidate’s ET and η.
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Figure 6.4: Electron Isolation Efficiencies for Various Working Points. The electron isolation efficiency is mea-
sured as a function of the electron’s (a) transverse energy and (b) η for the three main electron identification
working points. The different isolation working points labeled in the figure represent different requirements on
the calorimeter and track isolation variables. Plots are taken from Ref. [112].

The figures of merit for electron isolation are the calorimeter and track isolation variables, EconeXX
T

and pconeXX
T variables respectively [113]. The former represents the amount of energy deposited in the

calorimeter cells found within a cone of size ∆R ă XX{1004.

EconeXX
T “ EisolXX

T,raw ´ ET,core ´ ET,leakagepET, η, ∆Rq ´ ET,pileuppη, ∆Rq (6.2)

In the above equation, EisolXX
T,raw is the raw isolated calorimeter energy from the sum of the transverse

energy of topo-clusters whose barycenters fall within a ∆R ă XX{100 cone of the electron cluster
barycenter. ET,core represents the energy of the clusters directly associated with the electron candidate.
This term may not include all of the energy of the electron candidate, so a correction term, ET,leakage,
is required. Lastly, a corrective term accounting for pileup and the underlying event is also subtracted
away. The track isolation variable is much simpler to compute as pconeXX

T is determined by simply
adding up the transverse momentum of tracks not associated with the electron that falls within the
∆R ă XX{100 cone. These two variables’ criteria can be defined to determine the various isolation
working points.

4∆R “

b

∆η
2

` ∆ϕ
2 is a distance metric used to determine the proximity of two objects in η ´ ϕ space.
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6.1.2.5 Electron Requirements

Table 6.1 lists the baseline requirements for the signal and background electrons.

Table 6.1: Baseline Electron Requirements. The baseline requirements for the signal and background electrons
are listed in the table. The background electrons are identified as failing the identification and isolation require-
ments, while the two sets of electrons share all other requirements.

e Requirement Signal Background

Trigger

2015
HLT_e24_lhmedium_L1EM20VH

HLT_e60_lhmedium

HLT_e120_lhloose

2016{2017{2018
HLT_e26_lhtight_nod0_ivarloose

HLT_e60_lhmedium_nod0

HLT_e140_lhloose_nod0

Trigger matched Yes
Identification LHTight LHLoose

Isolation PLImprovedTight fail PLImprovedTight
pT ą 10 GeV
|η| ă 2.47
Crack veto veto 1.37 ă |η| ă 1.52
|d0|{σd0

ă 5.0
|z0 sinpθq | ă 0.5 mm
Bad cluster veto Yes

The following is a description of each of the electron requirements listed in the table above.

Trigger The set of single electron triggers5 is listed for each data-taking year, where a logical OR is
used for the set of triggers. Each of the listed triggers in the above table is unprescaled6.

Trigger Matched This condition requires the online objects to be matched to their offline counterparts.

Identification The identification requirements on the quality of the electron reconstruction.

Isolation The isolation requirements on the quality of the electron reconstruction7.

5The name of the trigger nominally identifies the requirements of the trigger itself. These indicate the level at which the trigger
is applied (HLT versus L1), specific kinematic requirements, identification/isolation requirements, and other requirements
based on other subsystems. For example, the HLT_e60_lhmedium_nod0 indicates that this trigger is applied at the HLT level
requiring a single electron with pT ą 60 GeV passing the medium likelihood identification with no additional constraints on
the transverse impact parameter, d0.

6A prescale factor is a number, N, that defines the fraction of events that passed the trigger are saved. A prescale factor of N ą 1
means that only 1 out of N events are saved for later analysis, while N “ 1 refers to an unprescaled trigger in which all events
are saved. Implementing a prescale factor comes about because of limited computing resources and maximizing efficient data
rates.

7The PLImprovedTight algorithm is the current recommended isolation working point (https://twiki.cern.ch/twiki/bi
n/view/Main/PLImprovedWPs). This algorithm is an improvement over previous algorithms at rejecting non-prompt electron
and muon candidates from the decay of heavy hadrons.

https://twiki.cern.ch/twiki/bin/view/Main/PLImprovedWPs
https://twiki.cern.ch/twiki/bin/view/Main/PLImprovedWPs
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pT Transverse momentum requirements.

|η| Absolute pseudorapidity requirements.

Crack Veto This condition removes leptons that fall into the crack region of the EM calorimeter in the
1.37 ă |η| ă 1.52 range. This region contains services and infrastructure for the Inner Detector.
Therefore, this region contains very few active detector materials.

|d0|{σd0
This is a requirement on the significance of the transverse impact parameter8.

z0 sin θ This is a requirement on the longitudinal impact parameter9.

Bad Cluster Veto This condition removes leptons that were not reconstructed using good-quality
clusters in the calorimeter due to poor pulse shapes in the individual calorimeter cells.

6.1.3 Muons

Muon reconstruction also uses tracking information from hits in the Inner Detector. However, because
muons are minimally ionizing particles, they pass through the calorimeters without significant energy
deposition. Instead, the reconstruction algorithm combines hits from the outer muon spectrometers
with tracks to form a muon candidate. Muon candidates are calibrated to account for detector effects
before being assigned to the proper identification and isolation working points.

6.1.3.1 Muon Reconstruction

The tracks used during muon reconstruction use the same tracking algorithms used during electron
reconstruction. In the case of muons, the energy loss due to bremsstrahlung is much less than that of
electrons. At the same time, the system combines hits in the subdetectors of the Muon Spectrometer to
construct various segments [114]. For signals registered in the MDTs, a straight-line fit is applied to the
hits in each of the layers of a MDT module. Hits in the RPC or TGC modules measure the coordinate
orthogonal to the bending plane. Finally, a combinatorial search in η and ϕ is used to build a segment
from hits in the CSC. The result is a set of segments compiled from each subdetector which enters into
a fitting algorithm to piece together a precise muon trajectory through the Muon Spectrometer.

The segment-fitting algorithm uses a segment-seeded combinatorial search [115]. The search starts
with a seed segment selected from the middle layers of the detector where most of the trigger hits are
registered. Segments from the inner and outer layers of the detector are progressively added to the
seed, provided that they meet specific quality requirements such as the number of hits relative to their
position and angle. A minimum of two matched segments are required to form a track candidate.
It is possible the same segments are used in constructing multiple track candidates, in which case a

8The transverse impact parameter, d0 is a measurement of the distance of the closest approach of a particle’s trajectory to the
point of collision in the transverse plane and its associated uncertainty, σd0

9The longitudinal impact parameter, z0 measures the distance between the primary vertex and the point on the particle’s tra-
jectory to be used to evaluate d0. z0 sin θ is the vertical component of z0 (where θ is the usual polar angle measured from the
positive z-axis) and measures the degree of curvature due to deviations from a purely longitudinal trajectory.
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downstream overlap removal algorithm selects the best set of segments for the track. Track candidates
then pass through a final global χ2 fit to determine if any of the reconstructed tracks pass the χ2

selection criteria. During this iterative process, hits that negatively impact the χ2 are removed and the
fit is repeated. The result is a set of track candidates in the Muon Spectrometer ready to be matched to
their counterparts in the Inner Detector.

The final muon candidate is created by combining the tracks from the Inner Detector and Muon
Spectrometer and energy deposits in the calorimeters. Depending on which subdetectors are used,
there are four types of muons.

Combined (CB) Muon Track candidates from the ID are matched to a track candidate in the MS. A
global refit combines hits from the ID and MS, adding and removing hits to improve the overall
fit quality. Successfully matched tracks are considered to be muons.

Segment-Tagged (ST) Muon A track candidate from the ID is considered a muon if it is associated
with at least one local track segment in the MDT or CSC.

Calorimeter-Tagged (CT) Muon A track candidate from the ID is considered a muon if it can be asso-
ciated with a cluster in the calorimeter that matches the shower profile of a minimum-ionizing
particle. This approach has the lowest purity out of the four reconstruction algorithms. This
approach recovers muons in regions where the MS contains no active detector materials.

Extrapolated (ME) Muon A track candidate in the MS is considered a muon if it extends back to the
primary interaction point. The track is nominally required to pass through at least two layers
of the MS in the barrel region, while three layers are required in the forward region. In this
approach, tracks in the ID are not required to be associated with the track candidate in the MS.

6.1.3.2 Muon Calibration

Like the calibration procedures discussed for electrons, corrective factors must be applied to the muon
candidates to correct the energy and momentum scales [116]. The first effect is the charge-dependent
bias in the muon momentum measurement due to detector misalignment. This asymmetry causes
positively and negatively charged muons to behave slightly differently in the bending plane of the
MS. The charge-dependent bias is parameterized as follows.

q
p̂

“
q
p

` q ¨ δs (6.3)

where q “ ˘1 is the charge of the muon, p is the corrected momentum, p̂ is the uncorrected momen-
tum, and δs is the strength of the bias. Evaluating the bias term is an iterative process that begins with a
large sample of Z Ñ µµ events. It can be shown that the reconstructed dimuon mass can be expressed
in terms of δs.

m2
µµ “ m̂2

µµp1 ` δspη, ϕqp`
T ´ δspη, ϕqp´

T q (6.4)
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The momentums of the positive and negative muons are approximately equal, p`
T „ p´

T . Therefore, the
charge-dependent bias effect does not affect the average dimuon invariant mass. Instead, it manifests
in the width of the dimuon invariant mass. The bias term, δspη, ϕq, is evaluated by minimizing the
width of the invariant mass distribution. This value is then used in the calculation of the corrected
transverse momentum.

pT “
p̂T

1 ´ qδspη, ϕqp̂T
(6.5)

The corrected transverse momentum is then used to recalculate the invariant mass distribution, thus
starting the next iteration. This process continues until a certain threshold for δs is reached. The result
is that the bias is reduced from 0.4 TeV´1 to 2 ˆ 10´4 TeV´1 for muons with pT ă 450 GeV.

The second effect is the correction to the scale and resolution of the muon momentum measure-
ment. This effect is studied using J{ψ Ñ µµ and Z Ñ µµ events and is applied to simulation. These
samples are used to construct the dimuon invariant mass distribution in both simulation and data.
The simulated invariant mass distribution is used as a template that can then be fit onto the same
distribution measured in data. An iterative minimization process is then used to determine the best
parameters of the template. During each iteration, the level of agreement between simulation and data
is evaluated using two approaches: (1) a simple comparison of the means and standard deviations and
(2) calculating a binned χ2 value. The best parameters result in the best agreement between the sim-
ulated distribution and the data. This calibration process improves the precision of the momentum
scale by a factor of 2. The resolution of the muon pT is measured to be 1.8% (2.3%) at small values of
|η| and 3.0% (3.4%) at large values of |η| for J{ψ (Z) decays. These figures agree (within uncertainty)
with the muon resolutions measured in simulation.

6.1.3.3 Muon Identification

Muon identification working points are similarly defined according to a set of requirements passed by
the muon candidate. The criteria characterizing each working point is the momentum of the muon can-
didate relative to its uncertainty (q{p compatibility). This compatibility factor defines a significance-
like discriminant. There are further requirements regarding the quality of the muon reconstruction
in the Muon Spectrometer. For example, these include the minimum number of layers that need to
be traversed by a passing muon and the goodness of the final χ2 fit. There are three nominal muon
identification working points labeled as Loose, Medium, and Tight [114]. These three working points
accommodate the majority of physics analyses.

Loose The Loose working point is especially suited for processes with multiple muons in the final
state. An example would be the H Ñ µµµµ process which contains four muons in the final state.
The high muon multiplicity requires a selection with the highest possible efficiency to maximize
statistics. The disadvantages of this selection are a lower purity and a higher misidentification
rate.

Medium The muons selected by the Medium working point are a subset of those in the Loose working
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point. This selection is the nominal selection used by most physics analyses and is suitable for a
wide variety of use cases.

Tight The Tight working point uses the harshest requirements to yield the highest purity of actual
muons. This selection is suited for analyses where statistics is not a limiting factor but may
have larger backgrounds from non-prompt muons. This selection ensures the lowest number of
non-prompt muons in the final selection.

There are two additional working points labeled as High-pT and Low-pT, which target selections re-
quiring muons with pT ą 100 GeV and muons with the lowest possible pT. Specialized algorithms are
used in these two extremes to select muons where the detector resolution may be limited, leading to
poorer track quality. Figure 6.5 plots the different identification working points as a function of the
muons candidate’s ET and η.
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Figure 6.5: Muon Identification Efficiencies for Various Working Points. The muon identification efficiency is
measured as a function of the muon’s (a) transverse momentum and (b) η in tt events for the three main muon
identification working points. The efficiencies of both prompt and non-prompt muons from the decay of hadrons
are measured. Plots are taken from Ref. [114].

6.1.3.4 Muon Isolation

Similar to electrons, muon isolation is measured using calorimeter or track-based isolation variables,
EtopoconeXX

T and pconeXX
T respectively. The former measures the amount of transverse energy in the

calorimeter cells in a ∆R ă XX{100 cone around the center of the muon energy cluster after subtracting
away the energy from the muon itself and correcting for pileup effects. The latter is a sum of the tracks
around the muon track candidate after subtracting away the transverse momentum of the muon itself.
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These two isolation variables define the various isolation working points, the details of which are
defined in Table 2 of Ref. [114]. Figure 6.6 plots the distribution of the different combinations of the
isolation requirements.

0 0.2 0.4 0.6 0.8 1
µ

T
Isolation/p

4−10

3−
10

2−10

1−10

1

10
N

o
rm

a
lis

e
d
 e

n
tr

ie
s

ATLAS  Simulation
>25 GeV

T
, pt = 13 TeV, t s
topocone20

T
Prompt, E

varcone30

T
Prompt, p

neflow20

T
E⋅+0.4

varcone30

T
Prompt, p

topocone20

T
Non­prompt, E

varcone30

T
Non­prompt, p

neflow20

T
E⋅+0.4

varcone30

T
Non­prompt, p

Figure 6.6: Distribution of the Isolation Variable Divided by Muon Transverse Momentum. The distribution
of the isolation variables is shown for prompt and non-prompt muons studied using tt events. The distributions
are normalized to unit area to illustrate the differences in the shape of the distributions between prompt versus
non-prompt muons. Plot is taken from Ref. [114].

6.1.3.5 Muon Requirements

Table 6.2 lists the baseline requirements for the signal and background muons.
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Table 6.2: Baseline Muon Requirements. The baseline requirements for the signal and background muons are
listed in the table. The background muons are identified as failing the isolation requirements, while the two sets
of muons share all other requirements.

µ Requirement Signal Background

Trigger

2015
HLT_mu20_iloose_L1MU15

HLT_mu50

2016/2017/2018
HLT_mu26_ivarmedium

HLT_mu50

Trigger matched Yes
Identification Medium

Isolation PLImprovedTight fail PLImprovedTight
pT ą 10 GeV
|η| ă 2.5
|d0|{σd0

ă 3.0
z0 sinpθq ă 0.5 mm
Bad muon veto Yes

The "bad muon veto" requirement is unique to muons and removes muons with poor reconstruc-
tion qualities identified in either the Inner Detector or Muon Spectrometer. The other requirements in
the table are common to both electrons and muons; the reader should refer to the descriptions of these
requirements in the previous section.

6.1.4 Jets

Jets are collimated sprays of particles produced when a high-energy quark or gluon undergoes frag-
mentation and hadronization due to the property of color confinement. Jets are identified in ATLAS
as the result of a specific jet-clustering algorithm that combines sufficiently close-together objects into
a single jet object. There are numerous varieties of jet-clustering algorithms available, which differ on
which objects are used as input and the strategies used to combine them. For this analysis, the selected
jet-clustering algorithm is the anti-kt [117] algorithm using Particle Flow Objects (PFO)10 [118].

The anti-kt algorithm is a recursive algorithm that iteratively combines pairs of objects until a spe-
cific condition is reached and a jet is returned. The algorithm starts by defining two distance quantities:

10PFOs are composite objects created by combining tracking and calorimeter signals and come in two types: charged and
neutral. The former is created from calorimeter topo-clusters successfully associated with a charged track, while the latter
corresponds to topo-clusters not associated with any charged track. PFOs are useful tools that have resulted in improved
performance over using tracking and calorimetry individually. For low-energy charged particles, the momentum resolution
of the tracker is much better than the energy resolution of the calorimeter. Meanwhile, the larger energy deposition in the
calorimeter yields a superior energy resolution for high-energy particles. Therefore, combining the capabilities of the tracking
and calorimeter subsystems is a natural next step. As a result of the many performance advantages, the use of PFOs extends
beyond jet clustering and is incorporated in the calculation of other objects, such as Emiss

T .
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dij “ min

˜

1

k2
t,i

,
1

k2
t,j

¸

∆2
ij

R2 (6.6a)

diB “
1

k2
t,i

(6.6b)

In the above, ∆ij “ pyi ´ yjq
2

` pϕi ´ ϕjq
2 where kt,i, yi, and ϕi are the transverse momentum, rapidity,

and azimuthal angle of the i-th particle. The final size of the jet is set by the radius parameter, R,
and denotes the maximum distance that two objects can be clustered into a single jet. The two distance
quantities represent the distance between the pairwise pi, jq entities and the distance from the i-th entity
to the beam, respectively. The diB is analogous to the original definition in the standard kt algorithm
[119] for an impact-parameter-like value for the i-th particle. The procedure starts by computing both
distance measures and then compares dij and diB. If the smaller of the two values is a dij, then the
two entities are combined into one object, and the algorithm continues its pairwise calculation. If the
smaller of the two distance measures is a diB, then the i-th object is removed and declared a jet. This
process continues until the complete list of entities is exhausted. Jet clustering prioritizes objects with
higher pT because of the kt,i in the denominator. The jets in this analysis are constructed using the anti-
kt algorithm with a jet radius of R “ 0.4 and PFOs as input to generate the set of AntiKt4EMPFlowJets.

6.1.4.1 Jet Tagging

Jet tagging refers to labeling jets as originating from a specific flavor of quark. Jet tagging algorithms
aim to separate jets originating from the decay of b-hadrons (b-jets) from the population of the other
light quark decays (light-jets). The decay of the b-hadrons is relatively long compared to the other
quark flavors, leaving a distinct displaced vertex in the detector. Accurate b-tagging is necessary for
many analyses (including this one), which use the number of b-jets as a cut in the definition of their
signal regions. Therefore, there have been significant developments to develop an accurate b-tagging
algorithm [120]. Low-level algorithms tagged the displaced vertices and large impact parameters char-
acteristic of decaying b-hadrons while currently recommended b-tagging algorithms use deep-learning
architectures to make their predictions. Figure 6.7 illustrates various identifying characteristics of a
b-jet.
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Figure 6.7: Identifying Characteristics of a Jet Initiated by a b-quark. The signature of jets produced by b-
quarks is a displaced secondary vertex, SV. The decay length parameter, Lxy, determines the distance from the
secondary vertex to the original primary vertex, PV. Other distance parameters of interest are the transverse and
longitudinal impact parameters, d0 and z0, respectively. These parameters are entered into various b-tagging
algorithms for jet classification. Plot is taken from Ref. [20].

The b-tagging algorithm used to select b-jets in this analysis is the Deep-Learning 1 (DL1) algorithm
which combines the outputs of the previously defined low-level algorithms into a fully-connected
neural-network architecture [121]. In addition to the low-level algorithms’ outputs, the jets’ pT and |η|

measurements are also included as input. The model is trained on a 70%{30% combined sample of tt
and Z’Ñ qq. The model outputs a set of probabilities corresponding to the probabilities for the jet to
be a b-jet, c-jet, or light-jet. Using these probabilities, the DL1 discriminant, DDL1 is as follows.

DDL1 “ ln

˜

pb
fc ¨ pc ` p1 ´ fcq ¨ plight

¸

(6.7)

In the above, pb,c,light corresponds to the b-jet, c-jet, and light-jet probabilities determined by the model.
fc is the effective c-jet fraction in the background hypothesis. This value is chosen depending on the
specific needs of the physics analyses using the tagger. Figure 6.8 plots the distributions of the pb,c,light

and DDL1 for b-jets, c-jets, and light-jets.
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(b) Distribution of c-jet probabilities.
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(c) Distribution of light-jet probabilities.
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Figure 6.8: DL1r b-tagging Probabilities and Discriminant in tt Events. The DL1r b-tagging algorithm is a
multidimensional classifier whose outputs correspond to the probabilities a jet is a b-jet, c-jet, or light-jet. The dis-
tributions of the (a) b-jet probability, (b) c-jet probability, and (c) light-jet probability is shown. These probabilities
are used in the calculation of the final b-tagging discriminant; the distribution is shown in (d). These distributions
are studied using simulated tt events and evaluated for each of the three groups of jets. Plots are taken from
Ref. [121].

The performance of the DL1 tagger is often set at a fixed b-jet tagging efficiency, known as fixed-cut
operating points. The efficiencies correspond to the true-positive rate of the tagger. For example, a 77%
operating point corresponds to 77% of true b-jets would be correctly identified as such. Naively, setting
the efficiency of a b-tagging algorithm to 100% (or near 100%) might seem desirable at first glance as it
would mean that every true b-jet is correctly tagged. However, this greatly reduces the discriminatory
power since non-b-jets with characteristics similar to true b-jets would also be tagged as a b-jet, leading
to exponentially more misidentified jets. Therefore, setting an optimal b-tagging operating point is
a fine balancing act to maximize high-b-jet efficiency and low c-jet/light-jet misidentification. There
are four main fixed operating points, set at 60%, 70%, 77%, and 85%. Figure 6.9 plots the background
rejection as a function of the b-jet tagging efficiency.
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Figure 6.9: Background Rejection as a Function of the b-tagging Efficiency. The top panel shows the c-jet and
light-jet rejection as a function of the b-tagging efficiency for various low-level and high-level algorithms. The
bottom two panels show the ratio of the strength c-jet and light-jet rejection to the reference RNNIP algorithm,
which uses a Recurrent Neural Network (RNN) to make jet tagging predictions. Across the ϵb range, the DL1r (the
suffix "r" indicates the output of RNNIP is used as an input into DL1) outperforms all other lower-level taggers.
Plot is taken from Ref. [121].

The efficiency of the b-tagging and background rejection power also varies with the jet’s pT. Specif-
ically, the b-tagging efficiency is lower in the r0, 50s GeV range and can fall below 50% for low (ap-
proximately 20 GeV) jets in the case of the 60% operating point. This behavior is shown in Figure 6.10
which plots the dependence of the b-tagging efficiency and c-jet/light-jet rejection on the jet’s pT for
various operating points.
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Figure 6.10: DL1r b-tagging and c-jet/light-jet Rejection as a Function of Jet pT. The performance of the DL1
b-jet tagger is dependent on the pT of the jet. The (a) b-jet tagging efficiency, (b) c-jet rejection, and (c) light-jet
rejection is shown as a function of the jet pT for the four main ϵb operating points. The lower panel in each figure
plots the ratio relative to the 70% operating point. Plots are taken from Ref. [121].

6.1.4.2 Jet Requirements

Table 6.3 lists the requirements for the signal and baseline jets.
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Table 6.3: Baseline Jet Requirements. The signal and baseline requirements for jets are listed in the table.
Baseline jets are defined as bare reconstructed jet objects representing the loosest jet selections, while the signal
jets have stricter requirements and are specifically used in the analysis.

Jet Requirement Signal Baseline

Jet type AntiKt4EMPFlowJets

JVT working point Tight

pT ą 25 GeV ą 20 GeV
|η| ă 2.5 ă 4.5
b-tagging DL1r (77%) -

The following is a description of each of the jet requirements listed in the table above.

Jet Type The specific jet clustering algorithm used to reconstruct the jets. The AntiKt4EMPFlowJets

reconstructs jets using EM-scale PFOs as input with a radius parameter of R “ 0.4.

JVT Working Point The selected operating point of the JVT algorithm. The algorithm is applied to
jets with pT in the r20, 60s GeV range and |η| ă 2.4.

b-tagging The selected b-tagging algorithm and the corresponding operating point. Any jet passing
the tagger is classified as a b-jet, while those that fail are classified as a light-jet.

6.1.5 Missing Transverse Energy

The missing transverse energy represents the imbalance of energy/momentum of the final state par-
ticles in the transverse plane. In pp collisions, conservation of momentum dictates that the total mo-
mentum in any given direction should be conserved throughout the collision. Before the collision,
there is zero momentum in the transverse plane. Therefore, conservation of momentum necessitates
that after the collision, the sum of the transverse momenta should also equal zero. Weakly-interacting
particles, like neutrinos, may escape the detector without leaving a signal. Since these particles still
carry momentum, their absence can result in a non-zero value of the transverse momentum. The Emiss

T

vector is then constructed as a two-component vector and a direction in the transverse plane defined
by its azimuthal angle.

Emiss
x “ ´

ÿ

i

pxi
(6.8a)

Emiss
y “ ´

ÿ

i

pyi
(6.8b)

E⃗miss
T “ tEmiss

x , Emiss
y u (6.8c)

Emiss
T “

ˇ

ˇ

ˇ
E⃗miss

T

ˇ

ˇ

ˇ
“

b

pEmiss
x q

2
` pEmiss

y q
2 (6.8d)

ϕmiss
“ arctan

´

Emiss
y {Emiss

x

¯

(6.8e)
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ATLAS computes the Emiss
T observables with this approach using the visible objects in the event. The

contributions to the Emiss
T fall under two categories: (1) the hard-event signals and (2) the soft-event

signals. The hard-event objects include the complete set of reconstructed and calibrated particles and
jets. The reconstructed particles include electrons, photons, τ-leptons, and muons. The soft-event
signals consider reconstructed tracks that are not associated with the hard-scatter vertex but are not
associated with any of the hard objects. We calculate the missing transverse momentum by vectori-
ally summing the transverse momentum of all visible particles and assigning this vector an overall
negative sign [122].

E⃗miss
T “ ´

”

ÿ

p⃗e
T `

ÿ

p⃗γ
T `

ÿ

p⃗τ
T `

ÿ

p⃗jets
T `

ÿ

p⃗µ
T `

ÿ

p⃗soft
T

ı

(6.9)

Another relevant quantity is the scalar sum of all transverse momenta, which is defined as the scalar
sum of all hard and soft objects. This quantity is particularly useful because it provides an overall scale
of the "hardness" of the event.

ÿ

ET “
ÿ

iPthardu

pT,i `
ÿ

jPtsoftu

pT,j (6.10)

The Emiss
T observables are evaluated using Z Ñ µµ events. Z Ñ µµ is the preferred channel for

evaluating the fidelity of the reconstructed Emiss
T since the Z Ñ µµ final state can be selected with

a high signal-to-background ratio. In these events, the muons are considered to be visible, and any
neutrinos are produced through very rare heavy-flavor decays with an accompanying hadronic recoil.
There should be no real sources of Emiss

T in this channel, making it ideal for evaluating the quality and
resolution of the reconstructed observables. Figure 6.11 plots the quality of the MC modeling of the
various Emiss

T observables.
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Figure 6.11: Distributions of Emiss
T Observables Evaluated Using a Z Ñ µµ Sample. A Z Ñ µµ sample is

ideally used to evaluate the quality and resolution of the Emiss
T reconstruction since it is expected to contain no

real Emiss
T events. The measured distributions can be easily compared to the expected Emiss

T “ 0, with the widths
of the distributions quantifying the resolution. The following observables are measured in both data and MC: (a)
Emiss

T , (b) scalar sum ET, (c) Emiss
X , and (d) Emiss

Y . The relevant backgrounds are also included. The pink shaded
areas in the top panels of each plot shows the total MC uncertainty. The bottom panel of each plot show the data
to MC ratio with the relative uncertainties shaded in pink. Plots are taken from Ref. [122].

The mismatch between data and MC increases towards the tails of the various distributions. The
discrepancy in the Emiss

T distribution can be attributed to the mismodeling of the tt MC, the dominant
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background in the simulation. The discrepancy in the scalar sum ET distribution likely comes from
mismodeling of the composition of hard objects in the final state. It should be noted here that pileup
can also contribute to the disagreement. Multiple parton interactions in pileup events can add signifi-
cant amounts of energy, these interactions can often be difficult to model. The Emiss

X,Y distributions show
good data/MC agreement, with differences appearing after ˘100 GeV.

6.1.6 Overlap Removal

Overlap removal refers to procedures for resolving double-counting of energy from different recon-
structions of the same object. For example, an electron may be reconstructed as a jet resulting in twice
the expected amount of energy deposited in the calorimeter. The following overlap removal proce-
dures are relevant for this analysis11.

Muons-Electrons Any calorimeter-tagged muon sharing a track with an electron is removed. Any
electron subsequently found to share an Inner Detector track with a muon is removed.

Electrons-Jets Any jet found within a ∆R of 0.2 of an electron is removed. Any electron subsequently
found with ∆R of 0.4 of a jet is removed.

Muons-Jets Any jet with less than three tracks associated with it and also found within ∆R of 0.2 of
a muon is removed. Jets with pµ

T{pjet
T ą 0.5 and pµ

T{
ř

pjet tracks
T ą 0.7 are removed. Any muons

subsequently found within ∆R of 0.4 of a jet are removed.

6.2 Leptonic and Hadronic W Reconstruction

The topology of the semileptonic final state provides the unique opportunity to directly reconstruct
and measure the W-boson kinematics. This analysis performs a dedicated measurement of the ob-
servables associated with the fully reconstructed WWbb final state. A complementary analysis focuses
on the fully leptonic channel of the WWbb final state. This section briefly compares the semileptonic
final state of this analysis and the fully leptonic channel. Next, the methods to reconstruct the leptonic
and hadronic W-bosons are given. The W-boson reconstruction efficiency is evaluated using truth and
particle-level events.

6.2.1 Advantages of a Semileptonic Final State

The semileptonic final state is defined by the decay of WWbb to two b-jets, two light-jets, a lepton, and
a neutrino. Conversely, the fully leptonic channel final state replaces the two light-jets with a second
lepton and neutrino pair. Several advantages are gained by considering a semileptonic topology over
its fully leptonic counterpart.

11The listed overlap removal procedures are part of recommendations offered by the Isolation and Fakes Forum subgroup,
https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/OverlapRemoval.

https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/OverlapRemoval
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Second Neutrino Event Tagging In the fully-leptonic channel, the second neutrino contributing to the
total Emiss

T implies the WWbb event kinematics cannot be fully reconstructed. There is no way
to decouple the overall E⃗miss

T vector in two separate momentum vectors representing the two
neutrino tracks. In the semileptonic channel, there is only a single source of Emiss

T representing
the neutrino. Therefore, the WWbb event kinematics can be fully reconstructed.

Fewer Misreconstructed Leptons The second lepton increases the chances of W mis-reconstructions
when one attempts to correctly associate the two leptons with the two decaying W-bosons. The
presence of jets in the final state of the semileptonic channel presents a natural method to assign
jets and leptons to their respective parent W-bosons, thereby reducing the possibility of combi-
natorial mismatches.

Increased Statistics The branching ratios of the W Ñ ℓν and W Ñ qq processes are approximately
32% and 68% resulting in increased statistics in the semileptonic channel.

6.2.2 Leptonic-W Reconstruction

The leptonic-W is reconstructed by combining the momenta of the lepton and the neutrino. The first
step is to calculate the longitudinal component of the neutrino’s momentum. This quantity is not well
measured in the ATLAS detector and must be computed by other means following some assumptions.
For a process with a single neutrino, it can be assumed that it is the only contributor to the Emiss

T . It can
be shown that the longitudinal component of the neutrino’s momentum can be expressed in the form
of a quadratic equation.

Ap2
ν,z ` Bpν,z ` C “ 0 (6.11)

where the constants, A, B, and C, are functions of the energy of the lepton, the transverse momenta
of the lepton and neutrino (pℓ,x, pℓ,y, pν,x, pν,y), and the constrained mass of the W (mW) (a com-
plete derivation of Eq. 6.11 with the complete definitions of A, B, C is shown in Appendix A). The
quadratic equation can be solved to yield two solutions for pν,z. This two-fold ambiguity is expected
and is a common feature in analyses performing similar reconstructions. Different approaches exist
to select one of the two solutions for the neutrino momentum. In this analysis, which solution is cho-
sen depends on whether there are two real solutions or zero real solutions based on the sign of the
discriminant, D “ B2

´ 4AC.

D ą 0 The discriminant is positive, which results in two real solutions, p1,2
ν,z. The selected solution is

the smallest pi
ν,z in absolute value.

D ă 0 The discriminant is negative, which results in two complex solutions. The selected solution is
the real part of the two roots, pν,z “ B{2A.

This algorithm results in high reconstruction efficiencies compared to the same objects at the truth
and particle level. An object at the detector-level is considered to be successfully matched to its par-
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ticle/truth counterparts if the two objects satisfy the requirement ∆R ă 0.5. The reconstruction effi-
ciency is then defined as the ratio of successful matches to the total number of events in the sample.
Figure 6.12 plots the reconstruction efficiency as a function of the truth/particle-level W pT and η. This
measurement was conducted using tt events with the only condition being a minimum leading lepton
pT of 30 GeV in each event.
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(a) Truth-level leptonic-W reconstruction efficiency as
a function of pT.

(b) Particle-level leptonic-W reconstruction efficiency
as a function of pT.

(c) Truth-level leptonic-W reconstruction efficiency as
a function of η.

(d) Particle-level leptonic-W reconstruction efficiency
as a function of η.

Figure 6.12: Leptonic-W Reconstruction Efficiency as a Function of pT and η. The reconstruction efficiency of
the leptonic-W is measured using tt events as a function of the (a) truth and (b) particle-level W-boson pT. The
reconstruction efficiency is also plotted as a function of the (c) truth and (d) particle-level W-boson η. The shaded
area show the statistical uncertainty on the reconstruction efficiency.

6.2.3 Hadronic-W Reconstruction

Compared to the leptonic-W, the reconstruction of the hadronic-W is more difficult as it involves com-
bining the set of light-jets in different ways. The starting point for all algorithms is a set of possible
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W candidates formed from all 1-, 2-, and 3-jet combinations of light-jets passing the requirements for
signal jets while failing the b-tagging criteria. The following algorithms have been investigated for
reconstructing the hadronic-W. The overall goal is to select the algorithm that displays consistently
high reconstruction efficiency across a broad range of the W kinematics. The reconstruction efficiency
will be later used to guide cuts in certain signal region definitions.

2j, Highest pT The 2-jet combination with the highest pT is selected as the hadronic-W.

2j, Closest Mass The 2-jet combination with a mass closest to the true W mass is selected as the
hadronic-W.

2j, Closest ∆R The 2-jet combination with the two constituent jets closest in ∆R is selected as the
hadronic-W.

123j, 5 Cands., Closest Mass A list of five candidates comprises the two highest-pT 1-jet combina-
tions, the two highest-pT 2-jet combinations, and the highest-pT 3-jet combination. The hadronic-
W is selected from this list of five candidates as the candidate possessing a mass closest to the
true mass of the W.

12j, 3 Cands., Closest Mass A list of three candidates comprises the two highest-pT jets and the sum
of these two jets. The hadronic-W is selected from this list as the candidate possessing a mass
closest to the true mass of the W.

Nominally, the hadronic-W decays into two quarks, so the most natural approach would be to re-
construct the W from a combination of two light-jets. However, some algorithms consider 1-jet and
3-jet combinations to cover a broader range of physics phenomena. The 1-jet candidates pertain to
events where the hadronic-W is produced with especially high pT. When the boosted W decays, the
two daughter quarks are also produced with relatively high momentum, resulting in a small opening
angle between the two quarks. The two jets become highly collimated so that it is no longer possible
to resolve two distinct jets. In this situation, the jet-clustering algorithm clusters the two quarks into
a single jet. The 3-jet candidates pertain to events where one of the daughter quarks radiates a gluon,
resulting in a third light-jet in the event.

Like the leptonic-W, the reconstruction efficiency is evaluated on truth and particle-level events.
The same ∆R ă 0.5 requirement is used to select for successfully matched reconstructions. Note
that a successfully matched detector-to-particle level W indicates the constituent jets are successfully
matched and does not guarantee the W was reconstructed correctly. Figure 6.13 plots the reconstruc-
tion efficiency for each previously mentioned algorithm as a function of the truth and particle-level
hadronic-W pT and η.
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(a) Truth-level hadronic-W reconstruction efficiency
as a function of pT.

(b) Particle-level hadronic-W reconstruction efficiency
as a function of pT.

(c) Truth-level hadronic-W reconstruction efficiency
as a function of η.

(d) Particle-level hadronic-W reconstruction efficiency
as a function of η.

Figure 6.13: Hadronic-W Reconstruction Efficiency as a Function of pT and η. The reconstruction efficiency of
the hadronic-W is measured using tt events as a function of the (a) truth and (b) particle-level W-boson’s pT. The
reconstruction efficiency is also plotted as a function of the (c) truth and (d) particle-level W-boson η. The shaded
areas show the statistical uncertainty on the reconstruction efficiency.

In the above plots, the reconstruction efficiency is lower in the low-pT regions before plateauing
at pT ą 100 GeV. In these low-pT regions, the W is produced with low momentum, leading to cor-
respondingly low momenta of the daughter particles. The low-pT values of the decay products may



CHAPTER 6. OBJECT RECONSTRUCTION AND DEFINITION 99

cause them to fail the baseline requirements, making an accurate reconstruction impossible. In high-
pT regions (pT ą 300 GeV), there is a noticeable drop observed in the algorithms considering only
2-jet candidates. As described above, in these regions, the two jets become collimated and are recon-
structed as a single jet object, causing the 2-jet selections to become less valid. From these plots, either
the "123j, 5 cands., closest mass" or the "12j, 3 cands., closest mass" algorithms should be selected as the
best-performing algorithms.

The reconstruction efficiency is measured again after requiring the mass of the reconstructed W
fall within a 20 GeV window of the true W mass (i.e., 60 GeV ă MW,reco

ă 100 GeV). Figure 6.14
plots the reconstruction efficiency in truth and particle-level events after enforcing this mass-window
requirement. Note that this efficiency is measured after applying the same 20 GeV mass window
requirement to the particle-level events.
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(a) Truth-level hadronic-W reconstruction efficiency
as a function of pT after requiring the mass of the
reconstructed W be within ˘20 GeV of the true W

mass.

(b) Particle-level hadronic-W reconstruction efficiency
as a function of pT after requiring the mass of the
reconstructed W be within ˘20 GeV of the true W

mass.

(c) Truth-level hadronic-W reconstruction efficiency
as a function of η after requiring the mass of the

reconstructed W be within ˘20 GeV of the true W
mass.

(d) Particle-level hadronic-W reconstruction efficiency
as a function of η after requiring the mass of the

reconstructed W be within ˘20 GeV of the true W
mass.

Figure 6.14: Hadronic-W Reconstruction Efficiency as a Function of pT and η with an Additional W Mass
Requirement. The reconstruction efficiency of the hadronic-W is measured using tt events as a function of the (a)
truth and (b) particle-level W-boson’s pT. The reconstruction efficiency is also plotted as a function of the (c) truth
and (d) particle-level W-boson η. A requirement of 60 GeV ă Mreco

W ă 100 GeV is also added. The shaded areas
show the statistical uncertainty on the reconstruction efficiency.
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After requiring 60 GeV ă MW,reco
ă 100 GeV, all algorithms see an increase in the reconstruction

efficiency. The "123j, 5 cands., closest mass" and "12j, 3 cands., closest mass" algorithms have both shown
to be consistently well-performing over a large pT range. However, the latter is chosen because it
is simpler to understand from a physics standpoint and simpler to apply from an implementation
standpoint. For the remainder of the analysis, the hadronic-W is therefore reconstructed using the
"12j, 3 cands., closest mass" algorithm.

6.3 Minimax Algorithm

The mminimax
bℓ variable was previously shown to be sensitive to the interference between the singly- and

doubly-resonant top-quark processes. The canonical minimax variable is constructed by combining
two b-jets and two leptons, as was shown in Eq. 3.22. Given that there is only a single lepton in
the event selection of this analysis, an identical minimax variable cannot be constructed. However, a
modified minimax variable can be constructed by considering combinations of the single lepton (ℓ),
the leading (b1) and subleading b-jets (b2), and the hadronic-W (W). This modified minimax variable
(mminimax

mod. ) is defined as follows.

mminimax
mod. ” mintmaxpmb1ℓ

, mb2Wq, maxpmb1W , mb2ℓ
qu (6.12)

The variable is also used to assign the two leading b-jets to the hadronically or leptonically decaying
top quarks. Depending on which of the four combinations is used to form the minimax quantity, the
selected b-jet would be assigned with the W or the lepton. For example, if the minimax observable is
formed as mb1ℓ

, then the leading b-jet is assigned to the leptonically decaying top-quark. At the same
time, the subleading b-jet is assigned to the hadronically decaying top-quark. Several observables are
formed using this selection process, which will later be identified by the "selected" in the observable
name.

6.4 Fake Lepton Estimation

During the reconstruction process, it is possible for an object that was not a lepton to begin with (i.e.,
jet) to be incorrectly reconstructed as a lepton. These misidentified leptons are therefore referred to as
"fake leptons" and their contributions constitute another source of background in this analysis. Fake
leptons are usually not produced in isolation and will likely be removed by tighter lepton identification
and isolation requirements. Nevertheless, a non-negligible number of leptons can pass the tighter
selection and negatively affect the signal purity. This section begins by describing the fake-factor
method used to estimate the contributions from fake leptons. This method is applied to electrons and
muons with the fake-factors parameterized as a function of the electron and muon kinematics.
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6.4.1 Fake-Factor Method

Several different methods exist for estimating the background coming from fake leptons. This analysis
uses the fake-factor method because of its simple and intuitive application. The fake-factor method
begins by defining a control region corresponding to a set of selections orthogonal to those used for the
primary analysis signal regions. The events in this region are enriched in the background of interest; in
this case, the events contain a large proportion of fake leptons. An extrapolation factor is then derived
using events in this region and then applied to the signal regions to determine the number of events
containing a fake lepton. Even though the control region and signal regions are orthogonal in phase
space, the fake-factor can be reasonably applied because the production of fake leptons is assumed to
be identical in both regions.

In this analysis, the baseline selection requires a single lepton to pass the tight identification and
isolation requirements. The number of leptons that pass the tight (Nt) and loose (Nl) selections can
be expressed in terms of the number of real (Nr) and fake (N f ) leptons. In matrix form, the following
system of equations connecting the two sets of quantities can be written as follows [123].

˜

Nt

Nl

¸

“

˜

r f
1 ´ r 1 ´ f

¸ ˜

Nr

N f

¸

(6.13)

The matrix above defines the connection between tight/loose and real/fake leptons using the real
(r) and fake ( f ) efficiencies. The real efficiency is the probability that a real lepton passes the tight
selection. In contrast, the fake efficiency is defined as the probability that a fake lepton passes the tight
selection. The numbers Nt and Nl can be easily measured in data, so if the real/fake efficiencies can be
determined, then an estimate of the number of real/fake leptons can be calculated. To determine the
number of fake leptons passing the tight selection (Nt

f ), we start by multiplying both sides of Eq. 6.13
by the row vector p1, ´ 1

1´ f q.

Nt
´

f
1 ´ f

Nl
“ rNr ` f N f ´

f
1 ´ f

p1 ´ rqNr ´
f

1 ´ f
p1 ´ f qN f (6.14a)

rNr ` Nt
f ´

f
1 ´ f

Nl
“ rNr ´

f
1 ´ f

Nl
r (6.14b)

Nt
f “

f
1 ´ f

pNl
´ Nl

rq (6.14c)

To go from Eq. 6.14a to Eq. 6.14b, the following equations are inserted: Nt
“ Nt

r ` Nt
f , Nt

r “ rNr,

and Nl
r “ p1 ´ rqNr. This results in Eq. 6.14c which defines the number of fake leptons passing the

tight selection as a function of the fake factor, F “
f

1´ f , the total number of loose leptons (Nl) and the

number of real leptons passing the loose selection (Nl
r). The fake factor can be rewritten in terms of the

number of fake leptons passing/failing the tight selection by using Nt
f “ f N f .
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F “
f

1 ´ f
“

Nt
f

N f ´ Nt
f

“
Nt

f

Nl
f

(6.15)

The numerator counts the number of fake leptons passing the tight selection, while the denominator
counts the number of fake leptons failing the tight selection. In practice, the fake-factor is parameter-
ized as a function of the properties of the lepton. Then, it is applied on an event-by-event basis as an
event weight, making it pragmatically easier to fill histograms. The sum of the weights from the fake
leptons then constitutes the total background due to the fake leptons [124].

Nt
f “

Nl
ÿ

data,i“1

Fi ´

Nl
MC

ÿ

MC,j“1

wMC,jFj (6.16)

In the above, the first sum runs over events in data containing a loose lepton while the second sum
runs over MC events containing a loose lepton (wMC,j is the weight assigned to the MC event j). Since
both sums only consider events with a loose lepton, events with tight leptons do not contribute to the
total fake leptons background.

6.4.2 Fakes Enriched Region Definition

A fakes-enriched region with a large proportion of fake leptons is defined to measure the fake factors.
It has been shown previously that the quantity Emiss

T ` mW
T is particularly sensitive to QCD events

which are the primary source of fake leptons [125]. The quantity mT is known as the transverse mass
and can be defined in terms of a particle’s rest mass and transverse momentum.

m2
T “ m2

` p2
x ` p2

y “ E2
´ p2

z (6.17)

While the rest mass is invariant under a Lorentz boost in all directions, the transverse mass is only
invariant under boosts along the z-direction. This fact makes the transverse mass particularly useful
for highly boosted events with particles traveling close to the beamline where the longitudinal compo-
nent of the particle’s momentum cannot be accurately measured. For a single heavy particle of mass
M decaying to two daughter particles, the transverse mass of the parent particle is as follows.

M2
T ”

´

E1
T ´ E2

T

¯

´

´

p⃗1
T ´ p⃗2

T

¯

(6.18)

where Ei
T, p⃗i

T correspond to the total energy and transverse momentum of the two daughter particles.
If the decay occurs semi-invisibly (where one of the two daughter particles goes undetected), then the
transverse momentum of one of the two daughters is equal to the missing transverse momentum in
the event, p⃗1

T “ E⃗miss
T . This analysis measures the transverse mass using the kinematics of the leading

lepton and the Emiss
T in the event.

Nominally, a requirement of Emiss
T ` mW

T ą 60 GeV is used to reject background from QCD. A
control region with enhanced QCD contributions (and higher probabilities of fake leptons) is defined
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by reversing the cut. In addition, the event should contain a minimum of three jets, of which at least
one should be a b-jet. The fake-factor is calculated using the procedures defined in the previous section
by measuring the relative fractions of the number of leptons passing tight and loose selections in this
region. The fake factors are parameterized using the electron/muon pT and |η|.

6.4.3 Electron Fake Factors

Several different sources could result in a fake electron. A fake electron could result from the mis-
reconstruction of a highly-collimated jet, which occurs in highly energetic events resulting in boosted
decay products leaving a narrow shower profile in the EM calorimeter. Other sources can produce
so-called non-prompt electrons, which are actually electrons but are produced in secondary reactions
apart from the prompt decay of interest. In this analysis, prompt electrons are expected to come only
from the leptonic decay of a W-boson. A possible source of non-prompt electrons is photon conver-
sion, which produces electron-positron pairs. Another source of non-prompt electrons comes from the
decay of heavy-flavour decays in which hadrons containing b´ or c-quarks decay semileptonically to
produce an electron. While non-prompt electrons are correctly reconstructed as electrons, these are still
categorized as fake electrons in this study. Figure 6.15 plots the electron fake-factors parameterized by
pT in four bins of |η|.

Figure 6.15: Electron Fake-Factors Plotted as a Function of pT in Different Bins of η. Electron fake-factors are
measured as a function of electron pT in four different bins of |η|. Measurements are made in a specific fakes-
enriched region created by reversing the anti-QCD cut. Any prompt electrons in this region are estimated using
MC and subtracted away before calculating the fake-factors. The error bars on the data points correspond only to
statistical uncertainties.
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6.4.4 Muon Fake Factors

The decay of mesons in-flight within jets and the semileptonic decay of heavy-flavored hadrons dom-
inate the production of fake muons. The fake-factors for muons are measured using the same fakes-
enriched region used for electrons. The tag-and-probe method targets dijet events, possibly containing
a fake muon. The highest-pT light-jet in the event is identified as the "tag", while the reconstructed
muon is the "probe". It is required the two objects in the event are back-to-back (i.e., ∆ϕpµ, jetq ą 2.7)
and have the following minimum pT values, pµ

T ą 25 GeV and pjet
T ą 35 GeV. Figure 6.16 plots the

muon fake-factors parameterized by pT in three bins of |η|.

Figure 6.16: Muon Fake-Factors Plotted as a Function of pT in Different Bins of η. Muon fake-factors are
measured as a function of muon pT in three bins of |η|. Measurements are made in a specific fakes-enriched
region created by reversing the anti-QCD cut. A tag-and-probe approach selects dijet events where the highest-
pT light-jet acts as the tag while the reconstructed muon acts as the probe. The error bars on the data points
correspond only to statistical uncertainties.

6.4.5 Fake Factors Uncertainties

Systematic uncertainties are estimated by varying aspects of the MC or cuts and then recalculating the
fake factors. The following systematic variations are used to estimate the uncertainties associated with
the electron and muon fake factors.

MC Scale The overall MC normalization is evaluated by varying the MC normalization by ˘10%.

2` b-jets The fake factors are recalculated after tightening the b-jet requirement to 2` b-jets.

Emiss
T ` mW

T ă 50, 70 GeV The fake factors are recalculated after adjusting the anti-QCD threshold to
50 and 70 GeV.
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No Light-Jet Req. The fake-factors are recalculated after removing the minimum light-jet pT require-
ment.

pTpjetq ą 30, 40 GeV The fake-factors are recalculated after adjusting the minimum light-jet pT to 30
and 40 GeV.

∆ϕpj, µq ą 2.6, 2.8 The fake-factors are recalculated after adjusting the minimum ∆ϕ thresholds to 2.6
and 2.8.

6.4.5.1 Electron Fake Factors Uncertainties

Figure 6.17 plots the recalculated electron fake factors after applying the systematic shifts defined
above. The total uncertainty is evaluated by summing up the statistical and the systematic variations
in quadrature.
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(a) Electron fake-factor uncertainties in the first |η|

bin.
(b) Electron fake-factor uncertainties in the second |η|

bin.

(c) Electron fake-factor uncertainties in the third |η|

bin.
(d) Electron fake-factor uncertainties in the fourth |η|

bin.

Figure 6.17: Electron Fake-Factors with Systematic Uncertainties. The electron fake-factors are recalculated
after different systematics variations in the (a) 0 ă |η| ă 1.37, (b) 1.52 ă |η| ă 1.8, (c) 1.8 ă |η| ă 2.01, and (d)
2.01 ă |η| ă 2.47. The yellow band in each plot represents the total uncertainty on the fake factor calculated by
combining the variations and the statistical uncertainty in quadrature.

The largest systematic uncertainty originates from varying the MC normalization. This effect stems
from modeling of subtracted leptons, differences in the composition of fake electrons in the fakes-
enriched region and the signal region, and the overall normalization of the MC samples in the fakes-
enriched region. On the other hand, varying the anti-QCD threshold seems to have minimal effect.
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Therefore, the scale of the anti-QCD cut is set appropriately at 50-70 GeV. However, the total uncer-
tainty can surpass 100% in several pT bins.

6.4.5.2 Muon Fake Factors Uncertainties

The uncertainties for the muon fake-factors are estimated using the same approach. In addition to
the same systematic variations defined for the electron fake-factors, several other variations targeting
the tag-and-probe method are included. Figure 6.18 plots the muon fake factors recalculated after
applying these systematic shifts.
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(a) Muon fake-factor uncertainties in the first |η| bin. (b) Muon fake-factor uncertainties in the second |η|

bin.

(c) Muon fake-factor uncertainties in the third |η| bin.

Figure 6.18: Muon Fake-Factors with Systematic Uncertainties. The muon fake-factors are recalculated after
different systematics variations in the (a) 0 ă |η| ă 1.1, (b) 1.1 ă |η| ă 2.01, and (c) 2.01 ă |η| ă 2.5. The yellow
band in each plot represents the total uncertainty on the fake factor calculated by combining the variations and
the statistical uncertainty in quadrature.

Like the electron, the largest impact on the muon fake-factors comes from varying the MC nor-
malization. The kinematic variations associated with the tag-and-probe method do not significantly
impact on the overall muon fake factors. Again, the resulting uncertainties can be large, surpassing
100% in several muon pT bins.
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CHAPTER 7

Region Definitions

After reconstructing all necessary physics objects, the next step is applying additional requirements
(cuts) using these objects to define specific measurement regions. The regions of interest where the
final measurements will be performed are known as signal regions. In designing such regions, the
selection criteria are chosen to maximize the number of signal events while removing as much back-
ground as possible. This analysis selects signal regions designed to maximize top processes, resulting
in a WWbb final state while reducing background contamination from W+ jets, Z + jets, and diboson
processes. This chapter describes the baseline section common to all signal regions explored in this
analysis. The measurement regions are then described, and several kinematic variables of interest are
shown as control plots.

7.1 Baseline Selection

The baseline selection refers to the initial requirements applied to all events. These remove the bulk of
uninteresting events and filter out background events. An event must pass these requirements before
more detailed signal selection can be applied. Figure 7.1 plots the cutflow histograms counting the
number of MC and data events that pass each baseline requirement.

111
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(a) Event weighted baseline selection cutflow
histogram.

(b) Normalized baseline selection cutflow histogram.

Figure 7.1: Event Weighted/Normalized Baseline Selection Cutflow. The baseline selection refers to the initial
set of requirements. The baseline selection cutflow counts the number of events that pass each of the cuts in the
baseline selection. The main panel in (a) plots the number of (weighted) events passing each baseline cut for MC
and data. The stacked MC is computed separately for both the DR and DS single-top samples. The bottom panel
plots the ratio between the data and the total MC prediction. Again, this ratio is computed separately for DR and
DS. The cutflow in (b) plots the normalized versions of the previous cutflow histograms.

Each bin in the above plots corresponds to the number of events that pass the cut referenced by the
bin number. The following describes each of the baseline requirements, relevant for both the single-
electron and single-muon channels.

(Bin 0) All events The initial number of data/MC events.

(Bin 1) Njets ě 3 Events must contain a minimum of three jets.

(Bin 2) Pass electron crack veto The region of |η| between 1.37 and 1.52 is known as the "crack" re-
gion. This region defines the transition between the barrel and endcap calorimeters. This region
contains cables and other services meant for the inner detector. Particles interacting with the pas-
sive material in this region are prone to producing non-prompt backgrounds through unwanted
secondary interactions. These secondary interactions are not well-modeled, so vetoing electrons
that fall into this region is common. Events are vetoed if an electron fails this requirement.

(Bin 3) One loose lepton: Events must contain at least one lepton (electron or muon) passing the loose
identification and isolation requirements.

(Bin 4) Pass single lepton triggers Events must pass one of the single lepton triggers defined for the
specific run period. Depending on the run year, these triggers impose a minimum lepton pT of
24 or 26 GeV.
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(Bin 5) Lepton is trigger matched The online leptons identified by the ATLAS trigger must match a
reconstructed offline electron or muon candidate. The matching procedure involves comparing
the kinematics and reconstruction qualities of the online and offline leptons. Trigger matching
ensures that the particles the trigger identifies correspond to real physical leptons. All leptons in
an event are required to be trigger-matched.

(Bin 6) Pass bad muon veto The reconstruction chain tags particular muons as "bad" due to poor re-
construction qualities. These muons have significantly worse momentum resolution than "good"
muons. A very small number of muons fail to meet this requirement. However, accepting these
bad muons can have a noticeably negative impact on certain analyses. Therefore, events with a
bad muon are removed.

(Bin 7) One tight lepton Events must contain at least one lepton (electron or muon) passing the tight
identification and isolation requirements.

(Bin 8) Exactly one lepton Events must contain exactly one lepton to be consistent with the semilep-
tonic final state.

(Bin 9) Lepton pT ą 30 GeV The single lepton in the event must have pT ě 30 GeV.

(Bin 10) mW
T ` Emiss

T ą 60 GeV This is the previously introduced anti-QCD cut aimed at reducing con-
tributions from the main background process, W+ jets.

(Bin 11) Nb-jets ě 2 Events must contain at least 2 b-jets. This selection is an inclusive b-jet selection
where a range of b-jets multiplicities are accepted. On the other hand, an exclusive b-jet selection
would require exactly 2 b-jets. A b-jet requirement is often imposed in many analyses to suppress
background events that do not have the required number of b-jets. We also prefer the inclusive
b-jet selection over the exclusive selection to allow for the possibility of additional b-jets produced
from radiation. The inclusive selection increases the statistics of the final event yields.

Table 7.1 lists the number of (weighted) events that pass each of the baseline requirements. The table
lists the event yields for each of the MC and data sources. Additional cutflow tables showing the
absolute and marginal percentages are presented in Appendix B.
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Table 7.1: Baseline Selection Weighted Event Yields. The weighted event yields for the MC and data samples after each baseline requirement are
listed. Each entry has been scaled down by 103 for readability. The total summed MC is computed separately for the single-top DR and DS samples.

Requirement (ˆ103) W+ jets Other V{VV Other t tW (DR) tW (DS) tt
ř

MC (DR)
ř

MC (DS) Data

All events 36140.1 10960.5 2001.5 1875.3 1771.9 23042.8 74020.1 73916.7 91034.0
Njets ě 3 8331.2 2843.9 789.5 1299.0 1198.7 19051.0 32314.6 32214.3 40929.4
Pass electron crack veto 8331.0 2843.8 789.5 1299.0 1198.7 19050.5 32313.8 32213.5 40929.4
One loose lepton 8223.5 1653.7 753.7 1205.7 1117.4 17038.0 28874.6 28786.3 37826.2
Pass single lepton triggers 7984.5 1598.2 726.5 1172.7 1085.1 16498.1 27980.0 27892.3 37795.8
Lepton is trigger matched 7483.1 1417.7 670.8 1093.5 1010.5 15304.9 25970.0 25887.1 36812.6
Pass bad muon veto 7482.9 1417.7 670.8 1093.5 1010.5 15304.6 25969.5 25886.6 36811.3
One tight lepton 6830.9 1266.8 610.6 1005.6 927.2 13921.4 23635.3 23556.9 24824.4
Exactly one lepton 6644.5 1226.8 595.5 982.1 905.3 13587.8 23036.7 22960.0 24824.4
Lepton pT ą 30 GeV 6291.3 1152.4 560.5 942.2 866.2 12961.7 21908.1 21832.0 22916.2
mW

T ` Emiss
T ą 60 GeV 5462.7 798.9 496.0 837.6 767.0 11574.9 19170.0 19099.5 19670.1

Nb-jets ě 2 243.4 53.2 206.3 214.6 189.2 5455.9 6173.4 6148.0 6148.2
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7.2 Measurement Regions

Following the baseline cuts, the remaining sets of cuts define the individual measurement regions.
This analysis is performed in three main distinct regions, characterized by cuts on the kinematics of the
hadronic-W. These cuts are applied on both detector-level and particle-level so that the unfolded dis-
tributions represent the fiducial differential cross-sections. Multiple measurement regions are defined
to observe the effects of varying the kinematic requirements of the hadronic-W on the unfolded WWbb
observables. A specific measurement region is also defined to measure differential cross-sections upon
switching to a parton-level definition for specific observables. The following is a brief description of
each of the three measurement regions.

Whad. (particle) This is the nominal measurement region and employs the strictest cuts on the kine-
matics of the hadronic-W. The region is characterized by a semi-boosted hadronic-W, thereby
maximizing the matching efficiency between detector-level and particle-level objects. There is an
additional requirement that the mass of the reconstructed hadronic-W is found within a 20 GeV
window of the true W mass to improve reconstruction efficiencies further (see Chapter 6.2.3). A
particle-level definition of objects is used during the unfolding process.

Whad. (loose) This region relaxes the kinematic cuts on the hadronic-W defined in "Whad. (particle)".
This region guarantees the largest acceptance and captures events in the low pT regions of the
hadronic-W. A particle-level definition of objects is used during the unfolding process.

Wlep. (loose) This region applies the same cuts as "Whad. (loose)" but adds additional requirements for
the Emiss

T and transverse momentum of the leptonic-W. These additional requirements further
restrict the phase-space, targeting a more holistic picture of the WWbb topology. A particle-level
definition of objects is used during the unfolding process.

A fourth measurement region referred to as Whad. (parton) has also been investigated. This region
applies the same requirements on detector-level as "Whad. (particle)" but instead uses a parton-level
definition for certain observables during the unfolding process. The differences between parton and
particle-level can then be examined for selected WWbb observables. The observables measured in this
"parton-level" region are shown in Appendix E.

Table 7.2 lists the number of (weighted) events that pass the various requirements in each of
the three main measurement regions. The table lists the event yields for each of the MC and data
sources. Additional cutflow tables showing the absolute and marginal percentages are presented in
Appendix B.
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Table 7.2: Measurement Regions Weighted Event Yields. The weighted event yields for the MC and data samples after each selection in the three
measurement regions are listed. Each entry has been scaled down by 103 for readability. The total summed MC is computed separately for the single-top
DR and DS samples.

Whad. (particle)
Requirement (ˆ103) W+ jets Other V{VV Other t tW (DR) tW (DS) tt

ř

MC (DR)
ř

MC (DS) Data

Baseline events 243.4 53.2 206.3 214.6 189.2 5455.9 6173.4 6148.0 6148.2
pWhad.

T ą 60 GeV 96.4 19.2 88.3 106.4 86.6 2821.3 3131.5 3111.8 3038.1
60 ă MWhad. ă 100 GeV 9.4 2.2 9.3 35.0 28.4 848.2 904.2 897.6 849.2

Whad. (loose)
Requirement (ˆ103) W+ jets Other V{VV Other t tW (DR) tW (DS) tt

ř

MC (DR)
ř

MC (DS) Data

Baseline events 243.4 53.2 206.3 214.6 189.2 5455.9 6173.4 6148.0 6148.2
pWhad.

T ą 30 GeV 208.3 45.1 179.7 194.3 169.5 4973.2 5600.5 5575.8 5544.1
MWhad. ą 40 GeV 46.7 11.2 37.1 83.0 70.8 2193.7 2371.7 2359.5 2304.2

Wlep. (loose)
Requirement (ˆ103) W+ jets Other V{VV Other t tW (DR) tW (DS) tt

ř

MC (DR)
ř

MC (DS) Data

Whad. (loose) 46.7 11.2 37.1 83.0 70.8 2193.7 2371.7 2359.5 2304.2
Emiss

T ą 30 GeV 40.0 8.9 32.9 74.6 63.2 1973.7 2130.2 2118.8 2060.6

p
Wlep.

T ą 30 GeV 35.7 8.1 30.2 70.0 58.5 1819.2 1963.2 1951.8 1891.5
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Table 7.3 lists the final (weighted) event yields for the three main measurement regions. This table
also includes the contributions from misidentified leptons. As expected, regions with looser selections
have higher event yields but also admit more background events coming from W+ jets, Z + jets, and
diboson processes. The tightest selection, "Whad. (particle)", has sufficient statistics to perform the final
measurements. Therefore, "Whad. (particle)" is designated as the nominal measurement region. The
other two regions are labeled as alternative regions.

Table 7.3: Measurement Regions Final Event Yields. The final (weighted) event yields are listed for the MC
and data samples in the four measurement regions. Each entry has been scaled down by 103 for readability. The
first row lists the contributions from misidentified leptons. The total summed MC is computed separately for the
single-top DR and DS samples. The errors on each entry represent the statistical uncertainties only.

Sample (ˆ103) Whad. (particle) Whad. (loose) Wlep. (loose)

Mis. ID leptons 14.7 ˘ 0.1 43.5 ˘ 0.1 35.9 ˘ 0.1
W+ jets 9.4 ˘ 0.1 45.0 ˘ 0.2 35.7 ˘ 0.2
Other V{VV 2.2 ˘ 0.0 10.7 ˘ 0.1 8.1 ˘ 0.1
Other t 9.2 ˘ 0.1 35.5 ˘ 0.2 30.2 ˘ 0.2
tW (DR) 35.0 ˘ 0.2 81.0 ˘ 0.3 70.0 ˘ 0.3
tW (DS) 28.3 ˘ 0.2 69.0 ˘ 0.3 58.5 ˘ 0.2
tt 846.0 ˘ 0.9 2137.8 ˘ 1.5 1819.2 ˘ 1.3
ř

MC (DR) 916.4 ˘ 1.0 2353.5 ˘ 1.5 1999.1 ˘ 1.4
ř

MC (DS) 909.8 ˘ 0.9 2341.5 ˘ 1.5 1987.6 ˘ 1.4
Data 846.6 ˘ 0.9 2241.1 ˘ 1.5 1891.5 ˘ 1.4

7.3 Selected Observables of Interest

The following variables are selected to characterize the WWbb final state and are used to validate the
agreement between simulation and data. These quantities will be later unfolded to extract the final
differential cross-section distributions.

Lepton transverse momentum The transverse momentum of the single lepton (electron or muon). In
plots, this observable is labeled as "Lepton pT".

Leading b-jet transverse momentum The transverse momentum of the highest-pT b-jet. In plots, this
observable is labeled as "Leading b-jet pT".

Subleading b-jet transverse momentum The transverse momentum of the second highest-pT b-jet. In
plots, this observable is labeled as "Subleading b-jet pT".

Leading light-jet transverse momentum The transverse momentum of the leading (largest transverse
momentum) light-jet. In plots, this observable is labeled as "Leading light-jet pT".

Hadronic-W transverse momentum The transverse momentum of the reconstructed hadronic-W. In
plots, this observable is labeled as "Hadronic-W pT".
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Selected (b ` ℓ) invariant mass The invariant mass of the leading lepton and the selected b-jet com-
bination. This combination is sensitive to variations in the top quark mass and is often used
as a proxy for the top quark. We avoid the two-fold combinatorial problems associated with
reconstructing the leptonic-W. The b-jet is selected using the minimax algorithm described in
Section 6.3. In plots, this observable is labeled as "mselected

bl ".

Selected (b ` Whad.) invariant mass The invariant mass of the hadronic-W and the selected b-jet com-
bination. The combination represents the hadronically-decaying top quark. The b-jet is selected
using the minimax algorithm described in Section 6.3. In plots, this observable is labeled as
"mselected

bWhad ".

Selected (Whad. ` b1 ` b2 ` ℓ) invariant mass The invariant mass of the hadronic-W, the leading b-jet,
the subleading b-jet, and the lepton combination. This observable is sensitive to the full WWbb
final state and represents the invariant mass of the two top quarks. In plots, this observable is
labeled as "mselected

Whadbbl".

Modified minimax mass The modified minimax variable adapted from the fully-leptonic channel re-
places the second lepton with the hadronic-W. This quantity is sensitive to interference ef-
fects between DR/DS. In most cases, one expects this minimax variable to be identical to the
selected (b ` Whad.) observable. The mass of the (b ` ℓ) pairing will almost always be less
than the (b ` Whad.) mass due to the missing neutrino. In plots, this observable is labeled as
"minimaxselected

Whadbbl".

The choice of these observables is motivated by their sensitivity to mismodeling of the WWbb final
state. As discussed in Chapter 2, several of these observables have been predicted to NLO accuracy.
Therefore, the agreement between the simulation and data for these observables is of particular inter-
est. This analysis is also uniquely positioned to reconstruct the hadronic-W and study the distributions
of combinations involving the hadronic-W. Whenever referenced, the term "kinematic observables of
interest" refers to this variable list.

In addition to the main kinematic observables, we also choose to unfold several spatial quantities.
This analysis also studies the following spatial variables.

Hadronic-W rapidity The rapidity of the reconstructed hadronic-W. In plots, this observable is la-
beled as "Hadronic-W y".

Selected ∆Rpb, ℓq The ∆R separation between the selected b-jet and the leading lepton. In plots, this
observable is labeled as "∆R between selected bjet and ℓ" and "Selected ∆Rpb, ℓq".

Selected ∆Rpb, Whad.q The ∆R separation between the selected b-jet and the hadronic-W. In plots, this
observable is labeled as "∆R between selected b-jet and Whad." and "Selected ∆Rpb, Whad.q".

Recall the rapidity is defined as y “ 1
2 ln

´

E`pz
E´pz

¯

, where E is the energy and pz is the momentum
in the z-direction. Differences in rapidity are Lorentz-invariant with respect to boosts along teh beam
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axis. The rapidity is often used to describe the spatial distribution of particles. A rapidity distribution
is sensitive to the boost of the system; a rapidity close to 0 indicates a particle with large transverse
momentum, while a rapidity tending to `8 or ´8 indicates a particle moving in the forward or
backward direction close to the beamline. This observable is studied for the hadronic-W to assess
whether there is a potential bias in predictions of the location of the hadronic-W.

The ∆R separation is defined as ∆R “

b

p∆ηq
2

` p∆ϕq
2, where ∆η is the difference in pseudorapid-

ity and ∆ϕ is the difference in azimuthal angle. The ∆R separation measures the angular separation
between two objects. The ∆R separation is studied for the selected b-jet and lepton, and the selected
b-jet and hadronic-W. These observables are sensitive to the kinematics of the top-quark decay. A
small ∆R separation indicates the objects are close in phase-space, while a large ∆R separation indi-
cates the objects are far apart. Whenever referenced, the term "spatial observables of interest" refers to
this variable list.

7.4 Detector-Level Control Plots

Figure 7.2 plots the detector-level distributions for the kinematic and spatial observables of interest.
These variables are only shown for the nominal Whad. (particle) region. The control plots for the alter-
native signal regions are shown in Appendix C.1.
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Figure 7.2: Detector-Level Observables in the Whad. (particle) Region. The detector-level control distributions
of the observables of interest plot the full Run 2 data and the expected MC contributions. The shaded bands
represent the statistical uncertainties in the total MC prediction. The bottom panel in each plot shows the ratio
between the data and the MC prediction, computed separately for the DR and DS single-top samples. Refer to
Section 7.3 for a description of the observables of interest.
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Several observations can be drawn from the detector-level control plots. The agreement between
the simulation and data is generally good for most of the observables. The agreement only starts to
degrade in the tails of the distributions, where mismodeling effects start to play a larger role. In these
regions, the simulation tends to overestimate the data. The mbℓ distribution is of particular interest as
it shows the DS prediction underestimating the data while the DR model overestimates the data. It is
expected that the DR and DS techniques yield different results in terms of agreement with the obser-
vations. Other NLO predictions studying the same interference effect have also reported significant
differences between the two techniques [126]. For this measurement, the DS model for single-top pro-
duction models the data better than the DR model. When comparing the fixed-scale and dynamically-
scaled single-top samples, the dynamically-scaled sample generally models the data better. Given the
discussion in Section 5.4, the better performance when using dynamic scales is expected.
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CHAPTER 8

Systematic Uncertainties

In addition to statistical uncertainties, many systematic uncertainties can affect the final measurement.
However, unlike statistical uncertainties, one cannot decrease systematic uncertainties by taking more
measurements. It is necessary to understand the response of the measurement to these systematic
variations. We divide these uncertainties into two broad categories: experimental and theoretical. Ex-
perimental uncertainties are associated with the limitations of the apparatus and any experimental
techniques. The beam conditions of the LHC can also contribute to experimental uncertainty. Theoret-
ical uncertainties are associated with the modeling of the physics processes. This chapter will describe
the sources of systematic uncertainties.

8.1 Experimental Systematics

Experimental systematics quantify the limited precision and accuracy of the detector subsystems in
the simulated model of the ATLAS detector. Each physics object (e.g., leptons, jets, b-tagging, and
missing transverse energy) carries its own systematic uncertainties. These are associated with the
techniques used to reconstruct and calibrate the objects. A source of uncertainty is captured in the form
of a Nuisance Parameter (NP). To measure the effect of these uncertainties, the nominal value of the
observable is varied by ˘1σ of the corresponding NP. The measurement is then repeated using these
varied values, and the difference between the nominal and the varied measurement is taken as the
systematic uncertainty. For a binned quantity, the relative systematic uncertainty on bin i contributed
by a single NP (ϵNP

i ) is computed as shown in Eq. 8.1.

ϵNP
i “ |hNP

i ´ hnom.
i |{hnom.

i (8.1)

In the above, hNP
i and hnom.

i corresponds to the bin heights of bin i for the varied and nominal mea-
surements, respectively. The total systematic uncertainty (ϵtot.

i ) is then computed by summing the
contributions of the NPs in a single category in quadrature. This procedure assumes that the system-
atic uncertainties are largely uncorrelated between the different sources. Correlations in uncertainties
that impact the shape or normalization of the distributions, such as luminosity and PDF uncertainties,

123
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are expected to be small and are disregarded due to the magnitude of these uncertainties.

ϵtot.
i “

d

ÿ

j

pϵ
NPj
i q

2 (8.2)

In the above, the inner sum j runs over all of the NPs in a specific category of experimental uncertain-
ties. For this analysis, the following categories of systematics uncertainties are considered alongside a
list of all NPs under each category.

Electrons The energy resolution and scale of simulated electrons are adjusted to account for dif-
ferences between data and simulation. A correction factor is applied to each electron four-
momentum to account for these differences. Efficiencies associated with electron identification,
isolation, and reconstruction are also considered. Corrections to efficiencies are applied as scale
factors to the simulated events, which affects the overall event weight normalization. Lastly,
there are also uncertainties related to the efficiencies of the electron triggers. Table 8.1 lists the
NPs associated with electrons.

Table 8.1: Electron Uncertainties Nuisance Parameters. The NPs associated with electron uncertainties are
listed alongside a brief description.

Nuisance Parameter Description

EG_RESOLUTION_ALL Energy resolution uncertainty
EG_SCALE_ALL Energy scale uncertainty
EG_SCALE_AF2

EL_EFF_ID_TOTAL_1NPCOR_PLUS_UNCOR ID efficiency uncertainty
EL_EFF_Iso_TOTAL_1NPCOR_PLUS_UNCOR Isolation efficiency uncertainty
EL_EFF_Reco_TOTAL_1NPCOR_PLUS_UNCOR Reconstruction efficiency uncertainty
EL_EFF_Trigger_TOTAL_1NPCOR_PLUS_UNCOR Trigger efficiency uncertainty
EL_EFF_TriggerEff_TOTAL_1NPCOR_PLUS_UNCOR Trigger scale-factor uncertainty

Muons Similar to electrons, the simulated muons’ energy resolution, and scale are adjusted to ac-
count for differences between data and simulation. A correction factor is applied to each muon
four-momentum to account for these differences. Efficiencies associated with muon isolation,
reconstruction, track-to-vertex association, and bad muon veto are also considered. Corrections
to efficiencies are applied as scale factors to the simulated events, which affects the overall event
weight normalization. Lastly, there are uncertainties related to the efficiencies of the muon trig-
gers. Table 8.2 lists the NPs associated with muons.
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Table 8.2: Muon Uncertainties Nuisance Parameters. The NPs associated with muon uncertainties are listed
alongside a brief description.

Nuisance Parameter Description

MUON_SAGITTA_DATASTAT Energy scale uncertainty
MUON_SAGITTA_RESBIAS

MUON_EFF_Iso_STAT Isolation efficiency uncertainty
MUON_EFF_Iso_SYS

MUON_EFF_Reco_STAT Reconstruction efficiency uncertainty
MUON_EFF_Reco_SYS

MUON_EFF_TTVA_STAT Track-to-vertex association efficiency uncertainty
MUON_EFF_TTVA_SYS

MUON_EFF_BADMUON_SYS Bad muon veto efficiency uncertainty
MUON_EFF_TrigStatUncertainty Trigger efficiency uncertainty
MUON_EFF_TrigSystUncertainty

Jets The jets’ energy scale and resolution uncertainties are evaluated by varying the jet energies in situ.
The uncertainty in the jet energy scale is captured in 28 NPs, which aims to assess various effects
that could affect jet energy calibration. Such effects include the pile-up conditions, differences in
response due to jet flavor, and differences in response due to the jet pT and η. The uncertainty
in the jet energy resolution is evaluated using 12 independent NPs. A thirteenth jet energy res-
olution NP is used to correct for differences between simulation and data. Finally, since the JVT
algorithm is used to identify hard-scatter jets, a NP is included to account for the uncertainty in
the JVT efficiency. The NPs associated with jets are listed in Table 8.3.
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Table 8.3: Jet Uncertainties Nuisance Parameters. The NPs associated with jet uncertainties are listed alongside
a brief description.

Nuisance Parameter Description

JET_EffectiveNP_Detector[1-2] Energy scale uncertainty
JET_EffectiveNP_Mixed[1-3]

JET_EffectiveNP_modeling[1-4]

JET_EffectiveNP_Statistical[1-6]

JET_EtaIntercalibration_modeling

JET_EtaIntercalibration_NonClosure_2018data

JET_EtaIntercalibration_NonClosure_highE

JET_EtaIntercalibration_NonClosure_negEta

JET_EtaIntercalibration_NonClosure_posEta

JET_EtaIntercalibration_TotalStat

JET_Flavor_Composition_prop

JET_Flavor_Response_prop

JET_Pileup_OffsetMu

JET_Pileup_OffsetNPV

JET_Pileup_PtTerm

JET_Pileup_RhoTopology

JET_PunchThrough_MC16

JET_JER_EffectiveNP_[1-12] Energy resolution uncertainty
JET_JER_DataVsMC_MC16

JET_JvtEfficiency JVT efficiency uncertainty

b-tagging The DL1r algorithm is used in this analysis to tag b-jets. Uncertainties associated with
b-tagging are evaluated separately for b-jets, c-jets, and light-jets with independent sets of NPs for
each type of jet. There are 9 such NPs for b-jets, 4 for c-jets, and 4 for light-jets. Finally, there are
two additional NPs to account for efficiencies associated with uncertainties on the extrapolation
on high-pT jets and tau-jets (τ-jets). All of these uncertainties enter as scale-factors applied to the
simulated events. The NPs associated with b-tagging are listed in Table 8.4.

Table 8.4: b-tagging Uncertainties Nuisance Parameters. The NPs associated with b-tagging uncertainties are
listed alongside a brief description.

Nuisance Parameter Description

FT_EFF_Eigen_B_[0-8] b-jets efficiency component uncertainty
FT_EFF_Eigen_C_[0-3] c-jets efficiency component uncertainty
FT_EFF_Eigen_Light_[0-3] Light-jets efficiency component uncertainty
FT_EFF_extrapolation Extrapolation on high-pT jets uncertainty
FT_EFF_extrapolation_from_charm Extrapolation on τ-jets uncertainty
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Missing Transverse Energy The uncertainty in the scale and resolution of the Emiss
T is estimated by

varying the soft-track component in calculating Emiss
T . Variations of these parameters can affect

the overall value of the Emiss
T and its direction. The NPs associated with the Emiss

T uncertainties
are listed in Table 8.5.

Table 8.5: MET Uncertainties Nuisance Parameters. The NPs associated with Emiss
T uncertainties are listed

alongside a brief description.

Nuisance Parameter Description

MET_SoftTrk_Scale Momentum scale uncertainty
MET_SoftTrk_ResoPerp Momentum resolution uncertainty
MET_SoftTrk_ResoPara

Pileup For a simulated event, the pileup must also be simulated to match the same conditions in the
real ATLAS detector. In practice, the simulated distribution of the average number of interactions
per bunch crossing does not match what is observed in the data. To improve the agreement of
the distributions between data and simulation, a procedure known as "pileup reweighting" is
applied. This procedure corrects the distribution of the average number of interactions per bunch
crossing in the simulated events by applying certain scale factors. The uncertainty associated
with this procedure is evaluated by varying the scale factors and is captured in a single NP,
PRW_DATASF.

Luminosity The total integrated luminosity normalizes the simulated events to the full Run 2 lumi-
nosity. Therefore, a precise measurement of the total integrated luminosity and its corresponding
uncertainty is required. Table 5.1 presented the integrated luminosity for each year during the
Run 2 data-taking period. The total integrated luminosity for Run 2 was 140.07 ˘ 1.17 fb´1,
corresponding to a relative uncertainty of approximately 0.83%. This constant uncertainty is
propagated throughout the remaining analysis.

8.2 Theory Systematics

Theory systematics quantify the uncertainties associated with the modeling of the physics processes.
These uncertainties are typically associated with the choice of the generator used to simulate the events
and the specific parameters used in the simulation. The theory systematics are evaluated by varying
the parameters during event generation and comparing the results to the nominal simulation. For
this analysis, we categorize theory systematics into two categories: signal modeling systematics and
background modeling systematics. The former relates to uncertainties associated with the modeling of
the signal processes (tt and tW) while the latter relates to uncertainties associated with the modeling
of the background processes.
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8.2.1 Signal modeling

The following categories associated with signal modeling systematics are considered alongside a list
of all NPs under each category.

Cross-Section The uncertainty in the predicted cross-sections of the tt and tW processes (listed in
Table 5.2) is evaluated by varying the normalization factor of the MC samples. We adjust the
normalization according to the uncertainties in the predicted cross-sections. This effect is cap-
tured in a single NP, THEORY_CROSS_SECTION_signal.

Parton Showering The uncertainty in the parton showering process is evaluated by adjusting the
pT,hard parameter in the POWHEG generator [86]. This parameter is associated with the prob-
ability of suppressing further emissions during the showering process. In general, higher values
of pT,hard are associated with suppressing further emissions. To evaluate the effect of this param-
eter, the pT,hard parameter is increased from nominally 0 to 1. This uncertainty is captured in the
NP, THEORY_PTHARD_signal.

Hadronization Model The uncertainty in the hadronization process is evaluated by comparing the
results of the nominal simulation to the results using an alternative hadronization model. The
alternative hadronization model is evaluated using the POWHEG + HERWIG 7.1 generator and is
captured in the NP, THEORY_SHOWERING_HERWIG7_signal.

µr and µf Scales The renormalization and factorization scales are nonphysical quantities introduced
during cross-section calculations to absorb the divergences in the perturbative expansion. This
analysis considers both the fixed and dynamically-scaled µr and µf. During event generation,
the µr and µf are associated with the production of initial/final state radiation (ISR and FSR).
To evaluate the uncertainties associated with µr and µf, the nominal values are multiplied by a
factor of 2 and 0.5 to obtain the upper and lower variations. The NPs associated with the µr and
µf scales are listed in Table 8.6.

Table 8.6: µr and µf Scales Uncertainties Nuisance Parameters. The NPs associated with µr and µf scales
uncertainties are listed alongside a brief description.

Nuisance Parameter Description

THEORY_SCALE_FACTORISATION_signal µf uncertainty
THEORY_SCALE_RENORMALISATION_signal µr uncertainty
THEORY_ISR_signal ISR uncertainty
THEORY_FSR_signal FSR uncertainty

hdamp The hdamp parameter is used to regulate the tt production in the generator by controlling the
matching of the tt matrix element to the parton shower. The uncertainty in the hdamp parame-
ter is evaluated by multiplying the nominal value by 2. This variation corresponds to the NP,
THEORY_HDAMP_signal.
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Top Recoil The top-quark decays into a W-boson and a b-quark, t Ñ W ` b. Gluons can be radi-
ated during this decay. After the first gluon radiation, all secondary gluon emissions are mod-
eled as recoiling against the b-quark (recoiler). This procedure is implemented in the nomi-
nal POWHEG+PYTHIA 8 generator [127]. This procedure tends to produce radiation that is too
collinear with the b-quark, resulting in jets that are too narrow. To improve the modeling of the
radiated jets, a modified approach is to use the top quark as the recoiler. This model changes the
shape of the radiated b-jets and results in a narrower top-mass distribution [128]. This analysis
uses an alternative sample implementing the top recoil procedure. The differences due to top
recoil is captured in the NP, THEORY_TOPRECOIL_signal.

PDF The choice of the specific PDF set may affect the final unfolded cross-section distributions. To
evaluate the uncertainty associated with the PDF set, this analysis adopts the procedures and
PDF sets provided by the PDF4LHC15 collaboration [129]. The PDF4LHC15 combined PDF
set contains replicas of many of the most commonly used PDF sets. In practice, one could calcu-
late the predicted cross-section for each replica and compare the results when using the nominal
PDF set. To reduce computational time, it is possible to compute the PDF uncertainties by in-
stead reweighting the nominal PDF set, such that an alternative event weight is obtained. The
uncertainty is then evaluated by comparing the nominally and alternatively weighted events.
This uncertainty is captured in the NP, THEORY_PDF4LHC_VARIATION_signal.

DR/DS This analysis evaluates the differences between the DR and DS approaches to remove the
overlap between the tt and tW samples. The uncertainty is measured by taking the envelope
(highest/lowest values) from among the different DR and DS samples as the total uncertainty.
This uncertainty is captured in the NP, THEORY_DR_DS_signal.

W-Mass The accepted mass of the W-boson is used in the reconstruction of the leptonic and hadronic
W-bosons. Using a hard-coded mass may result in a bias towards reconstructions that are biased
towards the accepted mass. To evaluate the uncertainty associated with the W-mass, the true
mass of the W-boson is varied by ˘2 ˆ σW where σW “ 2.085 GeV corresponds to the measured
width of the W-mass distribution [3]. The associated NP is WMASS_VAR_signal.

8.2.2 Background modeling

The following categories associated with background modeling systematics are considered alongside
a list of all NPs under each category.

W+ jets Similar to the signal modeling systematics, the uncertainty in the W+ jets background is eval-
uated by varying the normalization factor of the MC generation parameters. These variations
include modeling uncertainties on the cross-section, PDFs, scales and electroweak corrections.
Table 8.7 lists the NPs associated with the W+ jets background modeling.
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Table 8.7: W+ jets Modeling Uncertainties Nuisance Parameters. The NPs associated with W+ jets modeling
uncertainties are listed alongside a brief description.

Nuisance Parameter Description

THEORY_CROSS_SECTION_Wjets Cross-section uncertainty
THEORY_SCALE_COMBINED_Wjets Scales uncertainties
THEORY_PDF4LHC_VARIATION_Wjets Choice of PDF set uncertainty
THEORY_EWK_Wjets Electroweak correction uncertainty

Other V/VV The scales, PDF, and electroweak correction uncertainties are also assessed for the multi-
boson samples. Table 8.8 lists the NPs associated with the multiboson background modeling.

Table 8.8: Other V{VV Modeling Uncertainties Nuisance Parameters. The NPs associated with multiboson
modeling uncertainties are listed alongside a brief description.

Nuisance Parameter Description

THEORY_SCALE_COMBINED_multiboson_noW Scales uncertainties
THEORY_PDF4LHC_VARIATION_multiboson_noW Choice of PDF set uncertainty
THEORY_EWK_multiboson_noW Electroweak correction uncertainty

Other t A constant 25% uncertainty is applied to the normalization of the non-resonant top samples.
This uncertainty is captured in the "cross-section" NP, THEORY_CROSS_SECTION_other_top_noWt.

Fake Leptons The uncertainty in the misidentified leptons was conducted by varying aspects of the
MC or cuts. The uncertainties were assessed independently for electrons and muons as shown
in Section 6.4.5. The corresponding fake leptons NPs are FAKES_Electron and FAKES_Muon.

8.3 Systematics Summary Plots

For the observables introduced in the previous section, the bin-by-bin systematics are evaluated for
each of the main categories listed above. The "total uncertainty" is computed by summing all other
contributions in quadrature, and this is shown as a gray band in each plot. The "expected statistical"
uncertainty is shown as a dark gray band and is the statistical uncertainty from data. Figure 8.1 plots
the systematic uncertainties for the kinematic and spatial observables of interest in the Whad. (particle)
region. The corresponding systematics for the Whad. (loose) and Wlep. (loose) regions are presented in
Appendix C.2.
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Figure 8.1: Systematic Uncertainties Summary for the Whad. (particle) Region. Systematic uncertainties include
contributions from both detector-level and modeling uncertainties. The total systematic uncertainty is computed
by adding the statistical and systematic uncertainties in quadrature. Refer to Section 7.3 for a description of the
observables of interest.
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The above plots correspond to the systematic uncertainties prior to unfolding. In each of the pre-
sented observables, signal model is the dominant source of uncertainty. The other sources of uncer-
tainty generally do not exceed 10%, while the signal modeling uncertainties increase past 50% in the
tails of these distributions. Figure 8.2 plots the contributions of the NPs associated with the signal
modeling uncertainty. For each NP, the ratio of the distributions of the up/down variations to the
nominal distribution is calculated. For illustration purposes, only the lepton transverse momentum
plot in the Whad. (particle) region is shown. The other regions have similar contributions and are
shown in Appendix C.3.
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(a) Cross-section.
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(b) DR/DS.
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(c) FSR.
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(d) hdamp.
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(e) ISR.
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(f) PDF.
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(g) pT,hard.
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(h) µf.
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(i) µr.
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(j) Showering.
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(k) Top recoil.

Figure 8.2: Summary of Signal Modeling Uncertainties for the Whad. (particle) Region. Signal modeling un-
certainties make up the largest contribution to the total systematic uncertainty. The contributions of the NPs
associated with the signal modeling uncertainties are computed for each bin as a ratio of the up/down variations
to the nominal distribution. The following NPs associated with the signal modeling uncertainty are plotted: (a)
cross-section, (b) DR/DS, (c) FSR, (d) hdamp, (e) ISR, (f) PDF, (g) pT,hard, (h) µf, (i) µr, (j) parton-showering, and
(k) Top recoil.
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The most significant source of uncertainty in the signal modeling category comes from DR and DS
uncertainties, which can be as large as 30% of the total uncertainty. Recall that the DR/DS uncertainty
is calculated by taking the envelope of the various DR and DS samples. Therefore, this large uncer-
tainty is likely contributed by the fixed-scale DR/DS samples, which were shown to disagree with
predictions more so than their dynamically-scaled counterparts. Therefore, the final cross-sections can
be particularly sensitive to the modeling of the interference effects between the tt and tW samples. A
dedicated MC generator including these interference effects (e.g., bb4l) could reduce this uncertainty.

In the case of the detector uncertainties, the dominant uncertainty depends on the observables. For
the lepton transverse momentum, at higher pT (ą 300 GeV) ranges, uncertainties associated with the
fake factors become more dominant. In these high-pT regions, the statistical uncertainty also increases
to greater than 20%. For the b-jet and light-jet transverse momentum observables, the dominant un-
certainty naturally comes from the b-tagging efficiency. For composite observables, the jet energy scale
and resolution uncertainties begin to play a more significant role. This is particularly true for the se-
lected (b ` ℓ), (b ` Whad.), and the modified minimax mass distributions. For these distributions, there
is a clear increase in the jet energy scale uncertainties around the 200 GeV. It is assumed this arises be-
cause of differences in the uncertainties of the jet energy scale and resolution in different jet pT ranges
[130].

When comparing the uncertainties across the different regions (see Appendix C.2), the scales of the
total uncertainties are relatively similar. For observables such as the lepton and b-jet transverse mo-
menta with large statistical uncertainties in the tails, the total uncertainty of the stricter Whad. (particle)
region is slightly larger than the other two looser regions. However, the effects of the W-mass variation
are more pronounced in the looser regions. The Whad. (loose) and Wlep. (loose) regions have a simple

pW
T ą 40 GeV cut while the Whad. (particle) region uses a 60 ă pW

T ă 100 GeV window to improve
the overall reconstructed-to-particle level matching. A lower cut allows potentially misreconstructed
W-bosons to enter the selection. For example, there may be events carrying a single light-jet. By de-
fault, this single jet will be reconstructed as the hadronic-W despite not having a mass close to the true
W-mass.
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Unfolding

The detector-level distributions are subject to various detector effects such as acceptance, efficiency,
resolution, misreconstruction, and misidentification. Unfolding refers to the mathematical procedures
used to correct these effects to obtain the true particle-level distributions from the observed detector-
level distributions. Unfolding is a necessary step to compute the various differential cross-section
distributions that will be used to compare with various theoretical predictions. Different packages
exist to perform unfolding, but in this analysis, the TUnfold package [131] is used. The unfolding
procedure seems straightforward in principle, requiring only a few ingredients. However, in practice,
challenges can arise in constructing the migration matrix, selecting the regularization parameter, and
propagating the systematic uncertainties. This chapter begins by describing the unfolding procedure,
the required ingredients, and the inherent challenges of unfolding. Next, we will discuss the unfolding
process as it pertains to this analysis. Finally, we will present the unfolded differential cross-sections
and the associated uncertainties compared to various theoretical predictions.

9.1 Unfolding Description

In high-energy physics, measurements are generally performed as counting experiments. Observa-
tions are grouped into bins of a certain observable, such as the transverse momentum of a particle.
However, the detector is subject to various inherent inefficiencies and resolutions that can distort the
true underlying particle-level distributions. Unfolding aims to correct for these detector effects and ob-
tain a detector-independent distribution. The unfolding problem can be formulated as a linear inverse
problem, which may be written as follows.

yi “

m
ÿ

j“1

Aijxj ` bi, 1 ď i ď n (9.1)

In the above, yi is the observed number of counts in bin i (with n total bins), Aij is the migration
matrix which measures the probability that an event in bin j (with m total bins) at the particle-level is
reconstructed in bin i at the detector level, xj is the true number of events in bin j, and bi is the back-
ground contribution in bin i. The goal of unfolding is to determine the true number of events xj given

135
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the observed counts yi. The migration matrix Aij is a key ingredient in the unfolding procedure and is
determined using MC simulations. It encodes the detector response and relates the true particle-level
distributions to the observed detector-level distributions1. The migration matrix’s diagonal elements
represent the purity, i.e., the probability that an event in a given particle-level bin is correctly recon-
structed in the corresponding detector-level bin. The off-diagonal elements represent the migration of
events between different bins. A perfect detector would have a diagonal migration matrix.

As written, unfolding seems to be a trivial matrix inversion problem requiring only a few input
vectors and a single matrix. However, unfolding is inherently an ill-posed problem [132]. A direct
solution via simple matrix inversion would correctly yield the desired true distribution.

ˆ⃗x “ A´1 ˆ⃗y (9.2)

Here, ˆ⃗x is an estimator of the underlying true distribution, while ˆ⃗y is the observed distribution with
added statistical fluctuations (e) such that ˆ⃗y “ y⃗ ` e⃗. We can prove that the solution from this approach
is statistically sound and does not introduce any unwanted biases. In other words, the expectation
value of the estimator of x⃗ should yield the true underlying distribution, x⃗.

Er ˆ⃗xs “ A´1Er ˆ⃗ys

“ A´1Er⃗y ` e⃗s

“ A´1Er⃗ys ` A´1Er⃗es

“ A´1Er⃗ys

“ A´1 AEr⃗xs

“ x⃗

(9.3)

In going from the third line to the fourth line, we have used the fact that the expectation value
of the statistical fluctuations is zero, Er⃗es “ 0. This method does not yield satisfactory results since
it can produce unstable outputs with large statistical fluctuations. Relatively small changes in the
input vector or migration matrices can result in large changes in the unfolded distributions. Moreover,
matrix inversion can often result in negative terms in the inverted matrix, potentially leading to a
non-physical negative event count in one or more bins. Lastly, a priori, it cannot be assumed that the
inverse of the migration matrix should exist. Often, migration matrices tend to be large and sparse
and, therefore, can be singular.

9.1.1 Regularization

Regularization techniques are added to address the issues associated with simple matrix inversion.
Regularization involves adding constraints to the unfolding problem to stabilize the solution and re-
move unwanted large fluctuations. In doing so, an unavoidable bias will be introduced into the final
1The least squares minimization employed by TUnfold requires a non-zero number of degrees of freedom, n ´ m. Therefore, it
is required that the data yi is measured in finer bins than the final particle-level distributions, xj.
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unfolded result. The size of the bias depends on the strength of the regularization. In TUnfold, the
regularization is implemented as a penalty term (τ), which controls the strength of the regularization.
If τ is chosen to be too large, the bias skews the unfolded distribution away from the true particle-
level spectrum. If τ is chosen to be too small, the unfolded distribution will be unstable and exhibit
large fluctuations. TUnfold formulates this optimization problem as a minimization of the following
Lagrangian.

Lpx, λq “ L1 ` L2 ` L3

L1 “ p⃗y ´ Ax⃗q
TV´1

yy p⃗y ´ Ax⃗q

L2 “ τ2
p⃗x ´ fb x⃗0q

T
pLTLqp⃗x ´ fb x⃗0q

L3 “ λpY ´ e⃗T x⃗q

(9.4)

The first Lagrangian, L1 represents the standard least-squares minimization between the observed
distribution and the predicted distribution connected by the covariance matrix of the observations,
Vyy. In many cases, the covariance matrix is diagonal and holds the squares of the total uncertainties.

The second Lagrangian, L2 encodes the regularization whose strength is determined by the param-
eter τ. The bias vector fb x⃗0 consists of a normalization factor, fb and a reference vector, x⃗0. Depending
on the choice of fb, the regularization can reduce deviations of x⃗ from 0 or x⃗0. L is a matrix that encodes
the regularization conditions. There are three basic types of regularization conditions implemented in
TUnfold.

Size TUnfold is set to regularize the amplitude of the unfolded distribution. L is initialized to be the
identity matrix with size nx⃗.

First Derivative TUnfold is set to regularize the unfolded distribution’s first derivative (slope). L is
initialized with Li,i “ ´1 and Li,i`1 “ 1 and has nx⃗ ´ 1 rows.

Second Derivative TUnfold is set to regularize the unfolded distribution’s second derivative (concav-
ity). L is initialized with Li,i “ 1, Li,i`1 “ ´2, and Li,i`2 “ 1 and has nx⃗ ´ 2 rows.

The simplest case corresponds to the regularization of the size of the unfolded distribution with
fb “ 0 and L being the identity matrix. In this case, L2 simplifies to τ2

||x||
2, which penalizes deviations

of the unfolded distribution from zero. This analysis includes the regularization of the size during the
unfolding process. This analysis does not uses the regularization of the first and second derivatives.

The third Lagrangian represents an optional area constraint. This area constraint adds two addi-
tional parameters to the unfolding problem. The first parameter, Y ”

ř

i yi, counts the number of
observed events. The second parameter, ej ”

ř

i Aij, represents an efficiency vector that counts the
number of observations in each column of the migration matrix. When L3 is activated, the normaliza-
tion of x⃗ is corrected to match the total number of events, Y using the efficiencies, e⃗. This constraint is
activated in this analysis. Minimizing the complete Lagrangian yields the following solution for x⃗ (see
Ref. [131] for details).
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x⃗ “

#

x⃗|λ“0, without area constraint

x⃗|λ“0 ` pλ{2qE⃗e, with area constraint
(9.5)

The following variables are defined in terms of the components of Eq. 9.4.

x⃗|λ“0 “ E
”

ATV´1
yy y⃗ ` τ2

pLTLq fb x⃗0

ı

(9.6a)

E “

´

ATV´1
yy A ` τ2

pLTLq

¯´1
(9.6b)

λ

2
“

Y ´ e⃗T x⃗|λ“0

eTE⃗e
(9.6c)

The final step to determine the unfolded distribution is to select the optimal value of τ. It is selected by
running the unfolding iteratively with different values of τ and selecting the value that minimizes the
discrepancy between the observed and predicted distributions. There are different methods to select τ

with different figures of merit to optimize2. In the present implementation, TUnfold uses the L-curve
scan method to optimize τ [133]. The L-curve scan method defines two variables, Lcurve

x and Lcurve
y .

Lcurve
x “ logL1 (9.7a)

Lcurve
y “ log

L2

τ2 (9.7b)

Lcurve
x measures the agreement of x⃗ with the observations, while Lcurve

y measures the agreement of x⃗
with the regularization conditions. A parametric plot of Lcurve

y against Lcurve
x will yield an L-shaped

curve. The optimal value of τ corresponds to the point on the curve that maximizes the curvature. At
this point, the regularization is strong enough to stabilize the solution but not so strong as to introduce
large biases. The unfolded distribution is consistent with what would be output by a simple least-
squares minimization while also being compatible with the bias. Figure 9.1 shows an example of a
typical L-curve plot with different values of the regularization parameter (labeled here as λ).

2In addition to the L-curve scan presented in the text, another popular method to choose τ is to minimize the average global

correlation coefficient. The global correlation coefficient in bin i (ρi) is defined as ρi “

c

1 ´

´

pVyyqiipV´1
yy qii

¯´1
. The average

global correlation coefficient over N bins is ρavg. “ 1
N

řN
i“1 ρi . Similar to the L-curve scan, the unfolding is performed iteratively

for different values of τ. However, the best value of τ is chosen as the iteration that gives the smallest ρavg.. This method
minimizes the bin-to-bin fluctuations post-unfolding.
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Figure 9.1: Representative L-Curve Plot. A representative L-curve plot shown with various regularization
parameter (λ) values is presented. The optimal value of the regularization parameter is the point corresponding
to maximum curvature. This point corresponds to a kink in the L-curve. Generally, this number is a fractional
number that is less than 1. In the text, the λ-parameter is equivalently labeled as τ. Plot is taken from Ref. [133].

In practice, the user defines a constant number of iterations to scan between a range of possible τ

values. At each iteration, the unfolding is performed with a different τ value, and the corresponding
Lcurve

x and Lcurve
y values are recorded. The curvature of the L-curve is then calculated at each point,

and the τ value that maximizes the curvature is selected as the optimal value. The optimal value is
then used during the final iteration of the unfolding to obtain the unfolded distribution. This final step
completes the unfolding process. The unfolding process is correctly verified with a closure test, with
the results shown in Appendix D.

9.2 Unfolding Ingredients

For each observable of interest, the following ingredients are required to perform unfolding.

Full Detector-Level Distribution, R The distribution comprises all reconstructed events filled with
MC simulated events that pass the detector-level selection.

Full Particle-Level Distribution, T The distribution comprises all particle-level events filled with MC
simulated events that pass the particle-level selection.
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Data Distribution, D The distribution of observed events is filled with real data events that pass the
detector-level selection.

Background Distribution, B The distribution sums up all contributions from simulated background
events that pass the detector-level selection filled using MC simulations.

Response Matrix, Mr The response matrix is constructed using MC simulation and is filled with all
events that simultaneously pass the detector-level and particle-level selections.

Migration Matrix, M The migration matrix is the normalized version of the response matrix such
that each row in the migration matrix sums to unity. It encodes the probability that an event in a
given particle-level bin is reconstructed in a detector-level bin. The migration matrix’s diagonal
elements quantifies the purity, i.e., the probability that an event in a given particle-level bin
is correctly reconstructed in the corresponding detector-level bin. The off-diagonal elements
represent the migration of events between different bins. There are approximately twice the
number of bins at detector-level compared to truth-level so as to align with the recommendations
of the TUnfold package.

The unfolding process can be summarized in the following equation which calculates the unfolded
distribution (Dunf.

i ) in given bin i.

Dunf.
i “

1
ϵi

ÿ

j

M´1
i,j AjpDj ´ Bjq (9.8)

In addition to the previously defined ingredients, two additional ingredients are required for the un-
folding process. These are the acceptance (A) and efficiency (ϵ) correction factors. The acceptance
correction factor accounts for events that pass the detector-level selection but fail the particle-level se-
lection. The acceptance correction in bin j (Aj) can be calculated using the response matrix (Mr) and
the full detector-level distribution (R) as follows.

Aj “

ř

i Mr,i,j

Rj
(9.9)

In other words, for the j-th bin, the acceptance correction factor is the sum of the response matrix ele-
ments in the j-th column divided by the number of events in the j-th bin of the full detector-level dis-
tribution. On the other hand, the efficiency correction factor accounts for events that pass the particle-
level selection but are not reconstructed at the detector-level. The efficiency correction in bin i (ϵi) can
also be calculated using the response matrix (Mr) and the full particle-level distribution (T) as follows.

ϵi “

ř

j Mr,i,j

Ti
(9.10)

The efficiency correction factor in the i-th bin is the sum of the response matrix elements in the i-th row
divided by the number of events in the i-th bin of the full particle-level distribution. The acceptance
and efficiency correction factors correct the normalization of the unfolded distribution due to events
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passing/failing the detector-level and particle-level selections. Figures 9.2 and 9.3 plots the migration
matrices and acceptance/efficiency correction factors for the Whad. (particle) region. The correspond-
ing migration matrices for the Whad. (loose) and Wlep. (loose) regions are found in Appendix C.4, while
the acceptance and efficiency factors are found in Appendix C.5.
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Figure 9.2: Migration Matrices for the Whad. (particle) Region. Each bin in the migration matrix represents
the fraction of events in the reconstructed bin that originate from the true bin. The diagonal elements represent
the fraction of correctly reconstructed events, while the off-diagonal elements represent the fraction of misrecon-
structed events. Migration matrices are plotted for the observables of interest. Refer to Section 7.3 for a description
of the observables of interest.
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Figure 9.3: Acceptance/Efficiency Factors for the Whad. (particle) Region. The acceptance and efficiency factors
correct the normalization of the unfolded distribution. For each bin, the acceptance correction factor accounts for
events that pass the detector-level selection but fail the particle-level selection. The efficiency correction factor
accounts for events that pass the particle-level selection but are not reconstructed at the detector-level. Refer to
Section 7.3 for a description of the observables of interest.
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The following are several reasons why the efficiency correction factors are much smaller than unity.

Finite detector acceptance/efficiency Physics objects at the particle-level may fall out of the detector
acceptance and, therefore, may not be reconstructed. For example, in the case of leptons and jets,
this effect may cause the entire event to be rejected if they do not pass the required pT and η cuts.

Finite detector resolution The kinematics of various physics objects may be smeared due to the finite
resolution of the detector. This smearing effect causes the reconstructed objects to have different
kinematics than the true particle-level objects. This effect may cause specific objects to fail certain
selection cuts at detector-level. For example, in the case of low-momentum jets and low missing
transverse energy.

Misreconstruction The result of certain physics objects failing to be reconstructed may have a trickle-
down effect on later reconstruction algorithms. For example, jets falling out of the detector ac-
ceptance may cause the hadronic-W to be misreconstructed and cause large migrations between
bins. This results in an off-diagonal migration matrix with a lower efficiency.

Reconstruction inefficiencies The various reconstruction algorithms carry inefficiencies that cause
physics objects not to be reconstructed. For example, the b-tagging algorithm has several work-
ing points with efficiencies lower than 100%. Therefore, particle-level b-jets may not be tagged at
the detector-level. As a result, this leads to events being rejected at the detector-level if they fail
the minimum two b-jet requirement.

Failing quality criteria The physics objects may fail certain quality requirements. For example, the
identification and isolation requirements require that leptons to be well-separated from other
physics objects. At detector-level, if the lepton is reconstructed close to a jet, the lepton may fail
the isolation requirement and be rejected.

9.3 Propagation of Uncertainties

Uncertainties in the unfolded distributions are propagated from the uncertainties in the input distri-
butions. The uncertainties in the unfolded distributions are divided into two categories: statistical
and systematic. The statistical uncertainties arise from the finite number of events in the data and MC
samples and are evaluated using pseudo-data. The systematic uncertainties are evaluated by system-
atically shifting the ingredients of the unfolding and recomputing the unfolded distribution. The total
uncertainty is then the sum in quadrature of the statistical and systematic uncertainties. Both of these
methods are described in more detail below.

9.3.1 Propagation of Statistical Uncertainties

To evaluate the effects of statistical fluctuations propagated through the unfolding process, the unfold-
ing is performed multiple times using pseudo-data. In particle physics, this procedure is often termed
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"throwing toys" at a distribution and is a common method to evaluate the statistical uncertainties3.
Given a distribution, a toy distribution is generated by shifting the number of events in each bin ac-
cording to a Poisson distribution. Given the number of events in bin i (Ni), the number of events in
the toy distribution (Ntoy

i ) is generated as follows.

Ntoy
i “ Poissonpλ “ Niq (9.11)

In this analysis, the number of toys is set to 1000. The unfolding is then performed for each toy
distribution, and the unfolded distribution is recorded. For each bin, there are 1000 newly generated
bin heights. Although these 1000 values were generated from a Poisson distribution, the large λ values
mean that the distribution of the unfolded bin heights will be approximately Gaussian. To evaluate
the statistical uncertainty in each bin, we evaluate the quantiles of the unfolded bin heights. The ˘1σ

statistical uncertainty corresponds to the 15.87th and 84.13th percentiles of the unfolded bin heights.

PrpZ ď 1q “ 0.8413 (9.12a)

PrpZ ď ´1q “ 0.1587 (9.12b)

It will be shown in the unfolded cross-sections that the statistical uncertainties in the MC are on the
order of 5% or less. The statistical uncertainties in the data are larger and can be as large as 10% in the
tails of the distributions.

9.3.2 Propagation of Systematic Uncertainties

The systematic uncertainties are evaluated by systematically shifting the ingredients of the unfold-
ing and recomputing the unfolded distribution. The systematic uncertainties are evaluated for each
source of systematic uncertainty. The discrepancy between the unfolded distributions with and with-
out the systematic shifts is then taken as the systematic uncertainty. Firstly, the relative shift (in bin i)
corresponding to a single source of systematic uncertainty (∆rel.

sys.,i) is calculated as follows.

∆rel.
sys.,i “ θpxsys.q ¨ |xsys.| ¨ σ

up
sys.,rel.,i ` θp´xsys.q ¨ |xsys.| ¨ σdown

sys.,rel.,i (9.13)

In the above, θpxq is the Heaviside step function, equal to 1 for x ě 0 and 0 for x ă 0. xsys. is a random

number drawn from a standard Gaussian distribution. σ
up
sys.,rel.,i and σdown

sys.,rel.,i are the relative differences
between the (up/down) shifted distributions relative to the nominal distribution.

3As an aside, the use of toy distributions goes beyond estimating statistical fluctuations. Another common use of toy distri-
butions arises when determining p-values to test the significance of a potential discovery. For example, in searches, one will
generate many toy datasets (with similar signal and background yields) from a Poisson distribution according to a known
PDF set. The parameter of interest can be determined for each toy dataset; these "toy parameters" can be used to populate a
probability distribution. Once unblinded and the observed value of the parameter is measured, the p-value of the observation
can be calculated using this distribution. The result is deemed statistically significant if the p-value exceeds the standard 5σ
requirement.
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σ
up/down
sys.,rel.,i “

hup/down
i ´ hnom.

i

hnom.
i

(9.14)

As before, the hup/down
i represent the height of bin i of the up/down varied distributions, while hnom.

i

represents the height of bin i of the nominal distribution. This procedure generates a large set of rel-
ative shifts for each source of systematic uncertainty that can be used to recompute the full-detector-
level distributions (R1), the migration matrices (M1) and the background distributions (B1). The full
particle-level distributions (T1

“ T) and the data distribution (D1
“ D) remain unchanged. The un-

folded distribution is then recomputed using the shifted ingredients.

D1unf.
i “

1
ϵ1

i

ÿ

j

M1´1
i,j A1

jpDj ´ B1
jq (9.15)

The corresponding shifted quantities in the unfolding equation are defined as follows.

R1
j “ Rj

«

1 `
ÿ

sys.
∆rel.

sys.,j

ff

(9.16a)

M1
i,j “ Mi,j

«

1 `
ÿ

sys.
∆rel.

sys.,i,j

ff

(9.16b)

B1
j “ Bj

«

1 `
ÿ

sys.
∆rel.

sys.,j

ff

(9.16c)

In the above, each sum runs over all sources of systematic uncertainties. The acceptance and efficiency
corrections are then recomputed using the shifted quantities and entered into the modified unfolding
equation, Eq. 9.15.

A1
j “

ř

i M1
r,i,j

R1
j

(9.17a)

ϵ1
i “

ř

j M1
r,i,j

Ti
(9.17b)

We obtain a shifted unfolded distribution corresponding to the various NPs for each observable. Each
shifted unfolded distributions can then be compared to the nominal unfolded distribution to deter-
mine the systematic shift.

9.4 Covariance and Correlation Matrices

The total uncertainty from statistical and systematic sources can be summed together to form a covari-
ance matrix. The elements of the covariance matrix are computed as follows.
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Covi,j “ σi ˆ σj (9.18)

where σi and σj represent the larger of the two absolute shifts in bin i and bin j respectively. The abso-
lute shift is the difference between the up/down shifted distributions and the nominal distribution.

δ
up/down
i “ hup/down

i ´ hnom.
i (9.19)

The magnitude of σi is taken to be the larger of the two absolute shifts.

σi “

$

&

%

|δ
up
i |, if |δ

up
i | ě |δdown

i |

|δdown
i |, otherwise

(9.20)

The sign of σi is determined by the sign of the product of δ
up
i and δdown

i and their relative magnitudes.
The following conditions determine the sign of σi.

signpσiq “

$

’

’

’

&

’

’

’

%

signpδ
up
i q, if δ

up
i ˆ δdown

i ă 0

signpδ
up
i q, if δ

up
i ˆ δdown

i ě 0 and |δ
up
i | ě |δdown

i |

´signpδdown
i q, if δ

up
i ˆ δdown

i ě 0 and |δ
up
i | ď |δdown

i |

(9.21)

The elements falling on the main diagonal of the covariance matrix then represent the (squared) total
uncertainty in bin i of the unfolded distribution. Once the covariance matrices have been calculated,
the correlation matrix can be calculated from the elements of the covariance matrix as follows.

Corri,j “
Covi,j

b

Covi,i ˆ Covj,j

(9.22)

Unlike the covariance matrix, which measures the total uncertainty in each bin, the correlation matrix
measures the correlation between bins. It can be used to assess the degree to which the entries in one
bin correlate with those in another. Figures 9.4 and 9.5 plot the covariance and correlation matrices
for the observables of interest in the Whad. (particle) region. The corresponding covariance and cor-
relation matrices for the Whad. (loose) and Wlep. (loose) regions can be found in Appendix C.6 and
Appendix C.7.
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Figure 9.4: Covariance Matrices for the Whad. (particle) Region. The covariance matrix measures the covariance
between bins of the unfolded distribution. The elements on the covariance matrix’s main diagonal indicate the
bins’ total squared uncertainties in the unfolded distribution. Refer to Section 7.3 for a description of the observ-
ables of interest.
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Figure 9.5: Correlation Matrices for the Whad. (particle) Region. The correlation measures the total correlation
between bins of the unfolded distribution. A large positive number equates to positive correlations, while a large
negative number equates to negative correlations. Large correlations (positive or negative) in distant bins suggest
some common factor or influence affecting both bins. Refer to Section 7.3 for a description of the observables of
interest.
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There are generally two forms the correlation matrices take on for the observables of interest: ma-
trices with uniformly large positive correlations and matrices with alternating positive and negative
correlations. Note that these patterns for correlation matrices are not uncommon and are often seen in
unfolding analyses. For example, the corresponding pp Ñ WbWb dilepton analysis also exhibits these
patterns in the correlation matrices for different variables [134]. The large positive correlations indi-
cate a global shift in the unfolded distribution, likely due to some systematic uncertainty that has been
propagated through the unfolding. In the second case, the alternating positive and negative correla-
tions indicate unfolding with little to no regularization. Recall that while unfolding can be correctly
performed using a simple matrix inversion, the result is often unstable and can lead to large fluctua-
tions in the uncertainties of the unfolded distribution. Regularization is a technique used to stabilize
the unfolding and reduce the fluctuations. The appearance of these alternating correlations suggests
that the unfolding is still under-regularized. Further tuning of the regularization parameter may be
necessary to stabilize the unfolding and reduce the fluctuations in the correlations.

9.5 Unfolded Cross-Sections

The unfolded cross-sections are presented in this section. After conducting the unfolding procedure,
the absolute differential cross-section in bin i can be calculated after normalizing to the integrated
luminosity and the bin width. The result is the absolute differential cross-section in the fiducial phase
space defined by the particle-level selections. The absolute differential cross-section in bin i for an
observable X ( dσfid.

dXi
) is given by the following equation.

dσfid.
dXi

“
1

L ˆ ∆Xi
ˆ Nunf.

i (9.23)

In the above, Nunf.
i is the unfolded number of events in bin i, L is the integrated luminosity (corre-

sponding to the full Run 2 luminosity, „ 140 fb´1), and ∆Xi is the bin width of the observable X in
bin i. A normalized differential cross-section can also be calculated by dividing the absolute differen-
tial cross-section by the integral of the differential cross-section distribution. These distributions are
shown for the observables of interest in the following plots. For each observable, the unfolded data is
compared to the nominal and alternative MC samples, previously listed in Table 5.2. The distinction
is made clear in the titles of the captions and the legends of each plot.

9.5.1 Absolute Differential Cross-Sections

The absolute differential cross-sections for the Whad. (particle) region are calculated using Eq. 9.23. In
each plot, the unfolded data is represented by black points and the error bars represent the statistical
uncertainty. The total uncertainty propagated through the unfolding is shown as a gray band. The
various MC predictions are shown as colored points, with corresponding error bars representing the
respective modeling uncertainties. The ratio of the unfolded data to the MC predictions is shown in
the lower panel of each plot. Figure 9.6 plots the absolute differential cross-sections using the nominal
MC generators, while Figure 9.7 plots the absolute differential cross-sections using the alternative
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MC generators. The corresponding absolute differential cross-sections for the Whad. (loose) and Wlep.

(loose) regions can be found in Appendix C.8.
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Figure 9.6: Absolute Differential Cross-Sections (Nominal MC) for the Whad. (particle) Region. The absolute
differential cross-section is calculated using each bin’s unfolded number of events. The measured cross-sections
are then compared individually to the set of nominal MC generators. Refer to Section 7.3 for a description of the
observables of interest.
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Figure 9.7: Absolute Differential Cross-Sections (Alternative MC) for the Whad. (particle) Region. The ab-
solute differential cross-section is calculated using each bin’s unfolded number of events. The measured cross-
sections are then compared individually to the set of alternative MC generators. Refer to Section 7.3 for a descrip-
tion of the observables of interest.
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9.5.2 Normalized Differential Cross-Sections

In addition to the absolute differential cross-sections, one can also normalize each distribution to the in-
tegral of the differential cross-section to compute the normalized differential cross-section (1{σdσ{dx).
The normalized differential cross-section is a useful quantity as it allows for a direct comparison of the
shape of the distributions. It scales out the overall normalization of the cross-section and is, therefore,
equivalent to a probability distribution of the observable. We can easily compare the same observables
across different experiments and processes. The plots are labeled in the same manner as was described
for the absolute differential cross-sections. Figure 9.8 plots the normalized differential cross-sections
using the nominal MC generators, while Figure 9.9 plots the normalized differential cross-sections us-
ing the alternative MC generators. The corresponding normalized differential cross-sections for the
Whad. (loose) and Wlep. (loose) regions can be found in Appendix C.9.
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Figure 9.8: Normalized Differential Cross-Sections (Nominal MC) for the Whad. (particle) Region. The nor-
malized differential cross-section is calculated by normalizing the absolute differential cross-section to unit area.
The measured cross-sections are then compared individually to the set of nominal MC generators. Refer to Sec-
tion 7.3 for a description of the observables of interest.
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Figure 9.9: Normalized Differential Cross-Sections (Alternative MC) for the Whad. (particle) Region. The
normalized differential cross-section is calculated by normalizing the absolute differential cross-section to unit
area. The measured cross-sections are then compared individually to the set of alternative MC generators. Refer
to Section 7.3 for a description of the observables of interest.
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9.6 Discussion of Results

The agreement of the measured cross-sections with the MC predictions is quantified using the χ2

test. The χ2 value is calculated using the covariance matrix and the differences between the measured
cross-sections and the predictions.

χ2
“ px ´ µq

TCov´1
px ´ µq (9.24)

In the above, x corresponds to the measured cross-sections, while µ corresponds to the predicted cross-
sections. The corresponding χ2 value can then be normalized by the Number of Degrees of Freedom
(NDF) to obtain the χ2

{NDF value. For a binned quantity, the number of degrees of freedom corre-
sponds to the number of bins. The χ2

{NDF value can be considered a measure of the goodness-of-fit of
the measured cross-sections to the MC predictions. One can then calculate the p-value of the χ2

{NDF
value. The p-value is the probability of observing a χ2

{NDF value as extreme as the one observed by
chance alone, given that the null hypothesis (predictions are correct) is true. The p-value is calculated
as the complement of the cumulative distribution function of the χ2 distribution. The χ2

{NDF and p-
values for the Whad. (particle) region are shown in Table 9.1. The corresponding χ2

{NDF and p-values
for the Whad. (loose) and Wlep. (loose) regions can be found in Appendix C.10.
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Table 9.1: χ
2 and p-values for the Whad. (particle) Region. The χ

2 and p-values are calculated by comparing the measured cross-sections to the MC
predictions. The χ

2 values are then normalized to the number of degrees of freedom. Using the χ
2 value and NDF, the p-value is calculated. The

p-value is the probability of observing a χ
2
{NDF value as extreme as the one observed by chance alone. The χ

2
{NDF and p-values are computed for

the observables of interest in the Whad. (particle) region.

Generator
PH`PYTHIA 8 (DR) PH`PYTHIA 8 (DR, fix.) PH`PYTHIA 8 (DS) PH`PYTHIA 8 (DS, fix.) PH`PYTHIA 8 (DR, tt MINNLO) PH`HERWIG 7.1 (DR) aMCNLO`PYTHIA 8 (DR, fix.)

Observable χ2
{NDF p-value χ2

{NDF p-value χ2
{NDF p-value χ2

{NDF p-value χ2
{NDF p-value χ2

{NDF p-value χ2
{NDF p-value

Lepton pT 45.44 / 11 <0.001 55.26 /11 <0.001 25.36 / 11 0.008 26.12 /11 0.006 78.94 / 11 <0.001 21.89 / 11 0.025 20.77 / 11 0.036
Leading b-jet pT 30.59 / 12 0.002 41.35 / 12 <0.001 24.28 / 12 0.019 24.57 / 12 0.017 29.67 / 12 0.003 14.39 / 12 0.277 14.73 / 12 0.257
Subleading b-jet pT 32.76 / 9 <0.001 36.88 / 9 <0.001 27.33 / 9 0.001 28.61 / 9 <0.001 8.78 / 9 0.457 11.30 / 9 0.256 16.84 / 9 0.051
Leading light-jet pT 15.22 / 10 0.124 20.25 / 10 0.027 9.21 / 10 0.512 9.59 / 10 0.477 23.54 / 10 0.009 8.99 / 10 0.533 2.74 / 10 0.987
Hadronic-W pT 17.87 / 11 0.085 22.70 / 11 0.019 12.03 / 11 0.362 12.35 / 11 0.338 30.53 / 11 0.001 10.66 / 11 0.473 3.40 / 11 0.984
Selected (b ` ℓ) mass 21.04 / 20 0.395 33.20 / 20 0.032 41.95 / 20 0.003 41.13 / 20 0.004 99.21 / 20 <0.001 11.46 / 20 0.934 33.77 /20 0.028
Selected (b ` Whad.) mass 24.22 / 10 0.007 26.74 / 10 0.003 50.13 / 10 <0.001 49.81 / 10 <0.001 78.01 / 10 <0.001 12.83 / 10 0.233 59.37 / 10 <0.001
Selected (Whad. ` b1 ` b2 ` ℓ) mass 4.08 / 9 0.906 4.01 / 9 0.911 5.08 / 9 0.827 4.79 / 9 0.852 153.5 / 9 <0.001 1.60 / 9 0.996 6.98 / 9 0.639
Modified minimax mass 18.96 / 10 0.041 25.95 / 10 0.004 45.30 / 10 <0.001 44.57 / 10 <0.001 45.02 / 10 <0.001 20.17 / 10 0.028 65.90 / 10 <0.001
Hadronic-W y 14.95 / 12 0.244 15.26 / 12 0.228 14.24 / 12 0.285 14.17 / 12 0.290 418.3 / 12 <0.001 7.85 / 12 0.796 9.83 / 12 0.630
∆Rpb, ℓq 41.25 / 8 <0.001 42.04 / 8 <0.001 42.88 / 8 <0.001 43.86 / 8 <0.001 268.5 / 8 <0.001 22.55 / 8 0.004 33.41 / 8 <0.001
∆Rpb, Whad.q 103.0 / 8 <0.001 105.1 / 8 <0.001 107.3 / 8 <0.001 110.2 / 8 <0.001 159.7 / 8 <0.001 67.66 / 8 <0.001 148.8 / 8 <0.001
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When one examines the various differential cross-section distributions in Figures 9.6–9.9, there are
several distributions with predictions that describe the data poorly. For example, the lepton (top row,
top left) and leading b-jet (top row, middle) transverse momentum predictions generally overestimate
the hardness of these objects. The discrepancy is most pronounced in the high-pT region. There is
also an upward-trending slope to the predictions across all generators. In these distributions, the DS
predictions generally describe the data better than the DR predictions. In particular, the DS predictions
models the leading b-jet pT well.

Inspecting the subleading b-jet pT distribution (top row, right), the same pattern of an upward-
trending slope is observed. This pattern continues until the last bin when the predictions match data
well. The leading light-jet pT (second row, left) and hadronic-W pT (second row, middle) distributions
show a similar trend, with the predictions overestimating the data in the high-pT region with the DS
predictions generally outperforming their DR counterparts. However, predictions provided by the
MADGRAPH5_AMC@NLO+PYTHIA generator are a particularly good match to the data throughout
the hadronic-W pT spectrum.

The selected (b ` ℓ) invariant mass (second row, right) shows good agreement with data near the
top-mass resonance. However, there is a sharp transition immediately after the top-mass resonance
where the DS generators begin to underestimate the data. Curiously, the DR predictions do not exhibit
this behavior and better model the spectrum of this mass variable. As expected, this quantity shows
high sensitivity to single-top interference effects. This quantity is a modified version of a mmin.

bℓ ”

min rMpbi ` ℓqs variable which is also sensitive to interference effects. At high values of mmin.
bℓ , doubly-

resonant contributions are suppressed.
The selected (b ` Whad.) invariant mass (third row, left) also sees good agreement near the top-mass

resonance and underestimation in the region immediately after. However, at larger values of mselected
bWhad

the predictions fall within the uncertainties. This same pattern is observed in the modified minimax
mass distribution (third row, right).

The selected (Whad. ` b1 ` b2 ` ℓ) invariant mass (third row, middle) shows good agreement with
the data for all generators. There is a noticeable transition near the MpWhad. ` b1 ` b2 ` ℓq « 300 GeV
region after which the predictions begin to overestimate the data slightly. However, this quantity is the
best modeled observable as shown by the χ2 and p-values in Table 9.1. This quantity also has relatively
low uncertainties, even in the high mass tails.

Regarding the spatial observables of interest, the hadronic-W rapidity (bottom row, left) presents a
slight overestimation in the regions of |η| ă 1.5. The ∆Rpb, ℓq (bottom row, middle) and ∆Rpb, Whad.q

(bottom row, right) distributions display a transition near the ∆R « 1.5 region where the predictions
transition from overestimating the data to underestimating the data. The ∆R distributions are sensitive
to the "hardness" of top quark production. A top quark carrying larger momentum results in the decay
products becoming more collimated resulting in a smaller ∆R. On the other hand, a top quark carrying
smaller momentum results in decay products that have a larger separation and, thus, a larger ∆R.
Therefore, from these distributions, one can infer that the predictions overestimate the hardness of the
top quark production for boosted top quarks and underestimate the hardness for softer top quarks.
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9.6.1 Discussion of MiNNLO Predictions

The MINNLO predictions are of particular interest as they represent recent efforts to match NNLO
QCD calculations with parton showers [89]. This analysis uses the MINNLO algorithm to simulate tt
events with the POWHEG+PYTHIA generator. For several observables, one can visually observe that
the MINNLO predictions describe the data well. For example, the lepton pT, leading b-jet pT, and
selected (b ` Whad.) mass distributions are well-modeled by the MINNLO predictions. However, this
is often accompanied by a larger modeling uncertainty in the MINNLO predictions. Larger uncertain-
ties are particularly evident in the high-pT tails of the lepton pT distribution.

This larger uncertainty is partly due to the MINNLO algorithm adopting a more conservative
uncertainty estimate compared to other fixed-order approaches (refer to Ref. [89] for more details).
Firstly, the MINNLO algorithm induces larger scale uncertainties due to probing much lower scales
in both the PDFs and αs than in fixed-order calculations. Secondly, the MINNLO algorithm includes
additional scale-dependent terms not present in fixed-order calculations. Specifically, these terms are
included in the Sudakov form factor to probe additional sources of higher-order corrections. These
factors contribute to the larger theoretical uncertainties observed in the MINNLO predictions.
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Conclusion

The top quark is the heaviest known elementary particle. It is the only quark that decays before
hadronization. This property allows for the study of the top quark in isolation. At the LHC, top
quarks are commonly produced in pairs and are among the most abundant processes. As such, it
offers a reliable testing ground for the parameters of the Standard Model. Any deviations from the
Standard Model predictions are strong indicators of new physics. The top quark decays predomi-
nantly into a W-boson and a bottom quark, so top quark pairs can produce the WWbb final state. Each
of the W-bosons can then decay hadronically or leptonically.

Differential cross-sections considering the WWbb final state have been measured previously. How-
ever, those measurements considered just one top quark production process (e.g., tt or tW) leading to
the WWbb final state as signal while treating all other processes (e.g., single-top tW) as background.
The sensitivity of any measured top quark properties is reduced due to lower statistics and larger back-
grounds. An interference effect also exists between doubly-resonant tt processes and higher-ordered
single-top tW processes. This interference effect is the source of a large systematic uncertainty in sev-
eral SM and BSM measurements.

For the first time, measurements of differential cross-sections of the WWbb inclusive production
process are presented. All top quark processes are considered, including doubly-resonant, singly-
resonant, and non-resonant contributions. We can perform measurements in the high-pT tails of dis-
tributions previously inaccessible due to statistics limitations. These regions are susceptible to the
interference effect between tt and tW processes and will be useful for BSM analyses in the future. The
measured differential cross-sections are compared to several MC generators implementing different
methods for simulating the interference effect. The measurements in this thesis and their consistency
with present models can be used to constrain the parameters associated with modeling this interfer-
ence effect.

The results presented in this thesis are based on the full Run 2 (representing 140 fb´1) dataset
collected by the ATLAS detector at the LHC. This analysis presents the first measurements in the
semileptonic final state of the WWbb process. The final state includes a charged lepton (electron or
muon), a neutrino (in the form of Emiss

T ), two b-jets, and two light-jets. These physics objects are used
to reconstruct the WWbb final and define several observables that are sensitive to the interference

161
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effect. This analysis is also unique in that the hadronic-W can be fully reconstructed efficiently. This
allows for the WWbb final state to be fully reconstructed.

The baseline selection places cuts on the momentum of the charged lepton, the number of jets, and
the number of tagged b-jets. From this, several measurement regions are constructed based on cuts
on the hadronic-W kinematics. The nominal measurement region requires a hadronic-W to have sig-
nificant transverse momentum and an invariant mass consistent with the W-boson mass. Alternative
signal regions are also defined to study the effects of loosening these cuts. In each of these regions,
several observables of interest are studied. These include kinematics of the base physics objects (e.g.,
lepton, jets, Emiss

T ), the hadronic-W kinematics, and the kinematics of the top quark system.
The detector-level observables are unfolded to particle-level by using the TUnfold package. TUn-

fold uses a regularized unfolding method to correct for detector effects encoded in a migration matrix.
The migration matrix is constructed from MC samples and measures the probability of a particle-level
observable being reconstructed at the detector level. A separate measurement region was defined to
study the effects of using a parton-level definition to construct the migration matrix. The unfolded dis-
tributions are then used to compute absolute and normalized differential cross-sections binned in the
observables of interest. The cross-sections are compared to several MC generators at NLO accuracy:
POWHEG+PYTHIA, POWHEG+HERWIG, and MADGRAPH5_AMC@NLO+PYTHIA.

Several distributions of observables of interest are presented in this measurement. Distributions
such as the leading lepton and leading b-jet pT show significant disagreement between the data and
the MC generators. There is a clear upward trend where there is an overestimation of the data in
the high-pT regions. Other distributions such as the MpWhad. ` b1 ` b2 ` ℓq are better described by
the MC generators. Also of interest are the noticeable differences between the DR and DS methods.
Generally, the DS method is more consistent with the data than the DR method. However, there are
other observables where the DR method is more consistent with the data. The mselected

bℓ observable
using the dynamically-scaled DR method is the most consistent with the data.

The results of this measurement can be used to tune the parameters of MC generators to better
align with the observations. Presently, the interference effects between tt and tW processes are poorly
modeled and present a large source of uncertainty for many physics analyses. The results of this
measurement can be used to constrain these uncertainties towards the development of a combined bb4l
model. Rather than treating the tt and tW processes as separate entities, the bb4l model treats them as
a single process. This model can then be applied throughout the LHC physics program wherever the
tt and tW processes are relevant.
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APPENDIX A

Neutrino Momentum Derivation

In the decay of the W to a lepton and a neutrino, the longitudinal component of the neutrino (pν,z) can
be calculated by enforcing momentum conservation. The four-momentum of the leptonically-decaying
W-boson (pW) can be written in terms of the daughter lepton (pℓ) and neutrino (pν) momenta.

pW “ pℓ ` pν (A.1)

The four-momentum vector of a particle is the relativistic analog of the classical momentum vector,
which describes the energy and momentum of a particle in spacetime. Mathematically, the four-
momentum vector is expressed as pµ “ pE, p⃗q with the index, µ “ 1, 2, 3, 4. The four-momentum
of the lepton and neutrino can be expanded as follows.

pℓ “ pEℓ, pℓ,x, pℓ,y, pℓ,zq (A.2a)

pν “ pEν, pν,x, pν,y, pν,zq (A.2b)

The magnitude of the four-momentum gives the invariant mass of the particle.

|p| “ pµ pµ “

b

E2
´ |⃗p|

2
“ m (A.3)

Squaring both sides of Eq. A.1 and applying the energy-momentum relation (E2
“ m2

` |⃗p|
2) yields

the following equations.

p2
W “ ppℓ ` pνq

2 (A.4a)

m2
W “ ppℓ ` pνq

2 (A.4b)

The W is assumed to decay on-shell with the mass constrained to its true mass, m2
W “ 80.385 GeV. The

right-hand side of Eq. A.4b can then be expanded to yield the following.
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m2
W “ p2

ℓ ` p2
ν ` 2pℓpν (A.5)

In the ultra-relativistic limit (pℓ,ν " mℓ,ν), the invariant masses of the lepton and neutrino can be
considered to be infinitesimally small compared to its momentum (mℓ,ν Ñ 0).

m2
W “ 2pℓpν (A.6)

The four-momenta components of the lepton and neutrino can then be inserted into the right-hand
side of Eq. A.6.

m2
W “ 2

´

EℓEν ´ pℓ,x pν,x ´ pℓ,y pν,y ´ pℓ,z pν,z

¯

(A.7a)

m2
W “ 2

ˆ

Eℓ

b

m2
ν ` |⃗pν|

2
´ pℓ,x pν,x ´ pℓ,y pν,y ´ pℓ,z pν,z

˙

(A.7b)

m2
W “ 2

´

Eℓ |⃗pν| ´ pℓ,x pν,x ´ pℓ,y pν,y ´ pℓ,z pν,z

¯

(A.7c)

m2
W “ 2

ˆ

Eℓ
b

p2
ν,x ` p2

ν,y ` p2
ν,z ´ pℓ,x pν,x ´ pℓ,y pν,y ´ pℓ,z pν,z

˙

(A.7d)

In Eq. A.7b, the energy-momentum relation is inserted for the total energy of the neutrino (Eν “
b

m2
ν ` |⃗pν|

2). The ultra-relativistic limit is again applied in Eq. A.7c (pν " mν). This results in Eq. A.7d
where the entire equation is only a function of the energy of the lepton, three-momentum components
of the neutrino and the constrained mass of the W. The above can be expanded to yield a quadratic
equation for pν,z.

pp2
ℓ,z ´ E2

ℓ
looomooon

A

q ˆ p2
ν,z `

pm2
W ` 2pℓ,z p⃗ℓ,T ¨ p⃗ν,T

loooooooooooomoooooooooooon

B

q ˆ pν,z `

m4
W
4

` pp⃗ℓ,T ¨ p⃗ν,Tq
2

` m2
W p⃗ℓ,T ¨ p⃗ν,T ´ E2

ℓ |⃗pν,T|
2

loooooooooooooooooooooooooooooomoooooooooooooooooooooooooooooon

C

“ 0

(A.8)

The constants, A, B, C, can then be inserted into the standard quadratic equation to solve for the two
solutions for pν,z. After one of the two solutions is selected, the full neutrino momentum vector can be
reconstructed.



APPENDIX B

Additional Cutflow Tables

This appendix lists additional cutflow tables for the various measurement regions. Specifically, the
absolute and marginal event yield cutflow tables are shown. The absolute event yield is defined as the
number of events that pass the i-th cut relative to the total number of events. The marginal event yield
is defined as the number of events that pass the i-th cut relative to the pi ´ 1qth cut.

B.1 Baseline Selection

Tables B.1 and B.2 lists the absolute and marginal event yields, respectively, for each of the baseline
requirements.
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Table B.1: Baseline Selection Absolute Event Yields. The baseline selection represents the cuts that all events must pass before moving on to the
region-specific cuts. The absolute event yield is computed for data and each MC source, while the total summed MC is computed separately for the
single-top DR and DS samples.

Requirement W+ jets Other V{VV Other t tW (DR) tW (DS) tt
ř

MC (DR)
ř

MC (DS) Data

All events 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
ě 3 jets 0.23 0.26 0.39 0.70 0.68 0.83 0.44 0.44 0.45
Pass electron crack veto 0.23 0.26 0.39 0.70 0.68 0.83 0.44 0.44 0.45
One loose lepton 0.23 0.15 0.38 0.65 0.63 0.74 0.39 0.39 0.42
Pass lepton triggers 0.22 0.15 0.36 0.63 0.61 0.72 0.38 0.38 0.42
Trigger match loose lepton 0.21 0.13 0.34 0.59 0.57 0.66 0.35 0.35 0.40
Pass bad muon veto 0.21 0.13 0.34 0.59 0.57 0.66 0.35 0.35 0.40
One tight lepton 0.19 0.12 0.31 0.54 0.52 0.60 0.32 0.32 0.27
Exactly one lepton 0.18 0.11 0.30 0.53 0.51 0.59 0.31 0.31 0.27
Lepton pt ą 30 GeV 0.17 0.11 0.28 0.50 0.49 0.56 0.30 0.30 0.25
Emiss

t ` mW
t ą 60 GeV 0.15 0.07 0.25 0.45 0.43 0.50 0.26 0.26 0.22

ě 2 b-jets 0.01 0.00 0.10 0.12 0.11 0.24 0.08 0.08 0.07

Table B.2: Baseline Selection Marginal Event Yields. The baseline selection represents the cuts that all events must pass before moving on to the
region-specific cuts. The marginal event yield is computed for data and each MC source, while the total summed MC is computed separately for the
single-top DR and DS samples.

Requirement W+ jets Other V{VV Other t tW (DR) tW (DS) tt
ř

MC (DR)
ř

MC (DS) Data

All events 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
ě 3 jets 0.23 0.26 0.39 0.70 0.68 0.83 0.44 0.44 0.45
Pass electron crack veto 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
One loose lepton 0.99 0.58 0.95 0.93 0.93 0.89 0.89 0.89 0.92
Pass lepton triggers 0.97 0.97 0.96 0.97 0.97 0.97 0.97 0.97 1.00
Trigger match loose lepton 0.94 0.89 0.92 0.93 0.93 0.93 0.93 0.93 0.97
Pass bad muon veto 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
One tight lepton 0.91 0.89 0.91 0.92 0.92 0.91 0.91 0.91 0.67
Exactly one lepton 0.97 0.97 0.98 0.98 0.98 0.98 0.97 0.97 1.00
Lepton pt ą 30 GeV 0.95 0.94 0.94 0.96 0.96 0.95 0.95 0.95 0.92
Emiss

t ` mW
t ą 60 GeV 0.87 0.69 0.88 0.89 0.89 0.89 0.88 0.87 0.86

ě 2 b-jets 0.04 0.07 0.42 0.26 0.25 0.47 0.32 0.32 0.31
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B.2 Measurement Regions

Tables B.3 and B.4 lists the absolute and marginal event yields, respectively, for each of the four mea-
surement regions defined previously. The absolute event yields are computed relative to the total
number of events. The first row of marginal event yields in each measurement region is computed
relative to the number of events passing the final baseline requirement.
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Table B.3: Measurement Regions Absolute Event Yields. A unique set of cuts applied to events passing the baseline selection defines a measurement
region. The absolute event yields are listed for each requirement in the three measurement regions. The total summed MC is computed separately for
the single-top DR and DS samples.

Whad. (particle)

Requirement (ˆ103) W+ jets Other V{VV Other t tW (DR) tW (DS) tt
ř

MC (DR)
ř

MC (DS) Data

pWhad.
T ą 60 GeV 0.00 0.00 0.04 0.06 0.05 0.12 0.04 0.04 0.03

60 ă MWhad. ă 100 GeV 0.00 0.00 0.00 0.02 0.02 0.04 0.01 0.01 0.01

Whad. (loose)
Requirement (ˆ103) W+ jets Other V{VV Other t tW (DR) tW (DS) tt

ř

MC (DR)
ř

MC (DS) Data

pWhad.
T ą 30 GeV 0.01 0.00 0.09 0.10 0.10 0.22 0.08 0.08 0.06

MWhad. ą 40 GeV 0.00 0.00 0.02 0.04 0.04 0.10 0.03 0.03 0.03

Wlep. (loose)
Requirement (ˆ103) W+ jets Other V{VV Other t tW (DR) tW (DS) tt

ř

MC (DR)
ř

MC (DS) Data

Whad. (loose) 0.00 0.00 0.02 0.04 0.04 0.10 0.03 0.03 0.03
Emiss

T ą 30 GeV 0.00 0.00 0.02 0.04 0.04 0.09 0.03 0.03 0.02

p
Wlep.

T ą 30 GeV 0.00 0.00 0.02 0.04 0.03 0.08 0.03 0.03 0.02



A
PPEN

D
IX

B.
A

D
D

ITIO
N

A
L

C
U

TFLO
W

TA
BLES

181

Table B.4: Measurement Regions Marginal Event Yields. A unique set of cuts applied to events passing the baseline selection defines a measurement
region. The absolute event yields are listed for each requirement in the three measurement regions. The total summed MC is computed separately for
the single-top DR and DS samples.

Whad. (particle)
Requirement (ˆ103) W+ jets Other V{VV Other t tW (DR) tW (DS) tt

ř

MC (DR)
ř

MC (DS) Data

pWhad.
T ą 60 GeV 0.40 0.36 0.43 0.50 0.46 0.52 0.51 0.51 0.49

60 ă MWhad. ă 100 GeV 0.10 0.12 0.10 0.33 0.33 0.30 0.29 0.29 0.28

Whad. (loose)
Requirement (ˆ103) W+ jets Other V{VV Other t tW (DR) tW (DS) tt

ř

MC (DR)
ř

MC (DS) Data

pWhad.
T ą 30 GeV 0.86 0.85 0.87 0.91 0.90 0.91 0.91 0.91 0.90

MWhad. ą 40 GeV 0.22 0.25 0.21 0.43 0.42 0.44 0.42 0.42 0.42

Wlep. (loose)
Requirement (ˆ103) W+ jets Other V{VV Other t tW (DR) tW (DS) tt

ř

MC (DR)
ř

MC (DS) Data

pWhad.
T ą 30 GeV 0.86 0.85 0.87 0.91 0.90 0.91 0.91 0.91 0.90

Whad. (loose) 0.22 0.25 0.21 0.43 0.42 0.44 0.42 0.42 0.42
Emiss

T ą 30 GeV 0.89 0.83 0.93 0.92 0.92 0.92 0.92 0.92 0.92

p
Wlep.

T ą 30 GeV 0.89 0.91 0.92 0.94 0.93 0.92 0.92 0.92 0.92
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APPENDIX C

Alternative Signal Regions

This appendix holds additional plots for the alternative signal regions, Whad. (loose) and Wlep. (loose).
The plots include the detector-level control plots, migration matrices, acceptance/efficiency correction
factors, covariance/correlation matrices, and the final differential cross-section plots. The each sec-
tion, the following kinematic and spatial observables are shown: lepton transverse momentum, lead-
ing b-jet transverse momentum, subleading b-jet transverse momentum, leading light-jet transverse
momentum, hadronic-W transverse momentum, selected (b ` ℓ) invariant mass, selected (b ` Whad.)
invariant mass, selected (Whad. ` b1 ` b2 ` ℓ) invariant mass, modified minimax mass, hadronic-W
y, selected ∆Rpb, ℓq, and selected ∆Rpb, Whad.q. These variables are first introduced and described in
Section 7.3.

C.1 Detector-Level Control Plots

Figures C.1 and C.2 plot the detector-level observables of interest for the Whad. (loose) and Wlep. (loose)
regions, respectively.
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Figure C.1: Detector-Level Observables in the Whad. (loose) Region. The detector-level control distributions
of the observables of interest plot the full Run 2 data and the expected MC contributions. The shaded bands
represent the statistical uncertainties in the total MC prediction. The bottom panel in each plot shows the ratio
between the data and the MC prediction, computed separately for the DR and DS single-top samples. Refer to
Section 7.3 for a description of the observables of interest.
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Figure C.2: Detector-Level Observables in the Wlep. (loose) Region. The detector-level control distributions
of the observables of interest plot the full Run 2 data and the expected MC contributions. The shaded bands
represent the statistical uncertainties in the total MC prediction. The bottom panel in each plot shows the ratio
between the data and the MC prediction, computed separately for the DR and DS single-top samples. Refer to
Section 7.3 for a description of the observables of interest.
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C.2 Systematics Summary Plots

Figures C.3 and C.4 plot the summary of the systematics for the Whad. (loose) and Wlep. (loose) regions,
respectively.



APPENDIX C. ALTERNATIVE SIGNAL REGIONS 187

Figure C.3: Systematic Uncertainties Summary for the Whad. (loose) Region. Systematic uncertainties include
contributions from both detector-level and modeling uncertainties. The total systematic uncertainty is computed
by adding the statistical and systematic uncertainties in quadrature. Refer to Section 7.3 for a description of the
observables of interest.



188 APPENDIX C. ALTERNATIVE SIGNAL REGIONS

Figure C.4: Systematic Uncertainties Summary for the Wlep. (loose) Region. Systematic uncertainties include
contributions from both detector-level and modeling uncertainties. The total systematic uncertainty is computed
by adding the statistical and systematic uncertainties in quadrature. Refer to Section 7.3 for a description of the
observables of interest.
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C.3 Signal Modeling Systematics Plots

Figures C.5 and C.6 plot the NPs associated with signal modeling systematics for the Whad. (loose) and
Wlep. (loose) regions, respectively. In these plots, the following NPs are plotted: cross-section, DR/DS,
FSR, hdamp, ISR, PDF variations, pT,hard, µf, µr, parton-showering, and top recoil.
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(a) Cross-section.
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(b) DR/DS.
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(c) FSR.
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(d) hdamp.
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(e) ISR.
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(f) PDF.
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(g) pT,hard.
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(h) µf.
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(i) µr.
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(j) Showering.
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(k) Top recoil.

Figure C.5: Summary of Signal Modeling Uncertainties for the Whad. (loose) Region. Signal modeling un-
certainties make up the largest contribution to the total systematic uncertainty. The contributions of the NPs
associated with the signal modeling uncertainties are computed for each bin as a ratio of the up/down variations
to the nominal distribution.
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(a) Cross-section.
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(b) DR/DS.
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(c) FSR.
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(d) hdamp.
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(e) ISR.
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(f) PDF.
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(g) pT,hard.
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(h) µf.
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(i) µr.
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(j) Showering.
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(k) Top recoil.

Figure C.6: Summary of Signal Modeling Uncertainties for the Wlep. (loose) Region. Signal modeling un-
certainties make up the largest contribution to the total systematic uncertainty. The contributions of the NPs
associated with the signal modeling uncertainties are computed for each bin as a ratio of the up/down variations
to the nominal distribution.
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C.4 Migration Matrices

Figures C.7 and C.8 plot the migration matrices for the Whad. (loose) and Wlep. (loose) regions, respec-
tively.
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Figure C.7: Migration Matrices for the Whad. (loose) Region. Each bin in the migration matrix represents
the fraction of events in the reconstructed bin that originate from the true bin. The diagonal elements represent
the fraction of correctly reconstructed events, while the off-diagonal elements represent the fraction of misrecon-
structed events. Migration matrices are plotted for the observables of interest. Refer to Section 7.3 for a description
of the observables of interest.
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Figure C.8: Migration Matrices for the Wlep. (loose) Region. Each bin in the migration matrix represents the
fraction of events in the reconstructed bin that originate from the true bin. The diagonal elements represent
the fraction of correctly reconstructed events, while the off-diagonal elements represent the fraction of misrecon-
structed events. Migration matrices are plotted for the observables of interest. Refer to Section 7.3 for a description
of the observables of interest.
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C.5 Acceptance/Efficiency Correction Factors

Figures C.9 and C.10 plot the acceptance/efficiency correction factors for the Whad. (loose) and Wlep.

(loose) regions, respectively.
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Figure C.9: Acceptance/Efficiency Factors for the Whad. (loose) Region. The acceptance and efficiency factors
correct the normalization of the unfolded distribution. For each bin, the acceptance correction factor accounts for
events that pass the detector-level selection but fail the particle-level selection. The efficiency correction factor
accounts for events that pass the particle-level selection but are not reconstructed at the detector-level. Refer to
Section 7.3 for a description of the observables of interest.
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Figure C.10: Acceptance/Efficiency Factors for the Wlep. (loose) Region. The acceptance and efficiency factors
correct the normalization of the unfolded distribution. For each bin, the acceptance correction factor accounts for
events that pass the detector-level selection but fail the particle-level selection. The efficiency correction factor
accounts for events that pass the particle-level selection but are not reconstructed at the detector-level. Refer to
Section 7.3 for a description of the observables of interest.
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C.6 Covariance Matrices

Figures C.11 and C.12 plot the covariance matrices for the Whad. (loose) and Wlep. (loose) regions,
respectively.
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Figure C.11: Covariance Matrices for the Whad. (loose) Region. The covariance matrix measures the covariance
between bins of the unfolded distribution. The elements on the covariance matrix’s main diagonal indicate the
bins’ total squared uncertainties in the unfolded distribution. Refer to Section 7.3 for a description of the observ-
ables of interest.
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Figure C.12: Covariance Matrices for the Wlep. (loose) Region. The covariance matrix measures the covariance
between bins of the unfolded distribution. The elements on the covariance matrix’s main diagonal indicate the
bins’ total squared uncertainties in the unfolded distribution. Refer to Section 7.3 for a description of the observ-
ables of interest.
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C.7 Correlation Matrices

Figures C.13 and C.14 plot the covariance matrices for the Whad. (loose) and Wlep. (loose) regions,
respectively.
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Figure C.13: Correlation Matrices for the Whad. (loose) Region. The correlation measures the total correlation
between bins of the unfolded distribution. A large positive number equates to positive correlations, while a large
negative number equates to negative correlations. Large correlations (positive or negative) in distant bins suggest
some common factor or influence affecting both bins. Refer to Section 7.3 for a description of the observables of
interest.
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Figure C.14: Correlation Matrices for the Wlep. (loose) Region. The correlation measures the total correlation
between bins of the unfolded distribution. A large positive number equates to positive correlations, while a large
negative number equates to negative correlations. Large correlations (positive or negative) in distant bins suggest
some common factor or influence affecting both bins. Refer to Section 7.3 for a description of the observables of
interest.
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C.8 Absolute Differential Cross Sections

Figures C.15 and C.16 plot the absolute differential cross-sections (using the nominal MC samples) for
the Whad. (loose) and Wlep. (loose) regions, respectively.
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Figure C.15: Absolute Differential Cross-Sections (Nominal MC) for the Whad. (loose) Region. The absolute
differential cross-section is calculated using each bin’s unfolded number of events. The measured cross-sections
are then compared individually to the set of nominal MC generators. Refer to Section 7.3 for a description of the
observables of interest.
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Figure C.16: Absolute Differential Cross-Sections (Nominal MC) for the Wlep. (loose) Region. The absolute
differential cross-section is calculated using each bin’s unfolded number of events. The measured cross-sections
are then compared individually to the set of nominal MC generators. Refer to Section 7.3 for a description of the
observables of interest.
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Figures C.17 and C.18 plot the absolute differential cross-sections (using the alternative MC sam-
ples) for the Whad. (loose) and Wlep. (loose) regions, respectively.
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Figure C.17: Absolute Differential Cross-Sections (Alternative MC) for the Whad. (loose) Region. The absolute
differential cross-section is calculated using each bin’s unfolded number of events. The measured cross-sections
are then compared individually to the set of alternative MC generators. Refer to Section 7.3 for a description of
the observables of interest.
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Figure C.18: Absolute Differential Cross-Sections (Alternative MC) for the Wlep. (loose) Region. The absolute
differential cross-section is calculated using each bin’s unfolded number of events. The measured cross-sections
are then compared individually to the set of alternative MC generators. Refer to Section 7.3 for a description of
the observables of interest.
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C.9 Normalized Differential Cross Sections

Figures C.19 and C.20 plot the normalized differential cross-sections (using the nominal MC samples)
for the Whad. (loose) and Wlep. (loose) regions, respectively.
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Figure C.19: Normalized Differential Cross-Sections (Nominal MC) for the Whad. (loose) Region. The normal-
ized differential cross-section is calculated by normalizing the absolute differential cross-section to unit area. The
measured cross-sections are then compared individually to the set of nominal MC generators. Refer to Section 7.3
for a description of the observables of interest.
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Figure C.20: Normalized Differential Cross-Sections (Nominal MC) for the Wlep. (loose) Region. The normal-
ized differential cross-section is calculated by normalizing the absolute differential cross-section to unit area. The
measured cross-sections are then compared individually to the set of nominal MC generators. Refer to Section 7.3
for a description of the observables of interest.
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Figures C.21 and C.22 plot the normalized differential cross-sections (using the alternative MC
samples) for the Whad. (loose) and Wlep. (loose) regions, respectively.
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Figure C.21: Normalized Differential Cross-Sections (Alternative MC) for the Whad. (loose) Region. The
normalized differential cross-section is calculated by normalizing the absolute differential cross-section to unit
area. The measured cross-sections are then compared individually to the set of alternative MC generators. Refer
to Section 7.3 for a description of the observables of interest.
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Figure C.22: Normalized Differential Cross-Sections (Alternative MC) for the Wlep. (loose) Region. The nor-
malized differential cross-section is calculated by normalizing the absolute differential cross-section to unit area.
The measured cross-sections are then compared individually to the set of alternative MC generators. Refer to
Section 7.3 for a description of the observables of interest.
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C.10 Chi-Squared Tables

Tables C.1 and C.2 list the χ2 and p-values for the Whad. (loose) and Wlep. (loose) regions, respectively.
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Table C.1: χ
2 and p-values for the Whad. (loose) Region. The χ

2 and p-values are calculated by comparing the measured cross-sections to the MC
predictions. The chi2 values are then normalized to the number of degrees of freedom. Using the χ

2 value and NDF, the p-value is calculated. The
p-value is the probability of observing a χ

2
{NDF value as extreme as the one observed by chance alone. The χ

2
{NDF and p-values are computed for

the observables of interest in the Whad. (loose) region.

Generator
PH`PYTHIA 8 (DR) PH`PYTHIA 8 (DR, fix.) PH`PYTHIA 8 (DS) PH`PYTHIA 8 (DS, fix.) PH`PYTHIA 8 (DR, tt MINNLO) PH`HERWIG 7.1 (DR) aMCNLO`PYTHIA 8 (DR, fix.)

Observable χ2
{NDF p-value χ2

{NDF p-value χ2
{NDF p-value χ2

{NDF p-value χ2
{NDF p-value χ2

{NDF p-value χ2
{NDF p-value

Lepton pT 31.83 / 11 <0.001 41.34 / 11 <0.001 15.36 / 11 0.166 16.05 / 11 0.139 76.58 / 11 <0.001 15.23 / 11 0.172 23.01 / 9 0.006
Leading b-jet pT 21.30 / 12 0.046 28.86 / 12 0.004 18.21 / 12 0.109 18.28 / 12 0.107 75.28 / 12 <0.001 12.09 / 12 0.438 11.45 / 12 0.491
Subleading b-jet pT 23.01 / 9 0.006 24.80 / 9 0.003 22.18 / 9 0.008 23.14 / 9 0.006 389.9 / 9 <0.001 11.09 / 9 0.270 20.13 / 9 0.017
Leading light-jet pT 35.65 / 10 <0.001 42.26 / 10 <0.001 33.11 / 10 <0.001 33.96 / 10 <0.001 37.58 / 10 <0.001 13.12 / 10 0.217 21.82 / 10 0.016
Hadronic-W pT 53.37 / 11 <0.001 62.23 / 11 <0.001 48.70 / 11 <0.001 49.64 / 11 <0.001 18.01 / 11 0.081 18.49 / 11 0.071 9.02 / 11 0.620
Selected (b ` ℓ) mass 9.82 / 20 0.971 16.61 / 20 0.678 18.41 / 20 0.561 17.72 / 20 0.606 673.6 / 20 <0.001 7.91 / 20 0.992 33.50 / 20 0.030
Selected (b ` Whad.) mass 18.21 / 10 0.052 18.89 / 10 0.042 26.53 / 10 0.003 26.31 / 10 0.003 63.96 / 10 <0.001 10.43 / 10 0.403 59.23 / 10 <0.001
Selected (Whad. ` b1 ` b2 ` ℓ) mass 5.81 / 9 0.758 5.07 / 9 0.827 9.22 / 9 0.416 8.69 / 9 0.466 192.4 / 9 <0.001 4.33 / 9 0.888 15.35 / 9 0.082
Modified minimax mass 12.44 / 10 0.256 13.77 / 10 0.184 21.56 / 10 0.018 21.09 / 10 0.020 59.13 / 10 <0.001 12.84 / 10 0.233 40.68 / 10 <0.001
Hadronic-W y 14.55 / 12 0.267 14.50 / 12 0.270 14.47 / 12 0.272 14.47 / 12 0.272 920.9 / 12 <0.001 14.46 / 12 0.272 16.38 / 12 0.174
∆Rpb, ℓq 38.01 / 8 <0.001 38.46 / 8 <0.001 40.07 / 8 <0.001 41.13 / 8 <0.001 232.8 / 8 <0.001 25.39 / 8 0.001 30.01 / 8 <0.001
∆Rpb, Whad.q 52.85 / 8 <0.001 53.56 / 8 <0.001 55.56 / 8 <0.001 56.81 / 8 <0.001 107.3 / 8 <0.001 58.48 / 8 <0.001 118.7 / 8 <0.001

Table C.2: χ
2 and p-values for the Wlep. (loose) Region. The χ

2 and p-values are calculated by comparing the measured cross-sections to the MC

predictions. The chi2 values are then normalized to the number of degrees of freedom. Using the χ
2 value and NDF, the p-value is calculated. The

p-value is the probability of observing a χ
2
{NDF value as extreme as the one observed by chance alone. The χ

2
{NDF and p-values are computed for

the observables of interest in the Wlep. (loose) region.

Generator
PH`PYTHIA 8 (DR) PH`PYTHIA 8 (DR, fix.) PH`PYTHIA 8 (DS) PH`PYTHIA 8 (DS, fix.) PH`PYTHIA 8 (DR, tt MINNLO) PH`HERWIG 7.1 (DR) aMCNLO`PYTHIA 8 (DR, fix.)

Observable χ2
{NDF p-value χ2

{NDF p-value χ2
{NDF p-value χ2

{NDF p-value χ2
{NDF p-value χ2

{NDF p-value χ2
{NDF p-value

Lepton pT 32.76 / 11 <0.001 44.34 / 11 <0.001 13.76 / 11 0.25 14.43 / 11 0.21 101.50 / 11 <0.001 15.50 / 11 0.16 13.16 / 11 0.28
Leading b-jet pT 19.08 / 12 0.09 26.99 / 12 0.01 15.27 / 12 0.23 15.35 / 12 0.22 104.70 / 12 <0.001 11.01 / 12 0.53 10.17 / 12 0.60
Subleading b-jet pT 22.25 / 9 0.01 24.22 / 9 0.00 20.62 / 9 0.01 21.53 / 9 0.01 369.70 / 9 <0.001 18.80 / 9 0.03 10.54 / 9 0.31
Leading light-jet pT 35.36 / 10 <0.001 41.56 / 10 <0.001 32.81 / 10 <0.001 33.71 / 10 <0.001 21.77 / 10 0.02 19.79 / 10 0.03 12.94 / 10 0.23
Hadronic-W pT 47.91 / 11 <0.001 55.84 / 11 <0.001 42.73 / 11 <0.001 43.64 / 11 <0.001 27.47 / 11 0.00 8.46 / 11 0.67 16.80 / 11 0.11
Selected (b ` ℓ) mass 9.50 / 20 0.98 16.51 / 20 0.68 17.54 / 20 0.62 16.75 / 20 0.67 573.10 / 20 <0.001 24.93 / 20 0.20 7.69 / 20 0.99
Selected (b ` Whad.) mass 18.54 / 10 0.05 19.07 / 10 0.04 25.84 / 10 0.00 25.59 / 10 0.00 76.78 / 10 <0.001 58.81 / 10 <0.001 10.70 / 10 0.38
Selected (Whad. ` b1 ` b2 ` ℓ) mass 4.86 / 9 0.85 4.30 / 9 0.89 7.64 / 9 0.57 7.17 / 9 0.62 149.90 / 9 <0.001 14.82 / 9 0.10 4.23 / 9 0.90
Modified minimax mass 12.80 / 10 0.24 14.78 / 10 0.14 21.99 / 10 0.02 21.54 / 10 0.02 75.05 / 10 <0.001 44.37 / 10 <0.001 15.85 / 10 0.10
Hadronic-W y 16.52 / 12 0.17 16.46 / 12 0.17 16.38 / 12 0.18 16.37 / 12 0.18 649.30 / 12 <0.001 19.31 / 12 0.08 17.00 / 12 0.15
∆Rpb, ℓq 41.89 / 8 <0.001 42.28 / 8 <0.001 44.51 / 8 <0.001 45.71 / 8 <0.001 211.60 / 8 <0.001 27.95 / 8 <0.001 25.49 / 8 0.00
∆Rpb, Whad.q 55.13 / 8 <0.001 55.94 / 8 <0.001 57.83 / 8 <0.001 59.25 / 8 <0.001 45.80 / 8 <0.001 128.00 / 8 <0.001 57.96 / 8 <0.001
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APPENDIX D

Unfolding Closure Tests

The unfolding procedure is validated by comparing the unfolded distributions to the truth-level dis-
tributions. We perform the unfolding using a MC sample and comparing the unfolded distribution
to the corresponding truth-level distribution using the same MC sample. Figure D.1 plots the closure
tests for the observables of interest in the Whad. (particle) region. The closure test is meant to test both
the unfolding implementation and check that the unfolded distributions are consistent with the same
truth-level distributions used to construct the migration matrix. All observables show perfect agree-
ment between the unfolded and truth-level distributions, which are said to be successfully closed.

219



220 APPENDIX D. UNFOLDING CLOSURE TESTS

Figure D.1: Unfolding Closure Test for the Whad. (particle) Region. The closure test validates the correctness of
the unfolding procedure. The test is conducted by unfolding MC events and comparing the unfolded distribution
to the truth-level distribution using the same MC sample. The closure test is passed if the two distributions agree
within statistical uncertainties. Refer to Section 7.3 for a description of the observables of interest.



APPENDIX E

Parton-Level Measurement Region

An additional measurement region is defined using parton-level definition of the hadronic-W, labeled
as Whad. (parton). Recall that the parton-level refers to objects contained in the MC truth record at
the time of event generation. In this analysis, we are particularly interested in the simulation of the
hadronic-W and its decay. Therefore, one of the motivations for defining a parton-level measurement
region is to compare the unfolded results when using the parton-level definition of the hadronic-W to
the unfolded results when using the nominal particle-level definition of the hadronic-W.

The parton-level measurement region applies the same detector-level selection but replaces all in-
stances of the particle-level hadronic-W with the parton-level hadronic-W. Any cuts on the kinematics
of the hadronic-W (i.e., pT, η, mass) are applied using the parton-level hadronic-W. Similarly, when
constructing the migration matrices, acceptance, and efficiency correction factors, the parton-level
hadronic-W is used. Figure E.1 compares the migration matrices for the particle-level and parton-level
measurement regions for the hadronic-W transverse momentum and rapidity.
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(a) Hadronic-W (parton) pT migration matrix. (b) Hadronic-W (parton) y migration matrix.

(c) Hadronic-W (particle) pT migration matrix. (d) Hadronic-W (particle) y migration matrix.

Figure E.1: Migration Matrices Comparing the Hadronic-W (parton) and Hadronic-W (particle) Definitions.
At truth-level, the migration matrices for the hadronic-W transverse momentum can be constructed using the
parton-level definition of the hadronic-W. The migrations matrices for the parton-level hadronic-W (a) transverse
momentum and (b) rapidity are compared to the particle-level hadronic-W (c) transverse momentum and (d)
rapidity.

When comparing the migration matrices, the immediate observation is that the particle-level mi-
gration matrix is more diagonal than the parton-level migration matrix. The lower pT bins (ă 180
GeV) of the parton-level matrix show significantly more migrations between bins. However, in the
higher pT bins (ą 270 GeV), the migration matrices are nearly identical. Large migrations at lower pT

indicate that the parton-level definition of the hadronic-W is less well-defined at lower pT values. This
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lower purity is expected given that the studies of the reconstruction efficiency of the hadronic-W (Sec-
tion 6.2.3) showed that the reconstruction efficiency of the hadronic-W is lower at lower pT values. In
addition, these studies showed that the reconstruction efficiency of the hadronic-W is generally higher
for the particle-level definition of the hadronic-W than the parton-level definition of the hadronic-W
This is reflected in the more diagonal migration matrix. Figure E.2 compares the acceptance and effi-
ciency correction factors for the hadronic-W using the parton and particle-level definitions.
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(a) Hadronic-W (parton) pT acceptance/efficiency. (b) Hadronic-W (parton) y acceptance/efficiency.

(c) Hadronic-W (particle) pT acceptance/efficiency. (d) Hadronic-W (particle) y acceptance/efficiency.

Figure E.2: Acceptance/Efficiency Factors Comparing the Hadronic-W (parton) and Hadronic-W (particle)
Definitions. The acceptance and efficiency correction factors can also be evaluated for the parton and particle-
level definitions of the hadronic-W. The acceptance and efficiency correction factors for the parton-level hadronic-
W (a) transverse momentum and (b) rapidity are compared to the particle-level hadronic-W (c) transverse mo-
mentum and (d) rapidity.

The parton-level and particle-level acceptance and efficiency correction factors are similar. The
acceptance and efficiency correction factors are generally flat as a function of pT, except the lowest pT

bin, a common feature between both definitions. The acceptance/efficiency factors are also slightly
lower in the particle-level definition.

These ingredients are supplied to the unfolding procedure to obtain cross-sections comparing the
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parton and particle-level differential cross-section distributions. Figures E.3 and E.4 plots the absolute
differential cross-sections for the nominal and alternative MC samples, respectively.

(a) Hadronic-W (parton) pT cross-sections. (b) Hadronic-W (parton) y cross-sections.

(c) Hadronic-W (particle) pT cross-sections. (d) Hadronic-W (particle) y cross-sections.

Figure E.3: Differential Cross-Sections Comparing the Hadronic-W (parton) and Hadronic-W (particle) Defi-
nitions. The differential cross-sections are shown comparing the parton-level and particle-level definitions of the
hadronic-W. The parton-level differential cross-sections include the hadronic-W (a) transverse momentum and
(b) rapidity. The particle-level differential cross-sections include the hadronic-W (c) transverse momentum and
(d) rapidity.
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(a) Hadronic-W (parton) pT cross-sections. (b) Hadronic-W (parton) y cross-sections.

(c) Hadronic-W (particle) pT cross-sections. (d) Hadronic-W (particle) y cross-sections.

Figure E.4: Differential Cross-Sections Comparing the Hadronic-W (parton) and Hadronic-W (particle) Defi-
nitions. The differential cross-sections are shown comparing the parton-level and particle-level definitions of the
hadronic-W. The parton-level differential cross-sections include the hadronic-W (a) transverse momentum and
(b) rapidity. The particle-level differential cross-sections include the hadronic-W (c) transverse momentum and
(d) rapidity.

When using the parton-level definition, the predicted cross-sections are generally more poorly
modeled than the particle-level definition. There may be challenges in certain regions of phase space
where non-perturbative effects become important. The predictions systematically overestimate the
data, which is especially evident in Figure E.3(a). The uncertainties are also much larger in the parton-
level distributions. The total uncertainties can become as large as 100% in the highest pT bins. In
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contrast, the particle-level definition have the uncertainties that are generally less than 10%. Table E.1
shows the χ2 and p-values for the parton-level and particle-level definitions of the hadronic-W.

Table E.1: χ
2 and p-values for the Whad. (parton) Region. The χ

2 and p-values are calculated by comparing
the measured cross-sections to the MC predictions. The χ

2 values are then normalized to the number of degrees
of freedom. Using the χ

2 value and NDF, the p-value is calculated. The p-value is the probability of observing a
χ

2
{NDF value as extreme as the one observed by chance alone. The χ

2
{NDF and p-values are computed for the

observables of interest in the Whad. (parton) region. Included for comparison are the same χ
2 and p-values for the

Whad. (particle) region that was presented earlier in the document.

Hadronic-W pT

Whad. (parton) Whad. (particle)
Generator χ

2
{NDF p-value χ

2
{NDF p-value

PH`PYTHIA 8 (DR) 206.3 / 11 <0.001 17.87 / 11 0.085
PH`PYTHIA 8 (DR, fix.) 213.6 / 11 <0.001 22.70 / 11 0.019
PH`PYTHIA 8 (DS) 211.3 / 11 <0.001 12.03 / 11 0.362
PH`PYTHIA 8 (DS, fix.) 210.6 / 11 <0.001 12.35 / 11 0.338
PH`PYTHIA 8 (DR, tt MINNLO) 199.3 / 11 <0.001 30.53 / 11 0.001
PH`HERWIG 7.1 (DR) 189.9 / 11 <0.001 10.66 / 11 0.473
aMCNLO`PYTHIA 8 (DR, fix.) 178.8 / 11 <0.001 3.40 / 11 0.984

Hadronic-W y
Whad. (parton) Whad. (particle)

Generator χ
2
{NDF p-value χ

2
{NDF p-value

PH`PYTHIA 8 (DR) 98.97 / 12 <0.001 14.95 / 12 0.244
PH`PYTHIA 8 (DR, fix.) 99.39 / 12 <0.001 15.26 / 12 0.228
PH`PYTHIA 8 (DS) 97.70 / 12 <0.001 14.24 / 12 0.285
PH`PYTHIA 8 (DS, fix.) 97.81 / 12 <0.001 14.17 / 12 0.290
PH`PYTHIA 8 (DR, tt MINNLO) 439.3 / 12 <0.001 418.3 / 12 <0.001
PH`HERWIG 7.1 (DR) 80.48 / 12 <0.001 7.85 / 12 0.796
aMCNLO`PYTHIA 8 (DR, fix.) 91.39 / 12 <0.001 9.83 / 12 0.630

The χ2 values for the parton-level definition of the hadronic-W are significantly larger than the
particle-level definition. The p-values are also much smaller, indicating that the parton-level defi-
nition of the hadronic-W is not as well-modeled as the particle-level definition. The particle-level
MADGRAPH5_AMC@NLO generator does a particularly good job modeling the pT distribution, with
a χ2

{NDF value of 4.23{11 and a p-value of 0.963. Similarly, the PH`HERWIG 7.1 generator performs
the best at modeling the rapidity distribution, with a χ2

{NDF value of 9.140{12 and a p-value of 0.691.
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APPENDIX F

Leading/Subleading b-jet Asymmetry

We have also studied additional variables of particular interest in the context of top quark polariza-
tion. In this context, polarization refers to the preferred orientation of the top quark’s spin along a
specific direction. Unlike the other quarks, the top quark is a unique laboratory to study polarization
effects. The top quark decays before hadronization; this ensures that information regarding its helicity
is passed onto its decay products. Therefore, to study top quark polarization, one can study the vari-
ous distributions of the decay products. Polarization carries important implications for Charge-Parity
(CP) symmetry within the SM.

Recall that the two dominant production modes for top quarks at the LHC correspond to tt pairs
and singly-resonant tW. In the case of tt production, the top quarks are predominantly unpolarized
since the production of top quarks pairs (via gluon-gluon fusion or quark-antiquark annihilation) is
mediated by the strong force and is parity conserving. Generally, this means the top quarks select no
preferential polarization state. On the other hand, singly-resonant top production proceeds via the
electroweak process, and the weak force is known to violate parity. The production of the top quark is
purely left-handed as a result [135].

There have been previous studies that have measured the polarization of top quarks both in SM
and BSM contexts [136–142]. It is common in these studies to measure the differences in polarization
(as a means of studying CP violation) through various asymmetry and fractional observables. For
example, rapidity and energy asymmetry can be measured between the top and anti-top quarks can
be used to measure charge asymmetry. In this analysis, we have selected the leading and subleading
b-jet pT asymmetry and fraction as a means to study top quark polarization. The b-jet asymmetry
measures the difference in the pT of the leading and subleading b-jets in the event. The b-jet fraction
measures the fraction of the total jet pT carried by the leading and subleading b-jets.

The leading and subleading b-jet pT asymmetry (Ab1,2) is defined as the difference in the pT of the
leading (pTpb1q) and subleading (pTpb2q) b-jets divided by their sum.

Ab1,2 “ rpTpb1q ´ pTpb2qs { rpTpb1q ` pTpb2qs (F.1)

The leading and subleading b-jet fraction (Fb1,2) is defined as the sum of the pT of the leading and
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subleading b-jets divided by the sum of the pT of all the jets in the event (HT “
ř

i pTpjiq).

Fb1,2 “ rpTpb1q ` pTpb2qs {HT (F.2)

Figure F.1 plots the detector-level distributions of the b-jet pT asymmetry and fraction for the Whad.

(particle), Whad. (loose), and Wlep. (loose) regions. The following figures are plotted using a linear scale
to visualize the shapes of the distributions better.

(a) Whad. (particle). (b) Whad. (loose). (c) Wlep. (loose).

(d) Whad. (particle). (e) Whad. (loose). (f) Wlep. (loose).

Figure F.1: b-jet pT Asymmetry and Fraction Detector-Level Distributions. The b-jet pT asymmetry measures
the difference in the pT of the leading and subleading b-jets in the event. The b-jet fraction measures the fraction
of the total jet pT carried by the leading and subleading b-jets. The detector-level distributions are shown for
the Whad. (particle) (left), Whad. (loose) (middle), and Wlep. (loose) (right) regions. The uncertainties shown are
statistical only.

The b-jet pT asymmetry in all three regions has a maximum at zero, meaning that the leading and
subleading b-jets in most events have similar pT. The distributions then decrease almost linearly at
higher values of the b-jet asymmetry. There are very few events with very disparate pT values. The
b-jet fraction distributions in all three regions have a maximum centered at approximately 0.5. The sum
of the pT of the leading and subleading b-jets is approximately half of the total jet pT in the event with a
distribution that resembles a Gaussian distribution. The MC agrees with data within uncertainties but
is slightly overestimating the data in the Whad. (particle) region. The largest disagreements with MC
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come only in the tails of each distribution. Figure F.2 plots the breakdown of the various systematic
uncertainties.

(a) Whad. (particle). (b) Whad. (loose). (c) Wlep. (loose).

(d) Whad. (particle). (e) Whad. (loose). (f) Wlep. (loose).

Figure F.2: b-jet pT Asymmetry and Fraction Systematics Uncertainties Summary. The various systematics
uncertainties are summarized for the b-jet pT asymmetry and fraction. The systematics are plotted for the Whad.
(particle) (left), Whad. (loose) (middle), and Wlep. (loose) (right) regions.

As before, signal modeling contributes the largest source of uncertainty in the b-jet pT asymmetry
and fraction. The uncertainty in the b-jet pT asymmetry is relatively constant at 0.15 until the asymme-
try reaches approximately 0.7. On the other hand, the uncertainty is largest for events with a small b-jet
pT fraction and exponentially decreases towards larger b-jet pT fraction values. These observables can
also be unfolded following the procedures described in Chapter 9. Figures F.3 and F.4 plot the absolute
cross-sections of the unfolded b-jet pT asymmetry and fraction using the nominal and alternative sets
of MC, respectively.
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(a) Whad. (particle). (b) Whad. (loose). (c) Wlep. (loose).

(d) Whad. (particle). (e) Whad. (loose). (f) Wlep. (loose).

Figure F.3: b-jet pT Asymmetry and Fraction Absolute Differential Cross-Sections (Nominal MC). The abso-
lute cross-sections are plotted for the Whad. (particle) (left), Whad. (loose) (middle), and Wlep. (loose) (right) regions
using the nominal set of MC generators.
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(a) Whad. (particle). (b) Whad. (loose). (c) Wlep. (loose).

(d) Whad. (particle). (e) Whad. (loose). (f) Wlep. (loose).

Figure F.4: b-jet pT Asymmetry and Fraction Absolute Differential Cross-Sections (Alternative MC). The
absolute cross-sections are plotted for the Whad. (particle) (left), Whad. (loose) (middle), and Wlep. (loose) (right)
regions using the alternative set of MC generators.

Table F.1 lists the χ2 and p-values for the b-jet pT asymmetry and fraction. The χ2 values are
calculated using the unfolded data and each of the MC predictions using the same procedure described
in Chapter 9.
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Table F.1: χ
2 and p-values for the b-jet pT Asymmetry and Fraction. The χ

2 and p-values are shown for the
b-jet pT asymmetry and fraction in the Whad. (particle), Whad. (loose), and Wlep. (loose) regions.

b-jet pT Asymmetry
Whad. (particle) Whad. (loose) Wlep. (loose)

Generator χ
2
{NDF p-value χ

2
{NDF p-value χ

2
{NDF p-value

PH`PYTHIA 8 (DR) 4.51 / 10 0.92 3.04 / 10 0.98 3.62 / 10 0.96
PH`PYTHIA 8 (DR, fix.) 6.54 / 10 0.77 3.82 / 10 0.96 4.61 / 10 0.92
PH`PYTHIA 8 (DS) 2.78 / 10 0.99 2.75 / 10 0.99 2.99 / 10 0.98
PH`PYTHIA 8 (DS, fix.) 2.93 / 10 0.98 2.74 / 10 0.99 3.01 / 10 0.98
PH`PYTHIA 8 (DR, tt MINNLO) 43.00 / 10 <0.001 20.38 / 10 0.03 13.91 / 10 0.18
aMCNLO`PYTHIA 8 (DR, fix.) 1.98 / 10 1.00 2.36 / 10 0.99 2.88 / 10 0.98
PH`HERWIG 7.1 (DR) 2.30 / 10 0.99 2.89 / 10 0.98 3.14 / 10 0.98

b-jet pT Fraction
Whad. (particle) Whad. (loose) Wlep. (loose)

Generator χ
2
{NDF p-value χ

2
{NDF p-value χ

2
{NDF p-value

PH`PYTHIA 8 (DR) 68.50 / 11 <0.001 66.78 / 11 <0.001 33.31 / 11 <0.001
PH`PYTHIA 8 (DR, fix.) 70.70 / 11 <0.001 67.69 / 11 <0.001 33.72 / 11 <0.001
PH`PYTHIA 8 (DS) 60.21 / 11 <0.001 59.38 / 11 <0.001 29.60 / 11 0.001
PH`Pythia[8] (DS, fix.) 60.55 / 11 <0.001 59.57 / 11 <0.001 29.64 / 11 0.001
PH`PYTHIA 8 (DR, tt MINNLO) 196.50 / 11 <0.001 94.47 / 11 <0.001 101.00 / 11 <0.001
aMCNLO`PYTHIA 8 (DR, fix.) 87.14 / 11 <0.001 262.80 / 11 <0.001 191.00 / 11 <0.001
PH`HERWIG 7.1 (DR) 28.32 / 11 0.001 32.20 / 11 <0.001 9.04 / 11 0.62

The b-jet pT asymmetry is a particularly well-modeled quantity. The unfolded cross-sections show
that the predictions are well-matched to the data for all values of the b-jet asymmetry. As the detector-
level plots show, the various MC generators slightly overestimate the asymmetry. Regarding the b-jet
pT fraction, this quantity shows MC-data agreement near the peak of 0.5, but the MC predictions
are not as well-matched to the data in the tails of the distributions. This is particularly true for the
aMCNLO`PYTHIA 8 (DR, fix.) generator at low b-jet fractions where agreement with observations is
generally poor.
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