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Abstract

The question of the nature of the universe at its most fundamental level is one which
has been with humankind since ancient times. The development of the theoretical basis
of the Standard Model of elementary particles during the 20" century, and its subsequent
experimental validation, is a triumph of modern physics. However, the Standard Model
is known to be incomplete, and, in the Large Hadron Collider era at the high-energy
and high-intensity frontier, our understanding and modelling of the Standard Model has
increasingly become limiting for searches for physics beyond it. In this thesis, a measure-
ment performed using 36.2 fb~! of integrated luminosity recorded by the ATLAS experi-
ment during Large Hadron Collider Run 2 of a crucial benchmark process for Standard
Model modelling is presented; W boson production in association with jets. This is the
first such measurement in the W — v decay channel at /s =13 TeV. Differential cross-
sections, in observables sensitive to the modelling of quantum chromodynamics, are pre-
sented for both charge-independent and charge-separated 1/ production, and compared
to two cutting-edge calculations evolved to next-to-next-to-leading order in quantum chro-
modynamics. In addition, this process strongly constrains fits of the Parton Distribution
Functions of the proton; an analysis of the structure of the proton using several previous
ATLAS measurements, including W boson production in association with jets at /s=8
TeV, will also be presented.
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Preface

The work presented in this thesis has been performed as a member of the ATLAS ex-
periment at CERN, which consists of over 3000 active members; membership of such a
large collaboration therefore necessitates the sharing of work. As such, the theoretical
and experimental background of a Standard Model measurement performed using the
ATLAS experiment, as presented in Chapters [1}{3] is not the author’s own work. The re-
sults presented in Chapters are predominantly the author’'s own work, except where
explicitly indicated in the text or with a citation in a figure caption; this is a non-exhaustive
description of the total body of research completed throughout the author’s Ph.D study.
The author’s contributions to these chapters are summarised below; figures presenting
work performed by the author are easily identifiable by an ‘ATLAS Work in progress’ plot
title:

Balance JVT pile-up tagger, lead tool developer

« Chapter [, ‘Pile-up tagging in the ATLAS central region’: The creation of a new
pile-up jet tagging tool for the ATLAS central region, developing on existing code for
the ATLAS forward region; the validation of the pile-up jet content of the topology
used for performance testing the new tool; initial performance studies of the tool,
including its impact on missing transverse energy reconstruction.

— This is an interim result, with the outcome of a full performance study and
calibration of the latest version of the tool expected to be published in 2024.

W +jets production at 13 TeV, W — uv channel primary analyser

« Chapter[5, “W+jets analysis introduction’: Optimising the binning scheme for the
observables to be unfolded, in concert with the electron channel analysts, evaluation
of the expected detector smearing associated with these binnings; implementation
of the analysis selections in the muon channel;

Vv



« Chapter [6, Background estimation: Evaluation of MC simulated backgrounds in
the W+jets muon channel; determination of the selections used to define the Sig-
nal, Control and Validation regions in the muon channel; evaluation of the signal +
electroweak background contribution to the Control Region and Validation Region;
determination and implementation of the prescaled trigger strategy for the muon
channel multijet background calculation; determination of the variables used to pa-
rameterise multijet background efficiencies in the muon channel and optimisation
of the efficiency binning schemes; the evaluation of the multijet background in the
Signal Region and comparison to a simulated sample of dijet events; comparison
of the measured data in the muon channel Validation Region to Standard Model
predictions, which include an estimate on the multijet background;

« Chapter [7, ‘Unfolding’: Evaluation of the migration matrices for the W +jets muon
channel, including the implementation of a jet matching scheme; performance of the
technical unfolding closure test in the muon channel;

- Chapter 8], ‘Uncertainties’: Evaluation of the statistical and systematic uncertain-
ties in the W+jets muon channel, including those associated with the multijet back-
ground estimate;

« Chapter[9, ‘Results’: Comparison of the measured data in the W +jets muon chan-
nel to two Standard Model predictions, including statistical and systematic uncertain-
ties; determination of charge independent W — pv+jets differential cross-sections,
charge-separated differential cross-sections and ratios of the W+ /W~ differential
cross-sections, for inclusive jet multiplicities up to 5 jets, including an evaluation of
the statistical and systematic uncertainty;

— This is an interim result; the full paper will include a W — ev channel analysed
by collaborators in other institutions, a combination of channels, and a QCD
analysis, which will be performed by the author. Publication is expected in
2024.

Parton Distribution Function fits

« Chapter [10, ‘Parton Distribution Functions with ATLAS data’: Implementation
of the two-point jet systematic uncertainty decorrelation in the ATLASpdf21 Parton
Distribution Function fit, evaluation of the impact of each scheme on the shape of
the fitted parton distributions and on the fit y2.

— This analysis has been made public, and was published by European Physical
Journal C in 2021 [1].
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Introduction

“Tus maith, leath na hoibre
(A good start is half the work)”

— Seanfthocal
(Irish proverb)

The question of the fundamental nature of the universe is one which has been with
humankind since ancient times. Indeed, the idea that the matter which comprises the
universe around us is composed of elementary building blocks is as old as natural philos-
ophy itself, with the ancient Greek philosophers of the doctrine of atomism proposing that
the physical universe is composed of invisible, atoms, literally meaning ‘indivisible’, which

determined the properties of the matter they made up.

Such a concept would prove to be incredibly prescient as the philosophical argumen-
tation of natural philosophy gave way to the empirical observations of natural science.
Atomic theory was provided experimental support in the 19" century through the devel-
opment of stoichiometry by John Dalton, which indicated that each chemical element is
composed of a unique type of constituent. Believing these particles to be indivisible, Dal-
ton and his contemporaries named them ‘atoms’. Also in the 19" century came Dmitri

1



Mendeleev’s periodic table, introducing the idea of classifying the fundamental compo-

nents of nature on the basis of their characteristics.

However, the assumption that atoms were the indivisible fundamentals of nature would
be challenged as the turn of the 20" century gave rise to the birth of experimental particle
physics. From the discovery of the electron by Thompson, to the scattering experiments of
Rutherford, Geiger and Marsden, leading to the discovery of the proton, and the uncover-
ing of the menagerie of elementary fermions and vector bosons by cosmic ray and collider
experiments as the century progressed, the “periodic table” of truly fundamental particles,
to the extent our current understanding, began to take shape. In concert with this century
of discovery arose the theoretical framework of the Standard Model, which achieved a de-
scription of the elemental universe with an accuracy and robustness of which the ancient

forebearers of the discipline could only have dreamt.

In the modern era, high-energy collider scattering experiments, exploiting Einstein’s
seminal relationship between energy at matter, continue to advance the energy and in-
tensity frontiers of particle physics. However, while many may consider the 2012 discov-
ery of the Higgs boson using such a machine, the Large Hadron Collider, as crowning
achievement of the Standard Model, the evidence for physics beyond it is extensive and
compelling. Increasingly, the limitations of exploring such new horizons originate from our
understanding of the Standard Model itself; from the intricacies of the internal structure
of the proton to the stubbornly challenging task of predicting the behaviour of quantum

chromodynamics, there is much still to uncover within this nominally “complete” model.
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This thesis is focused on such a endeavour. Chapter [1| presents an overview of the
relevant theoretical background. Chapter [2| describes the experimental machinery em-
ployed: the Large Hadron Collider and the ATLAS experiment. A description of particle
reconstruction in the ATLAS detector is presented in Chapter[3] with a focus on the identifi-
cation and rejection of pile-up jets in Chapter[d] Chapter[5introduces the primary analysis
of this thesis, which is a crucial benchmark measurement for the modelling of the Stan-
dard Model: The production of W bosons in association with jets at \/s=13 TeV, for the
first time in the W — v decay channel at this centre-of-mass energy. The estimation of
the backgrounds for this process is described in Chapter [6], while correction for detector
effects is discussed in Chapter [7l The uncertainties associated with this measurement
are detailed in Chapter [8] and, ultimately, the measured results are presented in Chapter
@ Finally, a description of measurement of the structure of the proton using a variety of

ATLAS measurements is presented in Chapter[10]






Chapter 1

Theoretical framework

“Three quarks for Muster Mark!”

1

— James Joyce, ‘Finnegan’s Wake

Our current best understanding of the nature of matter at its most essential is de-
scribed by the Standard Model (SM). This foundational model of particle physics de-
scribes the 12 fundamenta[] particles that comprise the constituent matter of the uni-
verse, and the fundamental forces through which the particles interact, which themselves

are mediated by force-carrying particles.

In the SM paradigm, illustrated in Figure [1.1] particles are initially categorised on the
basis of their spin. Spin-% particles obey Fermi-Dirac spin statistics, whereby indistin-

guishable particles are prevented from occupying the same quantum state in accordance

In this context, the term ‘fundamental’ refers to an entity which cannot be broken down further into
simpler constituent components.
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Standard Model of Elementary Particles

three generations of matter interactions [ force carriers
(fermions) (bosons)

mass  =2.2 MeVic? =1.28 GeWic? =173.1 GeWic? 0 =124.97 GeWic?
- @ | @ | & @ |- H
up charm top gluon I higgs
=47 MeVic? =96 MeVic? =418 GeWic? 0
‘'@ IF® |IF'® || @
down strange bottom photon I
=0.511 MeWic? =105.66 MeV/c* =1.7768 GeWic® =91.19 GeWic®
-1 -1 -1 0
. & . H T - &
electron muon tau Z boson I
<1.0 eVic? <0.17 MeVic? <18.2 MeVic? =B80.360 GeV/c?
0 0 0 1

QI @ @ |I@®
electron muon tau
neutrino neutrino neutrino W boson I

Figure 1.1: An overview of the particle content of Standard Model. Image from [2] using
data from [3].

with the Pauli Exclusion Principle. Therefore, they are known as fermions. Conversely,
two indistinguishable integer spin particles, known as bosons, are permitted to simulta-
neously hold the same quantum numbers and therefore obey Bose-Einstein statistics.
According to the Standard Model, fermions are the particles which form matter, while
bosons mediate the fundamental forces; electromagnetism, strong, weak. At present, no
‘graviton’ mediator of the gravitational force has been experimentally observed, nor has
the force been incorporated into the mathematics describing the SM. However, the gravi-
tational force has been robustly documented in experimental physics and described by the
theory of general relativity; the union of the relativistic description of gravity with the Stan-
dard Model is an active area of research. However, on the scale of high-energy particle

colliders, gravitational forces have a negligible effect on observations and are generally



therefore neglected.

The fermions are further subdivided into two sub-categories: quarks, which experience
the strong force mediated by massless gluons that couple to colour charge, and leptons,
which do not. Additionally, all quarks and charged leptons experience the electromagnetic
(EM) interaction, which is mediated by the massless photon. All ‘up-type’ quarks on the
first row on Figure have an EM charge of +§, while ‘down-type’ quarks in the second

row have a charge of —1. In the lepton sector, electrons, muons and t-leptons have a

3
charge of -1, while the significantly lighter neutrinos are electrically neutral. For each

fermion, there also exists a conjugate anti-particle with an opposite-sign EM charge.

The leptons and quarks are further divided into three generations, with fermion mass
increasing for each successive generation?, The weak force mediates transformations
between different fermions of the same generation, with a small amount of generational
mixing permitted (see Section [1.4.1]for a description of quark-sector mixing). The weak
force is mediated by the massive W=, Z bosons, and can be shown to be intrinsically

linked with the EM force via electroweak unification, discussed in Section|1.4.2|

Finally, electroweak bosons and charged fermions acquire mass through the spon-
taneous breaking of electroweak symmetry (see Section [1.4.3), resulting in a universal
Higgs field and an associated massive, spin-0 Higgs boson. The Higgs boson was the
final SM particle to be experimentally observed, which was accomplished for the first time

by the ATLAS and CMS collaborations in 2012 [4][5].

2It has not yet been discovered whether or not the very light neutrinos obey the same mass hierarchy as
the other SM fermions; however, a detailed discussion of neutrino mass is beyond the scope of this thesis.
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1.1 The Standard Model

Mathematically, the Standard Model is the quantum field theory of elementary particles,
arising from perturbations of quantum fields, and their interactions, which are expressed
using the Lagrangian formalism. To begin, the dynamics of relativistic free fermions are
described in a Lorentz invariant form; as spin-half particles, fermion dynamics are gov-

erned by the Dirac equation:

(19" 8 —m)ip = 0, (1.1)

where v* represents the Lorentz invariant 4 x4 Dirac matrices, 0, is the four-derivative,
m is the fermion mass, and ¢ = ¢(x) is the 4x1 fermion field spinor, which is a function

of spacetime z.

The Dirac equation has four solutions. Two correspond to the spin-up and spin-down
positive-energy particles, and two correspond to negative-energy particles which propa-
gate backwards in time. The negative-energy solutions can also be expressed as positive-
energy, physical anti-particles, which propagate forward in time and have a sign-inverted
EM charge to their particle counterparts. The probability current j*, which describes
fermion interactions through the exchange of a force-carrying mediating particle, can be

expressed in terms of the Dirac matrices and spinors and will be proportional to:

J* o Py,
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where the adjoint spinor ¢ = ¥+°, ¥t = (¢¥*)7 is the Hermitian conjugate of the spinor

and ~" is the first Dirac matrix.

Secondly, the interactions between the fermions must be incorporated into the model.
This is accomplished by the formulation of the Standard Model as a gauge theory; a cat-
egory of field theory where the Lagrangian is invariant under local gauge transformations,
and therefore also the dynamics of the system. For the purposes of this thesis, the term
‘Lagrangian’ is used to refer to the Lagrangian density £ = L(¢(z),0,¢(z)). A gauge is
a specific additional requirement on potentials in a physical system, intended to mediate
unnecessary degrees of freedom. One example from classical electrodynamics is the
Coulomb gauge, which imposes the requirement that the vector potential of an electric

field A be divergenceless; V - A = 0, which allows A to be specified uniquely.

A gauge transformation is a transformation between choices of gauge according to
a particular gauge symmetry which obeys the Lie algebra of group generators. In the
quantum-mechanical context, a symmetry is the requirement that all physical predictions
be invariant under a given wavefunction transformation ¢ — ' = As, where A is some
generic transformation. A ‘global symmetry’ implies invariance under a transformation
which is identical at all space-time points, whereas a more stringent ‘local symmetry’ can
be a function of space and time. According to Noether’s Theorem [6], local gauge sym-
metries in the Lagrangian or Hamiltonian are always associated with conserved currents

and physical quantities.

To ensure the Lagrangian remains invariant under local gauge transformations, addi-
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tional gauge fields are introduced for each group generator. When this theory is quan-
tised, the gauge fields subsequently give rise to gauge bosons, which correspond to force-
carrying particles. The properties of these gauge fields are what dictate the features of

the gauge bosons and, subsequently, the interactions they mediate.

The Standard Model is a non-abelian | gauge theory which has the symmetry group
U(1)y xSU(2),xSU(3). This introduces a total of 12 gauge bosons: 1 photon, 3 elec-
troweak vector bosons and 8 gluons. All fundamental particles and their interactions are
represented as terms of a universal Standard Model Lagrangian Lgs,;. The following Sec-
tions will detail the contributions to Ls,, arising from the different interactions of

fundamental particles, and how they result in the particle content of the Standard Model.

1.2 Quantum Electrodynamics

Quantum Electrodynamics (QED) is the abelian gauge theory of electromagnetic interac-
tions, which describes the behaviour of particles which carry an EM charge. This charge
can be either positive or negative, with like charges repelling and opposite charges attract-
ing. These interactions are mediated by the photon, which is itself electromagnetically
neutral. The QED Lagrangian is constructed from two terms: one for the Dirac equation,

representing fermion dynamics, and one derived from the EM field potential:

Lqep = Lpirac + LEM- (1.2)

3‘Non-abelian’ implies that the operators of a particular symmetry group do not commute; ab #* ba.
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The L. in Eq. [1.2] can be derived from Eq. [1.1]for a free-particle spinor field:

EDirac = ¢(i7M8u - m)dj (1 3)

QED obeys a U(1) gauge symmetry; therefore, to ensure Eq. is invariant under a

U(1) local gauge transformation, the following transformations must be made to Eq. [1.3;

¥ 2 o = exp fiea()] ¥,

0, 2 D, =0, +ieA,,

where e is the EM coupling strength and a(x) € R is the U(1) group generator. D, is
known as the covariant derivative, which introduces A, a vector gauge field for the EM

interaction which must transform as:

A, 2 = AL~ 0,a(2), (1.4)

i

under U(1) symmetry to retain a gauge invariant Lagrangian. The gauge-invariant

expression of Eq. subsequently becomes:

»CDirac = 77;(27#811 - m)qu) - equ_)fyuAuwa

which now contains a term for the interaction between the fermion and the photon
field A,. A kinetic term for A, can be derived from the relativistic expression of Maxwell’s

Equations assuming a free photon field:
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iz

1
Len = —ZFWF
where F* = (0" A” — 9V A") is the gauge invariant EM field strength tensor. The total
QED Lagrangian therefore becomes:
_ _ 1.
Lqep = Y10, — m)yp — epy" Ap — ZF“ F.. (1.5)

From this Lagrangian, all of the physics of classical, relativistic and quantum electro-
magnetism can be recovered. As Eq does not contain a photon mass term %miA“AM,
it can be inferred from the QED Lagrangian that mass of the photon m., must be zero;

indeed, the addition of a photon mass term would violate local gauge invariance.

Finally, guided by the form of Eq. [1.1], the expression

ng = eﬂ_WMW

for the conserved EM current can be extracted from Eq. [1.5]

1.3 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the quantum field theory associated with particles

which interact via the strong force. In QCD, the conserved quantity is colour € {red,
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green, blue}, a quantum number only possessed by quarks. The presence of three colour

charges is motivated by measurements of the ratio

a(ete” = qq) z: 2
R p— = 3 y
olete” — ptp~ - “

where the index ¢ runs over all quark flavours and ¢, is the EM charge of quark ¢,
which indicate that each quark flavour is associated with a triplet of colour charges. The
three QCD colour charges lead to an SU(3) local gauge symmetry, and three additional

degrees of freedom of the fermion spinor field.

To maintain the invariance of the Dirac Lagrangian under an SU(3) gauge transforma-

tion, the quark spinor field and four derivative must transform as

SU(3)

() —= ¢ = expligsT - a(w)ih(x),
SU(3)

9, —= D, =, +igsT - G,,,

where, gs is the coupling strength of the strong interaction, a“(x) are eight functions of
spacetime, and T = {7} are the eight generators of SU(3), related to the eight 3x3 Gell-
Mann matrices, A, by 7* = 1A“. The requirement that the QCD Lagrangian is invariant
under SU(3) transformation introduces eight new gluon fields, G¢., which must transform

as

e SU@3) o c
G, — G'U, = GH - auaa - gSfabcaaGZa

0
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where f,,. are the structure constants of the SU(3) group, defined by the commutation
relation [A,, Ay] = 2ifucAc. Similarly to the QED Lagrangian, these new G, fields are

associated with a kinetic term, resulting in the QCD Lagrangian

T (M 7 LA GYa 1 v,a Ya
Laop = 3 (i7" = m) — Eb NG, — GH G, (1.6)

q

where G, = 9,G}, — 9,GY, — gsfabCGfLGg is the gluon field strength tensor. Similarly to
the case for QED, there is no mass term for the gluon field in Eq. [1.6] as this would result
in the violation of the local gauge invariance under SU(3) symmetry. However, a crucial
difference of the QCD field strength tensor from its QED equivalent is the presence of the
gsfachZGf, term, introduced via the non-abelian nature of the SU(3) group, in contrast
to the abelian nature of the U(1) group. The presence of both G‘; and G¢ in this extra
term provides a mechanism for gluon self-interaction in QCD, which will be discussed in

Section[1.3.1]

The conserved colour current can be read directly from Eq. as

p1,a gs + a
joep = 5%7”/\ Uy

Conventionally, the coupling strength of strong interactions is expressed using the
strong coupling constant, as where ag = % Intimately connected to the definition of
the strong coupling constant is the concept of renormalisation, which is used to resolve
divergences which arise from the infinite number of possible Feynman diagrams, corre-

sponding to virtual loops, at a given interaction vertex. Without renormalisation, an infinite
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number higher-order corrections would be required to precisely calculate the vertex cou-
pling term in cross-section calculations. However, this is prevented by instead absorbing
the corrections into the definition of o , which will thereafter necessarily depend on Q? ,

the negative squared for momentum transfer, Q* = —¢>.

If g is known at some starting renormalisation scale, 1%, the evolution, or running, of

ag with Q% can be expressed at leading-order as:

as(ug)
as(Q?) = 5 : (1.7)
(@) 1+ Bas(p?)In (%)

where B = 22280 N = 3 is the number of colours and N; = 6 is the number of
quark flavours. Eq. results in an ag that decreases sharply with @* . Renormalisation
can also be applied to QED vertices; however, the lack of photon self-interaction terms in

the QED Lagrangian results in an expression for e(Q?) that increases with Q2.

1.3.1 Impacts of gluon self-interaction

The term proportional to GZG,C, in the gluon field strength tensor, arising due to non-abelian
nature of the SU(3) group, results in triple and quartic gluon couplings. These gluon
self-interaction vertices imply that gluons carry colour charge, unlike in QED, where the
photon is electrically neutral. These gluon self-interactions also preclude the existence of

free quarks, in a hypothesis called colour confinement.

Given two quarks interacting strongly via gluon exchange, gluon self-interaction per-
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mits those gluons to also interact with each other via virtual gluon exchange. If the two
quarks were subsequently pulled apart, the gluon self-interactions would squeeze the
colour field lines into a ‘colour tube’, in which the stored energy is proportional to the
distance between the quarks. Therefore, beyond a very small separations, it becomes
energetically favourable for free quarks to arrange themselves into net-colourless bound
states called hadrons via a process called hadronisation. At particle colliders, colour
confinement prevents the observation of free quarks or gluons produced in high-energy
interactions. Instead, as illustrated in Figure [1.2, as high energy quarks separate, they
hadronise to create new colourless bound states, which in turn themselves fragment and
hadronise. After many iterations, this process produces collimated showers of hadrons
called jets, which are the objects observed by detectors.
q q
—0000000* ~
— 0002000000000~
q q q q
— 00000007 — =000~
—R00000000000000F ~ 0000000000000 *—
q q q q q q q q
0000000000000~ <~ A0000000 - A9000000 —~

< HadronJet

Figure 1.2: An illustration of hadronic jet production as a result of the colour confinement
of quarks. Figure from [7].

The above discussion of confinement is mainly applicable to the low-energy regime,
where ag is 100 large to be calculated using perturbation theory. However, as ag quickly
reduces in strength with increasing Q) as described by Eq. perturbation theory can

be used in the high-energy regime and high-energy quarks, or strong interactions on short
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distance scales, can be treated as quasi-free. This feature of QCD is known as asymptotic
freedom. Typically, QCD cross-sections are calculated perturbatively in powers of ag;
however, even at high energies, ag is not sufficiently small that higher-order corrections
can be neglected. Therefore, fixed-order QCD calculations used in LHC experiments will
generally be calculated at next-to leading-order (NLO), or next-to next-to leading-order

(NNLO) in ag where possible.

1.3.2 Parton Distribution Functions

Unlike the fermions discussed so far in this chapter, the protons used in hadron collid-
ers such as the LHC are not ‘fundamental’ objects. Introduced by Feynman in 1969 [8],
the quark-parton model (QPM) proposes that protons are a bound state of point-like ele-
mentary constituents. Throughout the late 20" century, experimental tests of the parton
properties showed that the partons proposed by the QPM are in fact the quarks and glu-

ons described by QCD.

The QPM introduces an explicit form for the structure functions of the proton and a
dependence of the Parton Distribution Functions (PDFs), f;(z), which give the probability
that parton i is carrying x fraction of the proton momentum, known as the Bjorken x
variable. In the QPM, the PDFs are initially unknown, but universal for a given type of

hadron.

The QPM also introduces a set of sum rules for the PDFs. Firstly, the momentum

sum rule states that the summed contribution from each parton must return the total
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momentum of the proton:

Z/o dzr xfi(x) = 1. (1.8)

4:3,9

It is strong evidence for the gluon content of the proton that, without the inclusion of
the gluon, the integral in Eq. [1.8]is measured to be approximately 0.5. Furthermore, the
number sum rules state that the quark PDFs, integrated over z, should return the valence

content of the proton:

[y

dx (fu(x) = fa(z)) = 2,

[aey

8

z (falz) = falx)) = 1,

S—

dx (fo(x) = fs(x)) =0,

S~

i.e. three valence quarks which carry the quantum numbers of the proton; two up
and one down resulting on a net unit positive charge. These valence quarks are bound
together by gluons, which have the ability to split to generate a sea of virtual ¢g pairs

primarily at low-z.

For the QPM to be valid, the quarks must be considered to be semi-free; however
as discussed in Section [1.3.1] colour confinement implies that free quarks cannot be
experimentally observed. This apparent contradiction is resolved by another result of

QCD from Section|[1.3.1] asymptotic freedom leads to an ag that is sufficiently weak on the
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scale of the proton radius to consider the quarks quasi-free particles, while also increasing

with distance to recover quark confinement at larger distance scales.

Another basic assumption of the QPM is the factorisation theorent’], which states that
the cross-section for a particle-level, hard scatter process can be written as a convolution

of pertubatively calculable parton-level cross-sections, and the non-perturbative PDFs:

1 1
Oppx = ) /Odiﬁz/o da; fi(ws, pip) £ (25, 0p)0ijx (i, 5, fps fiR),s (1.9)

4,J€499,9

where . is the renormalisation scale discussed in Section used to absorb di-
vergences in the high-energy, ultra-violet (UV) regime. The dependence of the PDFs on
1, known as the factorisation scale, arises from the the application of QCD theory to the

QPM in the QCD-improved QPM.

For a general parton-parton interaction, QCD theory allows for radiative interactions
to take place before or after the ‘hard-scatter’ interaction, which give rise to divergences
in the cross-section in the Infra-Red and Collinear (IRC) regime. In a procedure similar
to renormalisation, these divergences are regularised by absorbing them into the PDFs,

resulting in a u» dependence.

The * dependence of the PDFs can be calculated directly, via a formalism developed
by Dokshittzer, Gribov, Lipatov, Altarelli and Parisi [9][10][11], collectively referred to as

DGLAP. The DGLAP ?* evolution equations incorporate QCD radiative corrections in

4The factorisation theorem has only been strictly proven for DIS; however, in practice it is applied to a
broad range of processes.
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terms of splitting functions, denoting the probability of each type of radiative correction.

These splittings are visualised in Figure [{.3]and can be described as:

q(§,Q%) q(¢,Q%)
> X > X
qu (E) qu(g)
q(x,Q%) g(x,Q%)

qu (E)

q(x, Q%)

Figure 1.3: A visualisation of the four DGLAP splitting kernels.

* P,,: The probability of ¢ — ¢g gluon Bremsstrahlung from a quark;

 P,,: The probability of ¢ — gq gluon production from a quark;

+ P,,: The probability of ¢ — ¢g quark pair production from gluon splitting;

* P,,: The probability of ¢ — gg gluon pair production from gluon splitting.

At Leading Order (LO) in as , the splitting functions have the form:
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Pulz) = 3 (ffj; 251~ z)]

Pu(z) = gl + (1= 27,

P (2) % :1+1Z— 221 |

P(2) =6 {(1 _ZZ)+ 41 - S b(1- z)] 53 _62Nf5(1 —2),

where z = z/¢ is the ratio of the momentum of the emitted parton to the original
parton, and N, is the number of quark flavours. The ¢ terms are included to correct for
singularities as = — 1 associated with soft gluon emission. The subscript ;. implies the

following treatment when the splitting functions are integrated over z:

/O dzg(2)s f(z) = / dzg(2)(f () — F(1)).

The * evolution of the quark and gluon PDFs, denoted ¢; and g respectively can then

be expressed in terms of the DGLAP splitting functions as:

0 (qxx,cz%) _ osl(@) g e (Pqi,qj<§>as<cz2>> Pw@,as(cf))) (qj@,@?))
I Q2 \ g(z, Q%) 2 &\ Pra(£,05(Q%)  Pyy(£.05(@Q) ) \9(6.@%) )

J€q,9

The result of the above discussion is that, despite the PDFs not being calculable using
perturbation theory, their assumed universality and known @Q? evolution allow them to be

extracted from fits to experimental data, often from several processes simultaneously to
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increase the fit sensitivity to =, @ and type of parton. The PDFs are parameterised at
some initial scale, QZ, evolved using the DGLAP equations to the scale of PDF-sensitive
experimental data, and, using the factorisation theorem, convoluted with perturbatively
calculated parton cross-sections to produce particle-level predictions. These predictions
can then be used in a ? fit to the data to extract the PDFs. Further discussion of PDF fits

to experimental data can be found in Chapter [10]

1.4 The Weak Force

The weak force is responsible for interactions which transform one type of fermion into
another, and is the only force experienced by all Standard Model fermions. One prominent
example is the process of nuclear 5-decay, where a d-quark in a neutron converts into a
u-quark of a proton via the emission of an electron and an electron anti-neutrino:

d— u+ e+ v,.

The weak force couples to, and conserves, a quantum number called weak isospin, 1.
For Ieft-handedﬂfermions, I = £ and has a third component I; = +1; ‘up-type’ quarks and
charged leptons have I3 = +; while ‘down-type’ quarks and neutrinos have I; = —3. For
right-handed anti-fermions, I = % and the sign of I3 is reversed. Therefore, for left-handed
fermions and right-handed anti-fermions, the weak force acts on weak isospin doublets of

the fermion field spinors,

SLeft-handed particles have their spin pointed in the same direction as their momentum, right-handed
particle shave their spin pointed in the opposite direction to their momentum.



1.4. THE WEAK FORCE 23

where the subscript L implies the left-handed component of the spinor field only. For
right-handed fermions and left-handed anti-fermions, I = I3 = 0, indicating that the weak

force couples only to left-handed fermions and right-handed anti-fermions.

The weak isospin doublet results in an SU(2), gauge symmetry for the weak force. To
ensure the gauge invariance of the Dirac Lagrangian, the doublets must transform under

SU(2),, according to:

SU(2) . -
X — X' = expligwa(z) - T]x(z),

(3u % D,u = 8M+ng’_A[‘WM

where a(z) is a set of three functions of spacetime. T = {T', T2, T3} is the generator
of the SU(2),, group, which depends on the Pauli spin matrices o according to T = 7
and obeys the commutation rule [T;, T;] = i Tk Where ¢, is the totally antisymmetric
Levi-Cevita tensor. The requirement that the weak Lagrangian be invariant under SU(2) .

transformation introduces three new weak gauge fields W*, which must transform as:

W 2k gk 9,0k — gwegral W, (1.10)

The final term in Eq. is a result of the non-abelian nature of the SU(2); group,
which does not allow terms containing (a-o)(W-o) and (W -o)(a- o) to cancel. A gauge

invariant kinetic term for the W gauge fields must also be added to the weak Lagrangian;
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this can be expressed in the usual —1W* - W, form, if W* is defined as:

WH = WY — "W — gwW* x W, (1.11)

with the final cross-product term in Eq. arising due to the non-abelian nature of
SU(2);, and indicating that the gauge fields associated with the weak force have the ability
to self-interact; when Eq. is expanded it includes terms for both triple and quartic

couplings of the weak gauge bosons.

If the fermion masses are assumed to be zerdf], the weak Lagrangian therefore can be

expressed as:

., 1 -
Lwveare = iX7"0uX = S9wX7' 0" Wiy — ;WAL (1.12)

The conserved weak currents j{j = —%Vm“akx can be extracted directly from the
x, W} interaction term in Eq. [1.12| The first two of these currents can be expressed in
terms of the weak isospin raising and lowering operators oi = 1 (0" £ io?) as:

. aw _
Iy = ~ X X,

which couple to the physical charged weak bosons, which can be expressed as linear

combinations of the first two 17/ fields,

1
W*=—
V2

6Masses for weakly-interacting fermions will be reintroduced via the Higgs mechanism discussed in

Section m

1 2
(W, £iW5).




1.4. THE WEAK FORCE 25

The weak force is the only fundamental interaction which violates P parity, the sign in-
version of positional coordinates through the origin. This feature was observed in nuclear

[-decay by Wu et al. in 1957 [12] and must be included in the model of the weak force.

All currents resulting from SM interactions can be classified as one of the set of Lorentz
invariant € {scalar, pseudoscalar, vector, axial vector, tensor}, based on the Dirac matrix
structure of the interaction vertex and the gauge boson spin, and are intrinsically linked
to the parity properties of the boson. The scalar products of two vector or two axial vec-
tor currents are invariant under a parity transformation; however, the scalar product of a
vector current and an axial vector current is not. Therefore, to allow for parity violation the
weak current must be a linear combination of vector and axial vector currents. Further-
more, it has been shown experimentally that the weak current is a (VV — A) interaction,
and that it is maximally parity violating. This implies that the associated gauge bosons

couple equally to both the vector, gy and axial vector, g, components of the weak current:

gv = gA = gw-

This can be included in the model of the weak interaction by making the substitution

yt Py (1 4P),
violation

where 7° = i7%9'v243, as ¢y transforms as a vector under P parity, while 1)y~
transforms as an axial vector. This substitution results in new expressions for the currents

associated with the physical W= bosons:
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= =TV (1 = Yoty (1.13)

\/QXV

and for the weak neutral current

‘ 9w _ .
Jn= =1 =7")’x. (1.14)

It can be observed from Eq. and Eq. the weak charged current changes
fermion flavour due to its dependence on the off-diagonal Pauli matrices o1, 02, while the
weak neutral current does not, as it depends only on o3. It can also be noted that Eq.

and Eq. also contain a dependence on the left-handed projection operator

which, when applied to a fermion spinor field, returns only the left-handed compo-
nents of fermions and right-handed components of anti-fermions. This recovers the chiral

structure of the weak interaction discussed previously in this section.

1.4.1 Quark Mixing

The final element required to complete the description of the weak force in the Standard
Model is a description of quark mixing via the weak current. This concept was originally
introduced via the Cabibbo mechanism [13], which was proposed before the discovery
of ¢, t and b quarks, and explains the difference observed in the probability for d and s

quarks to decay into v quarks. In this model, each ‘weak’ quark eigenstate, the object
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which couples to the weak interaction, is comprised of an unequal superposition of the
physical quark ‘mass eigenstates’, related by a 2x2 unitary matrix, with the rotation angle

known as the Cabibbo angle, 6c:

d _ CO?‘% sin 0¢c d | (1.15)
s’ —sinfc cosbco s

This idea allowed Glashow, lliopoulos and Maini to propose the GIM mechanism [14]
as an explanation for the lack of a flavour changing neutral-current (FCNC) in 1970, prior
to the discovery of the charm quark. In this model, decay modes in which the FCNC
is allowed to proceed via the exchange of a virtual v quark are strongly suppressed by

destructive interference with other modes which occur via the exchange of a ¢ quark.

The Cabibbo mechanism is extended to a three quark generation Standard Model via
the 3x3 unitary CKM matrix [15], relating the weak eigenstates to the mass eigenstates

via:

d/ Vud Vus Vub d
S/ = ‘/;d ‘/cs ‘/cb S ) (1 A 6)
v Vie Vis Vi

which introduces an additional factor of V;; to weak charged current interaction vertices
between quark flavour i and j (or V7 for an interaction between i and 7). The CKM matrix

can be described using three rotation angles and a complex phase, d, such that:
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Via Vus Vi 1 0 0 C13 0 313671'5, ci2 si2 0
Vea Ves Voo | =10 ca3 s23 | X 0 1 0 X| —s12 2 0f, (1.17)
Vie Vis Vi 0 —s23 o3 —s513€ 0 C13 0 0 1

where s;; = sinf;; and ¢;; = cos 0;;. The complex phase in the CKM matrix is a natural
mechanism for the introduction of CP violation into the Standard Model via the weak

interaction.

1.4.2 Electroweak Unification

From the discussion in Section [1.4] it can be observed that the neutral weak field 1?3,
which does not change fermion flavour, only couples left-handed fermions or right-handed
anti fermions. However, the physical Z boson has been experimentally observed to cou-
ple to both left-handed and right-handed fermions, albeit not equally. This apparent dis-
crepancy is resolved in the Glashow, Salam and Weinberg (GSW) model of electroweak

unification [16][17][18].

In this model, the U(1) gauge symmetry from QED is replaced with a U(1)y, symmetry
which couples to a quantum number called weak hypercharge Y. This gives rise to a new
gauge field B,, which couples to both left and right handed particles and has the interaction
vertex interaction term g’%z/}yﬂBMw, the same form as the QED photon interaction term.
The GSW model postulates that the physical photon, A, and Z boson are formed from a

mixture of the W and B, fields such that:
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A, [ costw sinfyw B,
Z, ~ \ —sinfy cosbw wp ’

where the mixing angle 6w is known as the Weinberg angle. By demanding the terms
in the electroweak Lagrangian containing A, are consistent with the original QED formu-
lation, it can be shown that the EM and weak coupling strengths and quantum numbers

can be related according to:

e = gw sin Oy = ¢ cos Oy,
Y =2(Q - Iy).

The resulting symmetry of the electroweak force is SU(2), xU(1)y, with a covariant

derivative of the form

Y
D,=0,+igwT - W, +ig’§Bﬂ. (1.18)

1.4.3 The Higgs Mechanism

Local gauge invariance in the Standard Model is broken by boson mass terms in the La-
grangian. This is not an issue for QED and QCD, which are both mediated by gauge
bosons which are massless; however, the W+ and Z bosons which mediate the weak
force have been experimentally observed to have mass. Additionally, massive fermions
would violate SU(2),, gauge invariance, as left and right-handed chiral states would trans-

form differently. The Higgs mechanism resolves this apparent contradiction by describing
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how particles acquire mass through interactions with a Higgs field.

Figure 1.4: The ‘Mexican hat potential’; a simple model for the shape of the Higgs field ¢.

Image from [19].

The simplest model of the Higgs field is a weak isospin doublet of complex scalar fields

¢;, with four degrees of freedom:

6= o _ b o1+ 1
¢° V2 \ @3 +idy )’
where ¢ is neutral, and the sign of the charged field ¢* can be inverted by the opera-

tion (¢1)* = ¢~. The Lagrangian of this doublet can be expressed as

L= (D) (D*¢) — V(¢), (1.19)

where D, is the SU(2),xU(1)y covariant derivative from Eq. [1.18\ The first term in
Eq. is the kinetic term of the field, and the second term is the Higgs potential V (¢),

taking the form



1.4. THE WEAK FORCE 31

V(¢) = 12¢'¢ + M9 9)?,

where 1 and \ are scalar constants. The term proportional to ¢¢ is the kinetic term
for a scalar particle associated with the field, while the ;2¢'¢ term can be considered the
particle’s mass term. The lowest possible energy state of ¢ corresponds to the minimum
of V(¢), and is known as the vacuum expectation value, v. If u*> < 0, this V(¢) has an

infinite set of degenerate minima which satisfy

PR N (1.20)
g b TR TS T g 9N '
which implies that the minimum of the potential is located at ¢ = v = @ # 0. When

a choice of a particular v is made, the symmetry of ¢ is spontaneously broken. If a vacuum

state where ¢, = ¢, = ¢4 = 0, ¢35 = v is chosen, the resulting vacuum expectation of

0l610) = —= <S>,

can be expanded about the minimum to give
1 [ (=) +iga(x)
¢“)‘v@<v+nm»+w4@)’ e

which introduces one massive scalar field n(x) and three massive, unphysical Gold-

stone fields ¢(x):24 to the Lagrangian. The Goldstone fields can be removed from the
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Lagrangian through the choice of a particular gauge, the unitary gauge, which causes
the Goldstone fields to be absorbed into the longitudinal polarisation components of the
W and Z fields present in D, while also providing them mass terms. Eq. can be

rewritten in the unitary gauge:

1 0
o(x) = 7 (U N h(%)) , (1.22)

where h(x) is the same scalar field as n(x), rewritten to emphasise that it corresponds
to the physical Higgs field. Eq. can the be substituted into the expanded covariant
derivative term of the Lagrangian in Eq. [1.19] and expressed in terms of the physical W+

and Z bosons:

(D) (D) = 5 (Buh)(0"h) + 3% (W WH ) (v -+ h)?

2 2
+ I (2,200 + b2

+“—2( +h)2—i(v+h)4 (1.23)
o \Y 16 ’ '

from which the mass terms of the electroweak bosons can be read off:

_ gwvu
=5
o VoWt g? mw
Z 2 cos Oy’
my =0

Additionally, Eq. includes terms for the trilinear couplings between the elec-
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troweak vector bosons and an additional scalar Higgs boson introduced by the Higgs

field, h, self-coupling terms for the Higgs boson, and the Higgs mass term

mp = /2[pf.

The spontaneous breaking of the SU(2),xU(1)y symmetry also provides a mecha-
nism for explaining fermion masses. This is accomplished by introducing a term coupling
the fermions to the Higgs field into the Standard Model Lagrangian, and spontaneously
breaking SU(2), xU(1)y symmetry of the Higgs field as in Eq. [1.21] The resulting La-

grangian term is given as:

EYukawa = Z <_%U¢f¢f - %h¢f¢f> )

!
where the first term has the correct form to represent the mass term for fermion f if

the Yukawa coupling parameters y are chosen such that

m

This concludes the overview of the Standard Model, a theory that describes the fun-

damental nature of the universe with 18 free parameters:

9 related to the masses of the quarks and charged leptons;
* 4 related to the CKM matrix, comprising 3 mixing angles and 1 complex phase;

+ 3 couplings to the strong and electroweak forces;
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« 2 related to the Higgs mass and Higgs vacuum expectation value.

The Standard Model, as described here, has been crafted, tested and updated over
the course of many decades and, so far, has stood up robustly to experimentation. How-
ever, it is an incomplete theory, with several avenues for new discoveries remaining, in-

cluding:

Dark matter and/or supersymmetry;

The hierarchy problem;

CP violation in the strong sector and the matter/antimatter asymmetry of the uni-

verse;
» Neutrino mixing, masses and Dirac vs Majorana nature;

» The incorporation of a description of gravity into the model.

1.5 W boson production in association with jets

A sufficiently robust foundation of the Standard Model has now been established such
that the production of W bosons in association with inclusive jets, hereafter referred to
as W+jets can now be discussed. W +jets provides challenging conditions for QCD mod-
els, and therefore is an important benchmark process; the W boson production requires
knowledge of the electroweak sector, while the associated jet can provide a probe of

calculations’ QCD modelling.
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At LHC energies, W +jets differential cross-sections can cover several orders of mag-
nitude and can reach up to several TeV in jet energy. Additionally, as shown in Figure
[1.5, W+jets has the second-highest production cross-section at the LHC after inelastic
pp scattering, meaning the large statistics can extend the sensitivity of differential 1V +jets
cross-sections up to large jet energies and rapidities. W +jets production data can also
provide powerful constraints for measuring PDFs. Furthermore, due to this large cross-
section and the presence of leptons, jets and missing transverse energy from the neu-
trino in the final-state, W +jets is an important background for Higgs measurements and

searches for physics beyond the Standard Model.

Standard Model Total Production Cross Section Measurements stats: march 2021

—
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Figure 1.5: Summary of production cross-sections at the LHC. Figure from [20].

At the lowest order, W +jets is produced via quark-gluon fusion or initial-state gluon
radiation, as illustrated in Figure [1.6] both of which provide direct sensitivity to the gluon.

In the analysis which will be presented in Chapters [B{7] 17 +jets production cross-sections
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will be measured differentially in variables sensitive to the higher-order corrections of
several state-of-the-art predictions, to which the measured cross-sections are compared,

to benchmark advancements in fixed-order QCD calculations and matching and merging

schemes.
q w q w
>- >
q 9 g
q q

Figure 1.6: Feynman diagrams of two W +jets production modes at lowest order in QCD;
Initial-state radiation (left) and quark-gluon fusion(right).

Despite the larger branching fraction for W — ¢¢’, the measurement presented in
this thesis is made in the W — [v decay channel as this provides the cleanest detector
signature, and minimises the contribution from systematic uncertainties related to jet re-
construction. The ratio of the charge-dependent W+ /W~ differential cross-sections will
also be presented; this ratio measurement allows many systematic uncertainties to can-

cel, increasing the precision of the test of the models.

Since gluons couple equally to » and d quarks, the charge-dependent cross-section
measurements also provide sensitivity to the PDFs of valence quarks in the range 1073 <
x < 0.3 [21] via the quark-gluon fusion production mechanism. The initial-state radiation
production mode also provides PDF-constraining information for the sea quarks; the tran-

sition from @ — d has a different cross-section to « — s since the CKM matrix elements
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Via 7 Vi

S

hence, the relative contribution of the different down-type sea quarks to the

proton is accessible via the W +jets production cross-section.
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Chapter 2

The LHC and the ATLAS detector

“One ring to rule them all, one ring to find them...”

— J.R.R Tolkien, ‘Lord of the Rings’

The goal of experimental high energy physics is to test fundamental theories of sub-
atomic matter, and its interactions, through scattering experiments in high-energy regimes.
There are two phases involved in performing such experiments - each interaction has par-
ent particles which must be prepared by an accelerator, and products which are observed
by detectors. This thesis will focus on data from the Large Hadron Collider (described in
Section[2.1), where collisions are prepared by accelerating protons and heavy ions to very
high energies. This increases the energy available for the formation of the collision prod-
ucts and allows smaller length scales to be probed, as observed by the ATLAS detector,
described in Section 2.2,

39
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2.1 The Large Hadron Collider

Figure 2.1: An aerial image of the area covered by the 27 km long LHC ring, with the
outline of the underground accelerator superimposed as a yellow line .

The Large Hadron Collider (LHC) is the world’s largest and highest energy particle
accelerator. It takes the form of a 27 km long synchrotron ring under the French-Swiss
border approximately 100 m underground, occupying the tunnel formerly used by the
Large Electron Positron (LEP) collider. The LHC primarily accelerates two beams of pro-
tons (although it also has the capability to accelerate heavy ions) to several TeV before
colliding them at four interaction points, where the four main LHC experiments are located,

to study the products of the collisions and their subsequent decays.

The LHC acceleration chain is shown in Figure 2.2l The LHC’s protons are sourced
from a hydrogen bottle, where the hydrogen atoms are ionised to H~ ions in an electric
field. Since 2020, the LINAC 4 (previously the LINAC 2) is used to accelerate the H~

ions to 160 MeV. The ions are then injected into the Proton Synchrotron Booster (PSB,
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referred to simply as ‘Booster’ in Figure [2.2) where they are stripped of two electrons to
create protons. The PSB is composed of four synchrotron rings where the protons are

boosted to 1.4 GeV and gathered together into ‘bunches’.

The CERN accelerator complex
Complexe des accélérateurs du CERN
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Figure 2.2: The CERN accelerator complex feeding the Large Hadron Collider (dark blue
line). Graphic courtesy of [24].

For heavy ion collisions, the ions originate from a vapourised lead source, before be-
ing accelerated by the LINAC 3 and boosted by the Low Energy lon Ring (LEIR) and

subsequently following the same path as protons to the LHC.

The next stage in the acceleration chain is the Proton Synchrotron (PS), which in-
creases proton energy to 25 GeV. Protons then continue to the Super Proton Synchrotron
(SPS) where they are accelerated to 450 GeV. Finally, the protons or heavy ions are in-

jected into the LHC synchrotron rings’ beam pipes, where one beam circulates clockwise
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and the other circulates anticlockwise. As of the beginning of LHC Run 3 in 2022, maxi-
mum beam energy for protons is 6.8 TeV in each beam for a total centre-of-mass energy

of 13.6 TeV.

The LHC uses radio frequency cavities to boost the protons/ heavy ion beams, which
are bent in a circle using 8.3 T superconducting dipole magnets and are focused using
guadrupole magnets. The proton beams are composed of 2544 bunches of 10!! protons
each, separated in time by 25 ns and circulate in groups called bunch trains. After circu-
lating for up to several hours, the bunches are brought together to collide at one of four

interaction points on the LHC ring, where the four main LHC experiments are located:

» ALICE (A Large lon Collider Experiment) [25] focuses on heavy-ion collisions to
study a phase of matter called the quark-gluon plasma, which provides information
on the strong force in environments of extreme energy densities with many decay

products from the heavy-ions collisions.

» LHCb (Large Hadron Collider Beauty) [26] specialises in the study of the differ-
ences between matter and antimatter, focusing particularly on hadrons composed
of heavy-flavour quarks. These hadrons are produced mainly in the forward region,

leading to the distinctive asymmetric shape of the LHCb detector.
* The CMS (Compact Muon Solenoid) [27] and ATLAS (A Toroidal LHC ApparatuS)

[28] experiments are general purpose high energy physics detectors.

As this document focuses on data collected by the ATLAS experiment, this detector

will be described in Section 2.2
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2.1.1 Cross-sections, luminosity and pile-up

A typical observable for measurements in high energy physics is the cross-section, a
measure of probability of a particular interaction occurring. This is generally denoted by

o and measured in units of area, usually the barn b = 100 fm?.

Another important quantity in high energy physics is luminosity. Instantaneous lumi-
nosity is a measure of real-time beam intensity, and for two Gaussian beams colliding
head-on can be calculated from [29]:

_ NiN2f N,

L=

9
ooy

where N, , are the number of protons in bunch 1 and bunch 2 respectively, f is the
revolution frequency, N, is the number of bunches and o, , are the beam widths in the =
and y directions respectively. In practice, it is more typical to refer to the time-integrated
luminosity L = [ Ldt. This ‘integrated luminosity’ is treated as a proxy for the amount of

data collected as the number of recorded events and can be expressed as:

N =oL. (2.1)

Higher luminosity conditions allow lower cross-section processes to be probed by ex-
periments, however, this comes at the expense of large amounts of pile-up. Pile-up is
additional pp interactions or soft QCD activity other than the process of interest, which
can affect the reconstruction of event kinematics and create additional backgrounds. A

more in-depth discussion of pile-up sources, classification and strategies for mitigating
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its effects is in Chapter [4] Pile-up is generally quantified by (x), the average number of

interactions per bunch crossing.

An additional key quantity in high energy physics experiments is the centre-of-mass
energy, /s , which is the energy of the system of two colliding particle in the centre-of-

mass frame and corresponds to the maximum energy available for the products created

by the collision. This is calculated as /s = \/E? — |p?|++/FEZ — |p3] in the centre-of-mass
frame. During Run 1, the LHC ran at a /s of 7 TeV and 8 TeV. Following an upgrade to
the LHC magnets, this was raised to 13 TeV for the Run 2 and subsequently 13.6 TeV
for Run 3. The High-Luminosity LHC upgrade is expected to achieve a centre-of-mass

energy of 14 TeV.

This thesis will focus on pp collisions at a centre-of-mass energy of 13 TeV taken by
ATLAS during the first two years of LHC Run 2, which took place from 2015-2018 and
collected an integrated luminosity of 140.1 + 1.2 (i.e. an uncertainty of 0.83%) fbo~! [30].
The integrated luminosity delivered by the LHC during Run 2 compared to that collected
by ATLAS is shown in Figure and the former is broken down by year for both Run
1 and Run 2 in Figure 2.30f The 2015 + 2016 dataset analysed in this thesis has an

integrated luminosity of 36.2 fbo—! .
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Figure 2.3: (a) The integrated luminosity delivered to ATLAS’ Interaction Point 1 during
LHC Run 2 (green) and the integrated luminosity recorded by ATLAS (yellow as a function
of time) [31]. (b) The integrated luminosity delivered to ATLAS during LHC Run 1 and Run
2, broken down per year [32].

2.2 The ATLAS experiment

A Toroidal LHC ApparatuS (ATLAS) [28] [32] is a general-purpose particle physics ex-
periment located at the LHC Interaction Point (IP) 1. It is designed to carry out a broad
physics programme. The ATLAS detector is cylindrical in shape and has almost 4r solid
angle coverage around the collision point, with the aim of reconstructing every particle
produced in an event so that the Missing Transverse Energy (E&) from non-interacting
particles can be calculated. The detector, of dimensions 46 m in length and 25 m in diam-
eter and weighing approximately 7000 t, is located in a cavern at IP 1 approximately 90 m
underground. A cut-away diagram of the ATLAS detector as of the beginning of LHC Run

3 is shown in Figure [2.4]

The design of ATLAS was influenced by the physics goals at the beginning of LHC op-

eration, specifically Higgs, Dark Matter and Supersymmetry searches. To be able to dis-
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Figure 2.4: Cut-away diagram of the ATLAS detector configuration as of the start of LHC
Run 3, with labels indicating the major subsystems [32].

tinguish these low cross-section processes from much higher cross-section backgrounds
produced by the LHC, the ATLAS experiment was designed with excellent particle identi-
fication, in addition to displaced vertex, and missing transverse energy reconstruction, as

key criteria. Additional key design considerations were:

High detector granularity

Fast and radiation hard electronics and sensors

Excellent tracking and calorimetry

Efficient triggering, including at low transverse momenta, with sufficient background

rejection such that an acceptable trigger rate can be maintained.
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The overall ATLAS detector is made up of nested individual subsystems, each with
a complimentary role in particle identification and reconstruction. From the centre out-
wards, these are; a tracking system called the Inner-Detector (ID) [33] [34], electromag-
netic sampling calorimeters (ECAL) [35], hadronic sampling calorimeters (HCAL) [35] [36]
and a muon spectrometer (MS) [28]. This combination of subsystems was selected so all
types of stable products of a collision can be unambiguously reconstructed, while parti-
cles unstable on the scale of the detector can be reconstructed based on their own decay
products. All components in these subsystems must be able to perform robustly and re-
liably in the high radiation environment at Point 1 and be sufficiently fast to contend with

40 MHz LHC bunch crossing frequencies.

The ATLAS experiment employs a right-handed coordinate system with an origin at
the interaction point in the detector’s centre and a z-axis running along the beam pipe.
The z-axis joins the IP to the centre of the LHC ring, while the y-axis points directly
upwards towards the surface. In the transverse plane, defined by the azimuthal angle
around the z-axis, the cylindrical coordinates r, ¢ are commonly used. The pseudorapid-
ity (n) can be defined in terms of the polar angle ¢ in the z, z plane, where n = In tan(g).

The ATLAS detector has full coverage in ¢ and coverage in n up to |n| < 4.9. The ra-

pidity can be expressed as y = éln(gfﬁ;) where F is energy and p, is the momentum
component in the z direction. Since the longitudinal boost of particles is not generally
known, as partons within the proton carry an unknown fraction of the proton’s momen-

tum, it is typically advantageous to use y or 7 in place of 4, as differences in y, Ay, are

Lorentz invariant and, for massless particles, y = n. Angular distances are measured in
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terms of AR = /(An)? + (A¢)2. As the initial momentum along the z-axis is not known,
it is standard practice to use transverse momentum pr = psinf and transverse energy

ET = FE'sinf.

The ATLAS detector is supported by a hybrid system of four large superconducting
magnets [37] 22 m in diameter and 26 m in length which provide a magnetic field for
momentum measurements in the ID and MS. The magnets are aligned such that there is
no field in the direction of the beam. The system is made up of both solenoid and toroid
magnets. The solenoid [38] [39] magnet produces a 2 T axial field aligned with the beam
for the ID and is designed with a minimised radiative thickness so as not to affect the
kinematics of particles as they pass through via electromagnetic interactions. In addition
to the solenoid, there are three toroid magnets for the MS — one for the barrel [40] and two
for the endcaps [41] with 0.5 T and 1.0 T magnetic fields respectively. All these magnets

are supported by a cryostat system to maintain the 4.6 K temperature required for cooling.

The ATLAS detector is accompanied by three additional detectors designed to provide

coverage in the forward region. In increasing order of distance from the IP these are:

» The LUminosity measurement using Cerenkov Integrating Detector (LUCID)
[42], replaced by the upgraded LUCID-2 [43] during the LHC Long Shutdown 1,
detects inelastic pp scattering in the forward region and is located + 17m from the
interaction point. LUCID is the main relative luminosity monitor for ATLAS, and is
the only ATLAS subdetector for online luminosity and beam condition monitoring.

LUCID is also capable of measuring both integrated and instantaneous luminosity.
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» The Zero Degree Calorimeter (ZDC) [44] is located + 140 m from the IP and is
embedded in the Target Absorber Neutral just beyond where the LHC beam pipe
diverges into two separate pipes. Its purpose is to detect forward neutrons from

heavy ion collisions.

» The Absolute Luminosity for ATLAS (ALFA) [42] detector is located 4+ 240 m from
the IP. ALFA measures the absolute luminosity delivered to ATLAS via the small
angle elastic scattering cross-section, which can be connected to the total cross-
section and therefore luminosity via the Optical Theorem. It is composed of scintil-
lating fibre trackers inside Roman pots - a type a detector where the volume (pot)
is separated from the accelerator vacuum by a thin window and can be moved very
close to the beam. Particles detected by ALFA have scattering angles which are
smaller than the beam divergence (5*), necessitating special high 5* runs with re-

duced beam emittance. These special runs can also be used for LUCID calibration.

2.2.1 Inner-Detector

The ATLAS ID [33] [34] provides high-precision measurements of the trajectory and mo-
mentum of charged particles produced at the ATLAS Interaction Point. These measure-
ments are performed based on the reconstruction of tracks of connected hits in the detec-
tor elements. The ID is the ATLAS subsystem located closest to the beam pipe and
is made up of three independent but complementary subdetectors; Pixel [45], Semi-

Conductor Tracker [46] and the Transition Radiation Tracker [47]. A cut-away diagram
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Figure 2.5: Cut-away diagram of the ATLAS Inner Detector configuration as of the start of
LHC Run 3, with labels indicating the major subsystems [32].

of the ATLAS ID as of the beginning of LHC Run 3 is shown in Figure 2.5

The ID is designed to provide excellent momentum resolution, track reconstruction
efficiency and primary and secondary vertex reconstruction efficiency. To achieve this,
it must have a high granularity, particularly close to the bean pipe. Due to this proximity
to the beam pipe, its components must be able to tolerate a high track density and a
radiation hard environment. Finally, it must be constructed from the minimum amount of

material possible, to prevent multiple scattering.

The ID is served by a 2 T solenoid magnet [39], which provides the magnetic
field required to measure the charged particles’ momentum, calculated from the radius of

curvature of its path r:

r = p/Bg, (2.2)
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where p is the particle’s momentum, B is the magnitude of the magnetic field and ¢ is

the particle’s charge.

The ID has hermetic coverage in ¢ and acceptance in pseudorapidity up to || < 2.5.
It is cylindrical in shape: 3512 mm in length and has a radius of 1150 mm. The Pixel and
SCT are cooled to between -5 and -10 °C to maintain an acceptable level of noise in the
radiation hard environment close to the beam pipe while the TRT is at room temperature.

Combined, the ID subsystems have a total transverse momentum resolution [28] of:

a. pT
pr

= 0.036% pr & 1.3%.

The ID primarily serves to reconstruct tracks, which can be used as analysis objects
themselves, but also are vital for electron, jet and muon reconstruction. Tracks are recon-
structed [48] in ATLAS by performing a fit to individual hits in elements of the ID, tracing
hits together into tracks. Typically at least three hits are required to make a track. For

further discussion of track reconstruction in ATLAS, see Section(3.1.1]

The individual subsystems making up the ID are illustrated in detail in Figure and

will be discussed further in the subsections below.

Insertable B-Layer & Pixel

The Insertable B-Layer (IBL) [49], is the ID subdetector closest to the beamline with the
highest granularity. It is comprised of 8 million reverse biased silicon diode sensors, with

a 50 x 250 um? pitch. In this context, ‘pitch’ refers to the distance between neighbouring
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Figure 2.6: A detailed cross-section of the ATLAS Inner Detector configuration as of the
start of LHC Run 3, with the major subsystems colour-coded and distance measurement

indicated .

sensors. Choice of pitch necessitates a trade-off between tracking resolution and the
number of readout channels required, which impacts factors such as detector noise and
complexity. When a charged particle passes through the diode, an electron-hole pair is
created, which drift towards the surface due to a potential difference placed across the

pixel, creating electrical current. At the surface the current is collected, and a hit/ no hit

decision is read out.

The IBL was added for LHC Run 2 to provide an removable extra layer of pixels clos-
est to the beamline. The purpose of this upgrade was primarily for better primary and
secondary vertexing for heavy flavour tagging, leading to the name ‘B-Layer’. Additional
benefits of the IBL include higher small radius resolution, and improved tracking perfor-

mance. The IBL is located 33 mm from the beam pipe.
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Moving outwards from the beamline, the next ID subdetector is the silicon Pixel detec-
tor [45], which is comprised of three barrel layers and three endcap layers and also plays
a crucial role in reconstructing both primary and secondary interaction vertices. It is com-
posed of 1744 identical modules, 250um thick. Almost all modules have a pixel pitch of
50x400 m?, which is dictated by the pitch of the front-end electronics. Each pixel module
has an intrinsic accuracy of 10 um in the r, ¢ plane and and 115 ym in z. In total, there
are approximately 80 million individual pixels bump bonded through to readout integrated

circuit channels in the Pixel detector.

Semi-Conductor Tracker

Moving radially outwards, the next subdetector in the ID is the Semi-Conductor Tracker
(SCT) [46]. The SCT is made of silicon microstrip modules, which operate similarly to the
pixels but are elongated in the = direction. At the radius at which the SCT is located, this

is a worthwhile trade-off, as continuing the use of pixels would be prohibitively expensive.

The SCT is comprised of four cylindrical overlapping layers in the barrel and nine discs
at each end cap. There are a total of 6 million 6.4 cm long strips with 80 xm pitch and
285 um thickness across 4088 modules, with 768 active strips per module. In each barrel
module, two layers of strips are overlaid at a 40 mrad angle. This provides eight hits for
any track traversing this region, in addition to the ability to measure hits in two coordinates.
The endcap is made up of strips arranged radially, and an additional set of stereo strips

offset at an angle of 40 mrad. The endcap strips also have a pitch of approximately 80
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pm. This gives a per-module intrinsic accuracy for the SCT of 17 um in the r, ¢ plane and

580 pm in the z direction.

Transition Radiation Tracker

The Transition Radiation Tracker (TRT) [47] is the furthest ID subdetector from the inter-
action point, extending out to a radial distance of 1 m. The TRT is made of 4 mm diameter
polyimide drift (straw) tubes, 144 cm/ 37 cm long in the barrel / endcap, providing tracking
information in the r, ¢ plane only with a positional resolution of 130 um. Each tube is
filled with a mixture of oxygen, xenon, argon and carbon dioxide gas, and contain a 31
pm thick gold-plated tungsten ‘straw’ anode wire, with the wall of the tube acting as the
cathode. When a charged particle passes through a straw, the gas inside is ionised and
electron-hole pairs drift under the potential difference inside the straw, creating an elec-
trical current which is collected and read out. In the barrel, there are 73 layers of straws
arranged parallel to the beam axis. Each straw has an intrinsic accuracy of 130 ym. In
the endcap, 160 layers of straws are arranged radially in wheels. In total, the TRT system

has coverage up to |n| < 2.0 and involves approximately 351000 individual straws.

In between the straws, polypropylene fibres and foils provide abrupt changes in refrac-
tive index, causing particles to emit different amounts of transition radiation x-ray photons
depending on their Lorentz boost. This provides information on Particle ID (PID), as the
masses of particles with the same momentum can be distinguished, with lighter particles

emitting more radiation. In particular, this PID system allows electrons and pions to be
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distinguished. The transition photons are measured via the photoelectrons they create

inside the tubes.

The dimensions of the three ID subsystems described in the sections above are sum-

marised in Figure [2.7]

Item Radial extension (mm) Length (mm)
Overall Inner Detector (ID) envelope 0<r<1150 0< |z| <3512
Beampipe 23.5<r <30
Pixel (Insertable B-Layer (IBL) included) Overall envelope 31 <r<242 0 < |z| <3092
4 cylindrical layers Sensitive barrel 335 <r< 1225 0 < |z] < 400.5
2 x 3 discs Sensitive endcap 88.8 <r<149.6 495 < |z| < 650
Semiconductor Tracker (SCT) Overall envelope 255 < r < 549 (barrel) 0 < |z| < 805
251 < r <610 (endcap) | 810 < |z|] < 2797
4 cylindrical layers Sensitive barrel 299 <r <514 0<|z] <749
2 x 9 discs Sensitive endcap 275 < r < 560 839 < |z| < 2735
Transition Radiation Tracker (TRT) Overall envelope | 554 < r < 1082 (barrel) 0<|z] <780
617 <r < 1106 (endcap ) | 827 < |z| < 2744
73 straw planes Sensitive barrel 563 < r < 1066 0<|z] <712
160 straw planes Sensitive endcap 644 < r < 1004 848 < |z| <2710

Figure 2.7: A summary table of the dimensions of the components of the ATLAS Inner-

Detector [32].

2.2.2 Calorimeters

ATLAS measures the energy of particles that interact both electromagnetically and hadron-
ically using several types of sampling calorimeter technology [35] [36]. Sampling calorime-
ters work by alternating layers of ‘active’ material, which sample particles’ energy, and
‘passive’ layers of dense, high Z material. Upon entering the calorimeter, a primary parti-
cle is absorbed by the passive layer and triggers a cascade of secondary particle ‘show-

ers’. The physical process triggering the shower depends on both the type of incident
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Figure 2.8: Cut-away diagram of the ATLAS calorimeter configuration as of the start of
LHC Run 3, with labels indicating the major subsystems [32].

particle and the calorimeter technology employed - examples include bremsstrahlung for
the case of electrons and pair production for the case of photons. The showers then
interact with material in the active layer to produce a detectable signal. This signal is
collected between layers, before the secondary particles enter a new passive layer and
trigger further showers. This process continues until secondary particles no longer have
sufficient energy to produce new showers, after which the primary particle is considered
to have been fully absorbed. The total magnitude of the shower’s measured signal is pro-
portional to the energy of the original incident particle. Because of this, calorimeters aim
to fully stop any particle for which they measure energy, and hence most SM particles are
stopped in the ATLAS calorimeters. A cut-away diagram of the ATLAS calorimeter system

as of the beginning of LHC Run 3 is shown in Figure [2.8]

The ATLAS calorimeters are hermetic in ¢ and have an acceptance up to || < 4.9
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so that most showers fall within the calorimeters’ acceptance, a feature which is also
beneficial for Es* reconstruction. The calorimeters are segmented in the transverse
plane to provide positional information, and in z to give information of shower shape which
can aid particle identification. The segmentations have a finer granularity in the region
covered by the ID, and become coarser in the forward region where only jets and Emiss

can be reconstructed.

Because calorimeters must completely absorb all showers triggered by a primary par-
ticle, depth is an important design consideration. For electromagnetic calorimeters, this is
quantified using radiation length X, the mean distance in the material for a high-energy
electron to have its energy reduced by a factor of 1. For hadronic calorimeters, the depth
measure is the interaction length A, which is the mean distance travelled by a hadronically

interacting particle before undergoing a hadronic interaction with the material.

The general expression for energy resolution (oz) in the ATLAS calorimeters [28] can
be described using the equation:
OF N S

F:E@ﬁ@c (2.3)

where E represents energy and N, S, C are parameters specific to individual types
of calorimeter technology, and are usually derived from fits to calibration data [50]. The
first term in Eq. is a noise term, arising from electronics, soft QCD and pile-up and
significant in the low-energy regime. The second term is a stochastic term arising from

sampling statistics and shower shape evolution and dominates the resolution up to several
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hundred GeV. The final term corrects fluctuations that are independent of energy, includ-
ing detector effects and non-uniformities. For the ATLAS electromagnetic calorimeters,
typical resolution is approximately %2 ~ % +0.7% . For the hadronic calorimeters, which

must contend with more complex hadronic showers, typical resolution is approximately

%8 50\/%0 +3.4% @ 12 in the barrel and endcap regions and 22 ~ L\/%% +10% in the forward

calorimeters.

The specifics of the individual subsystems making up the ATLAS calorimeters will now

be described below.

Electromagnetic Calorimeter

The ATLAS Electromagnetic calorimeter (ECAL) is designed to measure energy from
electromagnetically interacting particles i.e. electrons, photons, and a portion of jets’ en-
ergy. The ECAL is a lead — liquid argon (LAr) sampling calorimeter [35], with 1024 layers
of lead in an accordion shaped structure acting as the passive material. Liquid argon fills
the space between each lead layer, chosen because it is both stable and radiation hard.

The signal is gathered by Kapton electrodes stationed in between each layer.

The ECAL has complete symmetry in ¢ and is divided in to two parts, a barrel section
for |n| < 1.475 and two endcaps covering the range 1.375 < |n| < 3.2, each with their own
cryostat system for maintaining the argon in a liquid state. The LAr Electromagnetic
Barrel (EMB) [51] is designed to have a radiation length of X, > 22 and is divided into

two half barrels with a small gap at z=0. The LAr Electromagnetic Endcaps (EMECs)
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[52] have a radiation length of X, > 24 and are made up of two coaxial wheels — an outer

wheel covering 1.375 < |n| < 2.5 and an inner wheel covering region 2.5 < || < 3.2.

In the central region |n| < 2.5 covered by the ID, the ECAL is three layers deep, with
two layers in the remaining regions. The innermost layer is divided into 4 mm strips in
n, which is sufficient granularity to resolve individual photons generated by neutral pions.
The remaining layers are made up of coarser ‘towers’ in 7, ¢ of dimensions 0.025 x 0.025
and 0.05 x 0.025 respectively for the measurement of shower shape. The region |n| < 1.8
is further supported by a presampler [53] composed of one active LAr layer of thickness

between 0.5 — 1.1 cm, to correct for energy lost by particles before they reach the ECAL.

Hadronic Calorimeter

The ATLAS Hadronic Calorimeter (HCAL) employs multiple different technologies to mea-
sure the energy of hadronically interacting particles. In total, it is approximately 9.7/ 10
interaction lengths deep in the barrel/ endcap region(s) respectively [28]. This depth is
sufficient to reconstruct high-energy jets with acceptable resolution and to reduce the
level of jet punch-through to the muon system to below the level of muons produced by

the non-prompt decay of heavy flavour jets.

Extending radially outwards from the ECAL the first layer of the HCAL encountered in
the barrel region is hadronic Tile calorimeter [36], a sampling calorimeter with 64 mod-
ules made of steel passive layers and plastic scintillating tiles. The Tile calorimeter con-

sists of three layers in the barrel region (|| < 1.0) and two layers in its extended barrels
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(0.8 < |n| < 1.0), and is segmented into 7, ¢ towers of dimensions 0.1 x 0.1 and 0.2 x
0.1 for the first two layers and outermost layer respectively. The photon signal from the
scintillating tiles is read out using wavelength shifting optical fibres and measured using

photomultiplier tubes.

In further forward regions, two different types of calorimeter technology are employed.
The LAr Hadronic Endcap Calorimeter (HEC) [35] [54] covers the range 1.5 < |n| < 3.2
and is made up of two wheels per endcap. The HEC is composed of active LAr layers and
passive copper layers to optimise resolution and heat removal. The HEC is segmented
into towers of dimensions 0.1 x 0.1 up to |n| < 2.5, after which towers have dimensions

0.2x0.2.

Finally, the LAr Forward Calorimeter (FCal) [55] covers the most forward region
3.1 < |n| < 4.9, and uses liquid argon as its active material. For its passive layers, this
calorimeter employs copper in its first layer and tungsten in subsequent layers to provide

containment for the hadronic showers.

2.2.3 Muon Spectrometer

The Muon Spectrometer (MS) [28] is the outermost subdetector in ATLAS, and is de-
signed specifically to measure muons, the only interacting Standard Model objects ex-
pected to survive the calorimeter systems. The muon system provides tracking coverage
up to |n| < 2.7 alongside triggering up to |n| < 2.4. The system is comprised of supercon-

ducting air core toroid magnets, precision muon trackers and a fast muon trigger system.
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Figure 2.9: Cut-away diagram of the ATLAS muon spectrometer configuration as of the
start of LHC Run 3, with labels indicating the major subsystems [32].

The system must provide muon pr measurements over a broad spectrum, with typical
momentum resolution of %T = 10% for 1 TeV tracks. A cut-away diagram of the ATLAS

MS as of the beginning of LHC Run 3 is shown in Figure [2.9]

Precision Muon Trackers

The precision muon trackers are designed to measure muon momentum and charge
ID via bending in the r, z plane. They also supply the muon’s positional coordinate in
the bending plane, with the other azimuthal coordinate provided mainly by the muon trig-
ger system. The bending is supplied by superconducting toroid magnets with 0.5 T and
1 T fields in the barrel/ endcap regions respectively. In the barrel region, the tracking
chambers are arranged in three concentric cylinders centred around the beam at radii

of approximately 5 m, 7.5 m, and 10 m. In the end-caps the chambers are arranged in



62 CHAPTER 2. THE LHC AND THE ATLAS DETECTOR

wheels perpendicular to the z-axis. The wheels are positioned at distances between =z =
7.4 m - 21.5 m from the interaction point. The alignment of the chambers must be very

precisely known (to < 30xm) in order to achieve the desired sagitta resolution.

The main technology employed in the muon trackers are 1098 Monitored Drift Tubes
(MDTs), which provide spatial resolution of 35 um per chamber up to || < 2.7. Muons
passing through the MDTs ionise the gas inside the tubes, a mix of 93% argon and 7%
carbon-dioxide chosen for its robust ageing properties. The resulting electrons and ions
drift towards a tungsten rhenium anode held at 3 kV at the centre of the tubes. In the barrel
region, the MDTs are arranged in 16 overlapping sections with a gap at =0 due to cabling
for the solenoid magnet, with further gaps arising in some sectors due to mechanical

supports.

In further forward regions 2.0 < |n| < 2.7 where the large muon flux impacts the track-
ers’ radiation tolerance and reconstruction efficiency, the first layer of MDTs is replaced
by a system of two disks of multiwire proportional chambers called Cathode Strip Cham-
bers (CSCs) with eight chambers each. The cathodes in these chambers are segmented
into orthogonal strips, one parallel to the wire and the other perpendicular. The CSCs
have a resolution of 60 um in the bending plane compared to 80 xm per MDT tube. Ad-
ditionally, the split CSC cathodes provide the azimuthal coordinate with a resolution of 5
mm. The CSCs have a drift time of 40 ns compared to the MDTs’ 700 ns, leading to better

timing resolution and muon reconstruction performance in the high occupancy region.
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Muon Trigger System

In addition to precision tracking, the ATLAS MS also includes hardware for triggering. The
muon trigger system [28] is designed to trigger on muon hits in different layers, providing
accurate bunch crossing identification requiring a total response time of < 25 ns. The
muon trigger system can also measure both the n and ¢ spatial coordinate, providing the

additional coordinate for the muon not supplied by the MDTs.

Two separate subsystems make up the muon trigger system. In the barrel region,
three cylindrical layers of Resistive Plate Chambers (RPCs) provide triggering on muon
tracks with pt thresholds ranging from 6 GeV to 35 GeV. These chambers are made up
of plates positioned 2 mm apart with an electric field of 4.9 kV/mm between them, and
have a response time of 1.5 ns. These chambers are read out by capacitive coupling to

the metallic strips on the outside of the plates.

In the endcaps up to |n| < 2.4, 3-4 layers of Thin Gap Chamber (TGC) multiwire
proportional chambers provide triggering with a response time of 4 ns. The TGCs are
made of two parallel plates with a carbon-dioxide and n-pentane gas mixture in between,
with a wire-to-cathode distance smaller than the wire-to-wire distance. Muons passing
through the chambers ionise the gas and cause avalanches of electrons which are read

out as signal.

During the ATLAS Phase-l upgrades during the LHC Long Shutdown 2, the innermost
layers of the MS endcaps commonly referred to as the 'small wheels’ were replaced in

advance of LHC Run 3. The ‘New Small Wheels’ (NSWs) [56], occupy the same position



64 CHAPTER 2. THE LHC AND THE ATLAS DETECTOR

and cover the same range 1.3 < |n| < 2.7 as the previous system. Two new technologies,
Small-Strip TGCs (sTGCs) and MICRO-MEsh GASeous detectors (Micromegas), pro-
vide sufficiently fast response time for integration into the ATLAS Level 1 trigger (Section
[2.2.4). The NSWs provide improved pr resolution for the trigger alongside increasing the
background rejection, allowing for lower muon pr trigger thresholds while maintaining an

acceptable trigger rate.

2.2.4 ATLAS Trigger System

With collisions in ATLAS occurring every 25 ns, it would be impossible to save every
event without quickly exceeding the available computing resources, bandwidth and data
storage constraints. The solution put in place by ATLAS, and many other particle physics
experiments, is to implement a ‘trigger’ system which saves only events with interesting
signatures and high energy objects. By prioritising saving such events, trigger systems
are essential for returning a dataset dense in interesting physics and making efficient use

of resources.

The ATLAS trigger system [57] [58] [59] has two main layers; Level 1 (L1) and the
High-Level Trigger (HLT), where each subsequent layer refines decisions and implements
additional selections with respect to the previous layer, reducing the rate of events passing
each time. During each ATLAS run, a ‘trigger menu’ is provided, which is a list of available
trigger chains (combinations of L1 and HLT selections) that can be enabled by the ATLAS

Central Trigger Processor. The set of triggers enabled depends on the goal of a particular
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run. Certain chains in a trigger menu may be ‘prescaled’, a technique which optimises
the use of the available bandwidth by saving only a specified fraction of randomly selected
events passing a given chain. This technique is typically used with low threshold trigger

chains, or to adapt on the fly to changing detector and beam conditions.

The ATLAS L1 trigger consists of custom-built electronic hardware, and is capable
of making decisions in 2.5 us, reducing the event rate to 100 kHz. The L1 trigger uses
coarse granularity information, and generally passes events with a high pr hit in either the
calorimeters or muon system. The L1 trigger also defines Regions of Interest (Rols) in 7,

¢ based on these hits, which are passed onto the HLT.

The High Level Trigger is software-based and operates as similarly to the ATLAS
offline event selection as possible to refine the decisions made by the L1 trigger. The
HLT takes the Rols as inputs and adds the full precision and granularity available from the
subdetectors, either in this region only or for the full event depending on the trigger chain.
During Run 2, the average event processing time by the HLT was 400 ms, reducing the
rate to 3 kHz. Compared to the L1, the HLT has the capability to apply more complex

procedures like b-tagging or EMss reconstruction in its decisions.

Finally, events passing the HLT are subject to the full ATLAS offline event reconstruc-
tion procedure. Data recorded by ATLAS, along with Monte-Carlo simulations produced
by ATLAS are initially stored at CERN’s Tier 0 of the Worldwide LHC Computing Grid
before being distributed around the world. When this data is analysed, object reconstruc-

tion, calibration and initial preselections are typically performed using the internal ATLAS
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‘Athena’ software. Final data processing and plot production is generally done with ROOT

or Python.

The result of all the subsystems described in Section[2.2]operating in tandem is shown
in the example in Figure2.10}, of an event recorded by the ATLAS detector on 11 May 2023

during the first collisions of stable 6.8 TeV beams of 2400 bunches of protons [60].

ATLAS

EXPERIMENT “"’.J“

Run: 451896
Event: 349429897
2023-05-11 11:46:34 CEST

Figure 2.10: A transverse plane view of an event recorded by the ATLAS detector on 11
May 2023 during the first collisions of stable 6.8 TeV beams of 2400 bunches of protons
[60]. Starting from the centre Pixel hits (white dots) are shown, followed by hits in the SCT
(yellow strips), and TRT (white/red dots). These hits are fit together to reconstruct charged
particle tracks (orange lines). Moving radially outwards, energy deposits in the barrels
of the electromagnetic LAr calorimeter (green squares) and the hadronic Tile hadronic
calorimeter (yellow/orange squares) are shown. Finally, the tracks of two reconstructed
muons from the Interaction Point our to the Muon Spectrometer (red lines) are shown.



Chapter 3

Object reconstruction in ATLAS

“If the shoe fits, walk in it 'til your high heels break”

1

— Taylor Swift, ‘Long Story Short

The ATLAS detector is designed such that each type of particle produced in a pp col-
lision results in a distinct set of signals recorded in each subsystem described in Chap-
ter[2l Subsequently, these signals are processed to infer the type of particle or ‘object’
which deposited them, in a procedure called ‘object reconstruction’. In ATLAS, ‘low-level
objects’, or collections of detector deposits, are initially reconstructed and serve as the
basis for the rebuilding of ‘high-level objects’, representing an event’s collision products.
Prior to their use in physics analysis, these collections of particles are subject to quality-
control requirements, and energy or transverse momentum calibration. ATLAS maintains
specialised performance groups, each with expertise in different objects, dedicated to op-
timising the reconstruction process, performing calibrations and evaluating the associated

67
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uncertainties.

3.1 Low-level objects

The first stage of the object reconstruction procedure in ATLAS is the initial processing
of the signals read out by individual subsystems of the detector, resulting in the rebuild-
ing of ‘low-level objects’. These objects themselves do not represent individual particles
produced by a collision, but rather a particle’s interaction with the material of the detec-
tor; for example, a charged particle’s trajectory in a magnetic field, or electromagnetic
or hadronic showers in the calorimeter. Ultimately, each type of reconstructed particle is
built from different combinations of these low-level objects. In this section, the following

low-level objects will be discussed; tracks, vertices and calorimeter clusters.

3.1.1 Tracks

ID tracks

‘“Tracks’ represent a charged particle’s trajectory through a magnetic field, from which the
charge and momentum of the particle can be inferred (see Eq. [2.2). Track reconstruction
in the ATLAS Inner-Detector is performed in two stages: first, ‘inside out’, then ‘outside in’

[61].

The inside out procedure begins with preprocessing ‘clusters’ of hits in the silicon Pixel
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and SCT trackers, created by combining groups of pixels or strips with common edges or
corners in which the deposited signal is above a certain threshold [48]. These clusters
are then translated into three dimensional ‘space-points’, and represent the point at which

a charged particle intersected the active material.

Track candidates are seeded from sets of three space-points in either the Pixel or SCT,
with loose selection criteria applied, which are compatible the the trajectory of a charged
particle track. A fourth ‘confirmation space-point’, one which would be compatible with the
candidate track’s curvature were it to replace either the innermost or outermost space-
point in the seed, is subsequently included. From this updated seed a ‘search road’
of detector modules compatible with the track candidate’s trajectory is defined, where
compatible clusters are expected to be found. The seeds are then extended along the
search road in both directions by incorporating these additional clusters using a Kalman

filter [62] to produce the final collection of track candidates.

Overlaps between track candidates, and the rejection of fake tracks from incorrect
combinations of clusters, are then resolved using the ‘ambiguity solver’. Track candidates
are scored on the basis of quality and number of shared clusters with other nearby can-
didates, and lower quality tracks with many shared clusters are rejected. The estimated
position and uncertainties of the remaining track candidates are then updated using a
neural network. The resulting collection of track candidates are refit using a global >
approach to return a collection of high-precision tracks. Finally, these tracks are extended
into the TRT using the same road search - Kalman filter - 2 fit procedure described

above.
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The inside out approach is the primary method by which the high precision tracks of
primary particles produced in pp interactions are reconstructed. However, to increase
the acceptance of particles produced further from the beam line (e.g. conversion pho-
tons), the outside in procedure is subsequently applied - a secondary back-tracking pass
originating from the TRT using only hits that have not yet been assigned to tracks. The
outside in procedure is seeded by segments of TRT hits located in ‘Regions of Inter-
est’, as determined by EM calorimeter deposits. In regions close by the segment, silicon
track seeds are constructed using two space-points, which are subsequently extended
into track candidates using the same procedure as the primary track reconstruction be-
fore being (re)extended back into the TRT. Unused TRT segments are reconstructed as
TRT-Standalone tracks, which, in addition to “special” tracking passes also performed by
ATLAS, are not used in the work presented in this document and will therefore not be

discussed further.

The tracks used in the pile-up tagging and W +jets sections of this thesis are required
to pass the ‘Tight Primary’ quality selections as recommended by the ATLAS tracking

performance group, requiring:

* pr > 500 MeV;

* |n| < 2.5;

Number of Pixel+SCT hits > 9 for || < 1.65, > 11 for |n| > 1.65;

0 Pixel holes (a missing track in an active sensor), and < 2 SCT holes;

> 1 hit in either the IBL or b-layer, if hits are expected in both.
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Muon spectrometer tracks

Muon-spectrometer tracks are initially reconstructed using localised short, straight-line
track segments in different stations. These segments are combined into three-dimensional
initial track candidates based on the position of the interaction point and the parabolic
bending of a muon in the magnetic field using precision measurements in the bending
plane from the MDTs and an additional coordinate from the muon triggers [63]. Muon
tracks are then reconstructed using a y? fit of the muon’s path through the magnetic field,
accounting for interactions with the detector material and possible misalignment between
different chambers. Based on the trajectory determined by the fit, the set of hits included
in the track is updated and the fit is repeated. Low-quality tracks which share a large
proportion on hits with high-quality tracks are removed, and the final set of tracks is re-
turned by performing a final fit accounting for energy-loss in the detector and constraints

imposed on the IP.

3.1.2 \Vertices

Using good quality ID tracks reconstructed as described in Section [3.1.1] it is possible
to reconstruct the primary vertices at which pp interactions occur. A seed position for
the primary vertex is selected based on the beam spot position in the transverse plane
and the position of closest approach of the selected tracks to the beam spot. The tracks
and the seed vertex position are then subject to an iterative fit procedure, where, in each

iteration, incompatible tracks are removed. This procedure is repeated with the tracks
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deemed ‘incompatible’ with the first reconstructed vertex until all other primary vertices
in the event have been reconstructed. The event’s hard-scatter primary vertex, PV, is
determined to be the primary vertex with the largest associated sum of squared transverse

momentum Xp?..

tr,

%
X

Figure 3.1: A sketch of the impact parameters on which many ATLAS object reconstruc-
tion procedures place selections.

Reliable reconstruction of PV, is required for the determination of particles’ impact
parameters, selections on which are frequently used to remove particles produced by
light hadron decays (see Section |5.3), and to identify jets originating from heavy-flavour
quarks (see Section[3.2.4). These variables are illustrated in Figure 3.1} d, is the distance
of closest approach in the transverse plane of a particle to the beamline, and z, is the

distance along the z axis from PV, to the position at which d, is measured.
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3.1.3 Calorimeter clusters

‘Calorimeter clusters’ are collections of nearby calorimeter cells in both lateral and lon-
gitudinal directions containing significant deposits of energy from the showering of elec-
tromagnetically and hadronically interacting particles . The shorthand ‘calo-clusters’ or

‘topoclustes’ is frequently used to refer to calorimeter clusters.

‘“Topoclustering’ [64] [65] algorithms reconstruct showers in ATLAS by iteratively com-
bining neighbouring calorimeter cells measuring an energy E which is significantly greater
than the expected level of noise o from the detector electronics and pile-up. Topoclusters
are seeded by calorimeter cells which have energy E > 40. Neighbouring cells are then
included in the cluster if £ > o. Finally, all adjacent cells to the cluster are included if
E > 0. If the topocluster is found to have more than one local maximum, the cluster is
split; see Section [3.2.3] for further detail. Topoclustering algorithms are efficient at noise
suppression, particularly for large clusters, and are therefore used for jet and Ess recon-

struction.

For either type of clustering algorithm, the resulting clusters are initially calibrated to
the approximate electromagnetic (EM) scale. The high-level objects they are used to re-
construct are subsequently fully calibrated based on type of particle. Generally, during the
calibration procedure for reconstructed particles built using clusters, the particle’s energy
will be corrected for dead areas of the detector included in the cluster, and for any shower

energy deposited outside of the reconstructed cluster.
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3.2 High-level objects

‘High-level objects’, built using combinations of the low-level objects described in Sec-
tion represent the particles produced in a collision reconstructed from the signals left
through interaction with the detector. Once reconstructed, these objects are subject to
additional processing; applying selections to reduce backgrounds, calibrating object kine-
matics, or ‘tagging’ the object with additional information. This section summarises the
reconstruction procedure for the objects used in the pile-up jet tagging studies described
in Chapter |4/ and in the muon channel of the 1 +jets analysis detailed in Chapters

however; this is not an exhaustive list of all high-level objects reconstructed by ATLAS.

3.2.1 Muons

Muons act as minimume-ionising particles as they pass through ATLAS, leaving signatures
in every detector subsystem [63]. ATLAS muon reconstruction, which can be performed
up to |n| < 2.7, relies primarily on tracking and hit information from the ID and MS, with
some additional information from the calorimeters used to assist the determination of track

parameters and to correct for large energy losses.

Several muon reconstruction strategies are employed by ATLAS, with each corre-

sponding to a particular ‘type’ of muon:

« Combined (CB) muons are reconstructed by matching ID tracks to MS tracks and

performing a combined fit of the matched tracks. Calorimeter information is added
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to account for energy losses as the muon passes through the detector. Based on
the outcome of the combined track fit, the set of MS hits included in the track is
updated, and the combined track fit is repeated. In cases where the reconstructed
muon falls outside the |n| < 2.5 acceptance of the ID, the MS track may instead be

combined with shorter track segments made up of Pixel and SCT hits;

* Inside-out (IO0) combined muons are built from ID tracks extrapolated to the MS,
where at least three loosely aligned hits are matched. This method is beneficial
in regions where there are gaps in the MS coverage due to cabling or mechanical

supports, and for low pr muons which may not reach the middle stations of the MS;

— The muon channel of the W +jets analysis, presented in Chapters 57}, uses CB

and 10 muons;

» Muon-spectrometer extrapolated (ME) muons are used when an MS track cannot
be matched to an ID track, and instead the MS track is extrapolated directly to the
beamline. This type of muon reconstruction is useful in regions where there is MS

coverage but no ID coverage i.e. 2.5 < || < 2.7;

» Segment-tagged (ST) muons require that an ID track extrapolated to the MS is
matched, with tight angular constraints, to a hit in at least one MS segment. This

reconstruction method is beneficial for low pr muons;

 Calorimeter-tagged (CT) muons are reconstructed from ID tracks extrapolated through
the calorimeters and matched to deposits consistent with a minimum-ionising par-

ticle. This approach yields better reconstruction efficiency in regions of limited MS
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coverage.

Once muon candidates have been reconstructed, a collection of high quality muons
must be identified for use in physics analysis. As individual analyses have distinct re-
quirements, ATLAS defines a collection of ‘Working Points’ (WP) which each have differ-
ent criteria and efficiencies for muon identification and rejection of backgrounds due to
non-prompt muons from the in-flight semileptonic decay of light hadrons. The muon iden-
tification WPs are defined with respect to the number of hits in the ID and MS, properties
of the track fits, and on the ¢/p compatibility of the measurements in the two subsystems,

defined as:

la/p> — q/pwms|
\/‘72(Q/pID) + U2(Q/pMS)7

q/p compatibility =

where ¢/pip ms is the ratio of charge ¢ and momentum p in the ID and MS respectively

and o(q/pip.ms) are the associated uncertainties.

In order of increasing purity and decreasing efficiency, the three ‘standard’ muon iden-
tification WPs are: Loose, Medium and Tight, where the selections defining tighter WPs
are subsets of those for looser WPs. The muon identification efficiencies for both prompt
muons and non-prompt muons from light-flavour hadron decays using these standard
WPs are shown in Figure as a function of » and pr . Additional WPs are defined for
use in extreme regions of phase space. For the Medium WP used in the muon channel of
the W +jets analysis, CB and 10 muons within |n| < 2.5 must have at least two stations

where the muon has at least three hits (‘precision stations’) in the MDTs or CSCs and a
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q/p compatibility of less than 7. In the region 2.5 < |n| < 2.7, ME muons are also included

and must have at least three precision stations.
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Figure 3.2: The muon identification efficiency for prompt muons and non-prompt muons
from light-hadron decays of the Loose, Medium and Tight identification Working-Points as
a function of muon pseudorapidity (left) and transverse momentum (right). Figure from
[63].

To distinguish prompt muons from additional non-prompt backgrounds from heavy
flavour hadron decays, a set of isolation selections is imposed, as prompt muons are
less likely to have significant additional activity in their vicinity. Isolation variables can be
either track or calorimeter based, with combinations of the two generally resulting in bet-
ter performance. Both types of variables measure the amount of transverse momentum
or transverse energy in a cone centred around the muon (with the muon’s pr or energy
removed). Track based isolation variables are calculated by taking the scalar sum of the
pr of tracks associated with the primary vertex in a AR cone around the muon, where AR
is either 0.2 or min(10GeV/pk., 0.3), labelled p5ene2® and pyreone3V respectively. Calorimeter-

based isolation calculates the sum of Er, corrected for deposits from the muon and from
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pile-up, in topological clusters located in a AR = 0.2 cone centred around the muon’s

trajectory through the calorimeters, and is labelled E{°%",

Similarly to muon identification, several isolation WPs are defined which balance prompt
muon acceptance with background rejection, built from combinations of selections on the
isolation variables. The ‘PFlowTightFixedRad WP applied to muons used in the W +jets
analysis muon channel requires tracks to have pr > 500 MeV and imposes the following

selections on the isolation variables:

(p%arconeii(] +04- EfropoconeQO) < 0.16 - p%’ (pl% < 50G€V),
(chonEZO +04- Ertropocone20) < 0.16 - p%, (p% > 50G€V)

Differences in muon reconstruction, identification, isolation and track-to-vertex asso-
ciation efficiencies between data and MC must be accounted for and corrected. These
efficiencies are measured in samples of J/¢ — pp and Z — uu decays for the 3 GeV <
ph < 15 GeV and pf. > 15 GeV regimes respectively. Efficiencies are measured using the
Tag and Probe method [63] in the region |n| < 2.5. In this method, one of the final state
dimuon pair, the tag, is subject to stringent identification and trigger criteria while the other
probe muon is used to test the properties of a particular algorithm or WP. The efficiency
of a particular criterion X is then calculated from the ratio of the number of probes P that
are AR matched to a muon reconstructed or identified according to X to the total number

of probes:
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N

E(X’P) W.
P

The level of agreement between efficiencies calculated in data and MC is quantified

using scale factors (SF)

EData

eMC’

SF =

which are deployed at analysis-level to correct for differences between data and MC.
Finally, mismeasurement of the muon momentum scale and resolution, and MS alignment

must also be calibrated. This procedure is described in detail in [66].

3.2.2 Electrons

Electrons are reconstructed in ATLAS by combining information from the ID and the elec-
tromagnetic calorimeters. In the central region || < 2.5, electron candidates can be
identified via a track entering the ECal and depositing a calorimeter cluster in its vicinity.
In the forward region, only calo-clusters are available for electron reconstruction, however;
rejection of backgrounds from photons or pions is still possible in this region through the

use of calorimeter variables such as electromagnetic shower shape.

Electron reconstruction is seeded by calorimeter topoclusters, which are reconstructed
as described in Section[3.1.3| Only energy from cells in the EM calorimeter is considered,

the the exception of the ‘transition region’ 1.37 < |n| < 1.63 between the calorimeter barrel
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and endcaps, where measurements from the calorimeter presampler and the scintillator
between the calorimeter cryostats are also included [67]. This is referred to as the ‘EM
energy’ of the cluster, while the ratio of a cluster’s EM energy to its total energy is known
as its ‘EM fraction’ fry. Only clusters passing preselections fiy > 0.5 and and EM energy

> 400 GeV are retained for electron reconstruction.

The tracks used for electron reconstruction are initially reconstructed as described in
Section [3.1.1] Additionally, any candidate tracks which fail the initial track fit are refit ac-
counting for electron energy loss in the detector via bremsstrahlung. This set of track
candidates is subsequently matched to the barycentre of the seed clusters and refit again
using an optimised Gaussian-sum filter [68] to better account for charged particle en-
ergy loss in material. The track-cluster matching procedure is then repeated with more

stringent requirements.

Subsequently, collections of matched tracks and topoclusters are used to create elec-
tron candidate ‘superclusters’. In the first stage, a set of seed clusters are identified, which
are required to have E+ > 1 GeV, and a matched track with > 4 hits in the silicon detectors.
Subsequently, the algorithm attempts to identify a set of ‘satellite clusters’ to be added to
the seed cluster to recover energy losses in the detector. Initially, unused clusters within
An x A¢p =0.075 x 0.125 of the barycentre of the seed clusters are considered, as these
likely originate from secondary showers from the same primary electron. Furthermore,
clusters within An x A¢ = 0.125 x 0.300 are also considered if their ‘best-matched’ track
is the same track matched to the seed cluster - such satellite clusters are likely the result

of bremsstrahlung radiation or topocluster splittings. Finally, the set of reconstructed su-
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perclusters are assigned calorimeter cells, are restricted to a maximum width of 0.075 or
0.125 in the 7 direction in the barrel and endcap region respectively to limit sensitivity to
pile-up noise, and have their energy and position calibrated to produce the collection of

reconstructed electrons used for analysis.

Similarly to muons, to ensure high-quality electrons are reconstructed for physics anal-
yses, candidate electrons are subject to identification selections to increase the purity of
prompt electrons and reduced backgrounds due to photon conversions or pion decays.
This is performed using a likelihood (LH) based discriminant [67] [69]. This discriminant is
calculated using an Multi-Variate Analysis of several input variables including; hits in each
layer of the ID, ECal shower shape and energy density, impact parameters with respect
to the IP and the track-cluster matching. Several WPs corresponding to values of the LH
discriminant are defined, corresponding to trade-offs between signal purity and electron

identification efficiency.

Isolation working points are also defined in order to reduce backgrounds from semilep-
tonic heavy quark decays and from photon conversions. Similarly to muons, isolation vari-
ables are defined with respect to the degree of track activity or energy deposits, corrected
for the electron energy, pile-up and energy leakage, within a cone centred around the

electron, from which electron isolation WPs are derived.

Finally, mismeasurements of the electron kinematics must be corrected, in addition to
differences in detector responses for electron reconstruction, identification and isolation

between data and MC. The procedure for the former is described in [70], and the latter is
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corrected via multiplicative scale-factors evaluated in J/v, Z — ee samples as described

in [69].

3.2.3 Jets

During LHC Run 1, hadronic jets were rebuilt in ATLAS using information from either
solely the calorimeter or solely the tracker, with the majority of analyses using calorime-
ter topoclusters [65] as inputs to jet clustering algorithms. During Run 2, an alternative
approach was introduced, where jets are seeded by collections of matched tracks and

topological clusters called Particle Flow Objects (PFOs) [71].

The combination of ID and calorimeter measurements versus the use of calorimeter

information alone provides several benefits for jet reconstruction, including:

« The ID has an inverse transverse momentum resolution of ‘;fJ—TT = 0.036% - pr ® 1.3%,
whereas the calorimeter energy resolution for single charged pions in the central

region is %2 = 2% g \% ® 3.4%. Therefore, for low energy charged particles, the

tracker has a significantly better resolution than the calorimeter;

— Additionally, the tracker also has better angular resolution for single charged

particles;

» The tracker has track-to-vertex association capabilities, meaning that hadronic ac-
tivity originating from in-time pile-up vertices (see Chapter |4) can be rejected by

requiring that PFlow jets be associated with the hard-scatter vertex;



3.2. HIGH-LEVEL OBJECTS 83

» Low-pr charged particles can be clustered into a jet using tracking information be-

fore they are swept out of the jet cone by the magnetic field;

» The calorimeter provides the ability to reconstruct neutral particles, coverage in the

ATLAS forward region and better energy resolution for highly-energetic particles.

The ATLAS PFlow algorithm [71] uses tracks and positive-energy topoclusters as in-
puts, and returns PFOs comprised of matched tracks and clusters. For every charged
particle for which the track information is used, the corresponding energy must be sub-
tracted from cells in the matched cluster to prevent the double-counting of transverse
energy/ momentum. An overview of the PFlow algorithm is presented in Figure [71], with

each step summarised below:

Selected
Tr

k
Szlch Tracks l—uc)| Match Track |_>| Compute E/p
to Cluster |- > |

Matched
Cluster

Cell
Subtraction f----

+Remnant

Removal i _
LU Modified
Clusters

- nchange
Unmatched Clusters
Clusters

Clusters Unmatched

Clusters

Figure 3.3: An overview of the Particle Flow algorithm which reconstructs the Particle Flow
Objects used as inputs to the jet clustering algorithms ATLAS employs to reconstruct jets.
Figure from [71]

1. The set of all well-reconstructed tracks in event are selected; tracks with at least
nine hits in the silicon detectors, no missing Pixel hits, || < 2.5 and 0.5 < pr <
40 GeV. The upper bound on track pr is included as energetic particles often have
significant nearby hadronic activity. As this makes removing the associated clusters

challenging, it is therefore more accurate to account for energetic particles using the
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calorimeter. Tracks previously associated with either an electron or muon are also

removed.

2. Each selected track is matched to the barycentre of a single reconstructed topoclus-

ter;

3. For successfully matched tracks, the expected energy deposited in the calorime-
ter by the particle that created the track, £/p, is calculated based on the matched

cluster position and track momentum;

4. For each track-cluster system, the likelihood that all the particle’s energy was de-
posited the single matched cluster is evaluated. On this basis, more clusters are

added to the system until the whole shower energy is recovered;

5. The expected energy deposit from track is subtracted cell-by-cell in each matched

cluster;

« If the remaining energy in the matched clusters is consistent with expected

fluctuations from the hadronic shower, the clusters are completely removed.

This procedure returns a set of Particle Flow Objects for each event, containing matched
track and energy-subtracted cluster collections generated by charged particles, in addi-
tion to unmatched, unmodified clusters from neutral particles. Before use in ATLAS jet
reconstruction, tracks in the PFOs are required to match the hard-scatter primary vertex
within |zosinf| < 2 mm to suppress pile-up, and clusters are required to have positive
energy. PFOs meeting these requirements are then used as inputs to the anti-kr [72]

jet-clustering algorithm with a radius parameter of 0.4.
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Anti-k1 is a conceptually-simple, Infra-Red and Collinear (IRC) safe algorithm for hadronic
jet recombination, which results in jets with regular boundaries which are not influenced by
soft radiation emissions. It can be derived from a generalisation of sequential combination
clustering algorithms, of which kr and Cambridge/Aachen are also IRC-safe ex-
amples; however, the boundaries of jets clustered using these algorithms can be irregular

as the result of soft radiation emissions - see Figure [3.4]

Figure 3.4: The jet shapes generated by a variety of jet clustering algorithms, including
anti-kr , in a parton-level event generated by Herwig version 6.5 [75]. Figure from [72].

The generalised case of the sequential combination algorithm can be expressed

by defining the distance measures:

A2

R?’
dip = k7,
,B — vy,
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where d;; is the distance between inputs ¢, j € (Topoclusters, PFOs, etc., depending
on the use case), d; g is the distance between input i and the beam B. kr; is the transverse
momentum of input i and A?; = (y; — y;)* + (¢: — ¢,)* is defined with respect to the inputs’
rapidities y and azimuthal angles ¢. The distance metric also depends on two parameters:
the jet cone R, and p, which governs the relative power of the energy scale versus the
geometrical scale. p=1 corresponds to the kr algorithm, p=0 recovers the Cambridge-
Aachen algorithm and p = —1 corresponds to anti-kt . In the anti-kt case, the distance

metric d;; becomes:

(L L)A?j
ki kg R?

(3.1)

dij = min

Jet recombination is then performed by iteratively identifying the smaller of the distance
metrics. If d;; < d; s, i and j are combined into a single ‘pseudojet’ which is retained in the
setof inputs. If d;; > d; p, i is labelled a jet and removed from the list of inputs. The factors
of 1/kr in Eq. [3.1]ensure that hard particles are prioritised over a similarly separated soft
particles, and importantly, soft emissions do not modify the shape of the final jet, which is

almost circular.

The energy response of reconstructed anti-kr jets is subsequently calibrated to the
ATLAS Jet Energy Scale (JES) [76], to restore the measured reconstructed jet energy to
the particle-level energy scale. This calibration sequence involves multiple stages, which

are illustrated in Figure [3.5/and summarised below:

1. Origin correction: The four-momentum of the jet is recalculated with respect to the
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. 'Jet area-based pile- Residual pile-up
EM-scale jets Origin correction T up tion
Jet finding applied to Changes the jef direction Applied as & function of Removes residual pile-up
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Figure 3.5: A summary of the ATLAS Jet Energy Scale calibration sequence. Figure from

[76].

hard-scatter primary vertex, rather than the origin of the detector. This procedure

improves the jet n resolution;

2. : Pile-up subtraction: Excess pr originating from pile-up is removed from the re-
constructed jet in two stages. ‘Area-based pile-up subtraction’ first subtracts the
pile-up contribution to the pr of each jet based the the jet area A and the event’s

average pile-up pr density p in the n, ¢ plane:

corr,1 reco

pr =pro —p XA

Subsequently, a residual pile-up correction is applied for the dependence exhib-
ited by p on the number of primary vertices Npy and on the mean number of inter-
actions per bunch crossing p, which are sensitive to in-time and out-of-time pile-up

and are discussed in further detail in Section 4.1}

P =pP™ —ax (Npvy — 1) — B x p,

where the parameters « and g are derived from a fit to MC.

3. The absolute JES calibration corrects the jet four-momentum to the particle-level
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energy scale using a jet energy response derived from a Gaussian fit to the core of
the Erece / Euth distribution for truth jets in Pythia dijet MC [77]. A numerical inversion
is then used to derive a transformation from £ to E'uth [78]. A correction for n
biases in the calibration, due to differences in calorimeter granularity at different
pseudorapidities and transition regions between calorimeter technologies, is also

applied at this stage;

. The reconstructed four-momentum and associated uncertainties are further improved

at the Global Sequential Calibration stage, by correcting for residual dependen-
cies on jet flavour and longitudinal and transverse shower shape. Jets initiated by
gluons are often softer with more particles spread over a wider area, whereas quark-
initiated jets contain fewer hadrons with a higher fraction of the jet pr each, which

are more likely to punch through the HCal to the muon-spectrometer;

. Finally the in-situ calibrations are performed to correct jets in data for differences

between jet response in data and MC. This is performed using well-measured ref-
erence objects which balance a jet’s pr to directly measure the JES, including Z
bosons and photons. This stage also includes the ‘n-intercalibration’ extrapolation
to the forward region of the jet energy response derived in well-measured central
jets. For each in-situ calibration, a correction factor ¢ is derived from the double ratio

of jet response R in data and MC:

c— 7—\)'data - <pT,pr0be/pT,ref>data

Rwic (DT probe/ DT ref) MC

In regions of jet pr where the jet energy resolution in data is better than in MC, the
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simulation is subsequently smeared until its average resolution matches that of data. This
smearing is based on the Jet Energy Resolution (JER) measurement, which takes the
general form:

olpr) N S

=— o —6C,
pbr pr \VPT

where the noise N, stochastic S and constant C' terms have previously been discussed
with respect to the calorimeter energy resolution Eq. [2.3] and are determined using bal-

ancing techniques against well-measured reference objects.

Finally, reconstructed jets are subject to pile-up tagging procedures, to identify and
remove any jets not originating from the primary hard-scatter vertex. These procedures

are discussed in detail in Chapter (4]

3.2.4 Jet Flavour Tagging

In order to study a significant number of processes in the ATLAS physics programme,
the ability to distinguish which quark flavour initiated a particular reconstructed jet is re-
quired. To accomplish this, ATLAS employs ‘flavour tagging’ algorithms. These algorithms
operate on the premise that jets initiated by heavier quarks which therefore have longer
lifetimes, subsequently decay at Secondary Vertices (SV) which are located at a distance
greater than the spatial resolution of the Inner-Detector, meaning that it is possible to
reconstruct them. ATLAS flavour-tagging algorithms typically categorise jets into one of

three categories - b-jets, c-jets or light flavour jets, the latter including jets that originate
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from the hadronisation of «, d, s quarks and gluons.

ATLAS b-jet tagging algorithms (‘b-taggers’), such as the DL1r algorithm used in the
W +jets analysis are usually machine-learning based and generally involve two stages -
low-level and high-level taggers [79]. Low-level taggers are algorithms designed to recon-
struct the characteristic features of b-jets. They either exploit the larger impact parameters

associated with b hadron decays, or explicitly reconstruct displaced secondary vertices.

The outputs of the low-level taggers are subsequently combined and used as inputs to
deep-learning classifiers which return the likelihood that the jet originated from a particular
quark flavour. The DL1r algorithm is a member of the fully-connected multi-layer feed-
forward neural network DL1r series introduced at the beginning of Run 2, trained on 70%
tt events and 30% 7' — qq events [80]. DL1ir returns a multidimensional output: The
probabilities that a jet originates from a b, ¢ or light jet. These probabilities are used to

calculate the discriminant Dy, for labelling an individual jet as a b-jet:

Pb

D r:hl )
Pt (fc'pc+<1_fc)'plight)

where py, p. and pign: are the probabilities of a b, c or light flavour jet, and f. being
the background hypothesis effective c-jet fraction. As with all taggers, DL1r is calibrated
to correct for data/MC differences - this is performed separately for each flavour of jet, in

data, and is extrapolated pr values beyond the coverage of the data using MC.
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3.2.5 Missing Transverse Energy

In ATLAS pp interactions, all momentum of the initial colliding protons is aligned along the
beam pipe, with zero initial momentum component in the transverse plane. Therefore, by
conservation of momentum, all reconstructed objects the final state must have their vector
pr sum to zero, with a non-zero sum indicating the presence of non-interacting particles
in the event, for example SM neutrinos or weakly-interacting BSM particles. In ATLAS,
this missing transverse energy is referred to interchangeably as £™** and calculated ac-

cording to [81]:

Ef*=— 3 pi— > pr— Y pr— ), ph— Y pF - pEt.

selected selected selected selected selected unused
electrons photons taus muons jets tracks
N ~~ d v
hard term soft term

(3.2)

Each object in the ‘hard term’ in Eq. [3.2)is reconstructed and calibrated using the same
procedure as those same objects reconstructed for use in physics analyses. The order of
the objects included in the hard term is chosen deliberately, such that objects with better
background rejection efficiency are reconstructed first. Lower priority objects which share
calorimeter signals with higher priority objects are removed, so that no energy deposit
is double-counted. Jets are also subject to pile-up removal and a dedicated overlap-
removal procedure with muons, discussed in further detail in Section Additionally,
the same selections applied to objects in a given analysis should also be applied to the

corresponding objects entering the Eq. hard term.



92 CHAPTER 3. OBJECT RECONSTRUCTION IN ATLAS

The ‘unused tracks’ in the soft term refer to ID tracks originating from the primary
vertex, but which have not been associated with or calibrated as any particular object.
These signals must still be included, however, so that soft event activity is accounted for

in the EX¥s reconstruction.

Large values of EX* in data are an important signature in a variety of new physics

searches. Additional observables related to the £ include: The scalar Exiss = |[EFiss| =

\/(E;gﬁSS)2 + (E3s)?, which indicates the overall scale for the hardness of the event in the
transverse plane, and ¢™* = arctan( £} /EX"), which corresponds to azimuthal angle

of the EXis* in the transverse plane.



Chapter 4

Pile-up tagging in the ATLAS central

region

“So many bright lights to cast a shadow”

J

— My Chemical Romance, ‘Famous Last Words

4.1 An introduction to pile-up

At a hadron collider, partons in colliding protons other than those involved in the primary
interaction create pile-up - collisions or energy deposits in the detector, that do not pri-

marily originate from the same pp interaction as the event’s primary hard-scatter.

There are two types of energy deposits that contribute to pile-up - QCD pile-up and
stochastic pile-up. QCD pile-up is caused by additional single pp interactions, from either

93
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the same or different bunch crossing as the hard-scatter, which are expected to conserve
momentum in the ATLAS transverse plane. In contrast, stochastic pileup combines en-
ergy deposits from a combination of different sources and therefore momentum is not
expected to be conserved. In general, QCD pile-up is more likely to occur at higher pt ,
pseudorapidity and less harsh pile-up conditions. Jets formed from stochastic pile-up lack
the distinctive dense energy core of jets that originate from a single pp interaction such as
hard scatter or QCD pile-up jets. Instead energy is distributed more uniformly throughout

the cone of stochastic pile-up jets. [82].

While the reconstruction and calibration of jets from the hard-scatter, as implemented
in the ATLAS software, accounts for these additional energy deposits in a pile-up subtrac-
tion procedure, this ’jet-area subtraction’ assumes a uniform pile-up density across the
ATLAS calorimeter, and local fluctuations in pile-up density can cause additional pile-up
jets to be reconstructed [76]. Figure illustrates an event containing one hard-scatter
jet, one QCD pile-up jet and one stochastic pile-up jet. Most of the deposits clustered into
the QCD pile-up jet contain particles from a QCD pile-up interaction whereas the stochas-
tic pile-up jet contains particles from several interactions without one dominant source. As
illustrated in Figure [4.1], however, both types of pile-up jets can contain particles which are
clustered into the jet from more than one source. Indeed, the binary classification of pile-

up jets can be somewhat arbitrary, particularly in intense pile-up conditions.

Pile-up can be further classified on the basis of timing. In-time pile-up originates from
collisions occurring in the same bunch crossing as the event’s hard scatter, whereas out-

of-time pile-up refers to energy deposits from previous or following bunch crossings taking
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Figure 4.1: Diagram of simulated hard-scatter, QCD pile-up and stochastic pile-up jets in
the ATLAS r — z plane [82]. Also shown are the jets’ transverse momentum pr and, for
the pile-up jets, difference in R,r (defined in Section from the primary vertex.

place 25 ns in the past or future respectively. As with the QCD / stochastic distinction
above, this classification is not strictly binary as signals from multiple sources can be
clustered into a single jet. In general, QCD pile-up jets are more likely to originate from
in-time pile-up interactions while stochastic pile-up jets are more likely to come from out-

of-time deposits.

Pile-up tagging, the identification and removal of pile-up jets, is a crucial aspect of
the ATLAS jet reconstruction, and will become increasingly important as the level of pile-
up increases over time. Figure illustrates the time evolution of pile-up in ATLAS,
quantified by the ‘actual number of interactions per bunch crossing’ i, which is equivalent
to the mean of the Poisson distribution of the number of interactions per crossing for each

bunch and calculated from:

o ﬁo—inel

B frnb
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where L is the instantaneous luminosity, oy, is the inelastic cross-section, ny, is the
number of colliding bunches and f, is the LHC revolution frequency [83]. Figure
shows that the ‘average number of interactions per bunch crossing’ (i), determined by
integrating 1. over all colliding bunches, is increasing over time, from (x) = 33.7 during
Run 2 to (i) = 44.6 during Run 3 up to 5th June 2023. These levels are expected to
further increase into the future, with a (i) ~ 65 planned for the remaining high-intensity
pp runs of Run 3 and an expected mean number of interactions per bunch-crossing of at

least (1) ~ 130 planned for the High-Luminosity LHC upgrade [84].
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Figure 4.2: The evolution over time of the recorded luminosity of pile-up in collisions deliv-
ered to ATLAS, quantified by the mean number of interactions per bunch crossing. Orange
indicates collisions collected during the 2011-2012 years of Run 1, green indicates lumi-
nosity recorded during Run 2 and purple corresponds to Run 3 up to 5th June 2023 .
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4.1.1 A brief history of pile-up tagging in ATLAS

Several variables have been implemented by ATLAS for the purposes of pile-up tagging
over the course of LHC Run 1 and Run 2, and are described in detail in [83]. Jet Vertex
Fraction (JVF) may be considered the most straightforward of such variables. Defined for
each jet with respect to each primary vertex (both hard-scatter and QCD pile-up) in the
event, the JVF variable is used to quantify the likelihood that jet; originated from primary
vertex PV, by calculating the ratio of the scalar pr sum of all tracks matched to jet; that

originate from PV, to the total scalar pr sum of all tracks matched to jet;:

Y om DT (tracki,iti, PV,)
Zn Zz pbr (traCk;eti ) Pvn)) ’

JVF (jet;, PV;) = (4.1)

where the index m runs over all tracks matched to jet; originating from PV,, n runs
over all primary vertices in the event and [ runs over all tracks matched to jet; originating

from PV,,.

However, while JVF selections can be an effective [83] method for rejecting pile-up in
moderate luminosity conditions, Eq. is dependent on the number of primary vertices
in an event (Npy), introducing limitations in intense pile-up conditions. To correct for this,

two new variables were defined for use as inputs to a new pile-up tagger.

Firstly, corrdVF, a variable similar to JVF with the Npy dependence corrected, is de-

fined for each jet:
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Yo PT (tracki®, PV)
. rac jet; n Y
> pT(traCk;eti, PVy) + anlzlza(;u g PY)

track

corrJVF (jet,) = (4.2)

where PV, corresponds to the event’s primary hard-scatter vertex. The term k- n-V

track

is a correction for the increase the average scalar transverse momentum originating from
pile-up activity with increasing number of pile-up tracks per event ntV., where k is a

track?’

parameter to be determined.

Secondly, a new variable R,y is defined which depends only on the hard-scatter vertex.
R,y is the ratio of the scalar sum of tracks associated to jet; that originate from the hard-
scatter primary vertex, to the fully calibrated jet pr :

 Dom pT(trackJ;Zti, PVy)

jet;
T

The distribution of R,r for pile-up jets peaks at 0 then falls sharply, since compara-
tively few tracks from the hard-scatter primary vertex are expected to contribute to the

reconstruction of pile-up jets.

Finally, the Jet-Vertex-Tagger (JVT) discriminant is constructed using corrJVF and R,
as inputs to a k-nearest neighbour algorithm [86], with discriminant values close to 1 indi-
cating a strong likelihood a jet originates from hard-scatter and values close to 0 indicating
a jet may be pile-up. During the LHC Run 2, the JVT discriminant was the default method
of pile-up tagging in the ATLAS central region (|n|< 2.5) [83]. However, at pseudorapidities
greater than 2.5, which fall outside the coverage of the ATLAS inner-detector (the ATLAS

forward region), the tracking information used by the JVT tagger is no longer available. In
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this region, alternative methods must be used to identify and remove pile-up jets [82], an

overview of the principles of which will be described in Section [4.2]

4.2 Momentum balancing for pile-up tagging

The momentum balance pile-up tagging method for QCD pile-up jets exploits topological
information; the conservation of momentum in the ATLAS transverse plane at all interac-
tion vertices. While the initial longitudinal momentum of the beam is unknown, its initial
transverse momentum is zero. This implies that, at any interaction vertex, the vector sum
of all transverse momentum produced by the collision linked to this vertex should be zero.
One prominent example of the use of this idea in ATLAS event reconstruction is the cal-
culation of the Missing Transverse Energy (E7*) [81], but the same principle can also be

applied to the pp pile-up vertices which produce QCD pile-up jets.

The vector sum of transverse momentum linked to individual pile-up vertices can be
used to ascertain whether a given jet more likely originates from the event’s hard scatter
interaction vertex or a pile-up vertex. If the transverse momentum of the jet is approx-
imately (allowing for limitations such as the detector’s jet energy and spatial resolution
and the lack of a strictly binary distinction between QCD and stochastic pile-up jets) equal
and opposite to the vector summed transverse momentum of one of the event’s pile-up
vertices, that jet likely originated from that vertex. This jet can then be identified (‘tagged’)

as a pile-up jet, and removed from the event.
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This principle has been employed in the forward region of the detector from Run 2 in
the Forward Jet Vertex Tagger (fJVT) [82], as no techniques based on the jet’s tracks can
be used. This technique can also be impactful in the central region, as the topological
information on which it relies is complementary to the track-based inputs to the default
JVT tagger used in that region. However, in Run 2 this was not employed. The remainder
of this chapter will describe the operation and performance of a pile-up tagging tool using
jet balancing techniques in the ATLAS central region, and plans for its implementation in

Run 3.

4.3 The Balance Vertex Tagger tool

To this end, a tool was developed that employs the balance technique for pile-up tagging
in the central region. Two versions of the ‘Balance Jet Vertex Tagger’ (bJVT) tool will be
discussed in the following sections - one ‘preliminary’ version used for development and
initial performance studies, and a ‘final’ version which has been integrated into the central
ATLAS ‘Athena’ software framework. The basic operation of the ‘final’ tool integrated into

Athena is as follows:

« For all pile-up vertices in an event, the associated Particle Flow jets (as described in
Section [3.2.3)) are rebuilt. This is a necessary step to correctly capture the event’s
pile-up jets, as the Particle Flow algorithm only clusters tracks and topoclusters as-

sociated to a particular vertex into jets (by default, the primary hard-scatter vertex).
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* For each pile-up vertex, the vertex’s missing momentum is reconstructed by calcu-
lating the inverse vector sum of the transverse momentum of the jets associated to
that vertex by the PFlow algorithm. Jets included in the sum must pass a minimum
pr requirement of 20 GeV corresponding to the minimum pr to which PFlow jets are
calibrated, be in the ATLAS central region, and not have any close-by hard-scatter

jets.

In addition, the compatibility between the pr of potential jets to be included in the
sum and the pr of tracks associated to the vertex is considered. This is quantified
by the generalised version of the R, definition given in Eq. 4.3 with respect to any
primary vertex in the event:

_ IpE(PVY)

Ry == ) (4.4)

jet
T

where the index i refers to the jet under consideration, trk stands for tracks, PV' is jet
1's primary vertex and pjTet is the fully calibrated jet transverse momentum, including

pile-up subtraction.

For jets originating from a single pp hard scatter, the average value of R, with re-
spect to that hard-scatter vertex is approximately 0.5 [82]. Jets that pass a minimum
R,r threshold of 0.1 have their total transverse momentum included in the vertex’s
missing momentum. For jets that fail to pass the threshold, primarily stochastic pile-
up jets, only the charged component of their transverse momentum is included in
the vertex missing momentum as this is the component of their pr which can be

reliably associated to the vertex.
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 For each central jet in the event exceeding a minimum pr threshold, its vector trans-
verse momentum is projected onto the set of pile-up vertex missing momenta. The
maximum value of the set of projections, normalised to the central jet's pt , is re-
turned as the bJVT tagger’s discriminant. Larger bJVT discriminant values indicate
a greater degree of balancing between the central jet and a pile-up vertex, and there-
fore a greater likelihood the central jet originates from pile-up. If there are no valid
pile-up vertices in the event, or if a central jet has pr < 20 GeV and is therefore too
soft to meet the minimum threshold for PFlow jet calibration, a value of 0 is returned

instead.

The scope of a performance study on this version of the bJVT tool as implemented in
the ATLAS internal Athena software framework has been defined and is described in Sec-
tion [4.5| with initial samples being prepared at the time of writing. However, initial studies
have been completed for the earlier ‘preliminary’ version and will be presented in Sec-
tion[4.4] The differences between the bJVT tool as described above and the preliminary

version are as follows:

» The preliminary version of the bJVT tool operated on jets reconstructed using calorime-

ter clusters only, instead of PFlow jets.

» The preliminary version of the tool used JVT and JVF selections to assign jets to
QCD pile-up vertices, instead of rebuilding the jets originating from the vertices using

the PFlow algorithm.

« JVT and JVF preselections were also applied to the central jets to which the tagger
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was applied, in addition to the minimum threshold for jet pr .

4.4 Performance of the preliminary bJVT tool

The performance of the preliminary version of the bJVT tool was assessed using a sample
of 50,000 Z — uu events, a topology expected to have only small amounts of true missing
transverse energy, generated using Powheg-Box [87] and Pythia 8.2 [88] for the parton
shower with the AZNLO tune [89] with the CTEQ6L1 PDF set at NLO in QCD [90]. This
sample included collections of in-time and out-of-time pile-up at truth level, which were
incorporated by overlaying simulated minimum bias inelastic interactions generated using

Pythia 8.2 [88] with the A3 tune [91] and the NNPDF2.3 PDF [92] set at LO in QCD.

To establish the ability of the bJVT tool to identify QCD pile-up jets, a sample of jets
with a high concentration of pile-up jets must first be identified. The sample selected was
the set of jets included in the missing transverse energy calculation in events with less
than 1 GeV of truth Exs but 50 GeV of reconstructed Em. This collection of jets is
slightly different from the set of ‘standard’ reconstructed jets, as an additional jet-muon
overlap removal procedure is applied during Em reconstruction. This procedure ﬂ re-
moves jets that have significant overlap with a muon to prevent double-counting momen-
tum in the case where a muon loses sufficient energy in the calorimeter to create deposits

that are reconstructed as a jet [81]. JVT is also applied to jets included in the ERs re-

'Overlap removal procedure: A jet is removed where, p. . ... /Pt ack > 08, PE /P4 e > 20 Nvy <5
where pf. .. is the pr of the ID track associated with the muon, pjTeftrack is the sum of the pr of all tracks

associated to the jet, pi5* is the fully calibrated jet pr and NV, are the number of tracks associated from
the event’s primary hard-scatter vertex.
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construction, meaning that any central QCD pile-up jets present in this sample have been

missed by the default tagger.

Because the ATLAS EMss reconstruction depends on correctly identifying all visible
objects from the event hard scatter, the incorrect inclusion of pile-up jets can lead to £
reconstruction inefficiencies such as those selected for here. Indeed, when a AR jet truth
matching procedure, inspired by similar performance studies for the fJVT tagger [82]), was
applied between truth hard-scatter and pile-up jets and the reconstructed jets included in
the EXiss calculation in these events, Figure shows that QCD pile-up jets are a large
fraction of the jets included in these events’ EXss reconstruction. The matching procedure

used is described below:

1. Reconstructed jets are labelled as ‘hard-scatter’ if a truth hard-scatter jet with pr >

10 GeV is located within AR <0.3.

2. If no truth hard-scatter jet with p+ > 4 GeV is found within AR <0.6, a reconstructed

jet is determined to originate from pile-up. It can then be further classified by type of

pile-up:

» The reconstructed jet is labelled as QCD pile-up if a truth pile-up jet with pr > 10
GeV is found within AR <0.3. The QCD pile-up jets are subsequently further
classified as in-time QCD pile-up of out-of-time QCD pile-up depending on

the collection of truth pile-up jets to which they were matched.

» The reconstructed jet is labelled as stochastic pile-up if no truth pile-up jet

with pr > 10 GeV is found within AR <0.6.



4.4. PERFORMANCE OF THE PRELIMINARY BJVT TOOL 105
* If no truth pile-up jet of pr > 10 GeV is found within 0.3 < AR <0.6, the re-
constructed pile-up jet is not further classified and simply labelled ‘ambiguous

pile-up’.

3. For reconstructed jets with pr > 10 GeV within 0.3 < AR <0.6 of a truth hard-
scatter jet, and reconstructed jets with 4 GeV < pr < 10 GeV within AR <0.3 of
a truth hard-scatter jet, it is determined that their origin cannot be unambiguously

established. These jets are labelled as ambiguous jets.
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Figure 4.3: The truth origins of jets included in the £ reconstruction of events in the
sample described in Section [4.4] as determined by the AR jet matching scheme de-
scribed in [82]. The meanings of the acronyms on the x-axis are as follows: QCD_ITPU:
In-time QCD pile-up, HS: Hard-scatter, QCD_OOTPU: Out-of-time QCD pile-up, AMB:
Ambiguous whether jet originates from hard-scatter or pile-up, AMB_PU: Ambiguous
whether jet originates from QCD pile-up or stochastic pile-up, STOCH: Stochastic pile-

up.

Figure[4.4]shows a ROC curve (a plot which demonstrates the performance of a binary
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classifier by plotting the trade-off between its true positive rate and its false positive rate)
for the preliminary version of the bJVT tool applied to this collection of jets. In this plot,
the missing transverse momentum of the primary hard-scatter vertex was also calculated
in the same manner as the pile-up vertices. A jet included in the EX* reconstruction
is classified as pile-up if the largest normalised projection of the jet’s pr onto the set of
hard-scatter and pile-up vertex missing momenta is a pile-up vertex. The truth type of the

jet is established using the same A R matching procedure as mentioned above.

10 A . *
ATLAS Work in progress e
/’,
0.8 1 PR
”
2 R
2 ”
< ’
[} 0.6 1 ,/
2 -,
= L
w0 ”
£ 0.4 -7
4 '

S -7
= ,,’

0.2 | -7

-~
-
,/
004 27 Area under curve=0.71
0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate

Figure 4.4: ROC curve of the preliminary bJVT tool used as a binary classifier to distin-
guish hard-scatter jets from QCD pile-up jets.

Figure shows that the tagger performs above random (indicated by an area under
the curve greater than 0.5) at classifying jets in this fashion. This demonstrates that the
tool is effective at identifying QCD pile-up jets which have been missed by the JVT tagger,
even in samples where other types of pile-up is present, although the impact of other
classes of pile-up jets is not expected to be large given the composition of the sample

as shown in Figure 4.3l This is an important feature, since, as discussed in Section
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[4.1], the distinction between QCD and stochastic pile-up can at times be subjective. The
composition of the sample used in Figure[4.4]also presents an insight on how ATLAS may
further refine the momentum balancing pile-up tagging method, as some inefficiencies in
the ROC curve may be due to insufficiently stringent stochastic pile-up jet rejection by the

bJVT tool.

Figure shows the distribution of bJVT scores for jets included in the E¥* recon-
struction, classified by their truth type as designated by the AR matching scheme. The
separation in scores between hard-scatter and pile-up jets indicates that the bJVT dis-

criminant is sensitive to the differences between hard-scatter and pile-up jets.
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Figure 4.5: Distribution of bJVT scores for hard scatter jets (blue) and pile-up jets (red).

Finally, the missing transverse energy for the events in this sample was recalculated,

rejecting jets with bJVT scores above a threshold of 0.7. This initial threshold was selected
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to match that used by the ‘Loose’ working-point of the fJVT tagger, however, the study
outlined in Section 4.5 will establish working-points for the bJVT tool and their associated
thresholds. Figure[4.6]shows the ER distribution before and after the recalculation. With
the application of the preliminary bJVT tagger, the amount of misreconstructed E2 in

the sample decreased substantially.
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Figure 4.6: Reconstructed E*s for the sample of events described in Section (blue)

and the sample events where the ER* has been recalculated with an upper threshold of
bJVT = 0.7 for jets included in the reconstruction (red).

A small number of events had an increased amount of misreconstructed £ after the
application of the tool. Proposed solutions include imposing an upper pt limit on jets to
which the bJVT tool is applied, as is currently done for JVT and fJVT, or a cut on the Exiss
significance when the tool is used for E** reconstruction. E* significance S quantifies
the level of belief that the EXss reconstructed is real. The approximation of S currently

most commonly used in ATLAS is the object-based EX* significance [93]:
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miss
E T

U%(l - PiT)

S(EY) =

Y

where o, is the longitudinal component of the £ resolution and p?. is the correlation

between the longitudinal and transverse components of the £ resolution.

4.5 Outlook

This chapter has presented the first application of the momentum balancing pile-up tag-
ging technique in ATLAS outside of the forward region. That it would also be effective in
the central region of ATLAS is non-trivial, given the different detector systems and physics
activity present in the two regions. Additionally, it is not a given that applying additional
topologically-based pile-up tagging would provide any increase in pile-up tagging perfor-
mance in the central region, given the highly efficient track-based JVT algorithm already

in use.

In this chapter, it has been shown for the first time in ATLAS that a large proportion
of central jets in events with large amounts of fake ER originate from QCD pile-up,
and have been missed by the default JVT tagger. Additionally, it has been shown for
the first time that a momentum balancing technique, as implemented in the bJVT tool, is
effective at identifying such jets, even with additional types of pile-up present, and that the
discriminant produced by this tool provides separation between hard-scatter and pile-up
jets. Finally, it has been proven that the application of this technique can successfully

reduce the amount of misreconstructed E'* in events in the central region with large
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amounts of fake Fmiss,

This first investigation of the momentum balancing pile-up tagging technique in the
ATLAS central region provides a new avenue for performance improvements in both pile-
up tagging and £ reconstruction, with these studies having already spawned new in-
vestigations in the relevant ATLAS performance group. Studies are now ongoing in the
group to reoptimise the tool for new ATLAS software releases, measure the technique’s
efficiency in new topologies, and to incorporate the tool into a combined central pile-up
tagger through the inclusion of the bJVT discriminant as an input variable to the neural-

network based central pile-up tagger in use for LHC Run 3.



Chapter 5

W+jets analysis introduction

“It's a dangerous business, Frodo, going out your door. You step onto the road,
and if you don’t keep your feet, there’s no knowing where you might be swept
off to.”

— J.R.R Tolkien, ‘Lord of the Rings’

The goal of this analysis is to measure the cross-sections for W boson production
in association with jets for the first time at \/s=13 TeV in ATLAS. It aims to measure the
cross-sections differentially in variables sensitive to the QCD aspects of Monte Carlo (MC)
modelling, while also providing PDF constraining information, for charge independent W
production, separately for W+ and W~ charged bosons, and for different jet multiplici-
ties, to compare against the current state-of-the-art SM predictions to investigate regimes

where improved modelling is required.

ATLAS has previously published two measurements of WW+jets production at lower
centre-of-mass energies. The 7 TeV ATLAS W +jets measurement [94], published in 2015,

111
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used 4.6 fb~! of data to produce differential cross-sections in the W — ev decay channel,
the W — uv decay channel and a combination of the two channels. The 8 TeV ATLAS
W +jets publication [21] utilised 20.2 fbo—! of data to measure W +jets production differential

cross-sections in the W — ev channel only.

The CMS experiment has produced two analyses involving W boson production with
associated jets at 13 TeV - a measurement of W + inclusive jets production cross-sections
using 2.2 fo~! of LHC Run 2 data [95], and a measurement of W + dijet production with
an integrated luminosity of 32.9 fb~! [96]. The present analysis will include 36.2 fo~! of
data collected by ATLAS in 2015 and 2016 during LHC Run 2, which will be the most

luminosity of any W + inclusive jets analysis.

This W +jets measurement aims to produce unfolded differential cross-sections for two
decay channels of the W boson: W — evand W — puv , in addition to a combination of the
measured unfolded cross-sections in each channel into a W — [v channel. The author’s
research and this document’s focus is the W — v channel, henceforth referred to as the
‘muon channel’. This will be the first 1 +jets muon channel cross-section measurement
in ATLAS since the 7 TeV analysis in 2015 [94]. At the most basic level, this process
is identified through a single, high p muon, missing transverse energy (E%*) indicating
the presence of the non-interacting neutrino, and at least one high pr jet. The charge of
the W is identified through the charge of its decay muon, for the purposes of the charge-

dependent distributions.
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5.1 Distributions to be produced

In this measurement, differential-cross section distributions, both W charge-independent
and charge-dependent, are produced as functions of jet multiplicity N, , in addition to

variables sensitive to higher-order terms in the theoretical predictions and the PDFs:

The transverse momentum of the event’s most energetic (‘leading’) jet, plT‘*“ding ;

The rapidity of the leading jet, y'cadins ;
* The scalar sum of the transverse momentum of all jets in the event, St = . piet:

» The scalar sum of the transverse momentum of all jets in the event, the muon and

the neutrino, Hy = 37, pi™ + ph + Ex;

The transverse momentum of the W boson, p'Y . This is defined with respect to the

W decay products as pY = \/(p%)Q + (ERiss)2  2ph Emiss cos( A (ply, ERss)).

A binning scheme is chosen for these distributions such that granularity is maximised
while bin-to-bin migrations and statistical uncertainties are kept at a minimum. The met-
rics ‘purity’ and ‘stability’ can be used to quantify the degree of migrations between bins
as truth-level interactions are reconstructed by the ATLAS detector. The purity (P) of bin

7 is defined as:

N(T;UR;)

PNy

while its counterpart stability (S) is defined as:
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N(T, UR;)

where N(R;) is the number of events reconstructed in bin i, N(7;) is the number of
events generated in bin i and N(7T; U R;) is the number of events both generated and

reconstructed in bin ;.

To evaluate the trade-off between granularity and migrations, the following scheme is

applied to the p's*®™ | S1. | Hy and p¥ distributions:

1. Aninitial choice of a 10 GeV width for all bins was made, corresponding to approxi-

mately 1.40 of the resolution for ParticleFlow jets with a pr of 30—40 GeV [71].
2. Bins with purity varying more than 20—30% from the surrounding bins are rebinned.

3. Bins for which the statistical uncertainty was >20% were then also rebinned, as this

impedes the ability to easily identify the QCD effects this analysis aims to test.

4. Finally, small optimisations were made by hand in regions where significant binning

artefacts in purity or statistical uncertainty remained.

For the y'**din¢ distribution, a bin width of 0.2 was chosen .

The resulting binning scheme is the one implemented in all Figures presented for this

analysis ]

The purity, stability and statistical uncertainties in each distribution as a result of this

TWith the exception of the efficiencies used to model the multijet background; this will be discussed in

further detail in Section
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scheme, measured using the Sherpa version 2.2.11 [97] W — uv MC signal sample (de-
scribed in Section[5.2with the truth and reconstruction level analysis selections, described

in[5.3]and Section [7.2] respectively, are shown in Figure [5.1]

5.2 Signal MC samples

After unfolding the measurement, the distributions described in Section [5.1] in data are
compared to truth-level W — pv cross-section predictions created by two different state-
of-the-art Monte Carlos, with the aim of identifying regions of phase space where the
generators describe the data well, and regions where they do not. In addition, these
signal samples serve various other purposes throughout the analysis such as correcting
for detector effects in unfolding, which will be described in following chapters. A thorough
description of the generator set-ups employed to generate these signal samples will be

presented later in this section, following a brief summary of the MC simulation in ATLAS.

ATLAS uses Monte Carlo simulations to produce samples of events based on a cal-
culated cross-section prediction for a given process. The cross-sections for hard-scatter
interactions are modelled in a fixed-order matrix element calculation, which can be ex-
pressed by perturbation theory as a sum in increasing powers of the strong coupling
constant ag , and include Born level predictions with higher order real and virtual correc-
tions. Partonic-level calculations are convolved with a particular set of Parton Distribution
Functions (PDFs) to give particle-level predictions according to the factorisation theorem

described in Chapter [1]
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Figure 5.1: Top panels: Bin purity (blue) and stability (red) of the final binnings of the dis-
tributions to be unfolded, calculated using the Sherpa 2.2.11 W — uv signal MC sample.
Bottom panels: Relative statistical uncertainty of the distributions at reconstruction level
(blue) truth and level (red).
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Non-perturbative soft and collinear emissions such as Initial State Radiation (ISR) and
Final State Radiation (FSR) are modelled during the parton shower stage, where hard-
scatter partons are “dressed” with softer showers of algorithmically generated emissions
up to a certain Q? cutoff. To avoid double counting particles in the transition between hard
and soft regimes, generators will employ one of a range of matching, the subtraction of
a fixed-order parton shower calculation from a higher-order matrix element calculation to
prevent double-counting, or merging, the combination of individual calculations of different
parton multiplicities of interest, schemes. After this, physically observable hadrons are
created from the generated partons during the hadronisation step, where algorithms are
typically derived from phenomenological models as the hadronisation occurs in a non-
perturbative regime. Examples include the Lund string fragmentation model implemented
in Pythia [98] and the Sherpa implementation of the cluster hadronisation model [99].
Finally, the underlying event is simulated by incorporating models for processes including

multi-parton interactions and effects of the beam remnants.

Once a ‘truth-level’ event has been simulated, the effects of the ATLAS detector must
also be modelled to create a ‘reconstruction-level’ simulated event which can be com-
pared to reconstructed data. The first step is a simulation of the interaction of the gen-
erated particles with detector material. In the following digitisation stage, the detector
response to the particles is computed, and the effects of pile-up are overlaid. Finally, in
the reconstruction stage, the events are passed through the same reconstruction chain as

events in data, including a simulation of the ATLAS trigger and reconstruction algorithms.

Two multi-leg W — uv signal MC generators are considered for comparison to data.
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The generator setups are described in detail in [100], and are summarised below:

» Sherpa v2.2.11 [97] simulates the full event at next-to-leading-order (NLO) up to
two jets and a further three jets at leading-order (LO) for a maximum of five jets cal-
culated in the matrix element using Comix [101] and the Hessian NNPDF3.0NNLO
[102] [103] PDF set. Virtual QCD corrections to the matrix element at NLO are cal-
culated using OpenLoops [104][105][106][107]. This calculation uses the 5 flavour
number scheme, with b and ¢ quarks treated as massless in the matrix element
and massive in the parton shower. QED radiation is included in the simulation us-
ing the Sherpa implementation of the Yennie-Frautschi-Suura algorithm [108][109].
Additional jet multiplicities are added using the parton shower which employs the
pr-ordered Cantani-Seymour dipole parton shower scheme [110], and matched to
the matrix element using a colour-exact version of the MC@NLO algorithm [111]
with a cutoff Q..,=20 GeV. Events with different jet multiplicities are merged into an
inclusive sample using the CKKW matching procedure [112] [113], extended to NLO
accuracy using the MEPS@NLO prescription [114]. Hadronisation is provided using
the cluster hadronisation model [99]. This sample will subsequently be referred to

as ‘Sherpa 2.2.11’ for the remainder of the document.

» The second generator is MadGraph5_ aMC@NLO v2.6.5 [115] for matrix element
calculation at NLO up to three jets using the MadLoop [116] module and the
NNPDF3.1NNLO PDF set [117] supplemented with the LUXged photon PDFs [118]
with ag =0.118. The pr-ordered parton shower, and hadronisation based on Lund

string fragmentation [98], are subsequently performed by Pythia v8.240 [77] using
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the A14 [119] set of tuned parameters and the NNPDF2.3LO PDF set [92] with ag
=0.130. QED radiation is also added by Pythia 8. Events with different jet multi-
plicities are merged into an inclusive sample using the FxFx NLO merging proce-
dure [120], with the merging scale, Q..+=20 GeV. This calculation employs the 5
flavour number scheme, with b and ¢ quarks treated as massless in the matrix ele-
ment and massive in the shower. This sample will subsequently be referred to as

‘MGPy8_FxFx’ for the remainder of this document.

Both signal samples are normalised to the NNLO generator cross-sections. Similar
descriptions of the MC samples used to model background processes are provided in

Section [6.11

5.3 Event selection

Object and event selections are applied to both data and MC samples in the Signal Region
with the intent to increase signal yield, while also reducing background contamination as
much as possible. In this section, these selections will be summarised. The reconstruc-
tion procedure for the objects discussed in this section has previously been described in

Chapter[3

The preselections applied to data entering the W +jets analysis chain are summarised
in Table The data analysed was collected by the ATLAS detector during the first two

years of the LHC Run 2 (2015, 2016). Data events are required to pass a number of
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selections recommended by ATLAS performance groups. The event must be considered
‘Good for physics’i.e. it exists on ATLAS’s ‘Good Runs List’, which stores 36.2 fo—! of good
quality data from the 2015/16 period. It is also required that there are no noise bursts in

the ATLAS Liquid Argon and Tile calorimeters, and that the event’s primary vertex is well

reconstructed.
Data preselections
Good for physics Event on ‘Good Runs List’
Data quality No calorimeter noise bursts
Trigger Event passes unprescaled single lepton triggers

Table 5.1: Preselections applied to data in the Signal Region.

The triggers used in the Signal Region of this analysis, broken down by year as the

ATLAS trigger menu evolves over time, is as follows:

e 2015: mu20_iloose_L1MU15 or mu50,

* 2016: mu26_ivarmedium Or mu50.

The trigger efficiencies as a function of muon pr for passing one of the two 2016
triggers as measured in WW+jets events in a subset of 2016, 2017 and 2018 data are

shown in Figure [121]. The trigger naming convention for all chains above is laid out

below.

» The mu label refers to the type of trigger object, in this case a single muon.

» The following number, 20, 26 or 50 indicates the pr threshold in GeV for objects

selected by the trigger.
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+ Any following labels beginning with ’i’, iloose or ivarmedium, indicate isolation re-

quirements placed on the object.

« Finally, any trailing labels beginning with ‘L1’ indicate any instance where the pr
threshold for the Level-1 seed of the high-level trigger differs from the default, which

is L1MU20 in the case of single-muon triggers in Run 2.
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Figure 5.2: The trigger efficiencies as a function of muon pr for the triggers applied to
2016 data in this analysis, mu26_ivarmedium or mu50, as measured in W +jets events in a
subset of 2016, 2017 and 2018 data [121].

All of the triggers above are ‘unprescaled’, i.e. any event passing trigger thresholds is
saved, subject to limitations such as detector dead-time. In addition to the triggers listed
above, an alternative set of triggers with no isolation requirement is used to save events
with ‘Loose’ muons, which will be described below and are required for the estimation of
the multi-jet background. These triggers are ‘prescaled’, meaning only a specified fraction
of events passing the thresholds are saved, usually in order to control the trigger rates.

The prescaled triggers used for the selection of loose muons are given below:

e 2015: mu20_L1MU15
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» 2016: mu24

The muon selections applied are summarised in Table 5.2l ‘Tight' muons, used to
identify the decay of the W boson, are required to have a transverse momentum of at
least 28 GeV . This threshold is chosen to be at least 5% larger than the lowest trigger
threshold, in line with ATLAS recommendations. They are required to have a maximum
pseudorapidity of |n| < 2.5, within the coverage of the ATLAS inner-detector, as tracks are
required for muon reconstruction as described in Section[3.2.1] The Medium muon identi-
fication criterion, the ATLAS default, is chosen to balance the selection efficiency with the
misidentification rate and to reduce systematic uncertainties. A Tight isolation require-
ment is imposed to eliminate muons resulting from decays of hadrons containing heavy
flavour quarks. Tight “Track To Vertex Association’ (TTVA) impact parameter selections
ensure the muon originates from the primary vertex. The impact parameters considered
are the transverse impact parameter significance |dy|s, = |do|/04, Where d, the distance
of closest approach in the transverse plane to the beamline, and |z, sin 8| where z, is the
distance from the event primary vertex along the =z axis of the position d, is measured.

For a graphical depiction of the d, and z, variables, see Figure [3.1]

In addition, ‘Loose’ muons are defined with a pr threshold of at least 10 GeV and no
isolation requirements, for the purpose of a second muon veto and implementing data-
driven multi-jet background estimation (see Section [6.2). The Loose muon definition is

constructed so that the set of Tight muons are a subset of the Loose muons.

A set of electron identification selections are also defined, in order to veto events with
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Muon criteria

Tight muon | Loose muon
Muon pr pr > 28 GeV | pr > 10 GeV
Muon pseudorapidity In| < 2.5
|dentification Medium
Isolation Tight None
TTVA |dolsig < 3.0
|20 - sinf| < 0.5
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Table 5.2: Selections used for muon identification in the Signal Region. In addition to the
‘Tight” muons used for signal identification, ‘Loose’ muons are also defined for a second

muon event veto and the implementation of the multi-jet background estimation.

a sufficiently energetic electron. This definition is given in Table These are required

to have a pr of at least 10 GeV and a pseudorapidity of less than || < 2.4, with electrons

located in the 1.37< |n| <1.52 transition region between the ATLAS ECal barrel and

endcaps excluded. Loose identification and isolation criteria are imposed, to increase the

range of ‘electron-like’ objects which trigger the veto. The resulting loss in event selection

efficiency is acceptable, as this analysis is not statistically limited. TTVA requirements are

also imposed in line with internal ATLAS recommendations.

Electron criteria

Electron pr

pr > 10 GeV

Electron pseudorapidity

No transition region 1.37< |n| <1.52

In| < 2.4

Identification Loose
Isolation Loose
TTVA |d0 |sig <b

|20 - sinf| < 0.5

Table 5.3: Selections used for electron identification for the opposite lepton flavour event

veto.

The jets used for this measurement are reconstructed using calorimeter cells clustered
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by the anti-k; algorithm [72] with a radius R = 0.4 as the input to the ParticleFlow algo-
rithm, and are calibrated at the electromagnetic energy scale. Jets must have a trans-
verse momentum of at least 30 GeV, and an absolute rapidity of less than 4.4. As the
ly| < 4.4 rapidity range includes both the central and forward regions of ATLAS, both the
central Jet Vertex Tagger (JVT) [83] and the Forward Jet Vertex Tagger (fJVT) [82] must
be applied to suppress pile-up. Additionally, ATLAS employs a set of jet quality selections
to distinguish jets originating from hard-scatter collisions from those reconstructed from
calorimeter noise and non-collision backgrounds. Events containing ‘bad’ jets that do not
satisfy these ‘jet cleaning’ criteria are vetoed, using the high-efficiency ‘Loose’ working

point defined in [122].

A b-jet veto (identified using the DL1r tagging algorithm [79] operating at the 85%
efficiency working point) is applied to the N distribution to events with at least 3 jets to
reduce the impact of the top quark background. This decision was made to target the bins
with the largest contamination of top quark events, while avoiding uncertainties due to the

b-tagging in bins where the contribution is negligible.

Jet criteria
Jet Collection Antikt4EMPFlowdJets
Jet pr pr > 30 GeV
Jet rapidity ly| < 4.4
Pile-up suppression JVT Tight, f{JVT Loose
Cleaning ‘LooseBad’: High efficiency Working Point
b-jet veto Veto events with at least 3 jets with at least one b-tagged
jet (DL1r 85% WP) (N;es distributions only)

Table 5.4: Selections used for jet identification.

The objects described above are subject to an overlap removal procedure recom-
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mended internally by ATLAS. As part of this procedure, jets found within AR < 0.2 of a
lepton (electron or muon) are removed, and leptons subsequently found within AR < 0.4
of a jet are removed. When applying the overlap removal, muons are required to have

pr > 10 GeV. All other selections described above remain the same.

Events entering the analysis must fulfil the criteria set out in Table [5.5] The W boson
decay is identified by the ‘signal” muon selection, and backgrounds from leptonically de-
caying vector bosons where a lepton is either misidentified or missed are suppressed by
the veto on events with either a second muon or one electron. The E' selection is im-
posed to account for the neutrino from W decay and suppress the Z+jet background, while

the cut on the transverse mass m/!! is intended to suppress the diboson background. The

transverse mass is defined as m¥' = /2p/LEx(1 — cos(Ap(u, EX))). Finally, at least

one jet is required.

Event selections
Lepton selection Exactly one Tight muon
Second same flavour lepton veto | No second Loose muon
Opposite flavour lepton veto No Loose electron
Missing transverse momentum Emiss>25 GeV
W transverse mass mY > 60 GeV
Niet Niet > 1

Table 5.5: Muon channel event-level signal requirements.
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5.4 Analysis chain overview

An overview of the procedure for measuring the unfolded differential cross-sections for

W +jets production is as follows:

» The event selections described in Section are applied to data and to both signal
and background MC simulation samples. The events which pass these selections

are then used to fill histograms of the distributions described in Section |5.1]

— Simulated events are reweighted before being used to fill histograms. This is
done to account for differences in detector response between data and MC, and
to ensure the MC normalisation corresponds to the relevant data luminosity.

This is described in more detail in Section 5.4.11

» The background due to QCD multi-jet production is calculated using the data-driven

‘Matrix Method’. This is described in Section 6.2

+ All background estimates and signal MC samples are combined to give a ‘total Stan-
dard Model prediction’ at reconstruction level, which is compared to data as shown
in Section[9.1], to highlight the potential strengths or weaknesses of the signal mod-

els in different regions of phase space.

« Distributions are then scaled by bin width, to show the number of events per x axis
unit, and backgrounds are subtracted from the data. The resulting distribution is

then unfolded and compared to the truth-level W — uv signal predictions. These
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are the final unfolded differential cross-sections which the analysis aims to produce.

The unfolding procedure is discussed in further detail in Chapter|[7]

— Experimental systematic uncertainties and theoretical uncertainties are evalu-
ated by varying, for each uncertainty, the affected kinematic variable or event
weight by that uncertainty, the repeating the analysis in full. The 1o experimen-
tal and theoretical error bands on the final unfolded cross-sections are then the
quadrature sum of the difference between each resulting systematically-varied

distribution and the nominal distribution. This is discussed in more detail in

Chapter

5.4.1 MC reweighting

As discussed in Section [5.4] simulated events must be reweighted, to correct for dif-
ferences in performance between data and simulation for several aspects of ATLAS re-
construction, and due to the need to correct the normalisation of the MC sample to the

collected data luminosity.

Several key aspects of ATLAS detector response are challenging to accurately model
in simulation, and MC samples must therefore be recalibrated to account for differences in
performance with respect to data as a result of this mismodelling. In the case of W +jets,
affected areas of reconstruction performance include lepton identification and isolation,
jet reconstruction and calibration, pile-up estimations, trigger efficiencies and non-trivial

variables such as JVT, fJVT and b-Tagging. This correction is accomplished through the
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application of multiplicative ‘scale factors’ to the event weight for each area of detector
performance affected by mismodelling. These scale factors are usually calculated in bins

of pt and rapidity from the ratio of efficiencies:

€dat
SF = aa)
EMC

where the efficiencies eq.ta e are derived separately in data and MC, and, using the

example of a pile-up jet tagger for the purposes of illustration, can be defined as

tagged
€ — NPUjet

- total *
NPUjet

In addition to the application of scale factors, MC events must also be reweighted
by their ‘luminosity weight’, an additional multiplicative factor, to correct for differences
between the number of MC events generated in a given sample and the data luminosity

collected. The luminosity weight wy.,; of a given MC sample is defined as

Lxo

Wiumi = Z w

X k X €giter, (5-1)

where L is the integrated data luminosity to which the normalisation is being corrected.
o is the NNLO cross-section of the process being simulated, or beyond where applicable
e.g. for t¢ production. This is calculated either directly, or at a lower order and corrected
using a k-factor k. Some samples have certain slices filtered according to their b hadron
and ¢ hadron content at particle-level; in those cases, ., iS the efficiency of the filter

applied. Finally, > w is the sum of the MC weights of all events generated as part of the
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sample.
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Chapter 6

Background estimation

“The world is a stage, but the play is badly cast”

— Oscar Wilde, ‘Lord Arthur Savile’s Crime’

While the Signal Region event selections outlined in Chapter [5 are chosen such that
they maximise both the purity of W — uv+jets signal events and background rejection
efficiency, a number of background events remain which meet these criteria and enter
the distributions produced. Background processes, or processes other than the signal
which pass analysis selections, generally fall into one of two categories: Reducible and
irreducible. Reducible backgrounds generally arise due to object misidentification during
reconstruction and can be curtailed using targeted event selections, as the misidentified
objects often have different kinematics than the bonafide signal objects. Irreducible back-
grounds are more challenging to eliminate as they generally arise from processes with the
same final state objects as the signal. In order to produce the total Standard Model pre-

131
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diction to be subtracted from the measured spectra before unfolding, both the remaining
reducible background events and irreducible backgrounds must be accurately accounted

for and modelled.

Processes contributing to the W +jets background generally include an isolated, high-
energy lepton and EX*, both either real or mimicked through mismeasurement. The Exiss
requirement can be fulfilled either from neutrinos from heavy-flavour decays, or through
mismeasurement of the deposited energy in an event. Efforts to reduce ER'* mismea-
surement in future ATLAS analyses through the identification and removal of pile-up jets
have previously been discussed in Chapter[4] The final state jet may originate from a va-
riety of physical sources, including pile-up, hadronic decay of vector bosons or 7 leptons,

and initial/ final state radiation.

Two methods of background estimation are employed in this analysis, depending on
the source of the background. These are: Estimation from MC simulation, described in

Section[6.1]; and the data-driven multijet background estimation, described in Section

6.1 MC estimated backgrounds

One of the most common methods of modelling backgrounds is by simulating the back-
ground processes using Monte-Carlo simulation. These simulations are subjected to the
same Signal Region selections as the data and signal simulation, in addition to the same

reweighting procedure as the signal simulation described in Section|5.4.1L The following
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backgrounds to W +jets production in the muon channel are estimated using MC simula-

tion:

« Z+jets production: This contributes when a muon is missed in a Z — uu decay,
which can give rise to fake E®*5. This is modelled using Sherpa 2.2.11 [97] with
up to two jets modelled at NLO and a further three calculated at LO in the matrix
element, with higher jet multiplicities handled by the parton shower. The NNPDF3.0
PDF set [102] at NNLO is used. These samples are normalised to the NNLO gen-

erator cross-sections;

« Top quark production: This background is introduced through ¢ — Wb decays,
where the W decay mimics the W +jets signal. This background can arise either
from single top decay or from the higher cross-section ¢¢, where one top decays
hadronically or one lepton is missed. Top quark production is the dominant back-
ground at high jet multiplicities and is reduced through a veto on b-jets in the N,
>3 bins of the jet multiplicity distribution, where this background dominates. The top
background is modelled using PowhegBox version 2 [87, 87, |87, 1123| |124], which
calculates the matrix element at NLO. The NNPDF3.0NLO PDF is used for the ma-
trix element. PowhegBox is interfaced to Pythia8 [88] set to the A14 tune [119] and
using the NNPDF2.3 PDF set [92] at LO for parton shower, hadronization and un-
derlying event. The tf samples have k-factors, provided centrally by ATLAS, applied
to correct their normalisation to NNLO+NNLL. For single-top production, k-factors

are applied to normalise the samples to the NLLO cross-sections;
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» Tau production: W — 7v production contributes to the muon channel when the
tau decays leptonically to a muon, with both neutrinos being combined into a single
Emiss signal. Z — 77 can also contribute if one of the 7 — v leptons is missed
or if the tau decays hadronically. Both of these processes are modelled using the
same Sherpa 2.2.11 setup as for Z production described above. These samples

are normalised to the NNLO generator cross-sections;

» Diboson: This can come from a number of processes — WW, WZ, ZZ where
leptons are missed or misidentified, and/or if one boson decays hadronically. This
background is suppressed relative to the others due to its lower cross-section. The
matrix element is modelled at NLO with Powheg using the CT10 PDF set [125] at
NLO and interfaced to Pythia8 using the CTEQ6L1 PDF set [90] and the AZNLO
tune [89] for the parton shower. These samples are normalised to the NLO genera-

tor cross-sections;

In addition, a sample of QCD dijet production has been used for the purpose of com-
parison with the data-driven QCD multijet background estimate, which will be described
in Section[6.2] This sample was produced at LO in QCD using Pythia 8 with the A14 tune

and the NNPDF2.3 PDF set at LO.
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6.2 Data-driven background

In the context of the muon channel, multijet production can mimic a W +jets signal from
the production of a real, non-prompt muon from heavy quark decay, or the rarer case of
fake muons from jet punch-through from the hadronic calorimeter to the muon spectrom-
eter, both accompanied by Emiss, While the Signal Region event selections successfully
eliminate a large number of multijet events. However, this process’ large production cross-

section ensures that this background must still be carefully assessed.

Non-prompt muons are those which do not originate from the collision’s primary
hard-scatter vertex. These can come from the leptonic decay of the original quark in
heavy flavour jets, resulting in a muon embedded in the jet. The contribution from this
background is reduced by the Tight muon isolation requirements and the ATLAS overlap

removal procedure applied to Signal Region events, both described in Section

Fake muons can arise from jet ‘punch-through’, where the energy of the jet is not en-
tirely absorbed by the hadronic calorimeters. This allows some energy to reach the muon
spectrometer where it can mimic a muon signal. This is a much rarer occurrence than the
non-prompt case since, as described in Section[2.2.2] the ATLAS hadronic calorimeter is
sufficiently deep (~10 hadronic interaction lengths) to almost completely absorb hadronic

activity before reaching the muon spectrometer.

From this point, for the sake of brevity, both fake and non-prompt muons will be referred

to collectively as ‘fake muons’.
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The multijet background (MJB) is often challenging to simulate to the desired degree of
accuracy, as these simulations are quite sensitive to non-perturbative aspects of the mod-
elling, and to the matching and merging methods employed. Therefore, in this analysis,
the MJB is estimated using the data-driven ‘matrix method’ which requires two different

sets of muon criteria to be defined:

« Signal vs Control Regions: These are orthogonal regions of phase space intended
to be enriched in W — uv+jets and MJB events respectively. The real muon efficien-
cies used in the MJB estimate will be calculated in the Signal Region, while the fake
muon efficiencies will be calculated in the Control Region. A Control Region ideally
has minimal contamination from signal, and similar fake composition and hadronic
activity to the Signal Region. In the W +jets muon channel, as non-prompt muons
from heavy flavour decays dominate the MJB, the Control Region is designed to tar-
get these fakes. Additionally, an optional Validation Region, orthogonal to both the
Signal and Control Regions, may be defined for the purpose of validating efficiency
calculations and MJB estimates. These three regions are distinguished on the basis
of the muon transverse and longitudinal impact parameters, and will be discussed

in greater detail in Section(6.2.1

» Tight vs Loose muons: To calculate the real and fake efficiencies (in the Signal
and Control Regions respectively), two collections of muons must be defined: Tight
and Loose. In this analysis the same Tight and Loose selections as laid out in
Table 5.2]for the signal muon selection and second muon veto are also employed for

calculating MJB efficiencies, where the Tight and Loose selections are distinguished
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on the basis of muon pr and isolation.

Signal Validation Control

pr > 28 GeV pr > 28 GeV pr > 28 GeV
Tight Isolation: Tight | Isolation: Tight | Isolation: Tight

0 < |dolsig < 3 3 < |dolsig < 5 dolsig > 5

|20 -sinf| < 0.5 | |zp-sinf| < 0.5 | |z -sinf| < 0.5

pr > 10 GeV pr > 10 GeV pr > 10 GeV

Isolation: None | Isolation: None | Isolation: None
Loose

0 < |dolsig < 3 3 < |dolsig <5 dolsig > 5

|20 - sin@]: None | |z - sinf|: None | |z - sinf|: None
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Table 6.1: A summary of the muon selections used in the MJB estimate where they differ
from those laid out in Table [5.2] with the exception of those in the ‘Signal’ column, which
lists a subset of the selections laid out in Table and is included for completeness.
Criteria coloured red arise from the definitions of the different regions in which the real and
fake efficiencies are estimated separately, while criteria coloured blue are those which
distinguish the Tight and Loose muon collections, which are both needed to calculate
each of the efficiencies.

The above results in a total of six collections of muons used for the MJB estimate - two
(Tight and Loose) for each of the three regions (Signal, Control and Validation). These are
summarised in Table [6.1] The data-driven Matrix Method employed to estimate the MJB
will be discussed in Section The real and fake efficiencies calculated as inputs to
the MJB estimate are discussed and presented in Section [6.2.3]and the MJB distributions
derived are shown in Section and compared to a sample of MC-modelled dijets in

the Signal Region.
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6.2.1 QCD multi-jet Control Region

As discussed in Section the fake muons making up the QCD multijet background in
the W+jets muon channel are expected to largely originate from leptonic decays of heavy
flavour quarks. These non-prompt decays are generally displaced with respect to the
ATLAS interaction point, and as such are expected to have larger impact parameters than
muons from W — uv+jets production. Therefore, the MJB Control Region in the W +jets

muon channel is defined with respect to the muon impact parameter selections.

A
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Figure 6.1: An illustration of the different muon impact parameter selections used to de-
fine the Signal Region (green), Validation Region (pink) and Control Region (blue) of the
W +jets muon channel.

Figure[6.1]illustrates the different impact parameter selections used in the muon chan-
nel Signal Region and Control Region. As discussed in Section[5.3] in the Signal Region,

muons are required to have |dy|s, < 3.0 and |z, - sinf| < 0.5. In the Control Region, |dp|sig
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is required to be greater than 5.0 and the |z, - sin 6| selection is removed. All other Sig-
nal Region selection described in Section [5.3|are unchanged in the Control Region. The
pink region in Figure , 3.0< |dylsig < 5.0, is orthogonal to both the Signal and Control
Regions, and thus presents a viable candidate for a Validation Region in which to verify

aspects of the data-driven MJB, which will be shown throughout this chapter.
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Figure 6.2: Data compared to the MC modelled W — puv+jets and electroweak back-
grounds in the |dy|si; and |z, - sin 0] distributions, with all selections but |dy|s, and |z - sin 6|
respectively applied.

Figure shows data compared to the MC modelled electroweak backgrounds and
the W — pv signal in the |dy s, @and |2 -sin 6] distributions, with all selections but |d; |, and
|20 - sin 6| respectively applied. Because the MJB estimate is not included in these plots,
regions with very large underestimations of the predictions with respect to the data can
be assumed to be enriched in multijet events. This is especially the case for the regions
where |do|s; > 5.0, where it can also be observed the contamination from the W +jets

signal is minimal. However, the overestimation of the data in the —2.5 < d3® < 0.5 region,
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alongside the large shape differences in the MC/data ratio in the regions d3* < 0 and
d® > 0, suggest that there may be some degree of mismodelling in this variable. This
shape difference is particularly striking in the ranges which define the Validation Region;
however, it can also be observed at the beginning of the range which defines the Control
Region up to |dy|sie < 6. Further multijet enrichment from the expansion into the region
|z0-sin 8| > 0.5 is marginal, but the addition of this phase space to the Control Region may
provide a small benefit. The use of either the Sherpa or Madgraph W — uv+jets signal
sample results in very similar signal+electroweak background predictions in the Control

Region.

Figure |6.3| shows the data distributions for the six variables to be unfolded compared
to the W — v signal prediction and MC modelled electroweak backgrounds in the Con-
trol Region. No MJB estimate has yet been added, meaning, similarly to Figure [6.2] any
large discrepancy between the data and signal+electroweak background prediction indi-
cates a strong likelihood of MJB enrichment. Figure shows that the Control Region
is comprised of ~50% MJB, however, this does decline with increasing pp . Table
which expresses the signal+electroweak background prediction in the Control Region as
a percentage of the number of data events in bins of inclusive jet multiplicity up to 8 jets,
also demonstrates the MJB enrichment in the Control Region. Table also confirms
that the signal contamination in the Control Region is low, < 10% for all jet multiplicities

for both generators, which is a requirement when designing a Control Region.

Figure shows the data distributions for the six variables to be unfolded com-

pared to the W — v signal prediction and MC modelled electroweak backgrounds in
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Figure 6.3: The data distributions for the six variables to be unfolded compared to the
W — v signal prediction and MC modelled backgrounds in the Control Region.
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W — uv W — uv W — v, Top quark Diboson
(MG+PY8) (SHERPA) 7 — up, 77

Niet % % % % %
>1 9.4 10.2 33.0 0.6 0.2
>2 6.0 4.7 28.5 3.1 0.2
>3 6.4 5.6 34.3 2.1 05
>4 5.3 35 37.4 4.4 0.8
>5 3.1 2.3 42.8 6.3 1.1
>6 2.7 1.7 31.8 10.2 1.3
>7 2.3 0.7 42.2 115 1.6
>8 0.2 5.0 39.5 6.8 0.6

Table 6.2: The MC-modelled composition of the Control Region for events with up to 8
jets. Percentages given are with respect to the number of data events.

the Validation Region, with no MJB added. The underestimation of the data by the
signal+electroweak background prediction indicates an, approximately flat, ~30% MJB
contribution to the Validation Region. This is emphasised by the breakdown of sig-
nal+electroweak background prediction in the Validation Region as a percentage of the

number of data events up to 8 jets in Table

W — uv W — uv W — v, Topquark Diboson,
(MG+PY8) (SHERPA) 7 — pup, 77

Niet % % % % %
>1 49.5 50.2 20.6 0.5 0.2
>2 39.0 40.2 25.9 4.3 05
>3 37.5 40.7 26.1 3.0 0.9
>4 32.8 35.8 26.8 6.0 1.4
>5 27.7 30.4 30.0 9.1 1.8
>6 20.1 41.1 36.7 10.4 2.0
>7 23.5 25.4 28.3 11.9 2.3
>8 17.9 29.6 33.2 7.0 0.5

Table 6.3: The MC-modelled composition of the Validation Region for events with up to 8
jets. Percentages given are with respect to the number of data events.
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Figure 6.4: The data distributions for the six variables to be unfolded compared to the
W — uv signal prediction and MC modelled backgrounds in the Validation Region.
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6.2.2 The Matrix Method

The contamination of fake leptons originating from the multijet background in the W +jets
Signal Region in both the electron and muon channels is estimated using the matrix
method. The matrix method has several advantages as an approach to data-driven back-
ground estimation, being straightforward to express and, in principle, very precise. How-
ever, care must be taken with potential correlations between efficiencies and that contam-
ination from additional processes in the Control Region are accounted for with accurate
MC simulation, as the method cannot separate contributions from different processes.
Typically used in ATLAS analyses involving top quarks [126], this measurement of IV +jets

production cross-sections is the first ATLAS V+jets analysis to employ the matrix method.

The matrix method presumes that, in the Signal Region, the total number of muons
fulfilling the ‘Tight’ criteria set out in Section (N*') is composed of some number of real
Tight muons (N}) and some number of fake Tight muons (Nf). One can also loosen the
muon identification criteria by removing the isolation requirement. In this case, the total
number of Loose muons in the Signal Region (N') is composed of some number of real

Loose muons (N!) and some number of fake Loose muons (NV}),

N*®= Nf + Nf,

6.1
N'= N} + M. 61

If, as in this analysis, the Tight selection is a subset of the Loose selection, a fake

efficiency i.e. the fraction of Loose fake muons that also pass the Tight criterion can be
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defined,

_ M

-3 (6.2)

€f

Similarly, a real efficiency e, can also be defined. Thus, Eq[6.1]can be written in terms

of N};, as:
N' = erer + efol,
N'= N+ N,

which can be expressed as the matrix equation

This can be inverted to give:

N! 1 1 - Nt 1
| _ “f — Nl = (N' — NY).
N| &a—e&|-1 & | [N € — €

Finally, substituting for N} using Eq [6.2] we obtain the expression for the number of

fake muons in the Tight, i.e. Signal, selection

€f
Nt = N'— NY).
P (€ )

Several options are available for calculating the real and fake efficiencies. As the real
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and fake efficiencies strongly depend on event characteristics, and thus vary from event
to event, the approach taken in the muon channel is to parameterise the efficiencies in
terms of the variables on which they depend and compute a single event-by-event weight,

w;, which is used to estimate the MJB in all distributions:

o er(x) () — 6.
w; = Er(X) _ Ef(X)( (X)) = 83, (6.3)

where x is the set of variables by which the efficiencies are parameterised and the
delta function is 1 if the event’s lepton is Tight and 0 if it is Loose. Therefore, the fake

contamination in a given bin is taken to be the sum of weights in that bin:

Nl
N =) w (6.4)
=1

Thus, to measure the multijet background the real and fake efficiencies must first be

measured.

6.2.3 Efficiencies

Real efficiencies for the MJB estimate are measured using MC in the Signal Region,
where the real efficiency in a given bin is the ratio of the number of Tight to Loose sig-
nal+electroweak background events in that bin:

N
7 "MC(sigt+ewk) (6 5)

€ =
N .
MC(sig+ewk)
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The MC samples used for the ¢, estimation have identical selections to those dis-
cussed in Section with the exception that no trigger selection is applied as ¢, is cal-
culated entirely using MC. Therefore, events in this sample were also not reweighted by

the trigger efficiency scale factor.

The fake efficiency is measured in the Control Region using data, with the W +jets
signal and electroweak background MC subtracted to isolate the MJB. Using Eq. Eq.

and Eq. the expression for fake efficiency can be defined:

t t t t VA
N¢ N* — N, Niata NMC(singewk)

‘]Vf1 N — Nl} N; - NI{/IC(sig+ewk) '

data

(6.6)

€f

Care must be taken with the trigger strategy employed for the ¢; estimation. In par-
ticular, is must be ensured that the online triggers applied to Loose data are looser than
than the offline selections, so as not to bias the Loose sample. Unfortunately, the lower
pr threshold unprescaled single muon triggers used in 2015 and 2016 both have isola-
tion requirements, a tighter online selection than the offline Loose muons which have no
isolation requirement. Therefore, an alternate set of triggers with no isolation requirement
was selected for the Loose samples in the denominator of Eq. [6.6] The triggers selected,
mu20_L1MU15 and mu24 for 2015 and 2016 data respectively have their details discussed

in Section5.3

As the removal of the isolation requirement greatly increases the rate of event ac-
ceptance, each of these Loose triggers were prescaled (described in Section [2.2.4) by a

constant factor throughout their respective years. The mu20_L1MU15 trigger employed in
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2015 has a prescale factor of 10, while the 2016 mu24 trigger has a prescale of 50. [ To
reconcile the normalisation difference between the numerator and the denominator of Eq.
[6.6] the Tight events in the numerator are reweighted by a factor of 0.1 or 0.05 according

to the year to which they correspond.

As discussed in Section the real and fake efficiencies used to estimate the MJB
are parameterised in terms of the, ideally independent, variables over which they vary. For
the W+jets muon channel, the following variables have been chosen, based on a previous
application of the matrix method to estimate a fake muon background in association with

jets in ATLAS top quark events [126]:

* The transverse momentum of the muon, pf;
+ The absolute value of the pseudorapidity of the muon, |7,,;

+ The minimum angular distance between the muon and the nearest jet, min(AR,, je).

In an ideal scenario, efficiencies would be extracted from a multidimensional his-
tograms of all the parameterisation variables simultaneously. However, with limited statis-
tics this approach would yield large statistical uncertainties. Instead, the real and fake
efficiencies are calculated separately as one-dimensional functions of each parameter-
isation variable x; € x, assuming each of the z;’s to be independent. On the basis of

this requirement, the fake efficiencies for this MJB estimate must therefore calculated in-

At present, the trigger efficiency correction scale factors are not available for the prescaled triggers
applied to the Loose data. As the MJB will be shown to be a small contribution to the Signal Region in
Chapter@, it has been deemed by the analysis team that the SFtL“g ~ 1 is a valid approximation. For a
more precise estimate, a Tag and Probe style evaluation of the correction factors, similarly to [121], could
be performed for the prescaled triggers.
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dividually for each value of exclusive jet multiplicity, as it will be shown in Figures
that the shape and normalisation of the other variables are correlated with jet multiplicity,
and therefore the assumption of independence does not hold. However, assuming the
remaining x;’s are approximately uncorrelated with each other, these 1D efficiencies can
be treated as conditional probabilities. A total real or fake efficiency for a given event of
a given exclusive jet multiplicity, as a function of the full set of parameterisation variables,

can then be expressed as:

M

€r (T4, N’e
Er,f(X; ]Vjet) = €r7f(]\[jet) H %, (67)
P r, je

where M is the number of parameterisation variables.

Figures - show the real and fake efficiencies calculated as described in this
section in exclusive jet multiplicity bins from Nj.; =1 to N, >5 for each of the variables by
which they are parameterised; p. (Figure[6.5), |n*| (Figure and min(AR,, ;) (Figure
[6.7). Real efficiencies calculated in both the Signal Region and the Validation Region are
shown. Figure[6.8/shows the the real and fake efficiencies in terms of different inclusive jet
multiplicities. The vertical error bands shown are the statistical uncertainties propagated
through the addition/subtraction and division in the efficiency estimate. Bins for the p4. and
min(AR, ;) distributions were optimised by hand, to ensure the shape of the background
is captured while statistical uncertainties are minimised. Two bins are chosen for the
efficiencies parameterised in terms of |n*|; one for the barrel region, |n| <1.5, and one for

the endcap region, 1.5< |n| <2.5.
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Figure 6.5: 1D conditional eg’s and ey, in terms of p4. calculated in exclusive jet multiplicity
bins from N;., =1 to N, >5, and for inclusive jet multiplicity V., > 1 (bottom right).
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Figure 6.6: 1D conditional eg’s and g, in terms of |7,,| calculated in exclusive jet multiplicity
bins from Nj., =1 to Nj; >5, and for inclusive jet multiplicity Nj., > 1 (bottom right).
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An important note is that the assumption that the x;’s are completely uncorrelated may
not hold exactly true for all variables. This could be accounted for in future studies by
extracting those efficiencies from an N-dimensional histogram of the correlated variables.
However, the remainder of the Run 2 data must first be added to properly asses where the
trade-off with increased uncertainties from low-statistics bins lies, however, this is beyond

the scope of the version of the analysis presented in this thesis.

6.2.4 Multi-jet background estimate

The procedure described previously in Section is then followed to estimate the mul-
tijet background contamination in the Signal Region. As the weights calculated in Eq.
are applied to Loose data in Eq. [6.4] the same sample taken using Loose triggers as
used to calculated ¢; must be utilised. To accurately compare the MJB estimated using
this prescaled sample to the data and MC backgrounds in the Signal Region which em-
ploy unprescaled triggers, events in the MJB estimate are further reweighted according to

the prescale factor applied in their respective year.

In Figure[6.9] the data-driven MJB estimate is shown, and compared to the MC sample
of dijet production described in Section[6.1|with the Signal Region selections applied. The

vertical error bars represent the statistical uncertainties for each distribution.

While the data-driven background does exhibit fluctuations, particularly in higher mo-
mentum bins due to having been derived from a prescaled sample with its normalisation

subsequently scaled up, both estimates generally agree to within the same order of mag-
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Figure 6.9: the data-driven MJB estimate is shown, and compared to the MC sample of
dijet production described in Section with the Signal Region selections applied.
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nitude, with the exception of the y'**din¢ distribution which exhibits strong disagreement
with the MC estimate in the forward regions. One strategy for improving the fluctuations

in the data-driven estimate would be to smooth the MJB distribution by performing a fit.

6.2.5 The Validation Region

A data-MC comparison in the Validation Region, including the MJB estimated using real
efficiencies calculated in the Validation Region, is shown in Figure [6.10] with only statisti-
cal uncertainties included. Dedicated real efficiencies calculated in the Validation Region
are used, due to the different signal + electroweak background composition with respect
to the Signal Region. Similar plots in the Signal Region, with full experimental systematic
uncertainties in addition to the statistical uncertainties, will be presented and discussed

in Section @11

A consistent underestimation of ~20% is observed in the Validation Region for all
observables. One possible explanation for this is the potential mismodelling of the dgig
distribution, which would result in incorrectly estimated real and fake efficiencies in regions
where the mismodelling is present, arising from an incorrect signal + electroweak MC
sum or subtraction from data for the re4al and fake efficiencies respectively. Indeed,
the difference in the prediction/data ratio in Figure between —6 < d3% — 3 and 3 <
d3% < 6, ranges which include both the Validation and Control Regions where the real
and fake efficiencies respectively used the in Figure MJB estimate are calculated,

appears to be approximately the same size as the underestimation in Figure [6.10l This
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could be hinted at by Figures [6.5[6.8, where, particularly for larger jet multiplicities, real
efficiencies calculated separately in the Signal and Validation Regions do not agree within
statistical uncertainties. Such mismodelling may also have an impact on the MJB estimate
in the Signal Region, where the overestimation of the prediction/data ratio observed in this
region in Figure may impact the real efficiency estimates, and fake efficiencies from

the affected Control Region are used.

Another plausible explanation arises from an effect which has previously been ob-
served in the electron channel MJB estimate for this analysis, as documented in [127].
This was found to have arisen due to negative MJB event weights generated when two
variables used for efficiency parameterisation both included bins where the fake efficien-
cies were significantly larger than the mean for that jet multiplicity. In the muon chan-
nel, this can be observed to be the case for high muon pr bins in Figure and low
min(AR,, ) bins in Figure 6.7} In [127], the negative weights were corrected by substi-
tuting the affected 1D efficiencies for 2D efficiencies calculated in terms of both variables,
thereby accounting for correlations between them that had previously been neglected.
This presents an avenue for further refinement of the MJB estimate in the muon channel,;
however, any improvement in the background modelling would have to be evaluated with

respect to the additional statistical uncertainties 2D efficiencies would introduce.

An additional refinements to the background estimation could include performing an
additional data-driven estimate of the top quark background to validate the MC-driven
estimate. This is particularly important in high jet multiplicity bins where this background

is dominant.
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Discussion the uncertainties associated with the data-driven background estimation
will be presented in Chapter |8 while the MJB contribution to the Signal Region will be

presented in Chapter[9
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Chapter 7

Unfolding

“The truth never set me free so I did it myself”

H

— Paramore, ‘Careful

As objects pass through and interact with the ATLAS detector, their kinematics be-
come distorted with respect to their original state at the point of production. Due to this,
cross-sections measured using objects reconstructed by the detector will be different from
the ‘true’ underlying cross-sections predicted at particle-level. Therefore, to meaningfully
interpret a measurement, one must to be able to translate from ‘reconstruction-level’ to
‘particle-level’. This translation, or ‘unfolding’ problem is non-trivial; the interactions of
individual particles with the detector are probabilistic in nature, and may have correlated
impacts across many variables. This probabilistic nature or the unfolding problem lends
itself naturally, however, to the application of Bayes’ Theorem, which is discussed both
conceptually and practically in Section and Section respectively. Finally, the first
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unfolded W — uv+jets differential cross-section measurement at 13 TeV is presented in

Section[9.2]

7.1

Unfolding: How it works

The unfolding procedure involves the application of several different corrections, each

intended to correct for a particular type of inefficiency introduced by the detector:

» Fake fraction: This accounts for events which have not been produced within

the fiducial phase space, but have been reconstructed such that they pass the

reconstruction-level selections. The fraction of such events can be quantified as

unmatched . .
frake = NN— where Nunmatched jg the number of reconstructed events which are

not matched to a truth-level event and N,.., is the number of reconstructed events.

Such events should be subtracted from data before unfolding;

Bin-to-bin migrations: This accounts for the migrations between bins of a particu-
lar distribution for events matched at both reconstruction and truth-level, due to the
observable of interest having been reconstructed at a higher or lower value. These
are measured using two-dimensional migration matrices, where a truth-level distri-
bution is compared to the reconstruction-level distribution for events passing both

sets of selections;

Reconstruction efficiency: This accounts for events which have been produced

within the fiducial phase space, but which have been reconstructed such that they
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do not pass the reconstruction-level selections. The reconstruction efficiency can

Nmatched

be quantified as e = ~x=— where Nai<hed jg the number of reconstructed events

gen reco

which are matched to a truth-level event and N, is the number of generated events.

When performing the unfolding, the order of operations is as follows:

1. Backgrounds are subtracted from reconstruction-level data;

2. The background subtracted reconstruction-level data is corrected to account for the

fake fraction;

3. The data is corrected to truth-level by inverting the migration matrices to correct for
bin-to-bin migrations. This stage often requires some degree of regularisation - in
this analysis, the ‘iterative Bayesian’ approach is chosen. This is described in detalil

in Section|7.1.1}

4. The final truth-level distributions are corrected to account for the reconstruction effi-

ciency.

In practice, steps 2-4 above are performed using the RooUnfold package [128], using
inputs derived from the W — pwv+jets signal MC; distributions of the relevant observables

at reconstruction-level, truth-level and the migration matrices.
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7.1.1 Ilterative Bayesian Unfolding

An estimator n(T;) for the number of events, n in truth bin i, 7; can be expressed [129]

[130]:

A(T) = Myn(Ry), (7.1)

where n(R;) is the number of events in the reconstructed bin j, R;, and the ‘unfolding

matrix’ M,; is

P(T|R;)

My = i
T X P(RIT)

where P(T;|R;) is the probability an event from T; is reconstructed in R;. P(T;|R;)
is sometimes referred to as the ‘response matrix’, and is the probability that an event
reconstructed in R; originated from 7;. By application of Bayes’ Theorem, P(T;|R;) can

be expressed as:

_ P(Ry|Ti)no(Ty)
PR = S~ e Tyn (T

where ny(T;) is known as the ‘prior’; an initial estimate for the number of events in T;.

Therefore, Eq. [7.1]becomes:

— PR [T (T )n(Ry)
M) = S PR () 5, PURIT)

(7.2)

In practice, the prior ny(7;) is estimated using MC simulation of the signal, and the
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response matrix P(7;|R;) is calculated from an MC signal sample with both particle-level

and reconstructed distributions.

As Eq. exhibits dependence on ny(7;), estimates of n(7;) will be biased by the
choice of prior. However, if Eq. is iteratively applied with the choice of ny(7;) updated
with each iteration to be the estimate of »(7;) from the previous, the dependence on the
choice of prior is reduced with each iteration. Hence, the method is known as ‘iterative

Bayesian unfolding’.

7.2 Unfolding the 1 +jets muon channel

Reconstructed distributions are unfolded to a reduced particle-level ‘fiducial phase space’.
This phase space is chosen such that it is kinematically similar to the reconstruction-level
phase space described in Section 5.3 However, as these selections, summarised in
Table are applied at particle-level, any selections which apply only at reconstruction
level are removed. This include the veto on b-jets in N, bins > 3, meaning extrapolation
from light-flavour and ¢ quark jets at reconstruction-level to inclusive jets at particle level
is being performed; however, this precedent has previously been set by ATLAS in the
previous W +jets analysis at 8 TeV [21]. At particle level, leptons are ‘dressed’ meaning
photons produced via Initial-State Radiation and Final-State Radiation are included with

the lepton.

The reconstructed W — uv+jets distributions presented in Section are unfolded to
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Lepton criteria
Lepton pr pr > 28 GeV
Lepton pseudorapidity In| < 2.5
W boson criteria
Lepton multiplicity Exactly one, dressed
Missing transverse momentum Emiss 25 GeV
Transverse mass mt > 60 GeV
Jet criteria
Jet pr pr > 30 GeV
Jet rapidity ly| < 4.4

Table 7.1: Fiducial phase space selections for the 1/ +jets analysis.

particle-level using iterative Bayesian unfolding as implemented in the RooUnfold pack-
age [128]. Before the final cross-sections can be unfolded, the backgrounds must be
subtracted from the reconstruction-level data, and the particle-level prior and response
matrices required by Eq. must be produced. The truth-level distributions are calcu-
lated by applying the fiducial phase space selections in Table to the Sherpa 2.2.11
signal MC sample. The production of the response matrices is discussed in further detail
in Section [7.2.1] The correct implementation of the unfolding procedure is verified via a

technical closure test; this is discussed and results presented in Section|/.2.2,

7.2.1 Response Matrices

The response matrices illustrate the bin-to-bin migrations which occur as particles interact
with the detector before being reconstructed. They are calculated by filling a set of two-
dimensional histograms with events that pass both the reconstruction-level and particle-

level selections, with the particle-level distribution on the y-axis and the reconstruction-
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level distribution on the z-axis. An additional matching procedure is applied to jets prior
to an event entering the response matrix, to ensure the truth and reconstruction-level

distributions contain the same set of objects:

+ For each particle-level jet, t, AR, , is calculated with respect to each reconstruction-

level jet r;

» Beginning with higher pr jets, ¢ is matched to the reconstruction-level jet closest in

AR. Both t and r are subsequently removed from the list of candidate jets;

— If there are not reconstruction-level jets within AR < 0.4 of ¢, ¢ is removed,;

» This procedure is repeated until all particle-level jets have been matched. Any un-

matched reconstruction-level jets are removed;

 For the jet-level observables plTead““g and y'**dine the reconstruction-level distributions

are filled using the jet matched to the leading particle-level jet.

The jet matching procedure is not applied to the N distribution, as this would result

in the loss of information regarding just multiplicity migrations.

Response matrices calculated using the Sherpa 2.2.11 MC signal sample are shown
in Figure [7.1], normalised to the number of reconstruction-level events in each bin. The
bins are defined as described in Section 5.1}, the choice of bins should retain as much
granularity as possible while producing response matrices which are close to diagonal,

as significant migrations will result in large uncertainties on the unfolded distribution.
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Figure 7.1: Response matrices produced using the Sherpa 2.2.11 signal MC sample. The
z-axis is normalised to the number of events in each reconstruction-level (z-axis) bin.
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In general, the matrices in Figure are reasonably diagonal, with some small mi-
grations observed at low values of pr and throughout y'**4"s spectrum. More significant
migrations are observed in the p!' spectrum , particularly at low pr where finer granularity
is required to correctly model the shape of the turnover. Migrations in the N, spectrum
appear to bias the reconstruction of additional jets not present at particle-level; this may

be caused by pile-up.

The systematic uncertainties described in Chapter [8] are also propagated to the final
result via the response matrices. A varied response matrix is produced for each source of
systematic uncertainty, which are each used to unfold the background-subtracted data to
produce varied unfolded cross-sections, the difference of which from the nominal result is

taken to be the propagated uncertainty.

7.2.2 Technical Closure

One simple, yet important test of the correct implementation of the unfolding procedure is
the so-called ‘technical closure test’. This test is performed by unfolding a reconstruction-
level signal MC distribution using a truth distribution and transfer matrix constructed using
the same sample. The unfolded result is expected to exhibit perfect agreement with that
sample’s particle-level distribution if the unfolding has been implemented correctly. Small

deviations from perfect closure, due to statistical fluctuations, are permitted.

The results of the technical closure test, performed using the Sherpa 2.2.11 signal

MC sample as shown in Figure [7.2]for up to 5 iterations of the Bayesian unfolding. All 5
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iterations are perfectly overlaid with the Sherpa 2.2.11 particle-level distribution, except

for the expected fluctuations in regions of low statistics.

With the response matrices and the technical closure test having been completed,
the unfolded cross-sections can be produced. Some aspects of the unfolding remain to
be completed before publication, including the optimisation of the number of unfolding

iterations and the evaluation of the uncertainty associated with the unfolding.
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Chapter 8

Uncertainties

“The truth is rarely pure and never simple”

1

— Oscar Wilde, ‘The Importance of Being Earnest

When presenting the results of a physical measurement, one must also be able to
state their degree of confidence in the findings. All sources of uncertainty from the mea-
surement must, therefore, be identified, quantified and propagated to the final result. Un-
certainties in particle physics experiments can be classified into several categories. Sta-
tistical uncertainties originate from the variance inherent to counting statistics. Exper-
imental systematic uncertainties arise from imperfections or limitations in the detector
or object reconstruction. Additional systematic uncertainties may arise as a result of the
analysis methods employed. Finally, theoretical uncertainties are introduced through

the simulated MC signal and background samples.

In this chapter, the uncertainties associated with the W+jets muon channel analysis

173
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will be described.

8.1 Statistical uncertainties

In order to make a probabilistic statement regarding the validity of the result of a counting
experiment, the differences, or statistical fluctuations between the result obtained for a
finite sample and the ‘true’ underlying value must be quantified. In the context of a particle

physics analysis, these fluctuations or ‘statistical uncertainties’ have several origins:

* The number of data events observed in each bin;

* The number of events in each bin of the distributions used to calculate data-driven

backgrounds, propagated through the background estimation;

» The number of events in the distributions used to carry out the unfolding procedure

- this was discussed in further detail in Chapter 7|

. The number of events observed can usually be assumed to have an underlying Poisson
distribution, which has an equal mean and variance A, and therefore a standard deviation
o; = v/\; in every bin i of a binned distribution of events. If a sufficient number of events
are sampled, this Poisson distribution becomes Gaussian according to the Central Limit
Theorem, meaning an approximation for the statistical uncertainty can be made using the

number of observed events N in data:

O_istat,data _ \/ﬁz (81 )
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In the case of the present analysis, due to the large production cross-section of W +jets
at the LHC, a sufficient number of event are observed that statistical uncertainties do not

dominate the measurement in all but the lowest statistics bins.

8.1.1 Statistical uncertainties from unfolding

As described in Chapter |7}, the particle-level W — puv+jets cross-sections are extracted
from the measured reconstruction-level distributions via iterative Bayesian unfolding [129]
[130]. The statistical uncertainty on the unfolded distribution from the finite statistics of the
prior and the response matrices is propagated through the iterative Bayesian unfolding

procedure using [131]:

on(T;) 1 3 P(Rua|Th) 910(Ty)

= M,;; + M;n(R m My |, (8.2
() ~ Mt 2 Mond ”( noT) Z () oa(r) ) 82
where 3”0 ) is the uncertainty calculated from the previous iteration and 0 for the first

on(R;

iteration. From Eq. it can be observed that the error from the unfolding is increased
with each iteration. Therefore, the need to reduce bias from the prior must be balanced

with this increase of statistical uncertainty by optimising the number of iterations.

The covariance matrix V' (n(Ty),n(1;)) of the unfolded distribution can be calculated

using Eq. and is found to be

on(T)

V((Ty), 2(T7)) = on(R;)

7,7]':1"T
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where nr is the number of truth bins and V' (n(R;),n(R;)) is the covariance matrix of
the reconstructed distribution. The statistical uncertainty from unfolding in bin k£ of the
unfolded distribution is therefore extracted from the diagonal element V.. For detailed
discussion of the treatment of uncertainties associated with iterative Bayesian unfolding,

see [130].

8.2 Systematic uncertainties

Experimental systematic uncertainties arise due to imperfections or limitations in the
setup or operation of the experiment. Examples pertinent to experimental particle physics
include uncertainties in object identification, calibration, or resolution, or statistical uncer-
tainties propagated from the samples used in calibration procedures. Additional system-
atic uncertainties may also be introduced into a measurement based on the data analysis

methods employed.

The individual sources of experimental systematic uncertainty in the W +jets muon
channel, grouped based on their physical origin, are presented in Table [8.1] and are

summarised below.

Muon reconstruction and calibration [63] [66] [132], in addition to the single muon
trigger efficiency [121], contribute 14 individual sources of systematic uncertainty to the

muon channel analysis:

» 2 associated with the unprescaled single muon trigger efficiencies;
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177

Muon systematics

MUON_EFF_TRIG_STAT
MUON_EFF_TRIG_SYST
MUON_EFF_RECO_STAT
MUON_EFF_RECO_SYST
MUON_EFF_RECO_STAT_LOWPT
MUON_EFF_RECO_SYST_LOWPT
MUON_EFF_ISO_STAT
MUON_EFF_ISO_SYST
MUON_EFF_TTVA_STAT
MUON_EFF_TTVA_SYST
MUON_CB
MUON_SAGITTA_DATASTAT
MUON_SAGITTA_RESBIAS

MUON_SCALE

Statistical error on the muon trigger efficiency SF

Systematic error on the muon trigger efficiency SF

Statistical error on the pT>15 GeV component of the muon reconstruction efficiency SF
Systematic error on the pT>15 GeV component of the muon reconstruction efficiency SF
Statistical error on the pT<15 GeV component of the muon reconstruction efficiency SF
Systematic error on the pT<15 GeV component of the muon reconstruction efficiency SF
Statistical error on the muon isolation SF

Systematic error on the muon isolation SF

Statistical error on the muon track-to-vertex association SF

Systematic error on the muon track-to-vertex association SF

Variations in the muon track resolution for combined muons

Statistical error on the charge-dependant momentum corrections

Variations in the charge-dependent momentum scale from residual charge-dependent
bias and data/MC non-closure

Charge-independent variations in the muon momentum scale

Emiss systematics

MET _SoftTrk_ResoPara
MET_SoftTrk_ResoPerp
MET _SoftTrk_Scale

Uncertainty from smearing the EX2iss soft term parallel to the direction of p%ard
Uncertainty from smearing the EZ2iss soft term perpendicular to the direction of phard
Uncertainty from scaling the E%‘iss soft term scale up or down in the direction of p}%‘“d

Jet systematics

JET _EffectiveNP_Detector (1-2)
JET_EffectiveNP_Mixed (1-3)
JET_EffectiveNP_Modelling (1-4)

JET _EffectiveNP _Statistical (1-6)
JET_Etalntercalibration_Modelling
JET_Etalntercalibration_NonClosure_2018data
JET _Etalntercalibration_NonClosure_highE
JET _Etalntercalibration_NonClosure_negEta
JET _Etalntercalibration_NonClosure_posEta
JET _Etalntercalibration_TotalStat
JET_Flavor_Composition
JET_Flavor_Response
JET_Pileup_OffsetMu
JET_Pileup_OffsetNPV
JET_Pileup_RhoTopology

JET _Pileup_PtTerm
JET_PunchThrough_.MC16
JET_SingleParticle_HighPt
JET_JER_EffectiveNP (1-12restTerm)
JET_JER_DataVsMC_MC16

JES in-situ nuisance parameters due to detector modelling

JES in-situ nuisance parameters with mixed origins

JES in-situ nuisance parameters due to jet modelling

JES in-situ nuisance parameters due to statistical uncertainties

JES n-intercalibration uncertainty due to jet modelling

JES n-intercalibration uncertainty due to non-closure with 2018 data

JES n-intercalibration uncertainty due to non-closure with data for high-energy jets
JES n-intercalibration uncertainty due to non-closure with data in the region < -2.4
JES n-intercalibration uncertainty due to non-closure with data in the region > 2.4
JES n-intercalibration statistical uncertainty

JES uncertainty in the proportion of quarks to gluons in calibration samples

JES uncertainty in the response of gluon-initiated jets

JES uncertainty of the modelling of x in simulation

JES number of primary vertex-dependent pile-up subtraction uncertainty

JES uncertainty on the simulated average pile-up density

Remaining JES uncertainty on pile-up pr dependence

JES uncertainty on the punch-through correction in the Global Sequential Calibration
JES uncertainty from single-particle and test-beam measurements for high-pr jets
JER nuisance parameters

JER uncertainty accounting for differences in resolution between data and MC

jvt_SF Uncertainty on the Jet-Vertex Tagger central pile-up tagging SF

fivt_SF Uncertainty on the Forward Jet-Vertex Tagger forward pile-up tagging SF
Pile-up systematics

pileup Uncertainty on the pile-up reweighting SF

b-Tagging systematics

bTag-SF_DL1r_85_eigenvars_B (1-9)
bTag_SF_DL1r_85_eigenvars_C (1-4)
bTag_-SF_DL1r_85_eigenvars_Light (1-
bTag-SF_DL1r_85_extrapolation
bTag_SF_DL1r_85_extrapolation_from_charm

4)

Uncertainty on b-jet b-tagging efficiency

Uncertainty on c-jet b-tagging efficiency

Uncertainty on light-flavour jet b-tagging efficiency

b-tagging efficiency for high-p jets

b-tagging efficiency for high-pr jets derived from a charm-enriched sample

Table 8.1: A summary of the experimental systematic uncertainties in the W +jets muon

channel.
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* 4 associated with muon reconstruction efficiency. This is derived in J/¢) and Z boson
events [63] using the Tag and Probe method as discussed in Section (3.2.1], with the
former contributing when muon pr < 15 GeV, and the latter when muon py > 15

GeV. As a result, they each provide independent systematic components;

2 associated with muon isolation efficiency;

2 associated with muon track-to-vertex association;

1 associated with track resolution for ‘combined’ muons;

2 associated with muon charge-dependent momentum corrections;

1 associated with charge-independent uncertainties on the reconstructed muon mo-

mentum scale.

Most sources listed above have both a statistical component, reflecting the number of

events in the distributions used to derive the scale factors, and a systematic component.

ETss reconstruction [81] is associated with 3 sources of systematic uncertainty from
the soft term only, as the uncertainties associated with the objects contributing to the
hard term are included in the uncertainties associated with the same objects used for
analysis. Two components originate from the resolution of the EX's* soft term, one of
which is smeared with a Gaussian profile parallel to the direction of the hard term, and
the other in the perpendicular direction. The final uncertainty component originates from

the response of the E*s soft term, as measured in a topology with no genuine E&iss.
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Jet systematics primarily originate from the Jet Energy Scale (JES) and Jet Energy
Resolution (JER) calibration [50] [76], in addition to uncertainties related to the calibra-
tion of pile-up tagging algorithms in the central [83] and forward [82] regions. In theory,
all 115 individual nuisance parameters related to the JES calibration could be combined
into one single uncertainty; however, many of these nuisance parameters are correlated
and such a combination would result in the loss of valuable correlation information. In-
stead, several reduction schemes are employed by ATLAS to balance the number of JES
nuisance parameters with the degree of correlation information retained. For the ‘cate-
gory reduction’ scheme used the 1/ +jets analysis, uncertainties related to the in-situ JES
calibration which are one-dimensional functions of jet pr , an eigenvector decomposition
on the covariance matrix of these uncertainties is performed. Only the top 30 (including
both up and down variations) are retained, with the final terms being a residual term of
the remaining nuisance parameters. The category reduction scheme groups these re-
duced nuisance parameters according to their origin; detector, jet modelling, statistical

and mixed. In total, there are 22 sources of jet-related systematic uncertainty:

* 4 associated with the JES in-situ calibration, comprised of 15 sets of up/down vari-

ations;

6 associated with the JES n-intercalibration, whereby the well-measured jet energy

response derived in the central region is extrapolated to the forward region;

2 associated with the relative quark-gluon proportion in the JES calibration samples;

4 related to the JES pile-up subtraction;
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» 2 miscellaneous JES systematics;

1 associated with the JER smearing, comprised of 12 sets of up/down variations;

1 associated with jet resolution differences between data and MC;

2 associated with the data-MC efficiency correction scale factors from pile-up tag-

ging.

One source of systematic uncertainty is associated with ‘pile-up reweighting’ [133].
This is the process by which pile-up is simulated in ATLAS MC samples. A variable
number of additional inelastic pp collisions are simulated at the interaction point, and MC
events are reweighted so that the mean number of interactions per bunch crossing agrees

with observations in data from the year to which the MC sample corresponds.

As a veto is placed on events with >3 jets which have at least one jet from a b-quark
which enter the N, distribution, the uncertainties associated with the b-tagging algorithm
calibration [79] [80] must be accounted for in these bins. Similar to the JES uncertainties,
a Principal Component Analysis is used to reduce the total number of flavour tagging
uncertainties to a smaller number of nuisance parameters. Different sets of nuisance

parameters are provided for each jet flavour:

» 9 associated with the b-tagging efficiency of b jets;

* 4 associated with the b-tagging efficiency of ¢ jets;

* 4 associated with the b-tagging efficiency of light flavour jets;
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» 2 associated with the extrapolation of data driven calibrations to larger values of jet

pr using MC simulation.

In practice, systematic uncertainties are evaluated using MC before being transferred
to data distributions. The impact of each systematic on the final measurement is evaluated
by varying either the event weight or kinematics, depending on the type of uncertainty,
and repeating the analysis in full to produce a varied distribution. Typically, uncertainties
on event reweighting scale factors only affect the normalisation of distributions, whereas
others which affect event kinematics may impact several quantities at once, in addition to
which objects and events pass selections. The uncertainty from an individual systematic
source on the measured distributions is evaluated by taking the difference between the
varied and nominal distributions. The individual uncertainty components in each bin are
then added in quadrature, separately depending on whether they have an up or down

effect on the measured cross-section, to produced the total systematic uncertainty bands.

In addition to the experimental systematic uncertainties discussed above, further sources
of systematic uncertainty should be considered, originating from the multijet background

estimation. These include:

» The propagation of the systematic uncertainties discussed above through the matrix
method. In principle, this should be performed by repeating the background estimate
using varied distributions for each source of systematic uncertainty. However, as
Table[9.1]will show, the MJB is a sufficiently small background that shape differences

are not expected to strongly contribute to the overall systematic uncertainty in the
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Signal Region. Therefore, it has been agreed within the 1/ +jets analysis team that a

20% normalisation envelope is a sufficiently conservative approximation for the full

propagation]

A two-point systematic for the choice of W — uv+jets signal generator used in the

efficiency calculation;

» The propagation of the statistical uncertainties of the distributions used to calculate

the real and fake efficiencies.

The contribution from each group of systematics described above, including the un-
certainties associated with the MJB estimate, to the total W +jets experimental systematic
uncertainty is illustrated in Figure [8.1] The binning scheme chosen is the optimised set
of bins for the unfolded distributions, as discussed in Section [5.1] The total systematic
uncertainty across all distributions is of order 10-20%, with jet-related systematics domi-
nating in most bins of all distributions; this is with the exception of the low p!V, high y!cadin

leading
T

and mid p , Hr and St regimes, where uncertainties originating from the MJB esti-

mate dominate.

The total experimental systematic uncertainty is also compared to the statistical un-
certainty and, in all but the highest jet pr bins, the measurement is dominated by the
systematic uncertainties. The addition of the remainder of the Run 2 data is expected
to improve the measurement precision in these bins and possibly make higher pr bins

accessible, but will have a limited impact on the total uncertainty in regions where sys-

"However; this approach remains under discussion, and an alternative strategy may ultimately be em-
ployed in the published paper.



8.2. SYSTEMATIC UNCERTAINTIES

‘lg 0_47\ T ‘ TTTT ‘ T T ‘ TTTT ‘ T T ‘ T 1T ‘ TTTT ‘ T T \L
S I ATLAS Work in progress — ons ]
o 0.3F (s=13Tev: 362" fw'eup E
c E p>30Gev — gAe““S"IE‘ =
< 02:* p > 28 GeV _;«l:;.LSys(. 7:

0.1+ =
—O.lj—i =
02 Mgt
-0.3F =
CO Al e 1 ]

0.4 1 2 3 4 5 6 7 8
jet multiplicity

% 04 L B B T T L R 7]
&L ATLAS Work in progress — ons ]
~ tag

2 0.3F y5-137ev; 36210 7,)..3“,, E
Cw Nlels 21 73\/:5\(\]& ]
L 0.2 plet > 30 GeV = ;?;.LSysl. 7:

0 p: > 28 GeV E
S —

0 ===
: S -
-0.1- =
~0.2F -
—0.3f 3
_0-4: Lo | Lo | 3 E

10 10

pfadmg [GEV]

g 0_47 T T T T L B R B a|
& I ATLAS Work in progress — ons ]
"2 0.3F 5=137ev; 36.2 10" —w'eup B
S f Nzl —w
< 02:* plet > 30 GeV :;uat.LSyst. 7:

0 1:* p > 28 GeV j
0== -
-0.1+ =
-0.2F =
-0.3F =
_0.4:\ | L | ]

10°

'_\
o
N

H; [GeV]

183
g 0_47 T T T 7 T T T T T ] |
& I ATLAS Work in progress — ons ]
T 0-3§ Vs=13TeV; 36.2fb™ fw'eup E
S F N>l v
< 02; pJet > 30 GeV :;?;[Sys(. 7:
0 1: p: > 28 GeV ’—':,:j
02 -
-0.1 =
-0.2- -
-0.3- -
_0 4: I P T T S R S SR ]

"0 500 1000 1500 2000
Py [GeV]
g 0.47\ ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ L ‘ TTTT {7
& - ATLAS Work in progress — buons ]
2 0.3F 5=13Tev: 36210 —mleup E
C“-’ 0 2: Nje‘S >1 — glletzlstuel 9
< L —— Tot. Syst. =
0.1 =
Og‘i_— = =

%

v b b b b b b By |

—4—3—2—101234

y

leading

ATLAS Work in progress. — s

F Vs=13Tev;36.2fb" — w'eup
M Itij
NJJ:(‘S - 1 —_— Je‘:s”e‘
~—— Tot. Syst.
P, > 30 GeV oSyt
p$ > 28 GeV

\\\\‘\\\\‘\\\\‘\l\\Hﬂ\\\\‘\\\\‘\\\\‘\\\\

10? 10°
S, [GeV]

Figure 8.1: The contribution to the total experimental systematic uncertainty (grey) from
each group of systematic uncertainty, in each of the distributions measured. The statistical

uncertainty (black) is also shown.
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tematic uncertainties dominate. The extra data is also expected to reduce the statistical

uncertainties from the MJB estimation.

Additionally, the uncertainty on the luminosity measurement in ATLAS [30] for Run
2 must be considered. The absolute scale of the luminosity is measured using low-
luminosity Van der Meer scans. This is then extrapolated into the high-luminosity regime
of the high intensity pp collisions used for physics analyses using the using various meth-
ods, including the LUCID detector, the Beam Conditions Monitor, track counting methods
and calorimeter algorithms. The largest contribution to the uncertainty on the luminos-
ity measurement is from this extrapolation, followed by components from magnetic non-
linearities and beam-beam interactions. A study of the full Run 2 luminosity delivered a
relative uncertainty of 0.83%, compared to 1.8% for the 7 TeV luminosity measurement
and 1.9% for 8 TeV. While the full Run 2 dataset has not yet been implemented in the
W +jets analysis, the 0.83% luminosity uncertainty value is used as an approximation of

the luminosity uncertainty for the 2015+2016 data.

8.3 Theoretical uncertainties

Uncertainties are also introduced into a particle physics analysis through the MC genera-
tors used to model the signal, backgrounds and perform the unfolding. These uncertain-
ties originate from a variety of sources, including the values of fundamental constants,
the errors on tuning parameters, modelling assumptions, and uncertainties from the phe-

nomenological models underlying the simulation of the hadronisation and the underlying
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event. Additionally, uncertainties are introduced due to the choice of factorisation and
renormalisation scales, ur and ug respectively. These are quantified by varying the scale
choice, usually by factors of 0.5 and 2, according to the standard seven-point variation.
Furthermore, the PDFs convolved with parton-level predictions to generate particle-level
predictions have their own associated uncertainties which must be propagated to an anal-

ysis.

In practice, simulations store the impact of variation by each source of uncertainty as
a set of varied generator weights. Similarly to the procedure for systematic uncertainties,
to evaluate impact of each source of theoretical uncertainty on the final measured dis-
tributions, the full analysis is repeated using the varied Monte-Carlo weights. Additional
care must also be taken to use the varied sum of generator weights when using Eq.

to perform the luminosity reweighting.

The full treatment of the theoretical uncertainties is still to be implemented in the
W +jets muon channel. When this is ultimately performed, the theoretical uncertainty will

be reported as an additional uncertainty alongside the unfolded cross-section results.
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Chapter 9

Results

“l was taught that the way of progress is neither swift nor easy.”

— Marie Curie

In this chapter, the measurement of W +jets production at \/s=13 TeV in the W — uv
decay channel are presented. Reconstruction-level results are shown in Section(9.1] while

the unfolded differential cross-sections are presented and discussed in Section

9.1 Reconstruction-level distributions

With the MC-driven backgrounds and data-driven backgrounds having been calculated
in Chapter [6, and the majority of statistical and systematic uncertainties having been
evaluated in Chapter 8, a comparison of each measured data distribution in the Signal

187
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Region and the total Standard Model prediction can be produced, and are presented in
Figure [9.1] The proportion of each background stated as a percentage of the number of

data events for each value of inclusive jet multiplicity is presented in Table [9.1]

In Figure 9.1 two Standard Model predictions are presented: One with the W —
uv+jets signal modelled using Sherpa 2.2.11, and the other using Madgraph+Pythia8
with FxFx merging. In general there is good agreement within the total uncertainties
of the predictions with data. This agreement breaks down, however, at large values of
pl{iading, Ht and St where both predictions overestimate the data outside the uncertainty
bands. These same three distributions also deviate from the data at low pr to the border
of the uncertainty bands. In the N, distribution, both predictions agree well up to 4 jets,
at which point Madgraph+Pythia8 prediction begins to underestimate the data while the
Sherpa 2.2.11 prediction overestimates the data. In the p} distribution, while the Sherpa
prediction agrees with data within uncertainties over the full spectrum, several bins in
the Madgraph prediction deviate outside uncertainties from 400 GeV. In all distributions,
fluctuations in the MJB due to estimation using prescaled data, as described in Section
[6.2.4], are apparent and emphasise the need for smoothing in the final result presented in

the paper.

The uncertainties discussed in Section Chapter [ are also included on the plots; the
vertical black lines represent the statistical uncertainties, while the grey bands represent
the statistical uncertainties, full experimental systematic uncertainties including those as-
sociated with the MJB estimate, and luminosity uncertainties approximated using the full

Run 2 uncertainty of 0.83%. Theoretical uncertainties are not included; as discussed in



9.1. RECONSTRUCTION-LEVEL DISTRIBUTIONS

Events

Pred./Data.

Events/GeV

Pred./Data.

Events/GeV

Pred./Data.

1020

L T L L B BN

£ ATLAS Work in progress

[ Vs=13TeV;36.2fb" W (- pv)+jets

E p>30Gev — et

::P:>28 GeV =\I?v|b—os‘c\z)rjzﬂ Uy, T
e Top quark

—— W~ pv (MG + PY8, FxFx)—
W pv (SHERPA2.2.11)

&

1.2F
1
0.8F ]
1 2 3 4 5 6 7 8
jet multiplicity
107 1 — -
10" ATLAS Work in progress 3
104 Vs=13TeV; 36.2fb™ W (- pv) +jets =
e Data _15+16 —
10%2 Njs 21 [ ] M_\é“iiet —
Lo P >30 Gev ] ¥Dv'fi%? zowr
P: >28 GeV - qpi]var(MG + PY8, FxFx)—
10 W pv (SHERPA2.2.11) ]

g,

I rss s PR A S o

I
1
t

10? |183
p:a ing [Gev]

T T T T T T T
ATLAS Work in progress
Vs=13TeV;36.2fb™ W (- pv)+jets

e Data 15+16
Nigs 21 . Multijet

jet B Diboson
P, > 30 GeV
p: > 28 GeV

[
—— W~ pv (MG + PY8, FxFX;
W pv (SHERPA2.2.11)

120 e

1+ e S =

0.8F E
10? 10°

Events/GeV

Pred./Data.

Events

Pred./Data.

Events/GeV

Pred./Data.

10
10
10*

10?

1072
1.2

L L B L L B B BN
ATLAS Work in progress
Vs=13TeV;36.2fh" W (- pv)+jets

e Data_15+16
Nigis 21 - E/I_Léltijet
et I Diboson
pr > 30 GeV — qu v, lz<~ u, TT
n S Top quarl
p. > 28 GeV —— W- pv (MG + PY8, FxF.

W_. pv (SHERPA22.11)

T

0.8

=

0 200 400 600 800 100012001400 1600 18002000

_’_
”"+-H-J o 1 _l_
P SRR R !

pY [GeV]

R I I L B B L B
ATLAS Work in progress
Vs=13TeV;36.2fh" W (- pv)+jets

e Data_15+16
Nigis 21 - M}Léltijet
et s Diboson
Py > 30 GeV s W v, lz: u, TT
W s Top quarl
P> 28 GeV —— W- pv (MG + PY8, FxF.

W_. pv (SHERPA22.11)

HHHI‘ H\HI‘ HH\“ HHHI‘ \HHI‘ HHHI‘ HH“ HH\“ ‘ H\Hljr

yleading

ATLAS Work in progress
Vs=13TeV;36.2fh" W (- pv)+jets
o Data_15+16

Nies 21 — Vit
et @ Diboson
P >30 GeV s Wo v, Z - pp, Tt

W Top quark
—— W- pv (MG + PY8, FxFx

p: > 28 GeV (
W~ pv (SHERPA2.2.11)

Figure 9.1: A comparison between data and two total Standard Model predictions in the
Signal Region; one with the W — uv+jets signal modelled using Madgraph+Pythia8 and
FxFx merging (blue) and one using Sherpa 2.2.11 (yellow). Statistical uncertainties are
represented by black vertical bands, while full statistical + systematic uncertainties in
addition to the luminosity uncertainty, are represented by the grey bands.
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Section [8.3] these will ultimately be expressed as an additional uncertainty alongside the

unfolded cross-sections when they are available.

Njet W — pv W —puv Topquark Z — pup W — 7v  Multjet Diboson Z — 77

(MG+PY8) (SHERPA) +jets +jets

Yo Yo Y% Y% Y% Y% Y% Yo
>1 97.8 98.4 0.7 4.2 1.7 3.7 0.4 0.1
>2 87.4 90.6 6.2 4.3 2.0 0.7 0.9 0.2
>3 87.1 91.6 4.5 4.7 2.2 0.2 1.6 0.2
>4 79.5 83.8 9.4 4.7 2.1 0.1 2.3 0.2
>5 67.4 78.8 14.8 4.8 2.3 0.5 3.1 0.3
>6 57.2 76.8 19.1 5.1 2.4 0.3 3.8 0.3
>7 49.4 78.9 21.8 54 2.7 0.3 4.1 0.3
>8 40.3 74.2 20.4 5.1 1.7 1.2 4.0 0.3

Table 9.1: The Signal Region contribution from each signal generator and background,
expressed as a percentage of the number of data events, for different jet multiplicities up
to 8 jets.

Additionally, the proportion of W — uv+jets signal and each background in the Sig-
nal Region, expressed as a percentage of data events, is presented in Table for
different inclusive jet multiplicities up to 8 jets. In lower jet multiplicity bins, the Signal
region consists of > 85 % W+jets signal, declining sharply with jet multiplicity for the
Madgraph+Pythia8 prediction and more gradually for Sherpa 2.2.11. The top quark back-
ground, while a relatively small contribution at lower jet multiplicities, becomes a signifi-
cant ~ 20% background at higher jet multiplicities, despite the veto placed on b-jets for
Nt > 3. The Z — pp+jets background contributes approximately 5% across all jet multi-
plicities, which is slightly larger than the ~ 1-4% contribution observed in the most recent
ATLAS W +jets muon channel measurement at 7 TeV during Run 1 [94]. However, the
present analysis has a slightly looser pr threshold for the second muon veto; 10 GeV for

this measurement vs 7 GeV for the 7 TeV analysis. Finally, the MJB contribution to the
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Signal Region is somewhat smaller than the ~ 2-10% background observed in the muon
channel of the 7 TeV analysis; however, these may not be directly comparable as the 7
TeV measurement had a lower m!' >40 GeV cut compared to the m}’ >60 GeV selection
implemented in this 13 TeV analysis, and utilised jets using calorimeter topoclusters only

compared to the Particle Flow jets made available in Run 2.

9.2 Unfolded cross-sections

In this section, the reconstruction-level data distributions presented in Section9.1], with
the backgrounds subtracted, are unfolded using the Sherpa 2.2.11 signal MC sample.
A choice of 3 unfolding iterations is made, based on studies performed in the electron
channel. The unfolded distributions are weighted by a factor of 1/36.2 fb~! to extract the
differential cross-sections from the number of unfolded events (see Eq. [2.1). Additionally

distributions that are a function of pr are scaled to the bin width.

The systematic uncertainties described in Section [8.2] including the 0.83% luminos-
ity uncertainty are propagated to the unfolded differential cross-sections, as described in
Section As discussed in Section [8.3] the theoretical uncertainties, which are yet
to be calculated for the muon channel due to time constraints, will be presented along-
side the statistical and systematic uncertainties in Table [9.2) and Table [9.3] These tables
present the measured charge-independent production cross-section for W bosons in as-
sociation with jets from pp collisions at /s=13 TeV, in the W — v decay channel, for

inclusive and exclusive jet multiplicities respectively, up to 8 jets. As discussed in Section
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[9.1] the measurement is dominated by systematic uncertainties for all jet multiplicities.

]\fji;gl- o[pb] Stat. unc. (%) Syst. unc. up (%) Syst. unc. down (%)
>1 9461.57 0.2 18.8 17.0
>2 2573.15 0.1 28.9 27.3
>3 615.42 0.2 41.7 40.6
>4 153.64 0.3 52.7 515
>5 39.30 0.8 64.2 61.6
>6 10.75 1.1 72.0 70.8
>7 3.24 2.0 103.5 77.8
>8 1.23 3.3 211.6 85.5

Table 9.2: The charge-independent production cross-section for W bosons in association
with jets from pp collisions at \/s=13 TeV, in the W — uv decay channel, for inclusive jet
multiplicities up to Nj, >8. The associated statistical and systematic uncertainties are
also presented as a percentage of the measured cross-sections.

NZd o [pb] Stat. unc. (%) Syst. unc. (%) up Syst. unc. (%) down
=1 688.84 0.2 15.6 13.6
=2 195.77 0.1 24.9 23.2
=3 46.18 0.2 38.1 37.0
=4 11.43 0.3 49.2 48.0
=5 2.85 1.0 63.7 58.3
=6 0.75 1.3 66.6 68.0
=7 0.20 2.6 71.4 741
=8 . 0.06 4.6 118.0 79.5

Table 9.3: The charge-independent production cross-section for W bosons in association
with jets from pp collisions at \/s=13 TeV, in the W — v decay channel, for exclusive jet
multiplicities up to N;.,=8. The associated statistical and systematic uncertainties are also

presented as a percentage of the measured cross-sections.

Figures present, for each observable, the W boson charge-independent differ-

ential cross-section, the W differential cross-section, the W~ differential cross-section

and the ratio of the W+ /W~ differential-cross sections. The latter are important measure-

ments, as many systematic uncertainties cancel in the ratio, and have historically been
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powerful inputs to ATLAS PDF fits - see Chapter The measured differential cross-
sections are compared to the particle-level predictions from both the Sherpa 2.2.11 and

Madgraph + Pythia 8 FxFx generators.

The results for the charge-independent measurements are similar to those presented
at reconstruction-level in Section[9.1] Generally, agreement between the measured cross-
sections and the two predictions is observed within the uncertainty bands, with the excep-
tion of the very high-pt regime, or for very forward jets. While still technically within the
uncertainty bands, it should also be noted that both generators systematically over-predict
the data at low-pr , and that, from N, >6, the two predictions diverge; Sherpa 2.2.11 be-

gins to over-predict the data while MGPy8+FxFx underestimates it.

The ratios of the charge-dependent differential cross-sections also provide some in-
sights. As expected, the ratio causes many systematic uncertainties cancel, leading to
significant reductions in the total uncertainty, except in bins with low statistics where the
ratio compounds the larger statistical errors; a prominent example is the p'! spectrum,
where no meaningful comparison can be made above 800 GeV. For the N, and y'°dine
distributions, the W /W~ cross-section ratio agrees very with the data. However, for

leading

distributions which are sensitive to jet pr , Hr ,St and p; , both predictions diverge

strongly from the data, underestimating the measured ratio strongly at high-p .

Furthermore, the measured differential cross-sections and cross-section ratios are
available for inclusive jet multiplicities larger than N,; >1. An example is presented in

Figure [9.8] where the charge-independent differential cross-section as a function of Hr is
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presented for inclusive jet multiplicities a) Njex >2, (D) Njet >3, (€) Njer >4 (d) Njer >5.

In summary, this chapter has presented an interim result for W+jets production at
v/s=13 TeV in the muon channel. A limited number of further steps, which will be per-
formed by the author, remain before the result is considered ‘complete’ for publication.

These include:

Performing a fit to smooth the MJB estimate, and understanding the underestimation

in the Validation Region;

Evaluating the theoretical uncertainties, and the unfolding non-closure uncertainty.

The latter will simultaneously optimise number of unfolding iterations;

Evaluating the statistical correlations between observables using the bootstrap method;

* The combination of the muon channel with the electron channel, which has been

prepared by analysts other than the author;

Using the measured cross-sections to constrain proton structure via a QCD analysis.

Additionally, the addition of the remaining ~100 fb~! of Run 2 data would improve the
precision of the the high-pr regime measurement, and of the cross-section ratios, where
statistical uncertainties dominate. However, at the time of writing, this is intended to be
performed in a follow-up paper, which will also include an expanded list of observables

and updated unfolding techniques.
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Figure 9.2: The unfolded cross-sections as a function of N, for (a) charge-independent
W +jets production in the W — uv channel, (b) W+ — uv+jets (¢) W~ — uv+jets (d)
the W+ /W~ ratio of differential cross sections. All results are compared to two predic-
tions, generated using Madgraph-+Pythia8 with FxFx merging (blue) and one using Sherpa
2.2.11 (yellow). Statistical uncertainties are represented by black vertical bands, while full
statistical + systematic uncertainties, in addition to the luminosity uncertainty, are repre-
sented by the grey bands.
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Figure 9.3: The unfolded cross-sections as a function of p! for (a) charge-independent
W +jets production in the W — uv channel, (b) W+ — uv+jets (¢) W~ — uv+jets (d)
the W+ /W~ ratio of differential cross sections. All results are compared to two predic-
tions, generated using Madgraph-+Pythia8 with FxFx merging (blue) and one using Sherpa
2.2.11 (yellow). Statistical uncertainties are represented by black vertical bands, while full
statistical + systematic uncertainties, in addition to the luminosity uncertainty, are repre-
sented by the grey bands.
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Figure 9.4: The unfolded cross-sections as a function of Hr for (a) charge-independent
W +jets production in the W — uv channel, (b) W+ — uv+jets (¢) W~ — uv+jets (d)
the W+ /W~ ratio of differential cross sections. All results are compared to two predic-
tions, generated using Madgraph-+Pythia8 with FxFx merging (blue) and one using Sherpa
2.2.11 (yellow). Statistical uncertainties are represented by black vertical bands, while full
statistical + systematic uncertainties, in addition to the luminosity uncertainty, are repre-
sented by the grey bands.
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Figure 9.5: The unfolded cross-sections as a function of St for (a) charge-independent
W +jets production in the W — uv channel, (b) W+ — uv+jets (¢) W~ — uv+jets (d)
the W+ /W~ ratio of differential cross sections. All results are compared to two predic-
tions, generated using Madgraph-+Pythia8 with FxFx merging (blue) and one using Sherpa
2.2.11 (yellow). Statistical uncertainties are represented by black vertical bands, while full
statistical + systematic uncertainties, in addition to the luminosity uncertainty, are repre-
sented by the grey bands.
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Figure 9.6: The unfolded cross-sections as a function of pr: for (a) charge-independent
W +jets production in the W — pv channel, (b) W+ — uv+jets (¢) W~ — uv+jets (d)
the W+ /W~ ratio of differential cross sections. All results are compared to two predic-
tions, generated using Madgraph-+Pythia8 with FxFx merging (blue) and one using Sherpa
2.2.11 (yellow). Statistical uncertainties are represented by black vertical bands, while full
statistical + systematic uncertainties, in addition to the luminosity uncertainty, are repre-
sented by the grey bands.
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Figure 9.7: The unfolded cross-sections as a function of y'**din¢ for (a) charge-independent
W +jets production in the W — uv channel, (b) W+ — uv+jets (¢) W~ — uv+jets (d)
the W+ /W~ ratio of differential cross sections. All results are compared to two predic-
tions, generated using Madgraph-+Pythia8 with FxFx merging (blue) and one using Sherpa
2.2.11 (yellow). Statistical uncertainties are represented by black vertical bands, while full
statistical + systematic uncertainties, in addition to the luminosity uncertainty, are repre-
sented by the grey bands.
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Figure 9.8: The charge-independent unfolded cross-sections as a function of Hr for in-
clusive jet multiplicities greater than 1; (a) Njet >2, (b) Njex >3, (C) Njer >4 (d) Njey >5. All
results are compared to two predictions, generated using Madgraph+Pythia8 with FxFx
merging (blue) and one using Sherpa 2.2.11 (yellow). Statistical uncertainties are repre-
sented by black vertical bands, while full statistical + systematic uncertainties, in addition
to the luminosity uncertainty, are represented by the grey bands.
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Chapter 10

Parton Distribution Functions with

ATLAS data

“How do we emerge victorious from the quagmire?”

H

— Lin Manuel Miranda, ‘Hamilton

Precise knowledge of the parton content of colliding particles is crucial for both the
Standard Model and Beyond Standard Model physics programmes of hadron colliders
such as the LHC, meaning the PDFs must be thoroughly understood. In order to obtain
the cross-section predictions necessary for many of the measurements and searches at
such experiments, parton-level predictions must be convolved with the PDFs according
to the factorisation theorem in Eq. Precision determination of the PDFs is a key
area of research, as PDF uncertainties are a limiting theoretical systematic for a wide
range of important measurements, including precision SM measurements such as the W

203
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boson mass, e.g. [134] [135], and sin® fvw, e.g. [136] [137], BSM searches at high-mass
and, together with the strong coupling constant ag , are a dominant theory uncertainty for

Higgs measurements [138].

The DGLAP equations, as specified in Eq. [1.3.2] can predict the Q? evolution of the
PDFs from a particular starting value Q2 . However, as an exact function of Bjorken-
x, the PDFs are not known a priori at this starting value and thus must be extracted
from fits to experimental data, usually using a x? fit [139]. In order to achieve good PDF
precision, broad Bjorken-z and Q? coverage from the input data is desirable, and can be
achieved by fitting either a single measurement with broad sensitivity in =, Q? , in the case
of ep charged-current (CC) and neutral current (NC) inclusive deep inelastic scattering
(DIS), or multiple datasets encompassing a range of different processes from different

experiments.

Currently, the best constraints and broadest z, Q* coverage are provided by the combi-
nation into a single coherent dataset of all inclusive ep deep inelastic DIS neutral NC and
CC data collected by the H1 and ZEUS experiments during HERA | and HERA 11 [140].
This dataset has x, Q* coverage of 0.045 < (9> < 50000 GeV? and 6x10~7 < z < 0.65
for the NC and 200 < @Q? < 50000 GeV? and 1.3x1072 < z < 0.40 for the CC, and alone
has sufficient sensitivity to form the basis of the HERAPDF2.0 PDF set [140]. However,
these data do have certain limitations. For example, inclusive NC and CC DIS cannot
discriminate different flavours of up-type quarks or down-type quarks. Global PDF fitters
boost the power of the HERA dataset by simultaneously fitting it with measurements from

other experiments, for example by using data from fixed-target DIS experiments [141],
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[142], [143] [144], fixed target Drell-Yan experiments [145] [146] or Tevatron experiments
[147] [148] [149] to further constrain the PDFs at mid to high-z. In recent years, data from
LHC experiments such as ATLAS, CMS and LHCb have also proved to be powerful inputs
to PDF fits; for complete summary of the LHC data used, please refer to papers by the

global PDF fitting groups, for example, NNPDF [117], MSHT [150] or CTEQ [151].
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Figure 10.1: The approximate regions of sensitivity to PDFs, in the z, Q? kinematic plane,
of the LHC, HERA, Tevatron and fixed target experiments. Figure from [152].
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10.1 An Overview of PDF Fitting in ATLAS

Proton-proton measurements at the LHC, such as those performed by the ATLAS exper-
iment, provide valuable constraints for PDF fitting, including sensitivity to the gluon and
quark distributions at mid-to-high z, as well as information on quark flavour separation. AT-
LAS has a rich history of leveraging its PDF-sensitive measurements from the LHC Run
1 and Run 2, providing complimentary information to the combined HERA DIS dataset
to make important contributions to the understanding of PDFs, following the HERAPDF

philosophy [140].

Figure 10.2: Examples of Feynman diagrams contributing to PDF-sensitive processes
that have been included in ATLAS PDF fits: (a) Inclusive vector boson production, (b) t¢
production, and (c) Vector boson production in association with jets.

In 2016, the ATLASepWZ16 fit [153] was performed, fitting the combined HERA [+l
inclusive DIS data together with the measurement of inclusive W, Z boson production
(Figure cross-sections from 4.6 fb~! of pp collision data at 7 TeV. As the inclusive
W boson production cross-section is sensitive to the different couplings of the d and s
quarks to the u quark, the inclusion of the ATLAS inclusive W, Z data allowed the strange

quark sea to be directly fitted; for ep DIS, the 5 sea must instead be assumed to be a
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fixed fraction of the light sea. This measurement found the ratio of the strange to light

quark sea distributions, R, = Zj:j to be unsuppressed (~ 1) at low-z (z < 0.05) This
implies the strange and light quark distribution in the sea are of similar strength in this
kinematic range, in tension with the measurements of neutrino induced DIS [154] [142]
[155] [141] used in global PDF fits, which are more sensitive to higher values of . A
related tension was observed with results from the fixed-target Drell-Yan experiment E866
in the d — @ distribution at high-z [146]. Measurements from E866 indicated that this

distribution is positive at high-z, whereas results from the ATLASepWZ16 fit found it to be

slightly negative and compatible with zero within uncertainties.

In 2018, data from ATLAS measurements of ¢ production (Figure at 8 TeV in
the lepton + jet channel [156] and the dilepton channel [157] were added to the datasets
used in the ATLASepWZ16 fit. For the first time in an ATLAS PDF fit, it was possible to
include multiple PDF-sensitive spectra from the same measurement in the fit; this was
made possible by the provision of both statistical and systematic correlations between
the different ¢t spectra by ATLAS. The resulting ATLASepWZtop18 fit [158] fit produced a
gluon distribution that was made marginally harder by the inclusion of the ¢¢ data, and the

high-z gluon uncertainties were constrained.

Measurements of the production of vector bosons in association with jets (V +jets),
(Figure [10.2¢), such as the 13 TeV W+jets measurement described earlier in this docu-
ment, are powerful inputs to PDF fits. The addition of the jets extends sensitivity in z,
space with respect to inclusive W, Z measurements, as shown in Figure Addition-

ally, at tree-level V+jets production is initiated either by quark-antiquark interaction with
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gluon radiation or quark-gluon interaction, meaning these reactions are sensitive to the
gluon at their lowest order in QCD. In 2020, the ATLASepWZVjet20 analysis [159] fit the
ATLAS 7 TeV inclusive W, Z [153], ATLAS 8 TeV inclusive W [160]and Z [161], ATLAS 8
TeV Z+jets [162] and ATLAS 8 TeV W +jets [21] measurements together with the HERA

[+1I combination [140].
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Figure 10.3: Coverage in z,Q? space for inclusive W boson production (10.3a) and W
boson production in association with at least one jet (10.3b). The requirement that at
least one jet be present in the final state increases the sensitive range in both = and ? .
Figure from [21].

The addition of the V+jets data was found to increase the high-z d distribution and
decrease the high-x s distribution, with the sum of the two constrained by HERA data.
The increased high-z d also impacted the determination of the d — @ distribution at high-
x. The additional control of the down-type sea in this kinematic region supplied by the
V +jets data returned a positive high-z distribution in reasonable agreement with the E866
results up to x ~ 0.1, improving the tension between ATLASepWZ16 and E866 data.
The ATLASepWZVijet20 fit retained the unsuppressed R, at low-z observed in previous

ATLAS fits. However, the observed tension with results from the global PDF fits was found
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to be somewhat reduced, particularly with fits which include the ATLAS 7 TeV inclusive
W, Z measurement [153], such as CT18A [151], NNPDF3.1 [117] and NNPDF3.1_strange

[163].

10.2 Recipe for an Experimental PDF Fit

The following section describes the statistical framework employed in ATLAS, following
the HERAPDF philosophy [140] for performing for a PDF fit to experimental data; the
information provided has been summarised from [139]. In general, PDF fits are performed
using a x? fit of parton-level cross-section predictions convolved with the PDFs, which
have been evolved from some starting scale Q3 up to the scale of the experimental data
using the DGLAP equations from Eq. [1.3.2l A variety of functional forms in 2 may be
chosen for the PDFs. However, in general, ATLAS PDF fits employ the HERAPDF scheme

[140], with the quark distributions taking the form:

vq;(z) = AP (1 — x)CiPi(a:), (10.1)

where terms of the polynomial P;(z) = (1+ D;z + E;z* + F;2*) are added to the central
parameterisation only if their inclusion results in a decrease of x? > 2, as described in
[164], as the addition of extra parameters beyond this ‘y* saturation’ point serves only to

fit noise in the data. Additionally, the gluon distribution has the more flexible form:

zg(z) = AgaP (1 — )% P,(z) — A’ngé(l — )%,
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Physics-motivated constraints can then imposed on these parameters; examples in-

clude the quark number sum rules and the momentum sum rule.

A x? formulation must be chosen such that correlated systematic uncertainties are cor-
rectly accounted for. One method of accomplishing this is through a definition where the
correlated systematic errors and associated nuisance parameters (independent variables
of zero mean and unit variance for each source of correlated uncertainty) are included in

the theoretical prediction [139]:

Fi(p,b) = FINMOP(p) 4 Z Yiiby,

where the theoretical predictions F for point i are now a function of the theoretical
parameters p and the nuisance parameters b associated with the jth correlated source of

systematic uncertainty on point ¢, ;.

The x? definition for the fit can then be formulated as:

X Z D F 1_2%1 statuncorzk(Dika> (Dk_Fk(l_kajbj»

J
z ,uncor
+2 s
z ,uncor
Y8
J

1statD'F' 10.2
D? 4 62 (10.2)

F2+5

% stat

where D; and F; are the data and theoretical predictions respectively, 67 and 67

7,uncor

are the uncorrelated systematic and statistical uncertainties on D; and have the covari-

ance matrix C_!

stat,uncor,ik "

The correlated uncertainties are given by ~;; and accounted for
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by the nuisance parameter b;. The first term in Eq. is the ‘partial x*' of the data set
indicated by the summation over i (k). The second term is known as the ‘log penalty’ and
is a small bias correction term. The final term is the ‘correlated x?’ and comes from the j

nuisance parameters used to describe the correlations between systematic uncertainties.

One method of performing the fit is the Hessian method [165] [166], where the nui-
sance parameters are allowed to vary alongside the theoretical parameters in the central
fit. In effect, in the Hessian method the theory is not fit to the data, but rather the data
points are collectively shifted in accordance with their correlated systematic uncertainties,
such that the fit returns the optimal set of correlated shifts that result in the most consis-
tent agreement with the theory across all datasets. Observed shifts much greater than 1o
could indicate inconsistencies between the datasets being fitted, or that the associated

uncertainties have not been well-understood.

The errors on the PDF parameters are calculated from:

0 0
0 =TY Y %w%
ik v v

where Vj, is the covariance matrix expressing how the fit x? varies with respect to both
theoretical parameters and the nuisance parameters and 7' is the fit tolerance. However,
as PDF parameters are usually correlated with each other, resulting in Hessian matrices
that are generally not diagonal, it can be challenging to separate which individual PDF
parameters have the greatest impact. The eigenvector basis can simplify the expression

of the results of a PDF analysis. By diagonalising the covariance matrix of the parame-
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ters, the resulting eigenvalues correspond to the squares of the errors of the eigenvector
combinations of PDF parameters, and should therefore always be positive. PDF sets gen-
erally supply their errors in the form of two fit replicas for each eigenvalue, shifted up and
down the eigenvector direction by the fit tolerance T'. This makes the calculation of PDF
uncertainties on physical observables much simpler than if the full covariance matrix must

be considered.

In addition to the correlated experimental systematic uncertainties discussed above,
ATLAS PDF fits also consider uncertainties due to parameterisation and model choices.
Parameterisation uncertainties are evaluated by adding extra D, F, F' parameters (con-
trolling the high-z regime) to the expression in Eq. or by releasing constraints on the
low-x sea. Similarly, model uncertainties are estimated by varying theoretical assump-
tions, for example Q2 or heavy quark masses The PDF fit is reevaluated for each of these
variations, and the difference with respect to the central fit is taken as an uncertainty,
each of which are added in quadrature with the experimental uncertainties to return the

complete set of PDF uncertainties.

10.3 The ATLASpdf21 Fit

The aim of the ATLASpdf21 fit [1] was to show the PDF constraining power of ATLAS
measurements by simultaneously fitting as many PDF sensitive ATLAS datasets as pos-
sible, alongside leveraging ATLAS experimental expertise to demonstrate the impact of

correctly implementing the correlations of the systematic uncertainties both within and



10.3. THE ATLASPDF21 FIT 213

between the datasets. The latter is non-trivial, as individual measurements are made by
different analysis teams within ATLAS, which can result in different naming schemes being
employed for the same uncertainties. In addition, there is the need to separate the de-
gree of correlation of systematic uncertainty between different measurements analysing
the same data and including some of the same final state objects e.g. 8 TeV tt + jets,

V+jets , inclusive jets etc.

The HERA I+1l combined inclusive NC and CC Deep-Inelastic DIS data [140], provid-
ing wide coverage in Bjorken-z and (? were fit simultaneously together with a range of
ATLAS cross-section measurements: inclusive W, Z production at 7 TeV [153], inclusive
W [160], Z [161] production at 8 TeV, W +jet production at 8 TeV [21], Z+jet production
at 8 TeV [162], ¢t production at 8 TeV [156], tt production at 13 TeV [167], direct photon
production ratios at 8/13 TeV [168] and inclusive jet production at 8 TeV [169]. Two jet
radii were provided in the inclusive jet measurement, and the radius R=0.6 was chosen

for the fit, as it is considered more theoretically reliable.

A next-to-next-to-leading-order (NNLO) QCD analysis was performed on these data
using the open-source xFitter framework [170] with the minimisation performed by the MI-
NUIT programme [171], and was cross-checked using code independently developed pre-
viously at Oxford. For the predictions corresponding to the ATLAS data, APPLGRIDs [172]
or fastNLO [173] lookup tables were used, either directly at NNLO or at NLO corrected to
NNLO using multiplicative bin-by-bin k-factors, derived from the ratio of the NNLO to the

NLO QCD calculation. NLO EW corrections were applied to the LHC datd|in the form of

'For the DIS data, electroweak effects are already unfolded to LO, and NLO EW corrections are not
well-defined.
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k-factors derived from the ratio of NLO to LO calculated cross-sections. Additionally, for
LHC processes which included jets in the final state, non-perturbative correction k-factors

were also applied to account for hadronisation effects.

Previous ATLAS fits described in Section used either 15 or 16 free parameters in
their fits. The ATLASpdf21 analysis had 21 free parameters, allowing greater flexibility of
the fit; this is possible due to the diversity of datasets included in the fit. Using a starting
scale Q3 = 1.9 GeV? for DGLAP evolution (chosen to be below the scale of the charm
mass), the parton distributions for the valence quarks u, and d, , the light sea anti-quarks
w ,d and 5 and the gluon ¢ were fit assuming a fixed ag = 0.118 at the scale of the Z
mass in line with the PDG global average value [3]. A Q%. = 10 GeV? cut was placed
on HERA data to avoid regions requiring additional treatment e.g. small-z resummation
[174] [175], motivated by previously observed poorer fit in the excluded region compared
to the rest of the HERA data [140]. The heavy quark masses were taken from a recent re-
analysis of the optimal values of the heavy-quark masses from HERA heavy quark data
[176], and are taken to be m. = 1.41 GeV and m, = 4.2 GeV. All theoretical choices follow
those employed in the HERAPDF2.0 fit, and are varied while evaluating the fit's model

uncertainties. A list of the model and parameter variations studied, and the resulting

varied fit x? , can be found in Table [10.4l

Careful considerations were made of the systematic correlations between datasets.
These were made public with the PDF set, for other fitters to use as a framework for the
correct treatment of ATLAS correlations. Figure demonstrates the importance of

this - by accounting for systematic correlations between datasets, the central values of



10.3. THE ATLASPDF21 FIT 215

Central y°/NDF 2010/1620
Model variations
2
0., = 12.5 GeV 1947/1571
Q2. =7.5GeV? 2076/1660

me = 1.45 GeV (sym) 2025/1620
02 = 1.6 GeV* (sym) 2018/1620

myp = 4.3 GeV 2016/1620

mp = 4.1 GeV 2014/1620

m; = 175.0 GeV 2063/1620

m; = 172.5 GeV 2018/1620

R=04 2080/1620
Parameter variations

Fy, ,Dj 2007/1620

Figure 10.4: The varied theoretical and parameterisation choices used to evaluate the
ATLASpdf21 model and parameterisation uncertainties. ‘sym’ indicates that the variations
upwards and downwards have been symmetrised, R=0.4 indicates a varied jet radius for
the 8 TeV inclusive jet data, and F,,,, D; indicates a variation where the listed parameters
have been added. Figure from [1].

the fit shift by > 2% at mid-z at LHC scales. Consideration was also made of the scale
uncertainties of the predictions where necessary. For the 7 and 8 TeV inclusive W, Z
datasets, the measurements’ precision is comparable to the size of NNLO scale uncer-
tainties. To account for this, the scale uncertainties were added as additional systematic.
This was found to result in small differences between PDF shapes, but accounting for such

differences is important if O(1%) uncertainties are sought on the PDF measurements.

Given the number of datasets and different types of reactions included in the fit, the
possibility arises for inconsistencies between the datasets. To account for this, an analysis
of the optimum tolerance for the ATLASpdf21 fit was performed using the MSHT dynamic
tolerance procedure [177]. The most constraining datasets for the tolerance were found
to be the 7, 8 TeV inclusive W, Z measurements, with tolerance values for all eigenvectors

falling in the range 7T'=2.4—4.2. On this basis, a central value of 7'=3 was chosen for the
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central fit, to ensure no dataset fell too far outside its 68% CL limit. PDF sets with T'=1

and T'=3 were both made publicly available on the LHAPDF public repository.

A common concern in PDF fitting is in regards to the possibility of ‘fitting away’ the
effects of high-scale BSM physics present in the data, thus distorting the SM background
prediction and masking these effects when the PDFs are subsequently used in searches.

To ensure that this is not the case for this fit, a Q2. = 25000 GeV? cut was imposed on

the input data and the fit was repeated. Figure shows that high scale data do not
strongly affect the PDF shapes or uncertainties in this measurement within uncertainties.

Thus, any BSM effects that may be present in the data are not expected to skew the final

PDFs, and the cut was not considered further.
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Figure 10.5: (a) The d, distribution for the ATLASpdf21 fit with the correct correlations
between systematic uncertainties applied (red) and no uncertainty correlation applied be-
tween datasets (blue). (b) The ratio to the gluon distribution of the central ATLASpdf21
T=1 fit (red) of the fit repeated with a Q? < (500 GeV)? cut applied (blue). The linear x
scale emphasises that, even at very large x values, high scale data do not impact the fit
within uncertainties. Figures from [1]
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The final fit found R, to be unsuppressed at low-z, in accordance with previous ATLAS
results and a 2021 QCD analysis of WW+charm production by CMS [178]. However, this
fit showed less tension with the global fitters than exhibited by the previous ATLAS fits,
particularly with CT18A [151], MSHT20 [150] and NNPDF3.1_strange [163], all of which
included the ATLAS 7 TeV W, Z inclusive measurement in their fits. The PDFs produced
by this fit were also compared to HERAPDF2.0 and various global fits. As exemplified in
Figure the d, and d distributions with enhanced tolerance more closely resembled
the global fitters than HERAPDF2.0, indicating the ATLAS data used in ATLASpdf21 are

replicating features of the Tevatron and fixed-target DIS. data used in the global fits.

Finally, the ATLASpdf21 result was considered in the context of recent fixed-target
Drell-Yan data. At high-z, the E906 (SeaQuest) [179] experiment reports a d/u ratio
greater than 1, whereas its predecessor E866 (NuSea) [146] observed a ratio less than 1,
in tension with the updated result, When the T'= 1 ATLAspdf PDF set was used to predict
this ratio at high-z, Figure indicates a result much more in agreement with the new
observation than the old. Additionally, predictions using CT18A [151], which includes the

ATLAS 7 TeV W, Z data, were found to replicate the new data well.

10.3.1 Decorrelation Studies of Jet Systematic Uncertainties

For the ATLASpdf21 paper, the author studied the impact of the treatment of systematic
correlations in the ATLAS 8 TeV inclusive jet data on the fit [169]. The main impact of

these data, as shown in Figure [10.7] is the constraint on the gluon, specifically a mild
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Figure 10.6: (a) The T'=3 ATLASpdf21 d, distribution compared to HERAPDF2.0, CT18
and CT18A. The ATLAS fit more closely remembers the global fits than HERAPDF. (b)
A comparison of the T=1 ATLASpdf21 prediction for the d/u distribution to the E866 and
E906 results, alongside the prediction from various global PDF fits. Figures from [1].

hardening of the gluon PDF at high-z and a decrease in the high-x gluon uncertainties.

Historically, ATLAS jet data at 7 TeV have proven challenging to fit to QCD predictions
at both NLO and NNLO in QCD, resulting in very poor x? values; this was first observed in
ATLAS but was subsequently noticed by global fitters [180] [151]. This motivated ATLAS
to study options for the decorrelation of ‘two-point’ jet-related systematic uncertainties in

the 8 TeV inclusive jet publication [169].

Two-point systematics are estimated by taking the difference between two MC gen-
erators. Their correlations are not known a priori and these systematics are therefore
viable candidates for decorrelation treatment. Instead of assuming one internal source of
disagreement between the MC generators, which would cause the systematic to be fully
correlated across all pr and rapidity bins comprising the jet spectrum, the decorrelation

scenarios make the equally reasonable assumption of > 2 independent differences that
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Figure 10.7: The ratio to the central T=1 gluon distribution of the ATLASpdf21 fit (red) of
the fit repeated with the 8 TeV inclusive jet data removed (blue), demonstrating the effect
of these data in the fit. Figure from [1]

are functions of pr and rapidity. In this case the original uncertainty can be decomposed

into uncorrelated components.

Three two-point systematic uncertainties were identified as candidates for decorrela-

tion treatment in the 8 TeV inclusive jet paper:

« ‘Jet Flavour Response’, the systematic uncertainty introduced by the difference in

detector response between jets initiated by quarks and jets initiated by gluons;

 ‘Multijet Balance Fragmentation’, the systematic uncertainty due to jet fragmentation

in the multijet pr balance used for Jet Energy Scale calibration;

« ‘Pile-up Rho Topology’ is the systematic uncertainty on the average pile-up density

p used at the pile-up subtraction stage of jet reconstruction.
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Two different decorrelation schemes, found in the 8 TeV inclusive jet paper to reduce

the data/MC x? , were studied in the context of the ATLASpdf1 fit;

» Decor 1: Jet Flavour Response Splitting Option 14, Multijet Balance Fragmentation

Splitting Option 17 and Pile-up Rho Topology Splitting Option 16;

» Decor 2: Jet Flavour Response Splitting Option 7, Multijet Balance Fragmentation

Splitting Option 17 and Pile-up Rho Topology Splitting Option 16,

where the relevant splitting options, extracted from the 8 TeV inclusive jet paper, are
given in Table [10.1] Each of the listed sets of one, or two, sub-components are accom-
panied by one additional complementary sub-component, defined such that the sum in
quadrature of all sub-components in a given splitting option returns the magnitude of the

original uncertainty. The function L(z, min, max) is defined by:

L(z,min, mazx) = (xr — min)/(max — min),

when min < x < max, and L =0 when z < min or z > max.

Both of the above decorrelation scenarios were found to result in the significant re-
duction of the data/MC x? in the ATLAS 8 TeV inclusive jet analysis [169], and differential
cross-sections produced using these two splitting schemes were made available by AT-

LAS.

The author investigated the impact of using the Decor 1 and Decor 2 decorrelation

schemes in the ATLASpdf21 analysis, having implemented the published results in an
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Splitting option Definition, completed by complementary

7 L(|y|, O, 3)- uncertainty

14 L(In(pr[TeV]), In(0.1),1n(2.5)) - /1 — L(Jy|,0, 1)2-uncertainty

L(In(pr[TeV]),In(0.1), 1n(2 5)) L(|yl, 1,3)- uncertainty

16 V1 — L(In(pr[TeV]),In(0.1),1n(2.5))2 - /1 — L(|y|, 0, 1.5)2- uncertainty
v/1— L(In(pr[TeV]), In(0.1), 1n(2 5)) L(Jy|, 1.5, 3)-uncertainty

17 /1 — L(In(pr[TeV]),In(0.1),1n(2.5))2 - /1 — L(]y|,0, 1)2-uncertainty
V/1— L(In(pr[TeV]),In(0.1), 1n(2 5))2 - L(|yl, 1, 3)-uncertainty

Table 10.1: A table of the relevant two-point systematic splitting options used in the studied
decorrelation schemes. Each set of sub-components is accompanied by one additional
complementary sub-component, defined such that all sub-components in a given splitting
option sum in quadrature to return the magnitude of the original uncertainty. The function
L(z, min, max) is defined by L(z, min, max) = (x — min)/(max — min) when min < z <
max, and L =0 when x < min or x > max. Splittings originally provided in [169].

xFitter compatible format, alongside the nominal scheme where all three two-point jet
systematic uncertainties are fully correlated in pr and y. One additional decorrelation
scheme was also studied; the JFR scheme, where the jet flavour response uncertainty
is fully decorrelated across y bins. This is not one of the scenarios studied in the 8 TeV
inclusive jet paper, but was included as it is straightforward technically to implement and
was found early in the analysis to improve the partial x* associated with the jet data. This
study was performed using an early, 16 parameter version of the ATLASpdf21 fit which
followed the ATLASepWZ16 parameterisation; however, subsequent follow-up studies by
the analysis team showed that the more flexible 21 parameter fit also results in the same

conclusions.

As shown in Figure [10.8} the final PDFs are insensitive to the correlation scenario
chosen, providing freedom to choose the correlation scenario used in the fit. However, as

shown in Table[10.2} the scenario chosen does have an impact on the fit x2 . In relation to
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Figure 10.8: Ratios of the fitted parton distributions for each decorrelation treatment to the
fully correlated default scenario, using a 16 parameter version of the ATLASpdf21 fit. Top:
Ty, xd,, rg, Bottom: zu, zd, xs. Four correlation treatments for jet two-point systematics
are considered: Fully correlated (red), Jet Flavour Response fully decorrelated across
rapidity bins (blue), two-point systematic decorrelation scenario 1 (green) and two-point
systematic decorrelation scenario 1 (orange). The final PDFs exhibit little sensitivity to the
correlation scenario chosen.

Eq. [10.2] the first row of Table [10.2] corresponds to the sum of all three terms i.e. the left-
hand side, the second row corresponds to the first term and the third row corresponds to
the third term. In the context of the historical difficulties, associated with including ATLAS
jet data in PDF fits, the observed y? values associated with the decorrelation of jet-related
systematic uncertainties is a significant improvement, proving that ATLAS jet data can be
well-fit in a PDF analysis. This opens the door to further exploiting the wealth of ATLAS

jet measurements in future PDF studies.



All the decorrelated scenarios performed better than the fully correlated scenario, with
the JFR decorrelation performing best. However, as noted above, this was not one of the
scenarios recommended in the jet paper and is included only as a cross-check. Ultimately
the alternative scenario Decor 2 was selected for the final ATLASpdf21 fit, as this was the

scheme which resulted in the strongest data/MC y? reduction in the 8 TeV inclusive jet

paper.
Fully correlated JFR Decor 1 Decor 2
ATLASpdf21 global x?/NDF 222212??;76)25 21?18226)25 21(71%146)25 21?10.?3156)25
Jet prtaly INDP s e A
Jet x? correlated term 119 79 106 110

Table 10.2: The 2 values for each jet systematic correlation scenario used in an earlier
16 parameter version of the ATLASpdf21 fit. Top: The global x? per degree of freedom
for the full fit Middle: The partial x* per data point for the inclusive jet data, Bottom: The
correlated term for the inclusive jet data.
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Conclusion

“And so we beat on, boats against the current, borne back ceaselessly into the
past.”

— F. Scott Fitzgerald, ‘The Great Gatsby’

The Large Hadron Collider at CERN is the most powerful machine ever built for prob-
ing the Standard Model, colliding proton-proton beams accelerated to \/s=13 TeV to study
the high-intensity and high-energy regimes of the theory. While many fascinating high-
precision measurements of the Standard Model, and searches for physics beyond it, can
be performed at general-purpose LHC experiments such as the ATLAS detector, investi-
gations involving jets provide the opportunity to accomplish the former, by exploring the
still in places mysterious theory of Quantum Chromodynamics, while simultaneously as-
sisting the community with the latter, by providing constraints on backgrounds and bench-

marks for improvements in modelling.

In order to accomplish this, a necessary evil of high-intensity physics at a hadron
collider must first be tamed: the menace of pile-up. To this end, the first application of
a topology-based pile-up tagging algorithm in the ATLAS central region has been pre-
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sented, along with the first evidence that such a method may complement the default
track-based pile-up tagging method in this region. Additionally, it was shown that such an
approach can improve the reconstruction of missing transverse energy in events where
the default tagger has failed, a finding with lasting implications on missing transverse en-
ergy reconstruction in ATLAS and the many searches for new physics which depend on

it.

Subsequently, the differential cross-sections for the muon channel of the first ATLAS
W +jets measurement at /s=13 TeV, and the first measurement of the muon channel of
this process since /s=7 TeV, were presented. The unfolded results are compared to to-
day’s state-of-the-art theoretical predictions and, by noting the regions of fiducial phase
space in which their agreement with data break down, provide crucial feedback to mod-
elling groups. This measurement will inform and improve the next generation of W +jets
simulations, improving the background estimation for future BSM and Higgs measure-
ments with which this process shares a final state. Additionally, 1 +jets can be consid-
ered a ‘stress test’ for SM simulation, owing to the need to model both electroweak and
QCD processes, its large cross-section extending the possible measurements of several
observables up to TeV scales, and the presence of up to many jets in the final state.
Therefore, this measurement will provide an important benchmark for the QCD modelling

community more broadly for years to come.

Furthermore, W +jets is proven to be a valuable input to PDF fits, due to its sensitivity
to down-type sea quark flavour, sensitivity to the gluon at the lowest-order in QCD and

extended xz, Q? sensitivity with respect to inclusive 17 boson production arising from the
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final state jet. Indeed, the ATLASepWZVijets20 [159] PDF fit from 2020 has previously
shown that its inclusion of the ATLAS ,/s=8 TeV W +jets measurement [21] allowed for
the high-z d and 3 distributions to be fit directly for the first time in an ATLAS PDF study,
and for tensions to be relaxed between previous ATLAS fits and global PDF fitters. A new
QCD analysis including the /s =13 TeV W +jets measurement is planned for the near
future, where the results presented in this thesis will continue to have impact, revealing

more of the inner workings of the proton.

The W +jets measurements presented in this thesis are interim results; the completed
paper, which will include an electron channel and a combined channel, is expected to be
published in 2024. This second paper will include the full 139 fo~! integrated luminosity
recorded by ATLAS during the LHC Run 2, updated unfolding techniques and the latest
software updates and performance recommendations from ATLAS. An expanded list of
distributions will be produced, with studies underway within the analysis team to identify
additional variables sensitive to MC modelling. As part of this effort, the author has written
a ‘Rivet’ [181] routine for this analysis, which applies the analysis fiducial selections at

truth-level to MC.

Efforts such as the aforementioned improvement of our understanding of PDFs using
W +jets measurements are fundamental to progressing the physics programme at hadron
colliders. Yet, like much of the sometimes-murky field of non-perturbative QCD, there
still remains much to be learned about the behaviour of partons inside the proton; for
example, even today, several crucial measurements are by limited by PDF uncertainties.

ATLAS has a rich history of leveraging its data and experimental expertise to advance our
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understanding of of this topic. In this thesis, an overview of, and the author’s contributions
to the ATLASpdf21 fit have been presented; this is the most comprehensive PDF fit ever
produced by ATLAS, and will be the gold-standard for future ATLAS PDF fits and an
invaluable framework for the treatment of ATLAS data by the global PDF fitting community

in the years ahead.

In conclusion, while the Standard Model has stood up to rigorous testing, there is still
much to uncover within it. Moreover, a precise understanding of the Standard Model will
be crucial for the discovery of new physics. Looking ahead to future developments such
as the High-Luminosity LHC [182], the Electron-lon Collider at Brookhaven National Lab-
oratory [183] and the next-generation CERN accelerator, there is much on the horizon for
experimental high-energy particle physics and the exploration of the fundamental nature

of the universe well into the future.
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