CERN-THESIS-2020-374

@ 23/11/2020

A Measurement of the Production Cross Section of
a Single Top Quark in Association with a I¥-boson
at 4/s = 13TeV with the ATLAS Detector at the
Large Hadron Collider

by
Douglas Raymond Davis

Department of Physics
Duke University

Date:

Approved:

Mark C. Kruse, Advisor

Alfred Goshaw

Roxanne P. Springer

Kate Scholberg

Sara Haravifard

Dissertation submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy in the Department of Physics
in the Graduate School of Duke University
2021



ABSTRACT

A Measurement of the Production Cross Section of a Single
Top Quark in Association with a WW-boson at 4/s = 13 TeV
with the ATLAS Detector at the Large Hadron Collider

by
Douglas Raymond Davis

Department of Physics
Duke University

Date:

Approved:

Mark C. Kruse, Advisor

Alfred Goshaw

Roxanne P. Springer

Kate Scholberg

Sara Haravifard

An abstract of a dissertation submitted in partial fulfillment of the requirements for
the degree of Doctor of Philosophy in the Department of Physics
in the Graduate School of Duke University
2021



Copyright © 2021 by Douglas Raymond Davis
All rights reserved except the rights granted by the
Creative Commons Attribution-Noncommercial Licence


http://creativecommons.org/licenses/by-nc/3.0/us/

Abstract

A measurement of the Standard Model cross section for the production of a single
top quark in association with a WW-boson from proton-proton collisions is presented.
Collision data at a center-of-mass energy of 13 TeV totaling 139 inverse femtobarns
collected by the ATLAS detector on the Large Hadron Collider is used to study the
process. Binary classifiers trained using kinematic properties of observable particles
are used to separate the signal process from a large top pair production background.
A binned maximum likelihood fit is performed to extract the Standard Model cross
section for the signal process, along with a secondary top pair cross section mea-
surement and uncertainties related to object reconstruction with the detector and
theoretical models. The measured cross section is the most precise measurement
performed using the ATLAS detector and is in good agreement with the Standard

Model prediction.
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1

Introduction

The study of elementary particle physics aims to answer a concise question: what
are the equations, and their solutions, that describe the interactions between the
fundamental constituents of all matter in the universe? Humans have worked for
millennia to uncover the answer to this question. The elementary label has evolved
considerably over that time. The first rigorous definition of elementary particles is
perhaps the philosophy of atomism, a belief that all physical things must be made up
of fundamental components. In the late 18th and early 19th centuries modern atomic
theory began to form as scientists constructed a set of known chemical elements.
Atom was the name given to what was believed to be the fundamental constituent
of an element. The discovery of the electron, by J. J. Thomson in the late 19th
century, was the first time elementary particles were found to be sub-atomic. Proof
that atoms contain constituents came with the discovery of the nucleus by Geiger,
Marsden, and Rutherford in the early 20th century. A few decades later, in the
mid 20th century, deep inelastic scattering experiments proved that the nucleus is
actually composed of constituent particles itself. This is where our current definition

of elementary point-like particles began to converge, eventually forming the set of

1



particles in the theory that describes them and their interactions: the Standard

Model.
Colliders and The Top Quark

Creating all of the elementary particles in a laboratory requires enormous machines
accelerating particles to unprecedented energies and colliding them at a microscopic
interaction point. The research presented in this dissertation uses data collected by
the ATLAS Experiment at the Large Hadron Collider (LHC) to study a particular
production mode of one of the elementary particles: the top quark.

Quarks are one type of particle in the Standard Model, and the top was the
last quark to be discovered. The observation was made by two experiments at the
Tevatron, CDF and D@, in 1995 [1, 2]. The top is the most unique quark, being the
heaviest of all elementary particles and the only quark to decay before hadronization.
The analysis presented in this thesis measures the cross section for the production
of a single top quark in association with a W boson (¢tW production). The LHC is
the first collider capable of generating enough events to study this process, which is
an important test of the SM. We will particularly see the challenges that are faced

to accurately identify tWW events and measure the production cross section.
Dissertation Qutline

We begin with a description of the known elementary particles and the mathematics
describing their interactions in Chapter 2. In Chapter 3 the Large Hadron Collider,
the machine providing proton-proton collisions, and the ATLAS Experiment, the
detector measuring the products of those collisions, will be summarized. Methods
central to experimental particle physics analyses: simulation of physics processes
and detector response, and the reconstruction of physics objects from that detector

response, are described in Chapter 4. Chapter 5 describes the core of this thesis: the



measurement of the tW cross section using the opposite sign opposite flavor dilepton

final state. Finally, Chapter 6 has some concluding discussion.



2

Theoretical Foundations

The middle of the 20th century was the golden age of subatomic particle discovery.
Experiments were observing the decays of new unstable particles almost daily. Theo-
retical physicists were hard at work formulating mathematical descriptions of physics
processes that would yield the interactions being observed by experimentalists. The
efforts constructively interfered to converge on what is now the Standard Model. In
this chapter we will introduce the fundamental particles and summarize the theory
of the Standard Model; details associated with top quark production will also be

presented.
2.1 The Standard Model

The Standard Model (SM) is a gauge invariant relativistic quantum field theory
(QFT) that describes the known fundamental particles and their interactions. The
interactions include the electroweak interaction (a unification of the electromagnetic
and weak interactions) and the strong interaction. Spontaneous symmetry break-
ing in the electroweak theory generates masses of the elementary particles. Unless

otherwise stated, this thesis adopts natural units: h = c = 1.
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2.1.1 Fundamental Particles and Forces

The fundamental particles in the SM, shown in Figure 2.1, are separated along a
number of axes. The core separation is between the fermions and the bosons. Matter
is made up of the spin-¥2 fermions. The spin-1 gauge bosons are the force carrying
particles, and the single scalar (spin-0) boson is the Higgs boson.

Fermions exist in three generations and are separated into leptons and quarks.
The three electrically charged leptons are the electron, muon, and tau (e, p and
7); they all have a corresponding neutral lepton partner: their respective neutrinos
(Ve, V4, and v;). Neutrinos only interact weakly, while the other leptons interact
electromagnetically and weakly. Quarks have fractional electric charge (relative to
the electron charge e€) and interact electroweakly and strongly. The up, charm, and
top quarks have electric charge +§e, collectively we call the set the up-type quarks.
The down, strange, and bottom quarks, collectively the down-type quarks, have
electric charge —%e. All fermions have an anti-particle partner'. Quarks also carry
a single color charge (red, blue, or green). Confinement in the strong interaction,
described later in Section 2.1.5, requires quarks to nominally exist in color neutral
composite hadron particles. A hadron can be a quark-antiquark (¢q) pair called a
meson, or a collection of three quarks called a baryon.

Vector bosons mediate the forces described by the Standard Model, which are
listed in Table 2.1. The charged W* bosons mediate flavor changing weak charged
current interactions. The neutral Z° boson mediates the neutral weak interaction
which preserves flavor. The massless photon mediates electromagnetic interactions
between all particles with electric charge. Massless gluons (there are 8 of them,
described in Section 2.1.5) mediate the strong interaction. Gluons carry color and

anti-color charge. Finally, the single scalar boson in the SM is the Higgs (H). The

! The nature of neutrinos is unsettled, if neutrinos are Majorana fermions then they are their own
antiparticle, see Section 2.1.6



scalar Higgs results from spontaneous symmetry breaking in electroweak theory, the

process which generates the masses of the vector bosons and couples fermions to the

Higgs depending on their masses, described in Section 2.1.4.

mass
charge
spin

LEPTONS

Standard Model of Elementary Particles

three generations of matter

interactions / force carriers
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I I "
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FIGURE 2.1: The Standard Model particles [3]. Mass, electric charge, and spin are
listed for all particles. Each boson is surrounded by a light yellow shaded shape
which also surrounds the fermions that interact with that boson. For example, the
photon is encircled with all of the electrically charged fermions but not the neutrinos.



Table 2.1: Table of forces with their relative strengths, mediating gauge boson(s), and
the particles which participate in the interaction. The relative strengths are listed
for comparison (they are not literal); the distance scale at which an interaction is
probed affects the observed strength. LH stands for left-handed and RH stands for
right-handed; the weak interaction couples to left handed particles and right handled
antiparticles, described in Section 2.1.3.

Force Relative Strength Gauge Boson(s) Participating Particles

Strong 1 Gluons (g) Quarks

Electromagnetic 1072 Photon () Electrically charged particles
Weak 107" W* and Z° LH fermions, RH antifermions
Gravitational 107* Graviton (theorized) All massive particles

2.1.2  Gauge Invariance and Yang-Mills Theories

Local gauge invariance is the starting point for building a QFT framework with
interactions. The SM is constructed from multiple QFT frameworks based on a
symmetry described by a representation of a Lie group. The theory of Quantum
Electrodynamics (QED) is an example of a gauge invariant QFT with symmetry
group U(1).

High energy physicists typically use the Lagrangian formalism to construct the
mathematics of particles and their interactions. The Lagrangian density is a function

of fields and their derivatives:

L(p(x), 0,0(x)), (2.1)

for some scalar field ¢(x), where z is a four dimensional space-time coordinate. To
use a more specific example, we can write down the Lagrangian for a system of

massive, non-interacting, spin-2 particles:

L((x), 0,1 (x)) = d(x) (170, —m) ¥(2), (2.2)

where () is a free field Dirac spinor of mass m, 7" are the Dirac gamma matrices,
and ¢ = 1'7° (47 is the Hermitian conjugate of ). The Lagrangian is invariant
under the global U(1) transformation (a phase transformation):

Y(x) — e Y(2), (2.3)
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for some real « that is independent of x. If a = «a(x), the Lagrangian is no longer
invariant under the now local gauge transformation. The new Lagrangian will contain
additional terms from the derivative of a(x). To ensure invariance, the derivative

must be promoted to a gauge covariant derivative:

0, —>D,=0,+ iqA#(x), (2.4)
where A, (z) is a new field that transforms like:

A(z) > Ay (z) éé’ua(x), (2.5)

and ¢ is a parameter describing the relative strength of interactions in this theory.

Free propagation of the new A, boson field in this theory can be added to Lagrangian:

L= ¢ (i —m)w— iFFu (2.6)

where F),, = 0,A, — J,A,, the field strength tensor, and, for brevity, we've dropped
the implicit space-time dependence and adopted the notation ¢ = v"a,,.

The theory we’ve briefly constructed is indeed Quantum Electrodynamics, where
local gauge transformations are representations of the U(1) symmetry group. In the
final Lagrangian of Eq. 2.6 the term containing the field strength tensor describes the
free propagation of the massless photon; upon expansion of the ¢ (iI) — m)i term,
(i@ — m)1p describes the free propagation of massive spin-Y2 particles and g Az
describes the interaction between the photon and a pair of the spin-2 particles, each
with charge ¢. In QED g is the electron charge e. Interactions of the particles in this
theory are a direct consequence of local gauge invariance.

It is possible to construct theories of interacting fields with other representations
of Lie groups. The SM employs the principle of gauge invariant Lagrangians using
more complex symmetries than U(1): the non-Abelian SU(2) and SU(3) groups,
which describe the weak and strong interactions, respectively. These symmetry
groups are specific examples of Yang-Mills theories [4].
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Yang-Mills QFTs are based on the definition of a Lagrangian that is invariant
under SU(N) local gauge transformations. A general Yang-Mills theory recipe can

be described as follows. The covariant derivative to ensure local gauge invariance is:

D, = 0, — igAT", (2.7)

where ¢ is the relative strength parameter, or coupling constant, and T are the
generators of the SU(N) group, so @ = 1,...,N> — 1. Each Af, corresponds to an

interaction mediating boson. The field strength tensor is

Fl, = 0,A% — 0,A% + gf* AD A;, (2.8)

where b and ¢ also run from 1 to N2 — 1, and f* are the structure constants for
the group. The structure constants are defined by the commutation relations of the

group generators:

[T, T"] = if*eT", (2.9)

which, by definition of non-Abelian groups, do not commute. Self interactions be-
tween the gauge bosons are a property of non-Abelian gauge theories, they manifest
from the third- and fourth-power gauge field terms encoded in the —1F, F**" term.
A critically important property of Yang-Mills theories, suggested by Weinberg [5]

and proven by 't Hooft and Veltman [6], is that they are renormalizable.
2.1.8  FElectroweak Interaction

In the 1950s parity conservation was assumed to be universal; the electromagnetic
and strong interactions already proved to conserve parity. Experiments involving
weak interactions were not (knowingly) providing evidence for or against parity con-

servation, and the § — 7 puzzle® begged to be solved [7]. Lee and Yang proposed

2 The 7F and #* mesons were observed to have the same lifetime and mass, but the parity
mismatch in their decays (07 — 7+ + 7% with P = +1 and 7% — " + 7% + 7~ with P = —1)
suggested, if parity is conserved, that they were different particles. These observations unknowingly
provided evidence of parity violation in the decay of K mesons.
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the possibility that parity is not conserved in the weak interaction [8]. The Wu
experiment [9] provided evidence for parity violation, showing that electrons in the
B-decay of radioactive *°Co were emitted non-isotropically, with the direction of the
electron momentum disfavoring alignment with the spin of the polarized decaying
nuclei. Parity violation in weak interactions requires the definition of a helicity (or
“handedness”) for particles. Right-handed particles have positive helicity, the sign
of the projection of the spin vector on the momentum vector is positive, while left-
handed particles have negative projection. Wu’s experiment (and later independent
experiments [10]) showed that parity is maximally violated in the weak interaction,
and that the particles involved are left-handed.

To include parity violation in modeling the weak interaction, the V' — A theory
was proposed by Sudarshan and Marshak [11]. In V' — A theory the electron and
the neutrino in S-decay are coupled by a vector minus axial coupling®. Terms in a

Lagrangian must be of the form:

J)e'y“ (1 - ’75) wuea (210)

where the subscript on the v fields denote the particles. We can then define chiral

projections of the spinor fields:

(1+7°) (2.11)

DN | —

(1 - 75) wu ¢R =

N | —

YL =

which provides a mechanism to enforce left-handed only coupling of the weak inter-
action, where ¢ = ¥ + ¥p.

The unification of the electromagnetic and weak interactions into the electroweak
interaction was developed by Glashow, Weinberg, and Salam [5, 12, 13] during the
1960s. The unified theory, sometimes called GWS theory, is based on a combination

of the SU(2);, and U(1)y symmetry groups. The SU(2);, symmetry group has 2% — 1

3 Vector couplings are of the form 1)7"'1) and axial vector couplings are of the form 1)y" ’YS’(/J, where
5_.0.1.23
Y =EWwYYT
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gauge bosons; these are the weak isospin gauge bosons W), with a = 1,2,3. The L
denotes left-handed fields. We will use g as the coupling constant for SU(2);,. We
are already familiar with the U(1)y symmetry group and its single gauge boson, as
described in Section 2.1.2. The Y denotes weak-hypercharge. In this section we
denote the weak hypercharge gauge boson as B, and use ¢ as the coupling constant.

The fields in this theory are separated into left- and right-handed fields. The left-
handed fields transform as SU(2);, doublets and the right-handed fields transform as

singlets. For leptons, these fields are:

(%) Gon On (2.12)

where ¢ denotes a lepton flavor (e, p, or 7) and v, is the associated neutrino in that
generation (v,, v,, or v;). The quark fields are more complicated. Weak eigenstates
of the quarks are not mass eigenstates. The relationship between the two states is
given by the Cabibbo-Kobayashi-Maskawa (CKM) matrix [14, 15]. The CKM matrix
(Vexm) 18 a 3 x 3 complex unitary matrix with four free parameters that are measured

experimentally. The relationship between the weak eigenstates (d’, s', b') to the mass

eigenstates (d, s, b) is:

d d Vi Vs Vb d
s | = Vekm | 8] = | Ve Vies Vi S - (2- 13)
b/ b V;td ‘/;58 V;b b

The probability that a quark ¢ transitions to quark j is proportional to |Vij\2. In

electroweak theory the up- and down-type quark fields are:

() n @ (2.14)

where left-handed doublets mix via the weak interaction according to the CKM
matrix. In Eq. 2.14 the u and d symbolize an up- or a down-type quark, respectively,
not limited to specifically the up quark and down quark.
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Symmetries and fermion fields now defined, we have the ingredients (and Yang-
Mills recipe) necessary to construct the terms of a gauge invariant Lagrangian as

prescribed in Section 2.1.2. The term for fermion kinematics is:

where we adopt W to symbolize all three generations of the fermions. The covariant

derivative has the complication that the SU(2); gauge bosons (W};) only interact

I

with left-handed fields, while the U(1)y gauge boson (B,) interacts with both left-

and right-handed fields. The generators of SU(2) are 7 = "—; where o are the Pauli
matrices, therefore the covariant derivative for SU(2) follows from Eq. 2.7 and is
oy —|—z'g§W§. The U(1) covariant derivative follows from Eq. 2.4 and is 0, —l—z'g'YTWB“,
where Yy, = 2(Q — I3), the weak hypercharge defined by electric charge ) and the

third component of isospin I5. I3 is + % for left-handed doublets and zero for right-

handed singlets. Combining the symmetries yields the complete covariant derivative:

“ Y,
Dy = 0, +ig5 Wy +ig "B, (2.16)

where the non-existent coupling between right-handed fermions and the W} gauge

bosons is implicit. The kinetic term for the gauge bosons is:

1 1
L= —1BuB" — Wi,Ww™, (2.17)

where the field strength tensors are:
B,, =d,B,—-0,B, (2.18a)
W, = 0, W — 0,Wyi — ge™ W Wy, (2.18b)

b

where €* is the Levi-Civita tensor. The four physical gauge bosons manifest from
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combinations of the W and B,, gauge fields:

_ 1 :
W:M=Em¢mm, (2.19a)
1 1 112
IV*:W@:IE(WL—HKJ, (2.19Db)
70 = Z, = W,f cos Oy, — B, sin Oy, (2.19¢)
y=A,= Wj’ sin Oy, + B, cos Oy, (2.19d)

where 0y, = arctan(g'/g), the weak mixing angle, a free parameter in the SM that is
determined experimentally. Expanding the electroweak Lagrangian terms of Eq. 2.15
yields three interaction vertices between the fermions and gauge bosons, as shown in
Figure 2.2. Expanding the gauge term in Eq. 2.17 yields the vertices of the gauge
boson self couplings WW~, WWZ, WW~~y, WWZZ, and WIWWW. Recall that
the self couplings are a direct consequence of the non-Abelian nature of Yang-Mills

theories.

e(vi—ap’)
eQy f T YT

2 cos fsin 6

(a) QED current (b) Weak neutral current (c¢) Weak charged current

FIGURE 2.2: Three interactions in the unified electroweak theory, f is any fermion,
Q) is the charge for fermion f, a; and vy are the axial and vector couplings for
fermion f, v and d are up- and down-type quarks, respectively, and ¢ and v, are
lepton—neutrino pairs. Electromagnetic interactions are mediated by the photon (a),
weak neutral interactions are mediated by the Z° (b), and weak charged current
interactions are mediated by W* (c).

The elephant in the room of this section is mass. Adding mass terms to the
Lagrangian would break the SU(2);, ® U(1)y symmetry. The next section resolves
this issue via the mechanism of spontaneous symmetry breaking.
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2.1.4 Spontaneous Symmetry Breaking

The mechanism of Spontaneous Symmetry Breaking (SSB) in the context of elemen-
tary particle physics was theorized by Higgs [16], Englert [17], and Guralnik, Hagen,
and Kibble [18]. The SSB mechanism is used to introduce mass terms for W* and Z°
bosons in the electroweak theory. To include the Higgs mechanism in the electroweak
theory we’ve already introduced, we introduce a complex scalar field represented by

a SU(2), doublet with zero electric charge, I3 = —3, and YV = 1:
¢+) 1 <¢1 + Z¢2)
= = — . 2.20
o= (%)==t (220)

The Lagrangian must be invariant under SU(2);, ® U(1)y transformations, so we use

covariant derivative in Eq. 2.16. The Lagrangian for this scalar field is:

L= (D"¢)(D,0)—V(¢), V(¢)=p’0"¢+Ao'0) (2.21)

where V(¢) is the Higgs potential with free parameters A > 0, and ©? < 0. The

potential has a minimum at a finite |¢|:
2

1
00 =5 (61 + 63+ ¢d + o) = -5 (2:22)
We choose a specific minimum to expand ¢(z) about:
2
$1 = s =4 =0, ¢§ =0 = —%7 (2.23)

where v is the minimum we refer to as the vacuum expectation value (VEV). Upon
breaking the symmetry the scalar field is expanded about the VEV (incorporating

the SU(2) gauge transformation on ¢):

o Leiaa(:p)’ra 0
¢(z) = 7 (U+H(x)>, (2.24)

where o(z) and H(z) are real scalar fields. Gauge invariance allows us to simply

substitute

¢(z) = \/% (U N on) (2.25)



into the Lagrangian of Eq. 2.21. Expanding the kinetic term of the Lagrangian yields
new terms that include interactions between the W*, Z° and H bosons as well as

mass terms for the bosons:

1 g 2 1
D,g)* =<0, H? +|S(w+ H)| (| ——12,/ 2. 2.2
Do = 5101 + [0+ ] (52 + 0 (2.2

For a boson field mass terms are of the form %ngzﬁTgb; we can read off the mass terms
and relationships with other parameters, where the mass of the Higgs field is read

from the V(¢) term:

gv gv
My ="—, Mmy=_———
W 7 2cos Oy my

cos by, = m—W, m, =0, myz=u0vV2\ (2.27)

8

Adding fermion mass terms of the form ma1) would break the SU(2);, symmetry
due to mixing v; and ¥y fields. To give the fermions mass we introduce a gauge
invariant Yukawa interaction terms of the form ngZL(wa, where g; is the Yukawa
coupling term representing the strength of the interaction between a fermion and
the Higgs field. Using the same SSB procedure already described, varying ¢ about
the VEV, generates the mass terms for the fermions of the form (an additional
representation of the Higgs doublet must be introduced with Y = —1 to generate

the mass of the up-type component of the quark doublets):

H _ _
L= (1 + —> (—mgfﬁ — M, U — mddd) , (2.28)
v

where this Lagrangian represents mass terms for one generation of fermions (¢ rep-
resents the lepton field, u and d represent the up- and down-type quark fields, re-
spectively). Neutrinos in the SM do not have a right-handed partner, therefore they
do not acquire mass through the Yukawa coupling.

The observation of the Higgs particle (at my = 125GeV) by the ATLAS and
CMS Experiments in 2012 [19, 20] finally completed the decades long process of

observing all particles predicted by the Standard Model.
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2.1.5 Strong Interaction

The strong interaction in the SM is described by the theory of Quantum Chromo-
dynamics (QCD) [21, 22, 23]. QCD is a Yang-Mills gauge theory that is the SU(3)
component of the complete SU(3)r ® SU(2);, ® U(1)y SM symmetry group. The
charge of particles participating in QCD is the color charge (hence the C label of the
symmetry group). We label the colors as red (r), green (g), and blue (b) and index
them with ¢ = 1,2, 3. Color singlets make up QCD states in nature, these can be rgb
states or linear combinations of color anti-color pairs. The 3° — 1 bosons of SU(3)¢
are the eight massless gluons and the generators are the Gell-Mann matrices.

The QCD Lagrangian for quark spinor fields and gluon gauge fields can be written

from the Yang-Mills recipe:

Lo Caad (2.29)

L= Zi&q,iwzjwq,j - 4
q

where ¢ is a sum over all quark flavors and indices 7, j = 1,2, 3 represent the color

states. The gauge covariant derivative is

D,i; = 0,0i; — igit5;Go, (2.30)

g w

where G;‘ are the gluon fields composing the field strength tensor with non-Abelian

structure providing gauge boson self interactions:
A A A ABC c
G, = 0,Gy — 0,Gi — g, PCGLGY. (2.31a)

[t4,17] = i fAP1C, (2.31b)

with A, B,C = 1,...,8 and t* relating to the Gell-Mann matrices A\* by ¢* =
A*/2. The coupling constant in QCD is g,, written in terms of ag = g,/4m, which
varies significantly as a function of the momentum scale of the interaction. Small
ag describes the perturbative regime of QCD, while large ag describes the non-

perturbative regime.
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To describe two important consequences of QCD, we start the story in the 1960s:
at this point in particle physics history many particles that are now known to be
hadrons had been observed. The name “strong” interaction comes from the fact that
the particles had a large production cross section. Gell-Mann and Ne’eman [24, 25]
grouped the particles into irreducible sets (based on mass) that were representations
of the SU(3) flavor symmetry group. Gell-Mann and Zweig then postulated that the
hadrons were bound states of mathematical constructs that Gell-Mann called quarks.
He called them mathematical constructs, not particles, because they were not ob-
served. Feynman proposed the parton model [26] to describe observations from deep
inelastic scattering (DIS) experiments probing the proton. At high enough energy
(momentum transfer) electrons appeared to be scattering on point-like constituents
of the proton. The parton model suggested that the proton was composed of con-
stituent particles called partons, and the high energy scattering experiments were
probing them. These partons are the quarks and gluons. The existence of hadrons is
a consequence of confinement and the ability to probe hadrons (to force interactions
with their constituents at high energies) is a consequence of asymptotic freedom.

Gauge theories allow Feynman diagrams with loops, an example is shown in

Figure 2.3. Non-Abelian gauge theories include loops for the self-interacting bosons.

q

q
FIGURE 2.3: A loop diagram allowed by QCD.

Loops represent virtual particles with unbound momentum; this yields divergences in
QFTs because calculations must integrate over all possible momenta. The procedure

of renormalization introduces a momentum cut-off to regulate the loop integral and
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redefine the perturbative expansion at a particular energy scale. Gross, Wilczek, and
Politzer [21, 22] discovered that, upon renormalization, the QCD coupling decreases
with increasing energy scale; this is called asymptotic freedom.

In the perturbative realm of QCD the renormalized coupling ag(u%) is a func-
tion of an unphysical renormalization scale pp. Setting pk ~ Q?, where Q is the
momentum transfer of a given strong process, aS(Q2) is represents the strength of
the interaction for that process. Solutions to the renormalization group equation
(RGE):

2 d&s

:uRd 2 = ﬁ(as) = _(600“5 + Blag + 620/31 + .. ) (232)
KR

describe the coupling’s dependence on the energy scale (the dependence on energy
scale is sometimes called the “running” of ag): For QCD the leading order g function

coeflicient is
" 1o 121

(2.33)

where ng is the number of colors and n; is the number of flavors (6 in the SM).
For the SM it’s clear that 3, > 0, the coupling decreases as the scale increases. At
next to leading order (1-loop) an analytical solution exists. Upon defining a scale at

which perturbative calculations are no longer possible: p% = AéCD, the solution is

1
N Bo 1n<Q2/A(2QCD) .

as(Q%) (2.34)

This solution shows the asymptotic freedom, as Q? — o the coupling goes to zero.
At lower energy scales the higher coupling confines quarks and gluons to colorless
bound states that we observe as hadrons. As Q> — A?QCD (Aqep ~ 200MeV),
ag diverges, demonstrating that perturbative expansion of ag is no longer valid, so
non-perturbative methods are used to describe the interactions. Lattice-QCD is a

non-perturbative approach used to describe confinement [27].
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Parton Distribution Functions and Factorization

The strong interaction activity at a high energy hadron collider experiment occurs in
both the perturbative and non-perturbative regimes. Non-perturbative (soft) QCD
describes the structure of the colliding protons and the hadronization of outgoing
strongly interacting particles, while perturbative QCD describes the hard scattering
of the constituent quarks and gluons. The separation between hard and soft processes
will be discussed in the context of simulations in Section 4.1.

The parton model describes DIS of a proton as an elastic collision with a con-
stituent of the proton carrying a fraction x of the total proton momentum p. The
parton distribution function (PDF) is used to give the probability that a parton car-
ries momentum xp. We denote the PDF, which gives information about the partonic
composition of the protons, as f(x). At the LHC a proton moving in the accelerator
is not composed solely of uud quarks, high energy fluctuations allow creation of other
quark anti-quark pairs which are called sea quarks. The PDFs describe any quark
or gluon. The difficulty of non-perturbative QCD calculations leads us to rely on
experimental measurements of f(z, Qg), which are PDFs at a given energy scale. The
DGLAP equations [28, 29, 30] are used to extrapolate PDF predictions measured at
one energy scale to a another energy scale. Figure 2.4 shows PDFs at two energy
scales.

The QCD factorization theorem [32] allows for the separation of the soft QCD
describing the PDFs and the hard scattering described by pertrubative calculations.

The cross section for the production of X from pp collisions can be written as:

Opp—>X = Z J dxadxbfa/p<xaa M%)fb/p(%; M%)&abaXle ba M%{v M%’)? (235)
a,b

where ¢,,_,x is the partonic cross section calculated from the Feynman calculus of

perturbative QCD. The sum over a and b represents a sum over all possible parton
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FIGURE 2.4: Proton PDFs from the NNPDF Collaboration [31] at two different
energy scales.

types, the integration is over the momenta of the partons, and pp and up are the
renormalization and factorization scales, respectively. The factorization scale de-
fines the cutoff between non-perturbative and perturbative parts of the calculation.
Figure 2.5 shows a Feynman diagram incorporating proton constituent information.
The dashed circles represent the physics described by the PDFs, and the gluons
(with fractional proton momentum) participate in the hard scattering process. The

gg — tt process is one of multiple QCD processes that contribute to ¢t production.
2.1.6  Limitations

The SM as described in the previous sections has shown remarkable agreement with
experimental observations. Figure 2.6 shows comparisons of ATLAS measurements
and theoretical predictions spanning twelve orders of magnitude. Despite this success
there are several limitations of the SM that prevent it from being a final theory of
everything. Here we summarize a number of the shortcomings and motivate the
analyses ongoing at the LHC experiments.

Cosmological observations show that the particles of the SM describe about 5% of

the content of the universe; the remaining contents are called Dark Matter (DM) and
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FIGURE 2.5: A proton-proton collision producing a top anti-top (¢f) pair at tree
level via gluon fusion. The top proton has momentum p; and the bottom proton as
momentum p,. The constituents of the protons that participate in the hard scattering
are two gluons, each with some fraction of the total proton momentum (z; for the
top proton, and x, for the bottom proton).

Dark Energy (DE). To date only gravitational signatures have been observed [33].
The SM provides no description of DM particles, while beyond-SM (BSM) models,
such as supersymmetry, predict weakly interacting particles that are potential DM
candidates [34].

Neutrinos in the SM are massless. Experimental observations of neutrino flavor
oscillations [35, 36] prove that neutrinos must have non-zero mass, a requirement to
allow mixing of mass and weak eigenstates through the PMNS matrix [37, 38, 39].
Mass terms can be added as an extension to the SM, but it is unclear if the particles
are Dirac (distinct particle/anti-particle pair) or Majorana particles (particle is its
own anti-particle).

The SM does not describe the gravitational interaction. Quantization of the
gravitational interaction mediated by the gravitation has been theorized, but the

QFT is not renormalizable.
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The analyses executed by collider experiments like ATLAS tackle the limitations
on multiple fronts. Direct searches for physics beyond the SM look for signatures
that are not described by the SM, such as new exotic resonances [40]. Weakly
interacting supersymmetric dark matter candidates are searched for indirectly, using
missing energy signatures [41]. Measurements target both first-observations of rare
SM processes [42] and precision measurements of already observed SM physics [43].
Precision measurements of SM processes provide important contributions to searches
because the SM is a background for search analyses. Measurements also provide
important tests of the SM. For example, if a rare process has a larger or smaller
production rate than the SM predicts, a BSM physics process might be affecting the
disagreement. Precision measurements, with small uncertainties sensitive to small
deviations from SM predictions, may also provide hints of SM imperfections that

require extensions.
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FIGURE 2.6: Summary of SM total production cross section measurements per-
formed by ATLAS [44]. Comparisons to theoretical predictions at next-to-leading
order (NLO) or higher are shown.

2.2 Top Quark Production and Decay

The top quark is central to this thesis. In this section we will introduce the physics

of top quark production and decay.
2.2.1 Top Pair Production

Top quark pair (¢f) production occurs primarily through quark anti-quark annihila-
tion (¢g — tt) or through gluon fusion (gg — tt). Figure 2.7 shows three example
leading order Feynman diagrams for ¢t production. At the Tevatron, where the top
quark was observed for the first time from pp collisions, the dominate production

mode was through qg — tt. At the LHC the dominant production mode is gg — tt.
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This is partially due to swapping the anti-proton at the Tevatron for a proton, which
has valence quarks with anti-quarks only existing as sea-quarks. Additionally, the
higher collision energy contributes due to the parton momentum fraction scaling as
1/4/s. The gluon PDF is much larger at small z.

g t g t 4q t

(a) gg — tt (b) gg — tt (c) g7 — tt

FIGURE 2.7: Leading order diagrams for ¢ production.

The latest ¢t inclusive cross section predictions are calculated at next-to-next-to-
leading order (NNLO) in QCD with soft-gluon resummations up to next-to-next-to-
leading logarithmic (NNLL) accuracy [45, 46]. The calculations are implemented in
the Top++ v2.0 software package [47]. The predictions are calculated, in both pp and
pp collisions, assuming a top quark mass of 172.5 GeV and using the MSTW2008
NNLO PDF set [48]. At /s = 13 TeV the pp — tt cross section is calculated to be

Upp

i = 8317675554 (scale) *33:08 (PDF + ag) 3515 (mass) pb, (2.36)
where the uncertainties are from varying the renormalization and factorization scales

and varying the PDFs and ag. A summary of the predictions, overlaid with recent

ATLAS and CMS experimental results, are shown in Figure 2.8.
2.2.2  Single Top Production

Top quarks are produced abundantly in pairs because pp/pp — tt is a strong interac-
tion. The production of single top quarks from pp/pp involves the weak interaction,
therefore the processes are rarer. Single top production has three canonical produc-

tion modes: t-channel has the hard scattering gb — ¢'t, where the b radiates a W

24



Inclusive tt cross section [pb]

10°

107

10

T IIIIIII| T T TTTIT
*rObOe<EH<omOEO

T T T I T T T I T T
Tevatron combined 1.96 TeV (L < 8.8 fb’l)
CMS dilepton,|I+jets 5.02 TeV (L = 27.4 pb'l)
ATLAS ep 7 TeV (L = 4.6 fb™)
CMSep7TeV (L=5fb?

ATLAS ep 8 TeV (L =20.2 fb™)
CMS ep 8 TeV (L =19.7 fo™)

LHC combined et 8 TeV (L = 5.3-20.3 fb™) LHCtop WG

ATLAS ep* 13 TeV (L = 36.1 fb?)
CMS ep 13 TeV (L = 35.9 fb™)
CMS t+e/p* 13 TeV (L = 35.9 fbY)
ATLAS l+jets* 13 TeV (L = 139 fb ™)
CMS I+jets 13 TeV (L=2.2 fb?)
CMS all-jets* 13 TeV (L = 2.53 fb™)

Preliminary

=== NNLO+NNLL (pp)
=== NNLO+NNLL (pp)

ATLAS+CMS Preliminary

LHCtop WG

Sept 2019

900F

800F

700F

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
NNPDF3.0, mmp =172.5GeV, as(MZ) =0.118 + 0.001

1‘3 . s [.Tevi

8 10

= |||||

12 4

Vs [TeV]

FIGURE 2.8: The tf inclusive cross section prediction as a function of center-of-mass
energy. Measurements at the Tevatron and the LHC are shown which are in good
agreement with SM predictions [49].

leading to the production of a t; s-channel involves the annihilation of a ¢ pair

producing a W which decays to a top and bottom quark; and ¢tW production, the

focus of this thesis, where a top is produced in association with a W boson. Leading

order diagrams for each production mode are shown in Figure 2.9.

q

(a) t-channel prod.

!/

qg q

t 9

b b

(b) s-channel prod.

(c) tW prod.

FIGURE 2.9: Leading order diagrams for the single top production modes. Relative
to the s-channel cross section at /s = 13TeV in pp collisions (the lowest of the
three) which is o, ., & 10 pb, the others are ¢, qan ~ 210, chan a0d Oy & 704 chan-

Single top production was first observed by the CDF and D@ collaborations using
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Tevatron pp collision data at /s = 1.96 TeV [50, 51]. The experiments achieved
first observation by combining the ¢- and s-channel, while ¢-channel was eventually
observed in a dedicated analysis. The low cross sections for both s-channel and
tW production at the Tevatron prevented their observations. At the LHC t-channel
production is the dominant mode. It has been observed by ATLAS and CMS at
Vs =17,8,13 TeV [52, 53, 54, 55, 56]. Searches for s-channel production, which has
the smallest production cross section, have been performed at /s = 7,8 TeVwithout
achieving observation [57, 58]. The tW process was observed for the first time at
Vs = 8TeV by both ATLAS and CMS [59, 60] after evidence was found at /s =
7TeV [61, 62]; measurements have also been performed at /s = 13TeV [63, 64].
The work of this thesis improves the ATLAS measurement of the tWW cross section
at /s = 13 TeV, which has a theoretical prediction, using m, = 172.5 GeV and the
MSTW2008 NNLO PDF set, of [65, 66]:

ooy = 71.7 £ 1.80 (scale) + 3.40 (PDF) pb, (2.37)

pp

where the uncertainties are derived by varying the renormalization and factoriza-
tion scales and the PDFs; both tW ™~ and {W™ production equally contribute to the
total cross section. Theoretical predictions for the three modes are summarized in

Figure 2.10, with ATLAS and CMS results overlaid.
2.2.3 Top Decay

The large mass of the top quark, about 173 GeV, allows it to directly decay to a real
W boson. Tops decay via t — W¢q (where ¢ is a down-type quark: d, s, or b) with
a branching fraction of nearly 100%. The lifetime of the top, 7 ~ 0.5 x 10™%*s, is
shorter than the time it would take for the top to hadronize or form bound states
(mean hadronization time ~ 107% s). The t — Wq decay modes are proportional
to the square amplitude of the corresponding terms in the CKM matrix. |Vj,| is
very close to one, making tops decay overwhelmingly via ¢ — Wb. The W boson
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FIGURE 2.10: tW cross section theoretical predictions and measurements are various

then decays into either a ¢¢’ pair or a fv, pair. We define the hadronic and leptonic

top signatures as ¢t — ¢g'b and t — fv,b, respectively. The core top quark decay

branching ratios, after incorporating W decay properties, are [39]:

F(t - Wb — eyeb)/rtotal =
F(t - Wb — :ul/,ub)/rtotal =
F(t - Wb — 7—V‘l‘b)/l—"cotal =

F(t - Wb — qu)/rtotal =

The analysis presented in this thesis uses the

(11.10 + 0.30)%,
(11.40 + 0.20)%,
(11.1 £ 0.9)%,

(66.5 + 1.4)%.

(2.38a)
(2.38b)
(2.38¢)

(2.384)

opposite sign (OS), opposite flavor

(OF) dilepton decay channel (e %) to identify potential tWW events. Single top tW

and tt provide dilepton final states with the following chains:

tW — WWb — ev pv,b,

tt - WoWb — ev,puv,bb,

27

(2.39a)

(2.39b)



where conservation of charge is implicit. In the case of the W decaying leptonically
to Tv,, it is still possible to achieve a final state with eu if the 7 decays leptonically
(1 = by, 0 = e, p). A final state with this scenario will have additional neutrinos
escape the detector. The leptonic decay branching ratios are [39]:

D(7 — v, v;)/Tiorar = (17.39 £ 0.04)%, (2.40a)

D(1 — evv;) /Tiota = (17.82 £ 0.04)%. (2.40Db)
2.2.4 tW Production at NLO

A feature of NLO single top tW production (that is not present in ¢- and s-channel
NLO production) is the potential for ambiguity between the single top production
and tt. At NLO in ag it’s possible that ¢t is produced in association with an
additional b, which we will call tWb production. Upon top decay, both ¢t and tWb
yield a WboWb state. Figure 2.11 shows three Feynman diagrams yielding a WbWb
state, one with two resonant tops, another with a single resonant top, and finally
one without a resonant top. If the tWb process includes a second on-shell top quark

resonance, then it interferes with ¢ production. The amplitude squared for tWb

b

g%%w
R

FIGURE 2.11: Three diagrams contributing to a WbWb state. On the left, a double
top quark resonance; in the middle, a single top quark resonance; and on the right,
no top quark resonance [67].

production (which appears in the computation of the tW cross section at NLO) is

defined:

\AthIQ = ’-Alt’2 + 2R (A A5) + |~’42t’2
ST (2.41)
=S+T+
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where A;, is the amplitude representing singly resonant contributions and Ay, is the
amplitude representing the doubly resonant contributions. We define S for the singly
resonant term, Z for the interference term, and D for the doubly resonant term.
Isolation of the tW part of the amplitude requires isolating the singly resonant
contribution. Multiple schemes exist to perform the separation: diagram removal
(DR) and diagram subtraction (DS) [68]. The DR scheme removes diagrams, leav-
ing only the singly resonant term S contributing to the cross section. Removing
amplitudes violates gauge invariance, but numerical calculations show that it is not
a problem in practice. The DS scheme modifies the amplitude in a gauge invariant
way by introducing a subtraction term meant to cancel the doubly resonant contri-

butions. This is of the form:

Aws]’=S+Z+D-D, (2.42)

where, in the DS scheme, the interference term remains. In a tW analysis, the
interference effects are relevant especially in events that contain two b quarks in
the final state. Part of the analysis strategy (described in detail in Section 5.7) is

motivated by the differences between the DR and DS schemes.
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3

The Large Hadron Collider and ATLAS

This chapter will describe the machines used to provide and collect the data re-
quired for this thesis. Collision data is provided by the Large Hadron Collider and
is collected by the ATLAS Experiment.

3.1 The Large Hadron Collider

The ability to investigate the smallest constituents of the universe requires the largest
scientific apparatus ever constructed: The Large Hadron Collider (LHC) [69]. The
LHC is the largest and most energetic particle accelerator ever constructed. The
LHC lives one hundred meters below the earth’s surface on the French-Swiss border
at the European Organization for Nuclear Research (CERN). Measuring 27 km long,
the synchrotron accelerates protons to 6.5 TeV, delivering a center-of-mass collision
energy (4/s) equal to 13 TeV. The collisions occur at a set of interaction points
where detectors are constructed around the accelerator: the ATLAS, CMS, LHCb,
and ALICE detectors.

Protons circling the LHC originate from a bottle of hydrogen gas and pass through
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a series of accelerators incrementally gaining energy before injection into the LHC.
Figure 3.1 shows a schematic of the CERN accelerator complex. A summary of the
chain: hydrogen gas is stripped of its electrons in LINAC2, where radio frequency
(RF) cavities are used to accelerate protons to 50 MeV [70, 71]. Regularly spaced
proton bunches are formed by the timing of the arrival of protons to the RF cavities.
LINAC2 delivers proton bunches to the Proton Synchrotron Booster (BOOSTER)
which brings the proton energy to 1.4 GeV [72]. The Proton Synchrotron (PS) is
next in line, where protons reach 25 GeV [73]. The penultimate accelerator is The
Super Proton Synchrotron (SPS), which increases the proton energy to 450 GeV [74].
The SPS finally delivers the protons to the LHC.
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FIGURE 3.1: The CERN accelerator complex [75].

The LHC uses multiple types of magnets to steer and focus the proton bunches.

Niobium-titanium superconducting dipole magnets, using a magnetic field of about
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8 T, steer the protons around the ring, while beam focusing is handled by quadrapole
magnets. Superconducting RF cavities operating at 400 MHz perform the accelera-
tion [69]. The LHC Run 2 configuration used a fill of over 2000 bunches composed

of about 10" protons per bunch with a spacing of 25 ns [76].
3.1.1 Cross Section and Luminosity

Collider physics experiments are fundamentally simple: force many collisions and
measure the occurrences of various observable outcomes. The outcomes are governed
by quantum mechanics, so we are interested in measuring the probability of quantum
mechanical processes. The theoretical framework of the SM provides the tools for
calculating the probability of a particular physics process to occur: the scattering
cross section, o. The standard unit for a cross section is the “barn,”” a unit of area
equal to 10"%* m?. Experimentalists count the observations of a particular process,
P, and link the number of observed events to the cross section via the integrated
luminosity L:

Ngzents = OPL‘ (31)

The integrated luminosity is derived from the instantaneous luminosity, L:

L= Jﬁ dt, (3.2)

which is dependent on the properties of the beam:

Nl?nbfrev’%‘
— —F .
£ 4me,B* (3.3)

where N, is the number of particles per bunch, n, is the number of bunches per beam,
frev is the revolution frequency, 7, is the relativistic gamma factor, ¢,, is the normal-

ized transverse beam emmittance, 3% is the beta function at the collision point, and

! The name “barn” originates from the Manhattan Project and was classified by the United States
Government from 1942 until 1948. Physicists on the Project suggested that nuclear processes with
cross sections at about 10™2®m? were comparable to the size of a barn house (very large). A
uranium atom has a cross sectional area of about 1 barn.
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F'is the geometric luminosity reduction factor due to the crossing angle at the inter-
action point (IP) [69]. ATLAS was designed to handle an instantaneous luminosity
of 10* cm™?s™'; during Run 2 the range of possible instantaneous luminosities at
any given time while data collection was ongoing was between 0.5 x 10** cm ™2 s~ and
1.9 x 10* em 257!, The LHC delivered 156 fb™" of pp collisions over the course of
Run 2, while ATLAS collected 147 fb™" (of which 139 fb™" is good for physics) [77].

Figure 3.2 shows the delivered, collected, and good-for-physics luminosity over the

course of Run 2.
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FiGURE 3.2: Luminosity over time delivered by the LHC during Run 2, along with

the total recorded by ATLAS and amount deemed good for physics.

3.1.2  Pileup

The universe governs the cross section of a particular process at a given collision
energy. Eq. 3.1 shows us that an increase in the number of observable events (of a
particular process) requires an increase in the luminosity. Increasing the luminosity
requires packing as many protons as possible into the bunches. High density proton
bunches result in multiple pp interactions per bunch crossing. Additional collisions
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are known as pileup events. Pileup as a quantity is measured as the mean number
of interactions per crossing: {y). During the lifetime of Run 2, the spectrum of (u)
values ranged from as low as about 10 to as high as about 70 as shown in Figure 3.3.
Operating conditions and the decay of the total number of protons per bunch over

the lifetime of a fill yield the wide spread of values.
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FIGURE 3.3: The recorded luminosity as a function of the pileup as measured by
ATLAS during Run 2 of the LHC.

The existence of pileup creates a challenge for the LHC detectors. For each inter-
action of interest, there are 10’s of additional interactions void of any occurrence of
deep inelastic scattering. The products of those collisions must be ignored. Addition-
ally, out-of-time pileup occurs when particles from past crossing are still measured by
the detector after a new bunch crossing as occurred. These challenges are addressed

with the ATLAS trigger system (described in Section 3.2.5).
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3.2 The ATLAS Experiment

The ATLAS? Experiment [78] is a general purpose particle detector constructed at
one of the interaction points (Point 1) on the LHC. The cylindrical detector provides
nearly complete 47 solid angle coverage; it is approximately 44 meters long and 25
meters high. Figure 3.4 shows a diagram of the detector. Decay products of the
particles produced from pp collisions originate from the center of the detector. We
will use the paths of these particles as inspiration for describing the detector: from

the inner most subsystem to the outermost subsystem.

44m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Toroid magnets LAr electiromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker

FIGURE 3.4: A diagram of the ATLAS detector including the core subsystems [79].

3.2.1 ATLAS Coordinate System

Before describing the subsystems we first define the coordinate system of the detector.
A right-handed coordinate system is used with the z direction aligned with the

LHC beam-line, z direction pointing towards the center of the LHC, and y direction

2 ATLAS originally served as an acronym for A Toroidal LHC ApparatuS, the capitalized sequence
of characters is now the official name.
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pointing straight up. Polar angle 6 is made with respect to the z-axis, and azimuthal
angle ¢ lies in the x-y plane.

Important definitions stem from the definition of the coordinate system, the trans-

verse momentum pp = A/ps + pz, the pseudorapidity n = — In[tan (#/2)], and the

rapidity y = %ln (%). A particle trajectory along the x-y plane would be at

n = 0, and the beam-line aligns with || — c0. When comparing particle trajec-
tories, the particle with larger || is considered more “forward,” the other particle
would be considered more “central.” The detector components do not extend be-

yond |n| ~ 5. We define a distance metric in the pseudorapidity-azimuthal plane as

AR = \/ (An)? + (A¢)®. The distance AR is regularly used to describe geometric

properties of the detector and separation between objects in the detector.
3.2.2  Inner Detector

The Inner Detector (ID) is the innermost detector subsystem in ATLAS. The close
proximity to the interaction point and surrounding 2 T solenoid magnetic field pro-
vide precision charged particle tracking capabilities [80, 81]. The ID, shown in Fig-
ure 3.5, makes up approximately the first meter of detector material and is composed
of three lower level systems: the insertable b-layer (IBL) and Pixel detector, the Semi-
conductor Tracker (SCT), and the Transition Radiation Tracker (TRT). Tracks are
reconstructed from hits in the ID; momentum, charge, and vertex information are
calculated from the reconstructed track. The tracking system covers |n| < 2.5. The
last section of the ID, the TRT, also provides some particle identification (PID)

information, helping to separate electrons from other ionizing particles.
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FIGURE 3.5: A diagram of the ATLAS Inner Detector [82].

Pixel Detector and Insertable b-Layer

The Pixel detector [83] begins 50.5 mm from the beam pipe and is composed of over
1700 silicon pixel modules in three barrel layers and three end-cap disks. Silicon based
detectors monitor the current induced by the movement of electron-hole pairs through
an applied electric field. Charged particles passing through the detector create the
electron-hole pairs. The silicon pixel modules provide an expected hit resolution of
10 pm in R — ¢ coordinates and 115 pm in the longitudinal (z) coordinate; over 80
million readout channels exist in the Pixel detector.

The IBL [84] is the detector material closest to the interaction point, sitting at
a radius of 33.25 mm. It was installed during Long Shutdown One (LS1), the gap in
time between Run 1 and Run 2 of the LHC, to improve b-tagging and tracking pre-
cision. The IBL provides an additional 12 million readout channels (from 280 silicon
pixel modules) and cylindrical resolution of 8 mm in R — ¢ coordinates and 40 mm in
z coordinates. The Pixel detector and IBL: combined provide vertex reconstruction

resolutions of 11 ym in the zy plane and 24 pm along z.
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Semiconductor Tracker

The Semiconductor Tracker (SCT) [85] is the second level of the ID system. The
SCT consists of over 4000 silicon strip modules in four barrel layers and 18 end-cap
wheels. SCT modules provide over six million readout channels and cover a larger
volume than the Pixel and IBL; the larger size and fewer readout channels reduce

cost but sacrifices resolution. The resolution is 16 pym in R — ¢ and 580 pm in z.
Transition Radiation Tracker

Surrounding the silicon based Pixel and SCT is the The Transition Radiation Tracker
(TRT) [86, 87]. The TRT is a drift tube detector with both tracking [88] and particle
identification (PID) [89] capabilities.

The TRT is composed of thousands of polyimide straws with a radius of 4 mm.
Charged particles traveling through a straw create ionization clusters in a gas mixture
that is (nominally) 70% Xenon, 27% CO, and 3% O,. The ionization is collected by
a central wire under high voltage. This activity is shown in Figure 3.6. The large
volume of the TRT, from R ~ 0.5m to R ~ 1m, provides many hits per track. On
average about 35 hits are recorded from a single track, which is more than the silicon
based trackers combined. The TRT provides about 350000 readout channels and a
hit resolution of about 130 pm per straw.

The TRT uses a low threshold requirement is used to identify hits along a track;
a high threshold measurement is used for particle identification purposes. Figure 3.7
illustrates an example TRT pulse. Relativistic charged particles generate transition
radiation (TR) while crossing between materials of differing dielectric constants.
The material between the TRT straw tubes provides the alternating materials. The
TR emitted by a charged particle is proportional to the particle’s relativistic -
factor [91]. The TRT aims to distinguish electrons from other ionizing particles with
larger masses (charged pions, for example). Tracks from electrons are expected to
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lonisation
clusters

Fi1GURE 3.6: Graphical example of a charged particle traveling through a section of
the TRT [90]. Ionization clusters are created by the particle and drift to the central
wire. A short time over threshold is recorded in example hit (1), since the clusters
travel similar long distances; in example hit (2) the time over threshold is longer due
to wide range of distances traveled by the clusters.

provide more high threshold hits than a charged pion. The pion is two orders of
magnitude more massive than an electron; v = F/m shows that an electron will
have a much higher ~-factor compared to a pion with similar energy. The TRT
was designed to use Xenon as the TR absorbing gas, but partially irreparable leaks
developed during Run 1 of the LHC forced parts of the detector to use Argon during
Run 2 (due to cost). Tracking performance is not impacted by the gas switch, but
PID performance is reduced; Xenon has a higher TR photon (which are soft X-rays)

absorption efficiency than Argon [88].
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FiGURE 3.7: An example TRT hit. The bit pattern output by the TRT readout
electronics provides high threshold specific information. TR photons provide more
deposited energy, reaching the high threshold of about 6keV, while low threshold
hits are about 300eV. The drawn curve is purely conceptual; the bit pattern is the
only information extracted from the detector.

3.2.8 Calorimeters

The ATLAS calorimeters are designed to measure the energies of electrons, pho-
tons, and hadrons. Two different calorimeter systems are used: the Electromagetic
Calorimeter (ECAL) and the Hadronic Calorimeter (HCAL) [92, 93]. A rendering
of the calorimeter system is shown in Figure 3.8. The calorimeter system provides
coverage up to || < 4.9. The ECAL is designed for fine granularity measurements of
electron and photon energies, and the HCAL is designed for coarse granularity mea-
surements for jet reconstruction (the origin of jets, collimated streams of hadronic
material, will be described in more detail in Section 4.1.1) and Ef™ measurements.
Both systems are sampling calorimeters, composed of alternating layers of absorb-
ing and active materials. Lead, steel, or copper are used as absorbing materials for

slowing the particles and forcing showers. Liquid Argon or scintillator are used as

active materials for sampling the energy of the showers.
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FIGURE 3.8: A diagram of the ATLAS calorimeter system [94]. End-caps provide
coverage of the forward regions of the detector, while barrels cover the inner regions.
The size of the calorimeter system compared to the ID can be seen (the ID is in gray
surrounded by the gold parts of the calorimeter rendering).

Electromagnetic Calorimeter

The ECAL is composed of alternating layers of lead plates (absorbing material)
and liquid argon (LAr) gaps (active material) arranged in an accordion geometry.
The accordion geometry ensures ¢ symmetry without azimuthal gaps. A barrel
region provides coverage up to |n| < 1.475 and end-caps provide coverage between
1.375 < || < 3.2. Electrons radiate and photons convert (e*e™ pair production) in
the dense lead, then ionize in the LAr. Tonization of the LAr produces scintillation
light which is collected, amplified, and measured by photodetectors. The depth
in radiation lengths (X,) of the ECAL is at least, but not limited to, 22X over
the complete coverage of the detector, ensuring that all EM showers are completely
captured. Different granularity An x A¢ regions exist in the accordion geometry, as

shown in Figure 3.9; larger cell sizes can be used at larger radii due to the spread of
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EM showers. The energy resolution is defined as:

o(E) a
E E(Ge\/)@b’ (3.4)

where a is the stochastic term due to the randomness of EM showers (determined
to be 10% - vVGeV) and b is a constant term reflecting non-uniformities in the de-
tector’s response (determined to be 0.17 %); these values were determined from a fit

performed after noise subtraction [78§].
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FIGURE 3.9: Three dimensional slice of the ECAL [78]. Three different An x A¢
granularities are shown (these are examples in the barrel). Notice the accordion
shape used to prevent gaps.

Hadronic Calorimeter

The HCAL surrounds the ECAL and measures the energy of hadronic particles. The
central (barrel) HCAL, covering || < 1.7, uses scintillating plastic tiles as active
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material and steel as the absorbing material. The HCAL end-caps, covering 1.5 <
In| < 3.2, and forward calorimeter, covering 3.1 < |n| < 4.9, are LAr based and use
copper layers as absorbing material. In the HCAL tile calorimeter, hadronic showers
yield scintillation light on the UV spectrum, which is wavelength shifted by fiber
optic cables and collected by photodetectors. Hadronic showers are characterized
by the nuclear interaction length, A,, which in heavy materials is larger than the
radiation length X;; in lead, for example, \, ~ 30X,. This allows the hadronic
particles to travel through the ECAL, and requires the HCAL to be a thicker detector.
The HCAL provides between about 2m and 4 m of detector material (depending on

region), while the ECAL is at most 0.5 m.
3.2.4  Muon Spectrometer

The ATLAS Muon Spectrometer (MS) [95] is the outermost detector system. The
name of the detector explains its purpose: to reconstruct muons. The primary
mechanism of energy loss for relativistic charged particles flying through ATLAS
is bremsstrahlung, which has a 1/m2 dependence. A muon’s large mass and long
lifetime allow it to pass through the calorimeters without much energy loss and
propagate through the MS before decaying. The MS serves two purposes related to
muon reconstruction: first, it simply identifies muon tracks (other particles do not
penetrate through the other subdetectors), and second, it provides a standalone py
measurement, using a toroid magnet to curve the muon tracks, that is later combined
with the measurements from the ID. The MS provides coverage up to |n| < 2.7.
Multiple detector technologies make up the MS, a labeled diagram is shown in
Figure 3.10. Monitored drift tubes (MDT) are used in the barrel (coverage up to
In| < 2.0) and end-cap (covering 2.0 < |n| < 2.7) regions to provide precision track-
ing capabilities. In the end-cap regions (where the charged particle flux is higher),

cathode strip chambers (CSC) are placed in front of the MDTs to improve tracking
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resolution. Resistive-plate chambers (RPC) are deployed in the central barrel region
(covering |n| < 1.05) and thin-gap chambers (TGC) are deployed in the forward
region (covering 1.05 < |n| < 2.4); the RPC and TGC detectors sacrifice granularity
(and therefore tracking resolution) but provide fast signals (timing resolution below
25ns) which contribute to the trigger system.

Thin-gap chambers (TGC)

Cathode strip chambers (CSC)

Resistive-plate
chambers (RPC)

J End-cap toroid
Monitored driff fubes (MDT)

FIGURE 3.10: The ATLAS Muon Spectrometer with all subsystems labeled [96].

3.2.5 Trigger and Data Acquisition

The LHC provides a proton-proton bunch crossing approximately every 25ns (a
40 MHz collision frequency). The O(10%) readout channels in ATLAS produce about
1 MB to 2 MB of data persisted to disk per event. Saving every event is infeasible on
two fronts: write-to-disk bandwidth and total disk storage. Saving every event would
require writing 40 TB/s and the complete Run 2 dataset would require hundreds
of exabytes of storage for the raw data. The trigger and data acquisition system
(TDAQ) [97, 98] functions to reduce the 40 MHz event rate to about 1.5kHz. The
TDAQ system identifies physically interesting events and signals to the rest of the

detector that data for that particular event should be saved to disk. Front-end
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electronics are able to hold (buffer) raw data while waiting for the trigger decisions
to be made. Two stages make up the trigger: the Level-1 hardware based trigger
(L1), and the software based High Level Trigger (HLT). A schematic of the TDAQ

system is shown in Figure 3.11.
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FIGURE 3.11: Functional diagram of the ATLAS Run 2 Trigger and Data Acquisition
system. Event and data rates through each component are listed.

The L1 trigger is a set of custom electronics that read out portions of the calorime-
ters (L1Calo) and the MS (L1Muon). In the calorimeters a coarse AnxA¢ = 0.1x0.1
granularity is used to identify interesting energy deposits in trigger towers. The
L1Calo aims to identify potential energy deposits from electrons, photons, taus, or
jets, and also aims to identify potential EX"™. In the MS, the fast timing RPC and
TGC systems are used to provide a first measurement of a candidate muon’s pr,
¢, and n, while also requiring coincidence between layers. Acceptance decisions are

passed from the L1 trigger to the HLT, along with regions of interest in (), ¢) space,
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after the central trigger processor (CTP) combines all L1 information. The L1 trigger
reduces the event rate from 40 MHz to 75 kHz via decisions reached within 2.5 ps.
The HLT, a commercial-CPU-based server farm assembled in a room near the
ATLAS detector, reduces the event rate from 75kHz to about 1.5kHz via decisions
reached within 300 ms. When the HLT fires the complete event is read out from the
detector and stored to disk; this happens at about 1 GB/s. More time is available
to the HLT, so while it starts with the region of interest from the L1 trigger, it can
trigger using information from the whole detector and also reconstruct kinematics
more precisely. The HLT provides thousands of configurations (called trigger chains)
targeting particular physics objects, such as electrons, muons, jets, or E5™*. Thou-
sands of chains are necessary to cater to the many analyses that ATLAS serves as
a general purpose detector. For common events, trigger prescale factors are used to
lower the required bandwidth to store those particular signatures. If the prescale
factor for a given trigger is N, the trigger will only fire and store one out of every N

events satisfying that trigger’s criteria.
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4

Simulation and Reconstruction Methods

The Standard Model predicts the physics processes that are expected to come from
proton-proton collisions. Testing the predictions requires an understanding of how
the physics will manifest in the detector. This chapter will describe the Monte
Carlo simulations that are used to produce the Standard Model predictions and the

strategies used to reconstruct physical objects in the detector.
4.1 Simulation Infrastructure

The ATLAS Monte Carlo simulation infrastructure is a modular framework composed
of several steps [99]. Monte Carlo (MC) generators are used to model the physics of
proton-proton collisions. MC generators are typically divided in two steps: a fixed
order hard scattering calculation step [100], using perturbative QCD, and a parton
showering (hadronization) step modeling the soft and collinear interactions [101]
where non-perturbative QCD is used. A graphical representation of the activity
modeled by MC generators is shown in Figure 4.1. Following the hard scatter and
parton shower modeling the detector simulation and digitization software is executed

to mimic the physical detector’s response to the outgoing particles. Following the
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detector simulation, the complete MC simulation is in a state that is reconstructable
in the same way that real data is reconstructed; at that point the SM predictions

are comparable to real data collected from LHC collisions.

FIGURE 4.1: An example sketch of proton-proton collision activity modeled by MC
generators [102]. The large green ellipses are the incoming protons. The primary
hard collision is represented by the red circle in the center (two gluons, one from
each proton, contribute). The parton shower is shown in red lines. Light green blobs
represent hadronization (parton to hadron transitions), and dark green vertices show
hadron decay. Yellow lines show soft photon radiation and the purple blob indicates
a secondary hard scattering event.
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4.1.1 Monte Carlo Generators

The event simulations start with the calculation of the hard scattering cross section at
some fixed order in perturbation theory. The hard scattering calculation is performed
by software programs typically called Matrix Element (ME) generators. Historically
the computation has been done at leading order (LO), but nowadays next-to-leading
(NLO) calculations are widely available for many physics processes [102]. The ME
generators rely on PDF sets to describe the structure of the colliding protons, recall
the factorization of QCD in Eq. 2.35. Fixed order calculations provide the pro-
duction cross section and the physical observables of the outgoing particles (e.g.
momentum). Common NLO generators used by ATLAS for theoretical predictions
are POWHEG [103], MCQNLO [104], and SHERPA [105].

Hard scattering borne partons undergo hadronization. Collinear gluons are radi-
ated from high energy partons potentially yielding additional ¢qq pairs. Governed by
confinement, the repeated process forms a collimated stream of stable hadronic par-
ticles. The signature in the detector is called a jet. Software packages implementing
the parton shower (PS)/hadronization phenomenology are PYTHIA [106] and HER-
WIG [107]. When SHERPA is used, it doubles as both the ME generator and PS
generator. PYTHIA and HERWIG are capable of performing as LO ME generators,
but ATLAS analyses typically use the NLO POwWHEG and HERwWIG ME generators
interfaced with PYTHIA or HERWIG for the PS generation. For example, we will
later describe simulated samples as POWHEG+PYTHIA or POWHEG+HERWIG.

The PS generators use different non-perturbative phenomenological QCD models.
PyYTHIA uses the Lund string model [108], where partons are modeled to be connected
by strings; a string may have enough potential energy to break forming new hadronic
material. If a string does not have enough energy to break, a stable hadron is formed.

HERWIG and SHERPA use a clustering model [109]. Clusters are built combining
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existing quarks with additional quarks borne from gluon splittings. High energy
gluons lose energy, passing it off to new ¢q pairs, according to a gluon splitting
probability distribution function.

The MC generators provide an output typically called “particle level” or “truth
level” information. The kinematics of all particles expected to propagate through
the detector are passed to the next step in the simulation chain: the simulation of

stable particles in the ATLAS detector.
4.1.2  Detector Simulation

The interaction of stable particles (¢7 > 10mm) in the ATLAS detector is simu-
lated with the GEANT4 toolkit [110]. A detailed model of the detector geometry,
detector material, and magnetic field are defined using software libraries provided by
GEANT4. Each particle from the truth information provided by the MC generators
is propagated through the detector model. All components of the detector are taken
into account while the particle trajectory is evolved in discrete time steps until it has
either escaped the detector acceptance or deposited all of its energy. The results are
collections of hits in the ID and MS and energy deposits in the calorimeters.

The most computational-resource expensive step in the chain is the simulation of
particles in the calorimeters. It is sometimes sufficient to parameterize the calorime-
ter response with a faster simulation that is approximately correct. The ATLAS
FastCaloSim (fast calorimeter simulation, ATLFAST2, or AFII) [111] software pro-
vides a simulation which is an order of magnitude faster than the full GEANT4
calorimeter simulation.

The response of the detector is simulated by digitizing the hits and energy de-
posits into voltage and timing information that are identical to the format of real
data. Detector conditions, such as dead channels and pileup, are accounted for at

this level of the simulation.
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4.2 Object Reconstruction

4.2.1 Tracks and Vertices

The signature left by a charged particle in the ID is a series of space-point hits.
Tracking algorithms use hits in the ID to reconstruct particle tracks [112]. The pixel
and SCT detectors are used to identify clusters of three space-point hits. Triplet
clusters serve as seeds to a Kalman filter [113] that iteratively adds more space-
points to candidate tracks in additional ID layers. Hits can be shared between
multiple track candidates. A dedicated ambiguity solving algorithm uses multiple
track properties to score tracks and hits until hits are shared between no more than
two tracks and tracks have no more than two shared hits. The ambiguity solver
also takes into account the transverse momentum, pr, favoring tracks with larger pr.
Poor quality tracks are removed by penalizing tracks based on undesirable qualities
such as holes (holes occur when a track passes through a sensitive part of the ID
without creating a hit) or poor x? from a helical fit.

The track fit estimates five track properties: the charge to momentum ratio, ¢/p,
the polar and azimuthal angles, § and ¢, and the transverse and longitudinal impact
parameters, d, and z;. The transverse impact parameter measures the distance of
closet approach between the track and the primary vertex in the zy plane, and
longitudinal impact parameter is the distance of closest approach along the z-axis.
Figure 4.2 shows a diagram of a track and the reconstructed quantities.

A single pp bunch crossing yields multiple collisions. After track fitting, candi-
date tracks provide an estimate of the location of the interaction points (IP). Vertex
reconstruction determines the potential vertices [114]. Vertices near the beam spot
are candidates of primary vertices, while vertices displaced from the beam spot are
potential secondary vertices. Secondary vertices are the product of short-lived par-

ticles decaying inside the detector material. Pileup yields multiple primary vertices,
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but a single candidate will correspond to a hard scattering primary vertex identified
as a potentially interesting event. The vertex with the highest Zp%trk is selected
as the primary vertex, where pr ) is the transverse momentum of tracks associated

with a vertex.

track

FIGURE 4.2: Diagram of a track candidate and its kinematic properties. [115].

4.2.2  Electrons

Electrons produce tracks in the ID and deposit all of their energy in the ECAL
through electromagnetic showers. Figure 4.3 illustrates an electron’s path through
ATLAS subdetectors. Electrons are reconstructed by matching tracks in the ID to
energy clusters in the ECAL [116]. The analysis presented in this thesis uses elec-
trons reconstructed in the central region, where |n| < 2.47, though forward electron

reconstruction is possible with ATLAS.
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FIGURE 4.3: Schematic of an electron’s path (the red line) in different ATLAS
subdetectors [116].

The first step in electron reconstruction is the clustering of energy deposits in the
ECAL. Cells are defined to have a granularity of An x A¢ = 0.025 x 0.025. A sliding
window algorithm [117] is used to cluster cells. Each cluster must have transverse
energy, Fr, of at least 2.5 GeV (because collision-borne electrons are very light com-
pared to their momentum, Er and py are used interchangeably for electrons). Track
candidates are then matched to the cluster seeds, where some track energy loss via
bremsstrahlung is accounted for. Matched ID tracks must satisfy dy/o(d,) < 5 and
|Azysind| < 0.5 mm.

After candidate electrons are pieced together from tracks and clusters, a multi-
variate likelihood calculation is used to describe the probability that a candidate is
a real electron. Inputs to the likelihood calculation include shower shape, ratio of
calorimeter energy to track momentum, track hit multiplicity, high threshold infor-

mation from the TRT, among other characteristics. The likelihood discriminant (dy)
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and likelihood function are defined as:

L n
L LS + Lb’ s(b) (:B) il_ll s(b),z(xz)v ( )

where L, is the likelihood for a real prompt electron (signal), L, is the likelihood
for a fake electron (background), and @ is the vector of various candidate quantities.
P, ;(z;) is the value of the signal probability distribution function (pdf) for quantity
i at value x; and P, ;(x;) is the corresponding value for the background pdf. Several
identification working points (WPs) are defined by cuts on the likelihood (in order
of increasing background rejection power): LooseLH, MediumLH, and TightLH. The
identification efficiencies as a function of Er and 7, as measured in J/1) — ee (for
low Er electrons) and Z — ee (for high Eqp electrons) events, are shown for the three

WPs in Figure 4.4.
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FIGURE 4.4: Electron identification efficiencies at the three working points. [116].

Beyond the likelihood discriminant, additional isolation criteria are enforced to

reject non-prompt candidates originating from activity such as heavy flavor decays

o4



or jets faking electrons. Calorimeter isolation measures the energy due to additional
activity in close proximity to the electron candidate. A cone defined by AR = 0.2
is used to sum all energy in the cone and the electron’s self energy is subtracted. A
cut is applied on the remaining energy. Track isolation is associated with applying
cuts on tracks that are within a cone of AR = min(0.2,10GeV/Er). A working
point called the Gradient isolation working point is defined such that isolation is

90% efficient for electrons at Ep = 25 GeV and 99% efficient at Ey = 60 GeV.
4.2.3  Muons

Muons are reconstructed using a combination of ID tracks and tracks reconstructed
in the MS [118]. Any hits recorded in the MS provide a strong indication that a
candidate track is from a muon because other charged particles will not reach the
MS, therefore construction of muon candidates begins in the MS. In most cases, after
a fit using the MS hits, a candidate is extrapolated to ID tracks. Once matched, a
global x* fit combining hits in both the ID and MS is performed.

Multiple types of muon candidates are used in ATLAS. Combined (CB) muons
use information from the ID and MS fits. Segmented-tagged (ST) muons have a track
in the ID but only a partial track (crossing only one layer) in the MS. Calorimeter-
tagged (CT) muons have ID tracks and deposit energy in the calorimeters, they are
useful in regions of the detector that lack MS acceptance (very central regions where
detector instrumentation prevents MS coverage, |n| < 0.1). Extrapolated (ME)
muons have only an MS track, but the fit is extrapolated back to the event IP. ME
muons are typically reconstructed outside of the ID acceptance (from 2.5 < || < 2.7).

After candidates are identified, muon identification is performed by enforcing
a some set of requirements based on the candidate type. Potential requirements
include ID hit multiplicity, the track fit x*, and agreement between the pp and q/p

measurements from the ID and MS. Similar to electrons, identification working points
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are defined: Loose, Medium, and Tight; unlike electrons, the WPs are not based on
a likelihood. Instead, they are based on the type of muon candidate and specific
quality requirements. The muons selected in the analysis presented in this thesis are
required to pass the Medium WP. Medium muons must be either CB or ME muons.
Reconstruction efficiencies for Medium muons are shown, as measured in Z — pu and
J /1 — pp events, as a function of pp and 1 in Figure 4.5.

Muons produced from the leptonic decay of a W boson are expected to be isolated
from other activity. Prompt muons should be easily distinguishable from non-prompt
muons via isolation checks. The track isolation metric uses the scalar sum of py of all
tracks (with pp > 1GeV) within a cone defined by AR = min(0.3,10 GeV /pr(u)),
where pr(p) is the pp of the identified electron. The calorimeter isolation mirrors
the strategy used for electrons. The FCTight FixedRad isolation working point is

used in the analysis presented in this thesis.
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FIGURE 4.5: Muon identification efficiencies. [118].

4.2.4 Jets and b-tagging

As described in Section 4.1.1, strongly interacting particles produced in collisions
at the LHC lead to collimated showers of hadrons that we call jets. Jet signatures
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include charged particle tracks in the ID and showers induced in the calorimeter
system.

Jet candidates in this analysis are reconstructed in ATLAS using the Particle
Flow (PF) algorithm [119]. The PF algorithm uses information from ID tracks and
topological clusters [120] in the calorimeter system to reconstruct the kinematics of
a jet. The topological clusters (topo-clusters) are formed from energy deposits in
individual calorimeter cells [117]. The cells are combined based on their signal to
noise ratio to form the topo-cluster, which has an energy equal to the sum of all energy
deposited in the constituent cells. The tracks selected for use with the algorithm must
have at least nine hits the silicon detectors and no holes in the Pixel detector, with
kinematics satisfying 0.5 GeV < pr < 40GeV and |n| < 2.5. Additionally, tracks
matched to electrons or muons are not selected. Tracks are matched to topo-clusters
and the expected energy in the calorimeter, deposited by the particle reconstructed
as a track, is calculated. The expected energy deposit from the track is subtracted,
cell by cell, from all topological clusters that the track may have contributed to. A
schematic of the PF algorithm is shown in Figure 4.6. After the overlaps between
the momentum and energy measurements have been removed, the final particle flow

objects are passed to a recombination clustering algorithm.
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FIGURE 4.6: A schematic of the particle flow algorithm. The algorithm starts with
selected tracks and ends with the energy associated with the tracks subtracted from
the calorimeter clusters. [119]
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Jets are defined by the choice of a clustering algorithm. The anti-k, [121] algo-
rithm is the modern choice used at hadron colliders. The anti-k, algorithm sequen-
tially combines input objects, which for the analysis in this thesis are particle flow
objects, to form a conical jet of radius R, where R is a parameter that must be
specified when configuring the algorithm. The algorithm defines two quantities: d;;,
the distance between two objects i and j; and d; peam, the distance between object 4
and the beamline.

The procedures is as follows: For each pair of constituents i, j, a distance is

calculated:

dij = min (1/p’21‘,i) 1/p”2r,j) — (4.2)

and for each constituent the distance to beamline is calculated:

di,beam = 1/p'21’,17 (43)

if d;; < d;peam, then the constituents ¢, j are combined into a proto-jet that is used
in subsequent iterations. If d;; > d; ,eam, then 7 is considered a jet and removed from
the list of candidate constituents. The process repeats until all constituent objects
have been assigned a jet. The four vector of all constituents in a jet are summed
to be the four vector of the jet. Figure 4.7 shows an example output of the anti-k,
algorithm. While different radius jets are used across many ATLAS analyses, the
standard radius used for jets assumed to originate from a single parton is R = 0.4;
this is the radius used for jets in the analysis described in this thesis.

After reconstruction jets are calibrated such that the measured four momentum
of a jet matches (as closely as possible) the original parton four momentum. The
imperfect detector as well as pileup impact both the jet energy scale (JES) and
jet energy resolution (JER). The corrections are derived in a multi-step calibration

procedure that uses both MC and data [122]. In MC, the calibration corrects the
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anti-k,, R=1 |

FIGURE 4.7: A simulated parton level event where jets are reconstructed with the
anti-k, algorithm using R = 1 [121].

jet energy to the particle level energy and direction. Subsequent in situ calibrations
are derived from real data, where pr conservation between a jet and a well measured

recoiling object (such as a photon or Z — /) is exploited.
Flavor Tagging

The t — bWV decay shows that efficiently identifying jets originating from b-quarks is
essential for selecting events where top quarks were produced in the hard scattering.
The ATLAS collaboration has developed an array of low level techniques that are
combined to form high level taggers [123]. The relatively long lifetime of b-hadrons
(about 1.5ps) allows them to travel distances of about 450 pm from the primary
vertex before decaying. The ID is usually able to reconstruct at least one vertex
displaced from the hard scatter collision point. The installation of the IBL before
Run 2 improved the detectors ability to identify displaced vertices.

The first low level tagger uses track impact parameter information to estimate the
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probability that a jet originates from a b-jet, c-jet, or light-flavor jet. The transverse
and longitudinal impact parameter significances, dy/o,4 and z,/0, , respectively, for
each track associated with a jet are calculated and compared to reference pdfs from
simulation. Log-likelihood ratio discriminants are defined as the sum of the per-track
probability ratios for each flavor hypothesis. These discriminants are used as input
to high-level taggers.

The next low level tagger is the secondary vertex tagger (SV1). The SV1 tagger
reconstructs a single displaced secondary vertex in a jet. The tagger starts by iden-
tifying possible two-track vertices built from all tracks associated with a jet. The
algorithm runs iteratively on all tracks contributing to the two track vertices trying
to fit one (best) secondary vertex. During the iterative process the track with the
largest x? is removed until an acceptable vertex is identified with an invariant mass
less than 6 GeV.

The final low level tagger is the JETFITTER algorithm [124] which exploits the
topological structure of weak decays of b and ¢ hadrons. A Kalman filter is used to
approximate the b and ¢ hadron flight paths and vertex positions.

The results from all low level taggers, in combination with high level jet kinematic
information (pr and |n|), are used in a deep feed forward neural network (NN) based
tagger: the DL1 tagger. The output of the DL1 tagger is multidimensional, providing
the probabilities for a jet to be a b-jet, c-jet, or light-flavor jet. The final discriminant
is defined:

Dy =1 2 > A
H n(fc'pc_‘_(l_fc)'plight (4 )

where each p; represents the respective jet flavor probabilities and f, is the effective
c-jet fraction used in the NN training procedure, which is 8 %. Distributions of
the discriminant for all three jet flavors are shown in Figure 4.8. The discriminant

provides multiple working points, the analysis in this thesis uses the 77 % efficiency
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fixed working point.
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F1GURE 4.8: Distribution of the output discriminant of the DL1 b-tagging algorithm
for b-jets, c-jets, and light-flavor jets using (evaluated using simulated ¢¢ events) [123].

4.2.5 Missing Transverse Energy

The final state under study in this analysis includes neutrinos from the leptonic decay
of W bosons. Neutrinos interact only through the weak interaction and they are not
expected to leave a signature in the ATLAS detector due to their low interaction
cross section. They will escape the detector and take their energy with them.
While the momentum of the pp interaction in the longitudinal plane is not known
because the interacting partons carry fractions of the total proton momentum, the
momentum in the transverse plane is known to be approximately zero. Therefore it
follows that the vector sum of transverse momenta of all particles produced in the
collision must be zero. If a non-zero value is measured, there is evidence of neutrinos
in the final state of a SM event (if other weakly interacting non-SM particles were
produced, they would also leave a non-zero total transverse momentum, but that

is not a subject of this thesis). The missing transverse momentum is calculated as
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follows:
_ ¢ jets soft
pro=— (ZﬁTz + ZﬁT,j + ZﬁTz> ) (4.5)
i I i

where the first two sums account for the p of all hard objects in the events. For
this analysis that includes leptons and jets. The last term accounts for contributions
from soft particles not assigned to reconstructed hard objects that still leave tracks
in the ID that are reconstructed to originate from the primary vertex. Tracing the
soft contributions back to the primary vertex helps reduce the impact of pile-up on
the calculation [125]. The quantity which is typically quoted and used as an event
property is the missing transverse energy, or Ef™, which is the magnitude of the

missing transverse momentum vector.
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5

Measuring the tWW Cross Section

The goal of the analysis presented in this thesis is to measure the cross section for
the production of a single top quark in association with a W boson: st OF Tyypr
The cross section has been measured by both the ATLAS and CMS collaborations
at /s = 8TeV and /s = 13TeV [63, 64, 126]. The ATLAS analysis performed at
Vs = 13TeV used very early Run 2 data: 3.2 fb~! recorded in 2015. This analysis
is performed at /s = 13TeV using 139 fb~" of data collected by the ATLAS Ex-
periment over the entirety of Run 2 of the LHC (recorded from 2015 to 2018). The
measurement is performed using a clear signature of tWW production: two leptons
and at least one b-tagged jet. The opposite sign, opposite flavor, dilepton final state
(e*u™) with a b-jet has significant contributions from two SM processes: tWW and tf.
Other small SM contributions do exist, which we’ll refer to as minor backgrounds.

The selected events are categorized based on the multiplicities of jets (V) and b-

jets
jets (Npjets)- The orthogonal regions are labeled MjNb where M = Ny and N = Np jeqs.
In the analysis three regions are used: 1j1b, 2j1b, and 2j2b. The 1j1b region has

one jet and it is b-tagged; the 2j1b region has two jets with one b-tagged; and the
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23j2b region has two jets and both are b-tagged. Final states from tW and tt are
kinematically similar; a single (or a few) kinematic properties of the final state do
not provide means to isolate one process from the other. A multivariate classification
technique is used to separate tWW and tt events: Boosted Decision Trees (BDTs). A
BDT is trained in each analysis region (therefore three BDTs are used) using simu-
lated tW and tt events. Classifier output distributions are constructed for all data
and MC samples by passing information from all samples through the trained BDT
models. The classifier output distribution in each region is binned. Binned distribu-
tions then serve as templates in a binned maximum likelihood fit that is performed
over all regions simultaneously. The parameter of interest (POI) in the fit is the

signal strength parameter (the signal cross section over the SM cross section): fiy,

which we write as p,y = GC';‘S";S‘, the ratio of the measured cross section over the SM
prediction. A property of the fit used in the analysis is the floating contribution of
tt events, therefore we are also able to extract the ¢¢ production cross section as a
secondary measurement. Auxiliary parameters in the fit describe systematic uncer-

tainties. This chapter describes the details about all components and steps in the

analysis.

5.1 Data Sample

The dataset used in this analysis was collected by the ATLAS detector from 2015
to 2018 (the data taking periods collectively referred to as Run 2). The integrated
luminosity of the complete Run 2 proton-proton collision dataset, which was all taken
at \/s = 13TeV, is L = 139fb™!. The uncertainty on the total luminosity is 1.7 %.
The data were collected with stable LHC beams while the ATLAS detector was
fully operational. The good runs list (GRL) database defines when the detector was

fully operational. Detector subsystem experts sign-off on the quality of each data
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collection period by checking subsystem performance against expectation. Table 5.1
shows the luminosity collected during each year of Run 2, along with the associated
percent uncertainties and technical GRL names. Events are required to pass single
electron or single muon triggers. The specific list of triggers and their descriptions

will be discussed in more detail in later sections of this chapter.

Table 5.1: Integrated luminosity collected per year and the GRLs used.

Year L (b GRL

2018 585+ 2.0% datal8 13TeV/20190318/physics_25ns_Triggernol7e33prim.xml
2017 44.3 +2.4%  datal7_13TeV/20180619/physics 25ns_Triggernol7e33prim.xml
2016 33.0+22% datal6_13TeV,/20180129/physics_25ns_21.0.19.xml

2015 32+21% datal5 13TeV/20170619/physics 25ns_21.0.19.xml

20152018 139.0 £ 1.7%

5.2 Monte Carlo Samples

Monte Carlo simulation samples are used for multiple tasks in the analysis: to train
and test the multivariate classifier models, generate the SM expectation templates
for statistical procedure (the maximum likelihood fit), and to estimate uncertainties.
Many of the MC samples use the full GEANT4 simulation, these will be referred
to as full-sim (F'S). Some alternative samples, those which are used to derive some
uncertainties, are simulated using the ATLFAST2 software (AFII).

All Monte Carlo samples take into account the pileup profile ((u) distribution)
expected in the proton-proton collisions. LHC operating conditions evolved over the
course of Run 2, leading to changes in the (i) as shown in Figure 3.3. The MC
samples are split into three campaigns, where each MC campaign is associated with
the pileup conditions of different LHC data taking periods. The MC campaigns were
planned in 2016 so the names all begin with “MC16.” MC16a has a pileup profile

that matches the 2015 and 2016 data taking periods, MC16d matches the 2017 data
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taking period, and MC16e matches the 2018 data taking period. The MC samples are
scaled to the luminosity of their respective data taking period (for example, MC16d
is scaled to the L = 44.3fb™! luminosity of 2017, listed in Table 5.1. Pileup effects
are modeled by overlaying the hard scattering simulations with simulated inelastic pp
collisions generated by PyYTHIA 8.186 [127] using the NNPDF3.0LO set of PDFs [128]
and the A3 tune [129].

In all MC samples with top quarks the mass of the top quark (my,,) is set to
172.5GeV, the branching fraction for the ¢ — Wb decay is set to 1.0, and the
W — (v, branching fraction is set to 0.1080 The remainder of this section describes

the details of all MC samples.
5.2.1 tW Samples

Single top tW MC samples use the POWHEG-Box v2 [103, 130, 131, 132] generator
to simulate the hard scattering at NLO in ag. The hard scattering is combined

with the NNPDF3.0NLO PDF set [133]. The renormalization and factorization

scales, up and up, respectively, have a functional form: 4 /mzOp + p3. The nominal

tW MC simulation uses the diagram removal (DR) scheme [68] to accommodate
for interference effects with tf. Top quark decays are modeled at LO using the
MADSPIN [134, 135] generator. In the nominal MC sample hard scattering events are
interfaced with PyTHIA 8.230 [106] to incorporate parton showering. The PYTHIA
setup is configured with the A14 tune [136] and the NNPDF23LO PDF set.

A sample using the diagram subtraction (DS) scheme [68] (recall the description
in Section 2.2.4) is simulated using the same software infrastructure used for the
DR samples. The DS sample is used to estimate an uncertainty to be described
later. The impact of the parton showering model is estimated by comparing the
nominal POWHEG+PYTHIA sample to a sample simulated with POWHEG+HERWIG.

The POWHEG+HERWIG sample is simulated using AFII. The hard scattering events
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from the POWHEG generator are interfaced with HERwIG 7.0.4 [107, 137] using the
H7UE tuning and MMHT2014L.O PDF set [138].

An inclusive simulation sample includes all possible top quark decays. To increase
the available MC statistics while decreasing required computational resources, we also
use dilepton filtered samples. A dilepton filtered sample simulates events where the
tops are forced to decay leptonically. The event weights used to normalize samples to
a proper luminosity take into account the branching fraction for the leptonic decays.
For the SM expectation of tW events, the dilepton filtered sample is used (this is
considered the main tW sample). The inclusive sample is used for classifier training

(discussed more in Section 5.5) and fakes estimates (discussed more in Section 5.4.1).
5.2.2  Top Pair Samples

Top pair production is simulated using a setup that is similar to the tW infrastruc-
ture. The nominal ¢t MC sample uses the POWHEG-BoX v2 [130, 131, 132] generator
to simulate the hard scattering at NLO in ag. The NNPDF3.0NLO PDF set is used,
the same functional form for ppr and pp is used, and MADSPIN is used to simulate
the top quark decays. As with ¢/, the nominal ¢t ME simulation is interfaced with
PyTHIA 8.230 using the A14 tune and NNPDF23LO PDF set. An additional tuning
parameter called the hg,,, parameter is set to hg,py, = 1.5m,. This tuning parameter
controls the pr of the first additional emission beyond LO in the parton shower [139]
(this regulates the high pr emission against which a ¢t system can recoil). Similar to
tW events, both inclusive and dilepton filtered ¢t samples are used in the analysis.
The dilepton filtered sample is used for the SM expectation, and the inclusive sample
is used for classifier training and fakes estimates.

The impact of the parton showering modeling is again estimated by generating
an additional sample that swaps PYTHIA for HERWIG. The sample specifically uses

HerwIG 7.0.4 with the HTUE tuning and MMHT2014LO PDF set. The additional
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sample is simulated with AFII.

All ¢t samples in the analysis (nominal and alternative samples) are reweighted
taking into account the true pr of the top and anti-top quarks in the event. The
reweighting procedure is used to improve the agreement between data and MC in
kinematic distributions (especially the py distributions of leptons and b-jets which
originate from top decays). The TTbarNNLOReweighter software package [140] is
used to extract an additional weight that contributes to the product of weights
which makeup the final event weight. The package provides NNLO QCD and NLO

EW corrections derived from [141].
5.2.8  Minor Backgrounds

Minor SM backgrounds include Drell-Yan production (Z — ¢¢) and Diboson (WW,
WZ, ZZ) production. We typically refer to the Drell-Yan events as Z + jets, as
simulations at higher order in QCD will provide events with additional strongly
interacting particles leading to jets. The opposite flavor leptons requirement and b-
jet(s) requirement heavily suppress the Drell-Yan and Diboson production, yielding
a clear tW + tt final state. It is also possible to mis-identify leptons. Events with
mis-identified leptons (“fake” events) provide the smallest contribution.

The Z + jets simulation is generated by SHERPA 2.2.1 [105]. The setup uses
multiple MEs that are matched and merged with the SHERPA PS based on Catani-
Seymour dipole [142] using the ME+PSQNLO prescriptions [143]. The samples
are generated using the NNPDF3.0NNLO set with a set of tuned parton shower
parameters developed the the SHERPA authors. A similar setup is used to simulate
W+ jets events which contribute solely to the fakes estimate. We refer to Z + jets
and W+ jets collectively as V+ jets, where V' symbolizes either vector boson.

Diboson samples are simulated with SHERPA 2.2.2 [105]. As with the V+ jets
samples, MEs are matched and merged with the SHERPA PS using the ME4+PSQNLO
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prescriptions, the NNPDF3.0NNLO PDF set is used, and a set of tuned PS param-

eters, developed by the SHERPA authors, are used.

5.3 Object Selection

5.3.1 FElectrons

Electron candidates are reconstructed as described in Section 4.2.2. All electrons
in the analysis are required to pass the TightLH selection requirement, in order
to reject electrons from photon conversions, hadronic particle decays, and fakes.
Electron kinematic requirements include pp > 20 GeV and |n| < 2.5. The TightLH
requirement rejects electrons inside the LAr crack with 1.37 < |n| < 1.52 (an area of
the LAr calorimeter where there is poor coverage in the transition region between the
barrel and end-cap regions). The Gradient isolation WP is enforced. The ID track
associated with electron candidates are required to be consistent with the primary
vertex of the event, enforced with the requirements |dy/oy, | < 5 and [Az;sinf| <
0.5 mm. A set of single electron triggers (or single electron HLT chains), common to

many ATLAS top analysis, are used; they are listed in Table 5.2.
5.3.2 Muons

Muon candidates are reconstructed as described in Section 4.2.3. All muons in the
analysis are required to pass the Medium identification definition. Kinematic re-
quirements for muons include py > 20 GeV and |n| < 2.5. The FCTight_FixedRad
isolation WP is enforced. The ID tracks associated with muon candidates, like elec-
trons, are required to be consistent with the primary vertex of the event. This is
enforced by requiring |dy/o4 | < 3 and [Azysinf| < 0.5mm. A set of single muon
triggers, common to many ATLAS top analyses, are used; they are listed (with the

electron triggers) in Table 5.2.
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Table 5.2: Single-lepton triggers used from 2015 to 2018.

year Single e Single u
2016-2018 HLT e26_ Ihtight nod0_ ivarloose HLT mu26 ivarmedium
HLT e60 lhmedium nod0 HLT mub0

HLT 140 Ilhloose nod0

2015 HLT e24 lhmedium L1EM20VH HLT mu20 iloose L1IMU15
HLT e60 lhmedium HLT mub0
HLT 120 lhloose

5.5.3 Jets

Jet candidates are reconstructed as described in Section 4.2.4. The Particle Flow
algorithm is used and calibrated at EM+JES scale using the anti-k; algorithm with
R = 0.4. Jets in the analysis are separated into two categories: nominal jets and
soft-jets. All jets are required to have |n| < 2.5, while nominal jets are required to
have pr > 25GeV and soft jets satisfy 20 < py < 25GeV. For the remainder of
this thesis nominal jets will be referred to plainly as jets, as they will be used for
event selection and categorization. Soft-jets are used to derive properties of selected
events (soft jet information is used in the classification step of the analysis). To
suppress jets from pileup the jet-vertex-tagger (JVT) [144] discriminant is used. The
JVT discriminant is required to be larger than 0.59 for jets with pp < 60 GeV and
In| < 2.4 which corresponds to a 92 % efficiency.

Jets are tagged as b-jets using the multivariate DL1r discriminant, as described
in Section 4.2.4. The 77 % fixed cut WP is used to identify b-jets in the analysis.
The b-tagging efficiency in simulation is corrected to the efficiency in data by a set
of scale factors. The calibration of these scale factors is defined in the calibration file

2020-21-13TeV-MC16-CDI-2020-03-11 v3.root, shared by many ATLAS analyses.
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5.8.4  Missing Transverse Momentum

miss

The missing transverse momentum, with magnitude E1™ and sometimes referred
to as MET (for “missing E1”), is a measure of the transverse momentum imbalance
due to escaping neutrinos, as described in Section 4.2.5. The ER™ value in the
analysis is calculated as the modulus of the negative vector sum of the momenta of
all identified leptons and jets in the event in the transverse plane. The calculation
includes contributions from soft event signals which are not part of the reconstructed
leptons and jets, but have charged particle tracks associated with the primary vertex.

miss

There is not a Et selection requirement in the analysis, but the calculated value

is used as valuable event information in all analysis regions.
5.3.5 Owerlap Remowal

To avoid situations where a single object is reconstructed as two separate objects in a
final state, a number of steps are executed to remove such overlaps. Muons that leave
signal in the calorimeter and share a track with an electron are removed, followed by
removing any electrons sharing a track with a muon. In the next step, the closest jet
to each electron within a y—¢ cone of size AR = 0.2 is removed to reduce the number
of electrons reconstructed as jets. Next, any electrons within distance AR < 0.4 from
any remaining jets are removed to avoid non-prompt jets that may originate from
heavy flavor hadron decays. Jets with fewer than three tracks and distance AR < 0.2
from a muon are removed fake jets from muons potentially depositing energy in the
calorimeters. Finally, muons within AR < 0.4 of any remaining jets are removed to

eliminate non-prompt muons from heavy flavor hadron decays.
5.4 Event Selection

Events are selected to maximize the purity of tWW events while reducing real lepton

backgrounds from V4 jets and diboson events and the fake estimation background
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from events with fake/non-prompt leptons. The presence of ¢t events is inevitable,
and the method used to separate tW and ¢t will be summarized in the next section. In
this section we summarize how events are selected and categorized into the orthogonal

analysis regions.
5.4.1 Fake and Non-prompt Backgrounds

Events with fake and non-prompt leptons contribute a small background and are
estimated from MC samples. At simulation level we can check if a reconstructed
lepton matches a true prompt lepton from the decay of a W or Z boson. If an
MC event has at least one non-truth-matched lepton and passes all other selection
requirements, the event is categorized as a fake/non-prompt background event. All
main MC samples: tW, tf, V+ jets, and diboson are used to construct the fakes

estimate.
5.4.2  FEwvent Preselection

Events are required to pass a single lepton trigger (electron or muon); the specific
chains are listed in Table 5.2. The electron triggers select a cluster of energy deposits
in the calorimeter that are matched to a track. In 2015, electrons satisfied a medium
identification requirement in the HLT and Et > 24 GeV. From 2016 to 2018 the
identification requirement was increased to tight and combined with an isolation
requirement; the transverse momentum requirement increased to Et+ > 26 GeV. High
pr triggers are also used, where medium electrons are selected at Er > 60 GeV
and loose electrons are selected with Ep > 120 GeV in 2015 and Ep > 140 GeV
from 2016 to 2018. The muon triggers fire by matching MS and ID tracks. In
2015 the requirement was pp > 20 GeV and loose isolation. From 2016 to 2018 the
isolation requirement tightened and the minimum py increased to pr > 26GeV. At

pr > 50 GeV the isolation requirement is removed; this trigger was available in all
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four years.

Events are selected, after confirmation of a fired trigger, by requiring an e u*
pair. The leading lepton (the one with higher py) must satisfy pr > 27. This
requirement is enforced to satisfy to trigger minimum py thresholds. One of the
leptons in the event must be matched to the object that lead to the event’s fired
trigger. If a third lepton with pp > 20 GeV is present, as in any additional electron
or muon satisfying the respective individual object selection, the event is vetoed as
trilepton event. Motivated by the near guarantee of a b-quark in a ¢tW final state, at
least one b-jet with pp > 25GeV, |n| < 2.5, and tagged with DL1ir at the 77 % WP

is required in the event.
5.4.8 Fvent Categorization

After preselection events are categorized into orthogonal analysis regions based on jet
and b-jet multiplicities. At LO, the expected signature of a signal tIV event contains
a single jet that is b-tagged, while a tt event yields two jets that are b-tagged from
the decays of two tops. Additional non-b-tagged jets are expected from higher order
diagrams.

Based on the expected signatures, three regions are defined: 1j1b (one jet that is
b-tagged), 2j1b (two jets with one b-tagged), and 2j2b (two jets with both b-tagged).
The first region is the most signal-rich region, but a tf background still exists from
events where the second jet escapes selection or is not identified by reconstruction
(recall that the t¢ cross section at 4/s = 13 TeV is an order of magnitude larger than
the tW cross section). The second region provides some signal events with additional
strong vertices, however the tf contribution is still large from a missed b-tag or out-
of-acceptance b with additional strong activity. The final region, where the fraction
of tt events is the highest, helps to constrain the ¢ background normalization and

uncertainties. We will see in Section 5.5 that the 2j2b region is where tW and tt
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events kinematically differ the most; in this region the second b-jet in a tW event is

not the product of a top decay.
5.4.4 Fvent Yields and Object Kinematic Distributions

The event yields following preselection, separated by region, for all processes in the
analysis are listed in Table 5.3. The quoted uncertainties for each process are the
pre-fit uncertainties on each total yield. A complete description of all contribut-
ing uncertainties will be described in Section 5.6. The 1j1b region contains about
20% tW events, where in 2j1b and 2j2b the composition is about 9% and 3 %,
respectively.

miss

Reconstructed object kinematic distributions (pr, 7, and E1™) for each region
are shown in Figures 5.1-5.9. The variable label pp(¢;) represents the transverse
momentum of the leading (higher py) lepton, while pr(fy) is the pp of the second
lepton. The label pr(j;) represents the pp of the leading jet, while pr(jy) is the pp
of the second jet. The same labeling scheme is used for the n distributions. We
observe consistent agreement between data and Monte Carlo for all core object kine-

matic distributions. The uncertainty bands show contributions from all uncertainties

described in Section 5.6.

Table 5.3: Yields of the analysis in each region after preselection.

1j1b 2j1b 2j2b

tw 27300 £ 2400 17300 £ 1900 5400 £ 800

tt 110000 + 12000 181000 + 16000 153000 + 16 000
7 +jets 1790 + 230 990 + 120 86 + 19
Diboson 810 + 180 840 + 180 22.9 + 3.2
Non-prompt 430 + 220 800 + 400 180 + 90

Total Predicted

140000 + 13000

201000 + 17000

159000 + 17000

Data

139349

199 095

158 314

74



x10*

L e e e e e e

D. Davis Thesis ¢ Daa W Diboson
_, I tw I Non-prompt
Vs =13TeV,L =139 o 4 22 Uncertainty

tW Dilepton, 1j1b, Pre-fit m Z+jets

2/ndf =19.51/20, xZ,, = 0.49

T
>

)
'oo‘.¢¢++'

T

Uncertainty

Events

s e b b b b n L
5

25 150 175
pr(f1) [GeV]

(a) pr(61)

D. Davis Thesis $ Dala  EE Dhboson
- otw = Non-prompt

77 Uncertainty

Vs =13TeV,L =139 o t
tW Dilepton, 1j1b, Pre-fit
7

mn Zijets

————T
E x2/ndf = 10.20/20, X2, = 0.96

pr(£2) [GeV]

(c) pr(fs)

FI1GURE 5.1: Kinematics of the leptons in the 1j1b region.

ta 1l H
200 225

[*o o oo 5 9o e, o A ? + y i
E : ¢4 + 3
E Uncertaint 3
ey b Loy PRI BT R |
(0] 40 60 80 100 120 140

75

x10*

Events

D. Davis Thesis ;
Vs =13TeV,L =139 o
tW Dilepton, 1j1b, Pre-fit |

tw
tt

Z+jets

Bl Diboson

I Non-prompt ]

“/7. Uncertainty

E oo
E x?/ndf = 22.88/20, X3, = 0.29

Data/MC
o

Events

.
e ® o ® e
T O O o 9 ¢ 4 " ¢ L)
Uncertainty 3
PR I B R S S T S TR R
— -1 0 2
n(t1)
(b) n(£y)
x10*
e A e e e B B s — T
* D. Davis Thesis ¢ Dt WE Diboson
r _, mtw B Non-prompt
FVS=13TeV,L =139t g g “/~ Uncertainty
tW Dilepton, 1j1b, Pre-fit m Zijets

—T T T
2/ndf = 41.80/20, X245 = 0.00
.

I )

Data/MC

o % e 4 @

(d) n(é2)



x10*

A B o B B o o LA A o o e e e o o o o o
D. Davis Thesis ¢ Daa W Diboson

_, I tw I Non-prompt
VS =13TeV,L =139 o) o 4 222 Uncertinty ]

tW Dilepton, 1j1b, Pre-fit m Z+jets
o

e
2/ndf = 14.64/20, X3qp, = 0.80

e . <. RARYE:
A I S S
E & Uncertainty E
S R R RN PR T R} R
pr(j1) [GeV]

(a) pr(j1)

Events

x10*

C D. Davis Thesis ¢ Data Bl Diboson ]
[ _, oW Bl Non-prompt ]
Vs =13TeV,L=1391b! [ . Uncertainty ]

tW Dilepton, 1j1b, Pre-fit m Zijets

T T T T
E x?/ndf = 16.89/20, x3,, = 0.66 3
Fo o o o o o o e o ]
E . 9 9 o ¢ o o ° * A\E
? Uncertainty i
PR T T N S N SN SN S S NNST SO ST S NS SR MR

-2 -1 0 1 2
n(1)
(b) n(j1)

F1GURE 5.2: Kinematics of the jet in the 1j1b region.

x10*
2] 2.5 IS L L L BN BN NN L
§ [ D.Davis Thesis 3 Dita = Dbosn 3
> - _ 1 on-prompt
L ook VS =13TeV,L =139 7" uy 7. Uncertainty
L tW Dilepton, 1j1b, Pre-fit mE Z+jets i
151 ]
10L _
0.5 ]
0.0
ET 2| TT T T T T |2 LA L L O O L L B
O 1.1 EX /ndf = 8.67/20,)(pmb=0.99 E
= E E
_‘(\g 1.0E =
(0] E =
Qo09fF Uncertainty =
0.8 Evvv v b v b v by v b v by v by vy 04
0 25 50 75 100 125 150 175 200
EMiss [GeV]
miss

FIGURE 5.3: Ep

in the 1j1b region.



x10* x10*

@ [T e @ [rTTTTTTT T T
5 .| D.Davis Thesis & bea mmoeeen 1§ [ D.Davis Thesis A
iT] Vs =13TeV,L =139 o 4 22 Uncertainty ] T} 20 Vs =13TeV,L =139 o s . Uncertainty
tW Dilepton, 2j1b, Pre-fit — mm Zijets tW Dilepton, 2j1b, Pre-fit — mm Zijets
3 Z /

O 14 EXmaT= 146520 =080 T O 14 Exmef=202020 @, =0as T
=3 . ° . & o 4 2 L ° o ° ° o o
g o o g ¢ g o 9 . . e * T ¢ e a % 1 * ® o o & ¢ o ¢ O * @
o 09 ? Uncertainty E o E Uncertainty 3
B Lo b v b L Lo Lo v a Ly TSN I T S T T N S TN ST N AN TN ST MU S NN ST SO T S N R
08 50 75 100 125 150 175 200 225 08 -2 -1 0 1 2
pr(f1) [GeV] n(t1)
(a) pr(fy) (b) n(£y)
x10* x10*
@ T T T T T T T @ AL L S S S S S B
S s[ D. Davis Thesis ; vl zg”:";‘ o S [ D. Davis Thesis ; oo zf":";’ o
> _ _ 1 v n-prom > [ _ _ 1 v n-prompt
w Vs=13 TeV,L=1391fb s 77 Uncertainty Wool- Vs=13 TeV,L=1391b .t 77~ Uncertainty —|

tW Dilepton, 2j1b, Pre-fit m Z+jets tW Dilepton, 2j1b, Pre-fit m Zijets

© 14 EXm 1137820 g =073 | O 1, Extindl=515020 3 2008
S o . ¢ ¢ S ey . o4 ®
‘5 - VU VU o Y P [ + % A o o 9 9 g v, T L E
Q09EF Uncertaint Qo 09E Uncertainty E
ogb v v v 1o 1wy Ly 1 Ly 0 ogbe v L v v vl b b 1 g
20 40 60 80 100 120 140 -2 -1 0 1 2
pr(£2) [GeV] n(t2)

(c) pr(fs) (d) n(£y)

FI1GURE 5.4: Kinematics of the leptons in the 2j1b region.

7



x10* x10*

I R s o AR MR e 9 P
g, o5 D- Davis Thesis ; tD‘;‘/‘a : Z':r:’;‘:gmm § - D. Davis Thesis ; E";‘a : zfr:’_z‘:;‘mm
o V5 =13TeV,L=1391b"! o . @20 Vs=13TeV,L =139 b7 o 4 7 Uncertainty
3.0 tW Dilepton, 2j1b, Pre-fit ~ mm Zijets tW Dilepton, 2j1b, Pre-fit ~ mm Zijets
25

e T
Ex?/ndf =19.42/20, X3, = 0.49

E oo o
E x?/ndf =13.47/20, xZ,, = 0.86

g 11E o LE) 1.
E 1.0 z. O B B ® o 0o ® oo 0ot ¢ E 1. ® . oo % o o ® s v oo oo® °
T o9k - E S o )
0O V¥ E¥a Uncertainty E o vYE Uncertainty
08E v v b b b Lo Lo w003 08B v L vl e e
25 125 150 175 200 225 -2 -1 0 1 2
pr(j1) [GeV] nG)
(a) pr(j1) (b) n(1)
x10* x10*
@ ET T T T T T T T T T L O L R A S S AUV RS
§ [ D.Davis Thesis o e 1 & | D. Davis Thesis o e o]
i1} Vs =13TeV,L =139 1! -t /2. Uncertainty W17sF V5 =13TeV,L =139 fb~" -t %7 Uncertainty
tW Dilepton, 2j1b, Pre-fit m Z+jets ] 150 F tW Dilepton, 2j1b, Pre-fit m Zijets 3
O 14 EXMO12121620 =001 T +' - o 1 2/ndf = 45.79720, x2y = 0.00
Qg e otetty S | m— ° .
S0 5 666 @9 oo E s o ® ¢ ¢ o000, L 3
S oof i 3 So09F } £
[l E Uncertainty E (alhe E Uncertainty E
T TS (S S S S B R S S T E S ST B B
08 40 60 80 100 120 140 08 -2 -1 0 1 2
pr(i2) [GeV] n(2)
(c) pr(j2) (d) n(j2)

FiGURE 5.5: Kinematics of the jets in the 2j1b region.

78



Events

Data/MC

3.0

2.5

2.0

1.5

1.0

0.5

- o
- o

©c o =
® © o

o LN L) L

04

D. Davis Thesis ¢ Data Bl Diboson ]

—_

_, ot I Non-prompt ]
VS =13TeV,L =139 fb~! . 7. Uncertainty
tW Dilepton, 2j1b, Pre-fit | Z+jets

LU AL ANLL L L L B IL [P 94

E x?/ndf = 16.95/20, x2,, = 0.66
*

Uncertainty
o b v b e b v b v b v by v by

25 50 75 100 125 150 175 200
EMiss [GeV]
in the 2j1b region.

miss

FIGURE 5.6: Ep

79



x10* x10*

B T o o s o * T
§ .5 D. Davis Thesis S e wemen 1 §2%°C D.Davis Thesis e e ]
> g _ -| 7 > t — | 9
w E Vs =13TeV,L =139~ -t 7. Uncertainty 7 Wq75F Vs=13TeV,L =139 fb! .t 7. Uncertainty
30F tW Dilepton, 2j2b, Pre-fit ~ mm Zijets 3 [ tW Dilepton, 2j2b, Pre-fit == Zijets 3
F ] 1.50 ) -
F E 1.00 — —
E E 0750 ]
E 0.50 E
B 0251 E
e L I e e e e e e B e e B B e e e B 0'00,|||||||||||| T T
O 1.4 EX°/ndf=1227/20, X, = 0.9 E O 1.4 EXP/ndf=29.92120, X2, = 0.07
oo o ¢ o * o o o * & L] + + ] %1‘ 000 oY T o ® o . () s o e e :
T ok E T
o 09 3 Uncertainty + ¢_: oo E Uncertainty E
08E i Lo v b e b e il 08+ L v v vt v e e g
50 75 100 125 150 175 200 225 -2 -1 0 1 2
pr(f1) [GeV] n(t1)
(a) pr(y) (b) n(y)
x10* x10*
) L e L B B S S p @ 200F T T T T T T T
§ [ D.Davis Thesis o o ] & | D Davis Thesis o e
— - " 175 _ - "
w Vs=13TeV,L=139f"" -t 7/ Uncertainty w S$=13TeV,L=1391f" -t 7/ Uncertainty
tW Dilepton, 2j2b, Pre-fit m Z+jets 150F tW Dilepton, 2j2b, Pre-fit m Zijets

7

o b b b b bevna bea s 1

PRI ST S NS S T N T ST S N T S O S
. > h
[s]

O 1 1 ExninL 137020 =074 E N T R
= 10fe o o - " ¢ & | * | 47 < 1 . * o . . o o E
3 1.0F L - . * * i ¢ c 1. . oo * g ) 'S * 3
T = . ‘ + T T © 3
Q09F Uncertaint Q09F Uncertainty E
[ - ) S S Y T S I S e s ogbe v L v v vl b b 1 g
20 40 60 80 100 120 140 -2 -1 0 1 2
pr(l2) [GeV] n(tz)
(c) pr(fz) (d) n(2)

FI1GURE 5.7: Kinematics of the leptons in the 2j2b region.

80



x10*

D T B B o
S 30f D. Davis Thesis ¢ Data EE Diboson
> r _ 1 mtw N Non-prompt A
w :\/§=13TeV,L—139fb -t 277 Uncertainty
25 tW Dilepton, 2j2b, Pre-fit m Z+jets i
20 7
151 7
1.0F .
05 .
S
&) 2/ndf = 15.77/20, X3, = 0.73
s ¢
3 TSR S — ] 'Y 'Y ¢
% ° ¢
o £ ="Uncertainty 3
S R R TR IR PR A w -
125 150 175 200 225
pr(j1) [GeV]
(a) pr(j1)
x10*
@ e B s S B
§ 40F D. Davis Thesis 3 Data o phboson
> _ n-prompt J
w V5 =13TeV,L=1391b"! o % Uncertainty
tW Dilepton, 2j2b, Pre-fit m Z+jets E
/ E
——T T T T T T T T T T T T T
o ?/ndf = 12.83/20, x2, = 0.88
%1 ~ o o ° ® o 6 6 & *
S e o o & o U ¢ T T * u
So
[alhs Uncertainty 3
ogEer v L v v L Ly Ly Ly L g
’ 40 60 80 100 120 140 160

pr(/2) [GeV]

(c) pr(J2)

Data/l

0.9

Events
~N
(4]

1.50

1.25

1.00

0.75

0.50

Data/l
o
©

X

o

Q
3

D. Davis Thesis

_, =
Vs =13TeV,L =139 o s
tW Dilepton, 2j2b, Pre-fit

——
¢ Data
tw

. Z+jets

Bl Dib

I Non-prompt
“/7. Uncertainty

oson

T T T T
E x°/ndf = 11.11/20, X3, = 0.94
T Ee

E [} b o o a0 ©® ® o ‘:
E 0 0 g o 6o o ° E
;_ Uncertainty _;
T TS S HN S TSRS NSRS R | PRI B
— -1 0 1 2
nG)
(b) n(j1)

x10*
F I I I ¢ Data I - Dibostlnn

D. Davis Thesis -
VS=13TeV,L =139 07! o &
tW Dilepton, 2j2b, Pre-fit

tw

e Z+jets

= Non-prompt
77 Uncertainty

T T T T
E x?/ndf = 44.08/20, X3, = 0.00
Fo

Uncertainty
Loy

FiGURE 5.8: Kinematics of the jets in the 2j2b region.

81



Events

Data/MC

25

2.0

1.5

1.0

0.5

- o
- o

©c o =
® © o

x10%

T D. Davis Thesis

C VS =13TeV,L=139107! o
tW Dilepton, 2j2b, Pre-fit | Z+jets
7’

¢ Data Bl Diboson
.ot B Non-prompt ]
/7. Uncertainty ]|

FIGURE 5.9: Erp

miss

‘=LIUUL I I L L L L L O B B =
E x?/ndf = 21.02/20, 2, = 0.40 3
3 .o o :
et y * v A
= Uncertainty + 3
Evvv v b v b v by v by v b v by vy g
0 25 50 75 100 125 150 175 200

EMiss [GeV]

in the 2j2b region.

82



5.5  Event Classification

After event preselection and categorization the selected events consist predominantly
of tW and tt. The similarity in the final state kinematics of both processes makes
it challenging to classify one process from the other. To exploit as much useful
information about an event as possible we use a multivariate technique. To isolate
tW events from tt events boosted decision trees (BDTs) are used. A BDT is trained
in each analysis region, with simulated tWW events serving as signal and simulated ¢t
events serving as background (minor backgrounds are not included in the training
process). To avoid potential bias originating from applying a trained BDT classifier
to the same data that was used to train the BDT, the inclusive tW and tt MC
samples are used in the training and testing procedures (recall that the dilepton
filtered samples are used as the nominal SM expectation in the analysis). In this

section we will summarize how BDTs function and describe their use in the analysis.
5.5.1 Boosted Decision Trees

A boosted decision tree is a type of supervised machine learning model that is well
suited for classification problems. The analysis presented in this thesis aims to sepa-
rate SM tW events from SM ¢t events via binary classification. Supervised machine
learning models use known labels coupled with any number of input features, typi-
cally denoted as the vector Z, to train a classifier to make a prediction gy about a true
value y. In binary classification problems y is either 1 (signal) or 0 (background).
Training a BDT model minimizes an objective function obj(8), where § are the
model parameters adjusted during the training procedure. The function is composed
of two parts: a loss term L(f) and a regularization term Q(6). The loss term provides

a measure of the predictive performance of the model while the regularization term

exists to penalize the model for over-complexity. The chosen loss function, for the
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binary classification problem we’re facing, is the binary logistic function:

L= Z [yiIn (1 + exp (=3;)) + (1 — ;) In (1 + exp (4:))] (5.1)

where g is a function of the input features ¥ and model parameters 0. Regularization
terms are typically defined at two levels: L1 (dependence is proportional to ||6]]) and
L2 (dependence is proportional to ||6][?). This analysis does not use a regularization
term to limit model complexity, instead we use early stopping (to be discussed later).

The components of BDTs are simpler decision trees. A decision tree [145] is a
collection of boolean nodes (or decision nodes) that filter data into an eventual leaf
node. An example diagram is shown in Figure 5.10. When an event is propagated
through the tree, it will eventually fall into a leaf node that is either signal or back-
ground. A regression tree is a generalization of a decision tree where leaf nodes take
on non-discrete values representing signal-like or background-like events based on a
positive or negative weight, respectively.

Solitary decision trees are simple but not very performant; they are sometimes
called weak learners or weak classifiers. A boosted decision tree is created by taking
an ensemble of weak decision trees [146]. The term boosting comes from the iterative
procedure that generates the trees in a BDT. At each stage in the training proce-
dure (adding a new tree) the objective function is minimized in a process known as
stochastic gradient boosting [147]. The sum of all weak trees represents the final
boosted decision tree. There are a number of software packages that implement
the gradient boosting algorithm. We use LightGBM [148], which provides a highly

performant implementation with ample flexibility.
5.5.2  Variable Definitions and Selection

All reconstructed objects in the final state are defined by their identity and kinematic

four vector. Higher level variables can be constructed from the lower level individual
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Fi1GURE 5.10: Tllustration of a single decision tree showing how binary cuts are made
at decision nodes (prefixed with “D”), eventually falling into leaf nodes: 0 or 1. The
leaf nodes are defined as signal (1) or background (0) based on the fraction of each
type of event at each node during training. An example decision node can be: is the
pr of the leading lepton greater than 50 GeV? If that node is D2 and the answer is
true, move to D3; if the answer is false, the event is background.

object information. For a set of objects o, ...o0,, these quantities are calculated for

each event:

Sys

e pY(0y...0,) — the transverse component of the summed four-vector,
e m(0y...0,) — the invariant mass of the system,

e H(o;...0,) — the scalar sum of momenta,

e Hrp(o;...0,) — the scalar sum of transverse momenta,

 Centrality(o; ...o0,) — the centrality, the ratio of Hy to H,

A system s; is composed of any number of objects in the final state, and the summed
four-vector of all objects in the system defines the kinematics of the system. For two
objects or systems of objects s; and s, (notice the comma between the s; symbols)

we define:
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o AR(sq,85) — the angular separation,

o Apr(sy, sy) — the pp difference,

o H3Y°(s,,s5) — the ratio of the Hy of the systems: Hrp(s;)/Hr(sq).
In addition, some other variables are considered:

o The kinematics of the leading soft jet (jg;),

miss miss

o my(oy, ET") — the transverse mass between an object and the Ep"

my = /2p1(0)) B (1~ cos (A6 (0, ™)) (5.2)

When labeling objects in the analysis, the subscript 1 identifies the object as the
leading object of that type. The leading object is the one with the highest pp. For

miss

example, pP°(¢14,5, ET™) is the py of the system composed of the leading lepton,
subleading lepton, leading jet, and E&*.

Over the course of the analysis hundreds of variables were tested as possible in-
puts. Input variables were ranked in an iterative process. BDTs were trained in
each region and the importance of each variable was extracted. During training,
the gain for each variable (which is a measure of how much the model improves by
introducing a new split on a variable) is calculated by Light GBM. Model improve-
ment is defined by an increase in the area under the curve (AUC) where the curve
is the receiver operating characteristic (ROC) curve. ROC curves compare the true
and false positive rates (the ROC curves for the final BDTs after hyperparameter
optimization will be shown in the next subsection); an AUC value of 0.5 describes a
model that performs with random chance. The final set of variables used as inputs
in a region is the minimum set of variables that are well modeled by Monte Carlo

and provide performance within 2% of the maximum performance achieved by the

complete variable set.
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5.5.83 BDT Optimization and Performance

For each region we follow an optimization procedure to maximize the classification
performance while reducing overtraining. The signal (¢W inclusive) and background
(tt inclusive) samples are separated into three categories: the training set (40 % of
each sample), testing set (40 % of each sample), and the validation set (20 % of each
sample). Using the final set of well modeled and important variables, a grid search is
performed (in each region) to find the optimal hyperparameters of the BDT models.

The set of Light GBM hyperparameters that are tuned:

e max_depth — the maximum depth of an individual tree. This is the number
of boolean decisions needed to describe the path of any event through the tree
from the root node to a leaf. The values included in the grid search for this

parameter are: [4, 5, 6, 7].

e min_child_sample — the minimum number of samples needed to construct a
leaf, and therefore controls the growth of the model. The values included in

the grid search for this parameter are: [50, 60, 80, 120, 180].

o learning rate — the speed at which the boosting algorithm learns. A small
learning rate converges slower than a larger learning rate, leading to more
trees and allowing more accurate predictions in a difficult setting. The values

included in the grid search for this parameter are: [0.07, 0.1, 0.2].

e num_leaves — the maximum tree leaves for the individual trees. This controls
the complexity of the tree model; a large number of leaves can help improve
accuracy, but overtraining is a risk. The values included in the grid search for

this parameter are: [20, 31, 64].

The set of Light GBM parameters that are fixed:
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e n_estimators — the number of boosted trees to fit. We set this value to 500,

which is treated as a maximum; as early stopping is used (see next description).

o early_stopping_rounds — with this parameter configured, the model will
train until the validation score stops improving. The score must improve at
least every early_stopping_rounds rounds to continue training. We set this

value to 10.

The first level of overtraining prevention is the use of early stopping. FEarly
stopping is a call-back built into Light GBM (listed above as a fixed parameter) to
end the training procedure if the model performance stops improving. The validation
set is composed of the events used to calculate the early stopping performance metric.
The metric that is used is the AUC; when the AUC stops improving, the algorithm is
forced to converge. Each point in the four-dimensional optimization grid uses early
stopping.

The second, and less important, level of overtraining prevention is a two sample
binned Kolmogorov-Smirnov (KS) test [149, 150]. When the training procedure
converges, the training and testing sets are evaluated by the BDT model. The KS
test is performed on the signal and background samples, comparing the training
and testing distributions, to test the probability that the training and testing sets
are drawn from the same distribution. If overtraining occurred, the model would
exactly solve the training set and not generalize to the testing set, yielding different
distributions. The null hypothesis is that the training and testing sets are drawn
from the same sample. If one of the signal or background KS-test p-values is less
than 0.05 the specific grid point is rejected.

The final hyperparameter configuration is chosen by selecting the training grid-
point with the highest AUC. A summary of the configurations for each region are

shown in Table 5.4. The list of variables and associated importance metrics are
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reported in Tables 5.5-5.7. We've already described the gain metric (which is the
metric governing the ordering of the tables); the split importance is a measure of the
total number of times a variable is used to create a new split in a tree.
Histogrammed distributions of the classifier output for the training and testing
sets and the associated ROC curves are shown in Figures 5.11-5.13. The overlaid
training and testing distributions provide an additional overtraining check; we expect
the shapes of these histograms to be consistent. The AUC values show similar
performance in the 1j1b (0.68) and 2j1b (0.66) regions, while the 2j2b region (0.77)
has the most separation power. Invariant mass combinations between leptons and
b-jets in this final state provide good separation: all objects in tf are top decay
products, while at least one b in tWW events is not bound to a top decay.
Distributions of the most important variable in each region are shown in Fig-
ures 5.14-5.16. Two versions of the distributions are shown: normalized shape com-
parisons for tWW and tt, along with the complete contributions of all MC samples
stacked and compared to data. All BDT input variable distributions are shown in

Appendix A.1.

Table 5.4: The final Light GBM hyperparameter settings for the BDTs trained in
each analysis region.

Region 1learning rate num_leaves min_child_samples max_depth

1j1b 0.2 20 50 4
2j1b 0.1 20 120 7
232b 0.2 20 50 4
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Table 5.5: Variable importance list for the 1j1b region. Each importance type is
normalized to sum to one and the table is ordered by the gain metric.

Variable Importance (gain) Importance (split)
P (01 0y, BF™) 0.5401 0.1337
pr(Js1) 0.1009 0.066
Centrality (¢,(,) 0.0791 0.0909
mep(j1 EF) 0.0648 0.0936
n 0.0512 0.1381
m(lyj;) 0.0474 0.123
Apr(ly,4s) 0.0353 0.098
P (0 ly) 0.0279 0.0856
m(yjy EY™) 0.0267 0.0713
P (L B 0.0265 0.0998

Table 5.6: Variable importance list for the 2j1b region. Each importance type is
normalized to sum to one and the table is ordered by the gain metric.

Variable Importance (gain) Importance (split)
m({yJs) 0.2234 0.1686
m(lyj,) 0.2151 0.1466
PR (6o EF™) 0.1768 0.1144
P (012 EE™) 0.0987 0.1262
Py (1ly) 0.0984 0.1122
AR(ly, 1) 0.0815 0.1112
H?tio(glgm5152]'1]'2E¥1iss) 0.0716 0.1117
H 0 (0,4, 01055, EF™) 0.0344 0.109

Table 5.7: Variable importance list for the 2j2b region. Each importance type is
normalized to sum to one and the table is ordered by the gain metric.

Variable Importance (gain) Importance (split)
m(l,j,) 0.2543 0.1922
m(lyjy) 0.2385 0.1784
pr(ds) 0.179 0.1249
m(Cojs) 0.1365 0.1483
m (L) 0.0788 0.1389
P (00, ER) 0.0612 0.1081
P2 (o) 0.0518 0.1091
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FIGURE 5.11: The training and testing classifier output for the 1j1b region and the
associated ROC curve.
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associated ROC curve.
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FIGURE 5.14: Process shape comparison and Data/MC comparison for the most
important variable in the 1j1b region training: the pp of the system of all recon-
structed objects in the event.
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important variable in the 2j1b region training: the invariant mass of the leading
lepton and subleading jet.
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5.6 Systematic Uncertainties

5.0.1 FExperimental Uncertainties

Experimental systematic uncertainties are developed by ATLAS combined perfor-
mance (CP) groups. Any object reconstructed by the detector has associated un-
certainties. The sources of experimental uncertainty in this analysis include lepton
efficiency scale factors used to correct simulation to data, the lepton energy scale
and resolution, the E¥™ soft-term calculation, the jet energy scale (JES) and reso-
lution (JER), the b-tagging efficiency, and the luminosity. In this subsection we will
summarize the specific categories

Scale factors (SF) are used to correct the efficiency in MC events to that observed
in data for identification, isolation, and trigger requirements. The SFs are derived in
bins of pp and 7. The recommendations are provided by the EGamma and Muon CP
groups. The scale factors, along with energy and momentum corrections for electrons
and muons [118, 151] are propagated to the distributions before BDT application and
performing the fit.

The jet energy scale (JES) is calibrated [122] using simulation and in situ tech-
niques (as described in Section 4.2.4). The JES uncertainty is decomposed into a
set of 29 uncorrelated components. The contributing effects are associated with pile-
up, jet flavor composition, single particle response, and the properties of jets not
completely contained in the calorimeter. The jet energy resolution (JER) uncer-
tainty is represented by eight components accounting for differences between data
and MC [122]. The uncertainties associated with the b-tagging calibration are de-
termined separately for b-, c-, and light-flavor jets [152, 153, 154]. A total of 17
components, accounting for differences between data and MC, are used (9 for b-jets,
4 for ¢- and light-jets).

Uncertainty on the F™™ calculation is possible due to miscalibration of the soft-
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track contributions to the calculation. It is derived from data-MC comparisons of

the pr balance between the hard and soft components of the E¥™ calculation [155].
5.6.2  Theoretical Modeling Uncertainties

Uncertainties stemming from theoretical models are estimated by comparing pre-
dicted distributions produced with different models or assumptions. In this subsec-
tion we will summarize the specific types of modeling uncertainties.

As described in Section 2.2.4, there are multiple schemes for calculating the tW
cross section at NLO. We derive an uncertainty by comparing predictions from the
DR model to predictions from the DS model. This uncertainty impacts only tW
distributions.

The uncertainty on parton showering and hadronization is evaluated by compar-
ing the Lund string model (implemented in PYTHIA) to the cluster model (imple-
mented in HERWIG). We use the AFII POWHEG+PYTHIA samples as the nominal
model for both tWW and tt, and compare to the POWHEG+HERWIG samples. A total
normalization uncertainty is constructed from the difference in total yields between
the two models. A migration uncertainty is constructed by normalizing the over-
all yield of the alternative sample to equal the nominal sample, and comparing the
yields in the individual regions. Shape uncertainties are defined in each of the three
analysis regions. This procedure yields ten total nuisance parameters (NP) in the
fit: five for tWW and five for tf.

Initial and final state radiation uncertainties are evaluated using internal weights
in the ME and PS simulations provided by POWHEG+PYTHIA. The normalization
and factorization scales are varied by a factor of 0.5 and 2.0. Varying these scales
impacts the amount of additional radiated jets in the ¢tV and ¢t events. The Al4
tune in the parton shower generator is also varied up (called the Var3cUp variation)

and down (called the Var3cDown variation). The additional radiation uncertainties
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are decorrelated across regions (one NP in each region for each uncertainty).

The uncertainties due to parton distribution functions (PDFs) are evaluated us-
ing the PDF4LHC15 combined PDF set [156]. The tW and t¢ POWHEG+PYTHIA
samples are reweighted with the central value and eigenvectors of the combined PDF
set to construct a set of varied systematic templates. The differences between the
central NNPDF3.0NLO value and 30 variations from the PDFALHC prescription are
taken as individual uncertainties.

As described in Section 5.2.2, all tf samples are reweighted according to the true
pr of the top and anti-top in the event. An additional uncertainty is constructed by
comparing the nominal reweighted distribution to the non-reweighted distribution.
An additional tt-only uncertainty is derived by comparing the nominal ¢ sample
simulated with Ay, = 1.5m, to an alternative sample simulated with gy, = 3.0m,.

The final modeling uncertainties are associated with the minor background nor-
malizations. An overall uncertainty of 11 % is applied to Z + jets events in rgions
with one b-tagged jet, and a 17 % uncertainty is applied in the 2j2b region [157].
An overall uncertainty of 22% is applied to Diboson events with one b-jet, and a
13 % uncertainty is applied to events with two b-jets. An overall uncertainty of
50 % is applied to all fake/non-prompt events. All minor backgrounds normalization

uncertainties are decorrelated across regions.
5.7 Statistical Analysis

The observed data, simulated samples, and systematic uncertainties are used to-
gether in a binned likelihood fit to eventually extract the measured cross section.
The fit uses observed data to measure the normalizations of various processes and
constrain the uncertainties represented by nuisance parameters. The fit calculates
the expected yields of each process in the bins of all three regions of the fit, treating

the bins of all regions as essentially a single one dimensional histogram. The core
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components of the likelihood function are Poisson terms that account for the proba-
bility of observing the yields in data, and additional terms accounting for fluctuations
away from the central value of each source of systematic uncertainty. The fit is per-
formed using the TRExFitter [158] software package, which is based on a number
of other packages: HistFactory, RooStats, and RooFit [159, 160]. This section will

describe the extraction of the cross section from the statistical fit.
5.7.1 Likelihood Fit

The fit does not deal directly with cross sections. The normalization of different
processes in the fit is represented by strength terms, p, defined as the ratio of a
measured cross section to its predicted value. The two floating normalizations in
this analysis are . and pg. A p value of one corresponds to the SM expectation
for that signal, while a yu value of zero represents no contribution.

Systematic uncertainties are represented in the fit by nuisance parameters de-
noted with 6,. Each source of systematic uncertainty has a pair of histograms cor-
responding the the up- and down-variations of the effect of the specific uncertainty.
The up, down, and nominal templates are interpolated into a continuous function
that describes the effect on the nominal yield as a function of 6;. At 6; = 0 (written
as 0?), the nominal yield is represented, at 6; = —1, or —1o, the down-variation yield
is represented, and at 6; = +1, or +10, the up-variation is represented. In general
the probability distribution function (pdf) of each 6; is Gaussian with unit width
centered at zero. Uncertainties that only provide a single variation (which we label
as the +10 variation) are one-side symmetrized, the down variation is derived from
the up variation by mirroring the up variation about the nominal template.

The fit maximizes the likelihood function constructed from the product of all
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relevant Poisson and Gaussian pdfs:
N

L (n7 OO‘Mthutf) 0) = HP (ni|/\i(MtW7utfu 0)) B C1Syst (007 0) . (53)
i=1

The first term is the product of Poisson distributions P of the number of events n;
observed in each bin (with a total of NV bins). The Poisson means \; are functions of
the signal strengths, constant background contributions, and nuisance parameters.
The second term describes how the systematic fluctuations vary about their central
values. It is a product of Gaussian pdfs:

Con (6°.0) = [ TG00 5,). 5.4

7j=1

where G is the standard normal distribution and M is the total number of systematic
uncertainty sources.

The fit finds the best set of values for the unknown parameters gy, g, and
0 that maximizes L. In practice the software executing the fit minimizes the value
of —2In L. The fit calculates the combined uncertainty on g, and p, taking into

account the correlations between all sources of uncertainty.
Fitting to Asimov Data

To avoid biasing analysis results, the real dataset collected by the ATLAS detector
was not used in the fit until all important analysis design choices had been finalized.
The simulated dataset is used as a representation of the expected dataset in the fit to
validate the behavior of the fit setup and extract expected sensitivity. This dataset
is referred to as the Asimov Dataset.

Using the Asimov dataset in the fit fixes the signal strength parameters to p = 1
and all nuisance parameters take on their nominal values (9?). The covariance matrix
is calculated along with the expected uncertainty on u,;; and u; and the relative
impacts of each systematic uncertainty.
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5.7.2  The Inclusive Strategy

The initial fit strategy in the analysis was to use the complete set of statistics available
in all analysis regions following preselection and event categorization. This strategy
will be referred to as the inclusive fit strategy. The pre-fit histograms used with the
inclusive strategy are shown in Figure 5.17, where we see the artifacts of the BDT
separation power in each region. The regions with a single b-jet have a gradient of
increasing signal over background in the bins as the classifier response value increases,
while in the 2j2b region the last bin shows an isolated collection of signal events and
all other bins are dominated by tf background. This behavior is expected from the
normalized BDT shapes in Figures 5.11-5.13. The stacked BDT distributions show
good agreement between data and the Monte Carlo prediction.

By performing a fit to the Asimov data, we can learn what the expected un-
certainties are on .y and ., along with the impact of various uncertainties, while
remaining blinded to the real data. The Asimov fit produces an expected uncertainty
on the tW signal strength, gy, of +17.8%, —16.3%. The twenty highest impact un-
certainties are shown in Figure 5.18. To produce this figure the fit is performed an
additional four times for each NP shown. In each additional fit the NP of interest
is altered while fixing all other NPs to the value they took in the original fit. To
obtain the pre-fit impact, the NP is fixed to the pre-fit —1o extreme and then to the
+10 extreme. To obtain the post-fit impact, the same procedure is used but with
the post-fit +10 extremes. The black points represent the pull: (é — 0y)/Ab, the
difference between post-fit and pre-fit values of the NP divided by the total pre-fit
uncertainty; the error bars show the post-fit uncertainty on the NP.

The nuisance parameter representing the uncertainty derived from comparing the
diagram removal and diagram subtraction schemes has the largest expected impact

on tuy and it is heavily constrained by the likelihood fit. The pre-fit impact on
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FIGURE 5.17: Pre-fit distributions for the three regions used in the inclusive fit.
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uncertainty bands represent both statistical and systematic uncertainties, where all
systematic uncertainties are assumed to have no correlations.
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L is about 22 % and the fit constrains the nuisance parameter to an impact at the
10 % level. The sensitivity to the target cross section measurement with this strategy
relies on this large constraint.

The target of this analysis is to measure the inclusive cross section of tW pro-
duction, while the DR-vs-DS nuisance parameter constraint is an auxiliary measure-
ment making a statement about how well we can constrain the difference between
the schemes used to remove the overlap between NLO tW events and ¢t events. The
expected uncertainty on p,y, with the inclusive strategy is dependent on the fit being
able to constrain the DR~vs-DS uncertainty to a level that makes a strong statement
about interference effects which this analysis does not aim to measure. Therefore, the
statistical analysis strategy must be adjusted to reduce the exposure of the analysis

to the differences between the DR and DS predictions.

5.7.83 DR vs DS Mitigation

A number of efforts were made to reduce the exposure of the analysis to the DR-vs-
DS uncertainty; this subsection will summarize those efforts and conclude with the
chosen strategy.

At LO tW events yield a single b-jet in the final state. The DR and DS schemes
aim to fix an NLO effect, therefore we should be able to avoid DR-vs-DS effects if we
limit the analysis to only the 1j1b region. Additionally, an interference-dedicated
ATLAS analysis [161] has shown that the DR and DS predictions diverge in 2j2b
events at mp; "™ above about 155GeV. The mjy™™* quantity is defined:

minimax

Mpy = min{max(my, ;,, My, ), Max(my, ¢, Myp,p, )}, (5.5)

where £;(¢3) and b;(by) are the leading(subleading) lepton and b-jet and my , is
the invariant mass of the two objects. Another level of interference effect avoidance
is to include an additional selection based on lepton and b-jet invariant masses.

Therefore, in addition to excluding the regions with two jets, we can select events
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below the my, = 155 GeV threshold to avoid events with invariant masses sensitive
to interference effects.

Two conservative strategies were defined and tested: first, a fit using only the
1j1b region already used as part of the inclusive strategy; second, a fit using only the
1j1b region with the additional requirements: my, < 155GeV and my,, < 155GeV,
including retraining the BDT in the 1j1b region with this additional selection.

The pair of conservative strategies both heavily reduce the pre-fit DR-vs-DS
impact. The first reduces the impact to the 10% level, while the second reduces
the impact to the 5% level; both almost nullify the constraint. The cost of these
strategies is the reduction in sensitivity to u,y,. The first strategy has an expected
uncertainty of 30 %, while the second has an expected uncertainty of 32%. These
results motivate investigating strategies to reduce the pre-fit DR-vs-DS uncertainty
while retaining the regions with two jets.

A strategy retaining the two jet regions is executed by extending the invariant
mass requirements into those regions and re-performing the entire analysis post-
preselection and categorization. A requirement of my, < 155GeV and my,, <
155GeV is applied in the 2j1b region, and a mp™™ < 155GeV requirement is
applied in the 2j2b region. The requirement applied in the 2j1b region is also
applied in the 1j1b region. New BDTs were trained in each region with the new
selections, executing the hyperparameter optimization procedure with the same sets
of kinematic inputs. This strategy failed to reduce the pre-fit impact of the DR-vs-
DS uncertainty; the pre- and post-fit impact of the uncertainty remained consistent
with the inclusive strategy (pre-fit impact above 20 % and post-fit impact constrained
down to about 10 %). A strategy focusing only on small set of invariant mass variables
does not mitigate the exposure to differences between DR and DS.

After the initial invariant mass and region-dropping strategies failed to solve the
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DR~vs-DS problem, we are motivated to use the BDT response. Recall that the DR
scheme removes all doubly resonant amplitudes from the tWW sample, while DS cancels
doubly resonant amplitudes with a gauge invariant subtraction term. Since the DS
scheme does include doubly resonant diagrams, we expect the DS sample to contain
more tt like events than the DR samples. The BDTs are trained to separate tW
events from tf events with the DR sample treated as the nominal tWW contributions;
therefore a secondary consequence of the BDT training is expected: areas of the
BDT output distribution with small ¢¢ contributions should have differences between
DR and DS, DS having a smaller contribution than DR; the reverse scenario is
expected as well: large ¢t contributions sharing phase space with higher DS and
lower DR contributions. Figure 5.19 confirms these predictions. In the 1j1b region
we see a larger collection of DS events in the left side of the distribution (low signal
probability). In the 2j1b region we see a reduction of DS events on the right side of
the distribution (high signal probability). In the 2j2b region the behavior is seen on
both sides of the distribution: a DS excess in the low signal probability phase space,
and a DS deficit in the high signal probability phase space.

The shapes of the distributions are used to construct a grid search to find a
selection criteria that reduces the DR-vs-DS differences while optimizing the expected
sensitivity to pyy. The grid search is four dimensional: we look for places to apply
cuts on the low side of the 1j1b region distribution, on the high side of the 2j1b region
distribution, and on both sides of the 2j2b region distribution. Two starting points
are available: one which extends on the invariant mass cut strategy described above,
and another which extends upon the inclusive strategy. Both scenarios are optimized
with the grid search, the parameters of which are listed in Table 5.8.

A sample of the top five results from the grid search with both strategies are shown
in Table 5.9 (without invariant mass cuts) and Table 5.10 (with invariant mass cuts).

The tables show a systematic difference between the two strategies: including the
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Table 5.8: BDT requirement grid search parameters

Axis Values

0.20, 0.25, 0.30, 0.35]

0.6, 0.65, 0.70, 0.80]

0.30, 0.40, 0.45, 0.50, 0.60]
0.70, 0.775, 0.825]

Low end 1j1b (exclude below value)
High end 2j1b (exclude above value)
Low end 2j2b (exclude below value)
High end 2j2b (exclude above value)

——— —
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mass cuts reduces the sensitivity to ., by a few percentage points, while the DR-
vs-DS uncertainty impact is a few percentage points larger. The increased statistics
and phase space provided by the partially inclusive strategy (not using invariant
mass cuts) yields an expectation of a more precise cross section measurement. The
final selection requirements are chosen to be the top row in Table 5.9, the resulting
distributions are illustrated in Figure 5.20. The mitigation efforts converged upon
defining this additional level of selection, yielding the final strategy which we refer

to as the nominal analysis strategy.

Table 5.9: Top five results (ordered by expected sensitivity estimate) for the BDT
selection grid search without the mass requirements applied. The uncertainty esti-
mate is defined as the mean of the absolute expected up and down uncertainties.
The pre-fit impact estimate is the mean of the absolute up and down pre-fit impact
values. L denotes low-end and H denotes high-end.

1jib L 2jib H 2j2b L 2j2b H ‘ Uncertainty est. Pre-fit impact est.

0.35 0.70 0.45 0.775 0.156 0.037
0.35 0.70 0.30 0.775 0.158 0.035
0.35 0.70 0.45 0.825 0.159 0.037
0.35 0.70 0.30 0.825 0.160 0.033
0.30 0.70 0.45 0.775 0.162 0.042

Table 5.10: Top five results (ordered by expected sensitivity estimate) for the BDT
selection grid search with the mass requirements applied before training. The un-
certainty estimate is defined as the mean of the absolute expected up and down
uncertainties. The pre-fit impact estimate is the mean of the absolute up and down
pre-fit impact values. L denotes low-end and H denotes high-end.

1jib L 2jilb H 2j2b L 2j2b H ‘ Uncertainty est. Pre-fit impact est.

0.30 0.80 0.30 0.70 0.188 0.088
0.30 0.70 0.30 0.70 0.190 0.052
0.25 0.80 0.30 0.70 0.191 0.095
0.30 0.80 0.50 0.80 0.192 0.089
0.25 0.70 0.30 0.70 0.193 0.057
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5.8 Results

5.8.1 Asimov Fit

With the nominal strategy now defined, we start (again) with a fit to Asimov data
to validate the fit setup while remaining blinded to the real data. The expected
yields of the analysis changed upon adopting the additional selection step based
on the optimal BDT cuts. The yields using the nominal strategy are shown in
Table 5.11. The 1j1b region contains about 23 %(20 %) tW events, the 2j1b region
contains about 8 %(9 %) tW events, and 2j2b region contains about 4 %(3 %) tW
events after(before) the new BDT based selection. The distributions that are used
in the fit are shown in Figure 5.21 (the kinematic distributions for the core analysis
objects after applying the nominal strategy selection are in Appendix A.2, and the
BDT input variable distributions are in Appendix A.3). The fit to Asimov data
provides an expected tW strength of p5y = 1.00701%, and an expected ¢t strength of
e = 100256

Table 5.11: Yields of the analysis in each region after preselection and BDT cut
optimization: the nominal analysis.

1j1b 2j1b 2i2b
tW 24400 + 2300 14900 + 1600 2000 + 400
tt 80000 + 9000 174000 + 12000 42000 + 4000
7 + jets 1720 + 220 910 + 110 38 + 12
Diboson 730 + 160 660 + 150 8.5+ 1.3
Non-prompt 340 + 170 700 + 400 53 + 27
Total 107000 + 10000 191000 + 12000 44000 + 4000
Data 105 256 189645 44149
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FIGURE 5.21: Pre-fit distributions for the three regions used in the nominal fit.
The first and last bins include the under- and over-flow events, respectively. The
uncertainty bands represent both statistical and systematic uncertainties, where all
sources of systematic uncertainty are assumed to be uncorrelated.
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5.8.2 Fit to Data

The likelihood fit to data produces the measured signal strengths and nuisance pa-

rameters. After fitting to data the observed signal strength for tW is iy = 0.927017

and for ¢t the signal strength is p,; = 0.99" 008

The post-fit distributions are shown in Figure 5.22 (the post-fit BDT input vari-
able distributions are in Appendix A.4). Compared to the pre-fit distributions, the
post-fit uncertainties are substantially reduced due to the correlations between dif-
ferent sources and constraints imposed by the data. The data agrees well with the

fitted distributions, with a few small residuals distributed around zero. The most

impactful nuisance parameters are shown in Figure 5.23.
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5.8.3 Interpretation

Recall from Section 2.2.2 that the SM prediction for the tWW production cross section
calculated at NLO+NNLL is (at /s = 13 TeV):

oy = T1.7+ 1.80 (scale) + 3.40 (PDF) pb, (5.6)

and the tt production cross section calculated at NNLO+NNLL is:

o = 831.76 5940 (scale) T3 08 (PDF + avg) T35:45 (mass) pb. (5.7)

Multiplying the central value of the signal strength extracted from the fit to data

yields the cross section measurement. The tWW cross section is:

o = 66 + 3 (stat.) T{ (syst.) + 1 (lumi.) pb, (5.8)

where the uncertainty is quoted for statistical, total systematic, and luminosity,
respectively. The statistical uncertainty takes into account finite MC statistics. The

secondary measurement performed in the analysis is the tf cross section:

o = 820 733 (stat.+syst.) + 14 (lumi.) pb, (5.9)

where the uncertainty is quoted as a combination of statistical and systematic un-
certainties along with the luminosity uncertainty.

A summary of the contributions to the uncertainty on the tW cross section, with
related NPs grouped into categories, is shown in Table 5.12. The estimates are made
by considering each grouping in isolation (similar to the individual NP impact rank-
ing procedure), therefore the resulting group-uncertainties do not combine, via a sum
in quadrature, to yield the total uncertainty. The grouped uncertainty impacts in Ta-
ble 5.12 and individual NP impacts in Figure 5.23 tell a similar story: the uncertainty
in the measurement is dominated by systematic sources, especially from theoretical

miss

modeling and jet/E1"™ reconstruction. The BDT disciminants used in this analysis

to separate tW and tt are sensitive to the kinematics of the jets in the final state,
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especially when two jets are present. Theoretical models also govern the multiplicity
and dynamics of jets that are kinematically accepted by the selection criteria across
the analysis regions. Pulls and constraints are present in a number of nuisance pa-
rameters, where the data shows a preference for the alternative variations of some
uncertainties. Specifically the tWW DR-vs-DS uncertainty shows that the data prefers
something between both models. We also see some post-fit uncertainties significantly
smaller than their pre-fit values. The parton shower shape uncertainties have the
largest constraints. Performing the analysis in multiple bins of jet multiplicity with
large statistics provides the power to constrain these uncertainties.

In summary, the tW cross section measurement presented in this thesis improves
upon the early Run 2 measurement performed by the ATLAS Collaboration [63],
making it the most precise o,y measurement performed with the ATLAS Experi-
ment. It is also in agreement with a result published by the CMS Collaboration [64].
The CMS result presents a more precise o,y result, but it uses a fixed ¢t contribu-
tion that does not float in the likelihood fit. Overall, the result shows agreement
with the SM, where we do not observe deviations from the predicted cross section.
The resulting ¢t cross section measurement is also in good agreement with the SM

prediction and dedicated ¢t cross section experimental measurements [162, 163].
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Table 5.12: Summary of contributions to the total uncertainty on the tW cross
section. The entries describe more than one nuisance parameter, they have been
grouped into related categories that are ordered from largest to smallest contribution.
Due to the method by which the contributions are estimated (similar to the individual
NP impact plots but on a grouped scale where sets of NPs are held out and the impact
is tested), they do not sum in quadrature to equal the total uncertainty.

Category JANG Lot
tt modeling 11
Jet energy scale 10
B goft terms 8.5
tW modeling 7.6
Jet energy resolution 6.4
Flavor tagging 2.2
Electron reconstruction 1.9
Luminosity 1.7
Misc. instrumental 1.5
Minor backgrounds 1.3
Parton distribution functions 1.1
Muon reconstruction 0.8
Statistical uncertainty 4.9
Systematic 16
Total uncertainty 17

115



6

Conclusions

The research presented in this thesis describes the latest and most precise measure-
ment of the cross section for the production of a single top quark in association with
a W-boson using the ATLAS detector. Additionally, a secondary measurement of
the cross section for the production of a pair of top quarks was presented. A BDT
analysis was used to separate the tW and ¢t processes and perform a simultaneous
cross section measurement with help from a binned maximum likelihood fit. The re-
sults are in good agreement with theoretical predictions from the SM; they also agree
with recent experimental measurements from the ATLAS and CMS collaborations
(which use the dilepton final state to perform dedicated cross section measurements
of the individual processes) as shown in Figure 6.1.

Uncertainties associated with theoretical modeling are particularly dominant
sources contributing to the total uncertainty of the cross section measurements. An
especially problematic source is the uncertainty derived from comparing different
models of tWW production at NLO: diagram removal and diagram subtraction. The
analysis executes a dedicated event selection step to avoid differences between these

models, attempting to perform a pure tW cross section measurement void of the
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FIGURE 6.1: Summary of tW and ¢t cross section measurements performed using
dilepton final states compared to theoretical predictions. tW results from [63, 64];
tt results from [162, 164]. tW theory from [66]; t¢ theory from [45].

interference effects between NLO tW and tt. The result shows the data preferring a
model somewhere between the DR and DS predictions.

This is likely the last measurement of the tW cross section with the ATLAS de-
tector. As the physics community enters the precision era of single top physics, where
systematic uncertainties are dominant, this analysis shows that the time of separat-
ing NLO ¢tW and ¢t with ad-hoc theoretical approximations is over. Theoretical and
experimental efforts are already underway. New phenomenological models are being
developed to include all possible WWbb final states without separating the tWW and
tt and taking into the interference effects [165]. Simultaneously, the experiments at
the LHC are taking on analyses that study the WWbb process inclusively, without
differentiating between tW and tf. Accurate measurements and predictions of this
process are important for the future of the LHC physics program, where top quarks
are abundant and must be well understood. Precise measurements of top quark pro-
cesses provide ways to check for cracks in the SM, while also serving as important
contributions to analyses searching for physics beyond the Standard Model that may

interact with top quarks.
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Appendix A

Auxiliary Plots

A.1 BDT Input Variable Distributions

This Appendix section contains plots showing the distributions of all BDT input
variables. Each figure shows a shape comparison and a set of stacked MC contribu-
tions compared to data. The distributions are shown in order from most important

to least.

A.1.1 Variables in the 1j1b Region
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A.1.8 Variables in the 2j2b Region
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FIGURE A.20: m(¢,j,) distributions in the 2j2b region.
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A.2  Object Kinematics for Nominal Strategy

This Appendix section contains plots showing the distributions of core object kine-
matics after the final analysis selection (the nominal strategy) was defined. After
converging on the nominal strategy good agreement between data and Monte Carlo

is retained.
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FIGURE A.26: Kinematics of the leptons in the 1j1b region (nominal strategy).
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134



x10*

Events

O B L e e et
D. Davis Thesis =
Vs =13TeV,L =139 b7 o
tW Dilepton, 2j1b, Pre-fit ~ wm

Data
tw

tt
Z+jets

Bl Diboson
B Non-prompt
“77. Uncertainty

o
2/ndf = 18.81/20, X3, = 0.53

Events

1.50

1.25

1.00

0.75

Qg .t g
F10/® e s 00 g0 ®ee®aoens? L B 310
So9E 3 S 09
0O VY ETN Uncertainty 3 o~
| ST T T T N T T T T T T T T T I B B B - |
08, 50 75 100 125 150 176 200 225 08
pr(j1) [GeV]
(a) pr(d1)
x10*
DT L e e e e e e O e @ 200
§ [ D. Davis Thesis > ooaa M Dben 4§
> _ lon-prompt ] > 1.75
DOF vs5=13TeV,L =139t o ¢ 2 Uncerainty ]
tW Dilepton, 2j1b, Pre-fit ~ mm Zijets ] 1.50
E 1.25
b 1.00
E 0.75
FErr T T T T
O .4 EX/ndf=11.68/20, X0, = 093 + O 11
=N - . Lt ¢ ¢ 4 +
S10fe 5 6 g o o e oo ¢ ' ] 310
© E E| @
o 0‘95_ Uncertainty = Q09
| SN N [N S N S N SN N TN NN TR SO TN AN SO TN S ' 13
08 40 60 80 100 120 140 08

F1cURE A.30: Kinematics of the jets in the

(c) pr(J2)

pr(/2) [GeV]

135

x104

e

© D. Davis Thesis 3 Dala M Dboson 3
VE=13TeV,L =139 0! oy 1 7 Unoatanty 3
tW Dilepton, 2j1b, Pre-fit ~ mm Zijets

—
41

Eindl = 2071720y, = E
Fo o . o o o *]
E e « ®* o e T B e e E
E Uncertainty 3
Ev o v b b by 1y g
-2 -1 0 1 2
n(a)
(b) n(j1)
x10*
T
© D. Davis Thesis $ Daa WM Diboson 3
= . 1 m W B Non-prompt J
: Vs=13TeV,L=139b7! oy s . Uncertainty ]
[ tW Dilepton, 2j1b, Pre-fit == Zjets 3

T T T T — T T T
E X?/ndf = 37.21/20, x3.o, = 0.01 E
E LE
re P, [} =
E o ® 8o 9 00 ¢, () E
;_ Uncertainty _;
Ev o 1o v b b b 1y g
~ -1 0 1 2
nG2)

(d) n(j2)

2j1b region (nominal strategy).



x10*

® B L L e e e
§30F D. Davis Thesis e
_ -1 - i
i1} Vs =13TeV,L=139fb7! o 4 7/, Uncertainty
25

tW Dilepton, 2j1b, Pre-fit ~ mm Zijets

eSS EEEEEES
2/ndf = 14.46/20, x2qp = 0.81

|

Q E
= 1 . e L
3 L e e e o 3 LI
© 3
o E Uncertainty E

08:| P T T T T N N N O AT T T T =

o 25 50 75 100 125 150 175 200

EMiss [GeV]

FIGURE A.31: EF™ in the 2j1b region.

136



%) T %) T
'g [ D. Davis Thesis ¢ Data B Diboson | 'g' [ D. Davis Thesis ¢ Data B Diboson

> L _ _, . tw = Non-prompt | > 50000 _ _, . tw B Non-prompt ]

W ool Vs =13TeV,L=139b7! o 4 2 Uncertainty | w i Vs =13TeV,L=139fb7! o 4 . Uncertainty

 tW Dilepton, 2j2b, Pre-fit  mm Zijets 1 [ tW Dilepton, 2j2b, Pre-fit  mm Zijets ]

r ; ] 4000 |- ]

Ly 1 F 1

I ] 3000 [ .

r 1 2000 E

] 1000 .

F T T T T T T T [T T T T [T T T T s e A

E x?/ndf = 21.70/20, x2,,, = 0.36 + 3 1 4 EX?/ndT = 16.68/20, X3, = 0.67 P

~ A Q) on Py + ] 3 1 o ® & o 6 4 +5

g 10F 3 et v ¢ ¢ * + t t E X v LY "o e e, " * E

0 09 Fe Uncertainty +§ 0. Uncertainty E

(-] T IR AR SRR SRR o e = = = 0.8E PR T SRS SRS S S S SNSRI BRI
50 75 100 125 150 175 200 225 -2 -1 0 1 2

pr(l1) [GeV] n(ty)

(a) pr(41) (b) n(éy)

x10*
» T T T a —— T 17
g [ D.Davis Thesis = o oot ] B ool D- Davis Thesis -t vt
w E=13T9V’L=139 fb_l . “7. Uncertainty w \/E:13TeV,L=139 fb_l m 77, Uncertainty ]
tW Dilepton, 2j2b, Pre-fit ~ mm Zijets tW Dilepton, 2j2b, Pre-fit ~ mm Zijets
4000 .

3000

2000

1000

O 14 EXINT=188620,x3ep =053 "1 L bl EYoindf=247320, =021 T T3
% 10fe o @ | + + ) $ .. . . o ° ¢ 3
T“’ E ® e v 4 v 4 ’ L 2 T L L] * o 0 (] e " * 4 ’ +E
0 09F Uncertainty Uncertainty 3
- ) T U BARRI WM e M . PR TS S RS SS B TS SR BT

20 40 60 80 100 120 140 -2 -1 0 1 2
pr(l2) [GeV] n(Lz)

(c) pr(fs) (d) n(fy)

FIGURE A.32: Kinematics of the leptons in the 2j2b region (nominal strategy).
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A.3 Pre-fit BDT Input Distributions

This Appendix section contains plots showing the pre-fit distributions of the BDT
input variables after the final analysis selection (the nominal strategy) was defined.
Similar to the core object kinematics, good agreement between data and MC is

observed following the convergence on the nominal strategy.
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FIGURE A.41: Pre-fit BDT inputs in 2j1b:
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A.4 Post-fit BDT Input Distributions

This Appendix section contains plots showing the post-fit distributions of the BDT
input variables. After the fit the templates for each contribution modeled by MC
is modified according to the best fit parameters in the likelihood. Good agreement
between the data and the post-fit model is observed. A few data points are outside
of the uncertainty bands, but the residuals are randomly distributed about zero.
Notice that the scales on the ratio plots for the pre-fit distributions are significantly
tightened compared to the pre-fit distribution ratio plots.
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