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Abstract

Photoproduction Processes as a Probe of the Strong Nuclear Force in Relativistic Heavy Ion

Collisions at the LHC

Benjamin Gilbert

The intense electromagnetic fields surrounding highly charged, ultra-relativistic ions at the

LHC provide an intense flux of quasi-real photons. This high-energy photon flux provides a

precise probe of the structure of the nucleus in photonuclear interactions and a tool to precisely

study the properties of photoproduction in two-photon interactions. This thesis presents recent

results from studies of photoproduction processes in
p
BNN = 5�02 TeV Pb+Pb collisions at the

LHC, using data collected in 2015 and 2018. A measurement of the differential cross-section for

photonuclear jet production is performed with an integrated luminosity of 1�72 nb�1. This

measurement is triple-differential in two different sets of kinematic variables ([�T, GA, IW] and

[�T, Hjets, <jets]) which allow for a direct measurement of the kinematics of struck partons in the

nuclear target, and it is fully unfolded in three dimensions. After performing detailed studies of

the rate for nuclear breakup in these collisions, the photonuclear jet cross-sections agree with

leading-order predictions at the level of 10%. The uncertainty on this measurement and full

treatment of its correlated uncertainties will allow for it to significantly constrain the nuclear

parton distributions over a wide region of parton kinematics. A measurement was also performed

of dimuon production via two-photon fusion in Pb+Pb collisions with nuclear overlap. This

measurement studied the relative deflection of muons in each pair, and its results indicated that

these distributions are substantially modified as a function of collision centrality. This

modification is mostly well-described by initial-state models, which improve the modelling of the

photon flux by incorporating correlations between the collision impact parameter and photon ?T.

Additional studies were performed to constrain the potential impact of any deflections due to the

presence of strong magnetic fields in the hot, dense medium produced in heavy ion collisions.
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6.2 Left: distributions of� � FCal
T for different muon pair selections: pairs passing pres-
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UPC event selection, shown over a restricted range of� � FCal

T values. The distri-
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6.8 Measured: ? distributions for pairs passing the full set ofWW! ` ¸ ` � selections
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4 GeV in different centrality intervals. In a few of the panels, the distributions are
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7.1 The fraction of photonuclear jet events passing the �ducial requirements which do
not break up as a functionI W. The systematic uncertainties are shown as shaded
blue bands, and the statistical uncertainties are black lines. A quadratic �t inln

�
I W

�

is shown in red. These results indicate a strong dependence of the break-up rate
on I Wand an overall high rate of break-up due to additional Coulomb interactions,
reaching60%at highI W. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283
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7.3 Triple-differential cross-sections, d3f
d� TdHjetsd" jets

, as a function ofHjets, in four " jets
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acceptance. For each plot systematic uncertainties are shown the upper panel
as shaded boxes, while statistical uncertainties shown as vertical lines are usu-
ally smaller than the size of the markers. A theoretical comparison is shown to
cross-sections computed using PYTHIA 8 with nCTEQ15 WZ+SIH PDFs, a photon
�ux from STAR LIGHT, and aI W-dependent breakup fraction, as shown in Section
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7.4 Triple-differential cross-sections, d3f
d� TdHjetsd" jets
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plot systematic uncertainties are shown the upper panel as shaded boxes, while
statistical uncertainties shown as vertical lines are usually smaller than the size of
the markers. A theoretical comparison is shown to cross-sections computed using
PYTHIA 8 with nCTEQ15 WZ+SIH PDFs, a photon �ux from STARLIGHT, and
a I W-dependent breakup fraction, as shown in Section 7.1.1. The bottom panels
show the ratio between the theory prediction and the data for a selection of theHjets
intervals. The red bands in the ratio panels are the quadrature sum of scale uncer-
tainties on the cross-section, while the gray band shows the remaining systematic
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size of the markers. A theoretical comparison is shown to cross-sections computed
using PYTHIA 8 with nCTEQ15 WZ+SIH PDFs, a photon �ux from STARLIGHT,
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7.6 Triple-differential cross-sections, d3f
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� T for events with emitted photon energies in the kinematic range0•0043Ÿ IWŸ
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7.7 Triple-differential cross-sections, d3f
d� TdGAdI W

, as a function ofGA for different bins of
� T for events with emitted photon energies in the kinematic range0•0079Ÿ IWŸ
0•015. In the upper panel, systematic uncertainties are shown as shaded boxes,
while statistical uncertainties shown as vertical lines are usually smaller than the
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tainties on the cross-section, while the gray band shows the remaining systematic
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7.10 Triple-differential cross-sections, d3f
d� TdGAdI W

, as a function of� T for different bins
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7.11 Triple-differential cross-sections, d3f
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7.12 Triple-differential cross-sections, d3f
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, as a function of� T for different bins
of GA for events with emitted photon energies in the kinematic range0•0079Ÿ IWŸ
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7.13 Triple-differential cross-sections, d3f
d� TdGAdI W

, as a function of� T for different bins
of GA for events with emitted photon energies in the kinematic range0•015Ÿ IWŸ
0•027. In the upper panel, systematic uncertainties are shown as shaded boxes,
while statistical uncertainties shown as vertical lines are usually smaller than the
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using PYTHIA 8 with nCTEQ15 WZ+SIH PDFs, a photon �ux from STARLIGHT,
and aI W-dependent breakup fraction, as shown in Section 7.1.1. The bottom pan-
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than the size of the markers. A theoretical comparison is shown to cross-sections
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, as a function ofI W for different bins
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Chapter 1: Introduction

The purpose of this thesis is to describe a set of measurements using photoproduction pro-

cesses in5•02TeV Pb+Pb collisions as a probe of Quantum Chromodynamics (QCD) at the Large

Hadron Collider (LHC). QCD is the theory of the strong interaction between quarks and gluons,

which features a complex structure arising from asymptotic freedom, the surprising property that

the interaction strength of QCD is small at high energies and large at low energies. The structure

arising from this property has led to a substantial number of open questions about QCD which have

persisted in the 50 years since the theory's development. Photoproduction processes, interactions

where one or both participants are real photons, however, are comparatively quite simple, since

they are mostly described by Quantum Electrodynamics (QED). This thesis will present to mea-

surements which take advantage of these properties, by using photoproduction processes as a probe

of QCD systems which do not introduce much of their own additional complexity. These results in-

clude precision measurement of two such photoproduction processes, photonuclear jet production

and photoproduction of muon pairs, as means of studying the structure of QCD phenomena.

Measurements of photoproduction in heavy ion collisions are enabled by the intense electro-

magnetic �elds surrounding highly charged relativistic nuclei, which act as an intense source of

high-energy, nearly-real [1, 2] photons. This photon �ux is typically studied in Ultra-Peripheral

Collisions (UPCs), where the two colliding nuclei do not overlap, causing photon-mediated in-

teractions to be the only source of particle production. In UPCs, both photonuclear (W̧ A) and

two-photon (W¸ W) collisions may occur, where each type of process allows for this study of dif-

ferent aspects of both QED and QCD. While both types of collisions produce a variety of �nal

states, photonuclear interactions are broadly useful for characterizing properties of the struck nu-

cleus, while two-photon processes allow for high-precision studies of QED and the physics of

photoproduction. In the case of photonuclear interactions, exclusive �nal states have been studied
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extensively in UPCs, typically through the production of vector mesons. This thesis will present

results which take a less common approach, the study of inclusive photonuclear processes, where

the production of high-energy �nal states allows them to directly probe the structure of the nuclear

target.

Nuclei are complex objects, with a structure governed by the high-coupling regime of QCD

which is quite poorly understood from �rst principles. Early measurements of nuclear structure

[3] demonstrated this complexity, with the unexpected result that the shapes of quark and gluon

(parton) distributions measured inside a nucleus in high-energy scattering processes differ from

those of free protons. These nuclear Parton Distribution Functions (nPDFs) cannot be calculated

from �rst-principles in QCD, and they are essential for understanding both the basic structure of

matter which makes up our world and the complex properties of QCD at high densities. Since the

discovery of nPDF modi�cations, they have become a subject of intense study, involving a wide

range of measurements across different collision systems, species of nuclei, and �nal-states. This

thesis will present a new observable sensitive to the nPDFs in a region of phase space with little

other available data [4], jet production in inclusiveW̧ A collisions. Through the application of

unfolding methods and novel jet calibration techniques, these results can be compared directly to

theoretical calculations in order to extract nPDF effects.

Jets are energetic, highly collimated “sprays” of hadrons produced in high-energy particle col-

lisions. They are the result of a high energy parton produced in a scattering process, which then

emits a shower of collimated QCD radiation, resulting in a collection of energetic hadrons. These

hadrons share the total energy of the initiating parton, so by measuring jets, one may reconstruct

the energy of that parton, probing the kinematics of the system which produced it. In the case of

photonuclear jet production, the kinematics of the hard-scattering system approximately map onto

three variables de�ned in terms of the jet kinematics:� T, I W, andGA. The variable� T provides a

metric of the energy scale of the process, whileI WandGA measure the fraction of either nucleus's

energy which is carried by the photon (I W) or struck parton (GA) in the photonuclear interaction.

Thus, by measuring the jet kinematics, one may directly probe the distribution of partons within
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the nuclear target at a well-de�ned energy scale,� T, accessing the nPDFs. Jets are typically chal-

lenging to measure, though, and since these studies necessitate high precision to constrain nPDFs,

the work in this thesis will present a new, dedicated jet calibration for UPCs, which employs novel

techniques to measure jet energies with high precision in a UPC environment.

While photoproduction processes may be used to study the structure of nuclei, they are also

a laboratory for precision QED in two-photon interactions. In particular, the study ofW¸ Wcol-

lisions producing muons [5] has precisely characterized the photon spectra in UPCs through the

relative angular de�ection of muons in a dimuon pair. Results presented in this thesis of dimuon

photoproduction in typical (non-UPC) Pb+Pb collisions [6] extend the study of these processes

considerably. These results improve on previous studies [7] using a much larger data sample avail-

able from the full LHC Run 2 data set. The improved statistical precision from this large sample

allows for detailed studies of the dimuon relative de�ection, measured byU = 1 � � q•c and

: ? = �?T¹c � � qº, and its dependence on collision centrality. These measurements probe the de-

pendence of photoproduction processes on impact parameter, allowing for detailed comparisons

to new theoretical calculations. They also provide results which help to constrain the strength of

magnetic �elds in the hot, dense nuclear matter formed in heavy ion collisions, the Quark-Gluon

Plasma.

This thesis is organized as follows. Chapter 2 discusses the relevant theoretical background of

QCD, photoproduction, and heavy ion physics which provide the context and motivation for the

measurements presented here. Chapter 3 surveys relevant aspects of the LHC, ATLAS detector,

and experimental methods employed to perform these measurements. Chapter 4 describes a novel

jet calibration which was derived in order to perform the measurements of this thesis, along with

some theoretical background in jet measurements. Chapters 5 and 6 discuss the data analysis

for the photonuclear jet and dimuon photoproduction measurements, respectively. Chapter 7 then

discusses the results of this thesis, differential cross-sections for photonuclear jet production and

dimuon photoproduction. Chapter 8 then highlights the key results of this thesis and discusses their

implications.
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Chapter 2: Background

2.1 Quantum Chromodynamics

2.1.1 The QCD Lagrangian and Basic Formulation

In Quantum Field Theory [8], the �eld content and interactions of a theory are entirely de-

scribed by the Lagrangian density, where the dynamics of the theory are then given by applying

the quantum mechanical path integral. For Quantum Chromodynamics [9], the theory describing

the strong nuclear force, the Lagrangian density is described in Equation 2.1. QCD belongs to

a class of Quantum Field Theories known as Yang-Mills [10], where each theory corresponds to

a speci�c compact Lie group, under which it exhibits local transformation symmetry (the gauge

symmetry). In the case of QCD, it exhibits SU(3) gauge symmetry, distinguishing it from other

Yang-Mills theories, such as QED or the theory of the weak nuclear interaction, which are the

Yang-Mills theories corresponding to U(1) and SU(2), respectively. The QCD Lagrangian can be

written as:

L QCD =
=5Õ

@=1

�
�k @–8¹8Ẁ»X8 9m̀ ¸ 86¹ � `–U) Uº8 9� < @X8 9¼k @– 9

�
�

1
4

� `a–0»� ¼� `a
0 »� ¼ (2.1)

Here,k is the spin-12 quark �eld of �avor @, and � U
` is the gluon four-potential. The strength of

QCD interactions is set by the coupling6 =
p

4cUB in natural units. The group structure of SU(3)

is encoded in the QCD Lagrangian through both� `a
0 and the generators of SU(3),) ¹� º

0 , which are

themselves# 2
2 � 1 distinct # 2 � # 2 traceless, Hermitian matrices, where# 2 = 3 is the number

of color charges associated with the gauge group. The¹� º notation denotes the fundamental

representation of the SU(3) generators.� `a
0 is the gluon �eld strength tensor de�ned in terms of
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the gluon vector potential, strong coupling, and structure constants of SU(3),5UVW, as:

� `a–0»� ¼= m̀ � a
0 � ma� `

0 � 6 5012� `
1 � a

2 (2.2)

It is particularly useful to express the Lagrangian density in terms of covariant derivative, which is

de�ned to be manifestly Lorentz covariant,� `–8 9. In addition to its manifest Lorentz covariance, it

also combines all components of the theory which encode the structure of the SU(3) gauge group

in a single object. The indices8and 9each represent one of# 2 colors:

� `–8 9= m̀ X8 9̧ 86�`–0¹) ¹� º
0 º8 9 (2.3)

Using the covariant derivative, the QCD Lagrangian density can then be re-written (with sums over

repeated indices written explicitly in order to more clearly show their de�nitions and ranges) as:

L QCD =
# 2Õ

8– 9=1

4Õ

0–1–=̀1

=5Õ

@=1

�
�k @–1–8¹8W`10� `–8 9»� ¼ �< @X01X8 9¼k @ 9

�
�

1
4

# 2
2� 1Õ

0=1

3Õ

`–a=0

� 0
`a–0�

`a
0 (2.4)

The8and9indices both run over# 2 = 3 color charges, the spinor indices0 and1 run over the four

Dirac matrices, the Lorentz indices` anda run over3 ¸ 1 space-time dimensions, and@runs over

all quark �avors,=5 = 6. Additionally, the index0 runs over the# 2
2 � 1 different combinations of

color charges which may be carried by the gauge �elds, which have both a color charge and anti-

charge in one of eight linearly independent color eigenstates which exclude the forbidden color

singlet eigenstates.

Since this Lagrangian is the Yang-Mills theory for the group SU(3), it includes all terms with

spin-1•2 fermion �elds or spin-1 boson �elds and their couplings which are renormalizable. The

3 color charges in QCD are the conserved charges corresponding to the SU(3) gauge symme-

try. The key property distinguishing QCD from simpler theories such as QED is that SU(3) is a

non-Abelian group, meaning that its elements do not necessarily commute with one another. The

implications of this property are manifest in a perturbative picture through the gluon self-coupling,
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and many important properties of QCD emerge as a direct consequence of the non-Abelian struc-

ture of the SU(3) group. This property is visible in the Lie algebra for SU(3), which is de�ned by

the commutation relation of the generator matrices:

») ¹� º
0 – )¹� º

1 ¼= 8 5012)
¹� º
2 (2.5)

In this commutation relation, the non-Abelian structure of QCD is manifest, since non-Abelian

theories are de�ned by having non-zero structure constants (5012). In order to make full use of the

SU(3) gauge symmetry in the QCD Lagrangian density, it is useful to write the transformations of

the �eld content under local gauge transformations,* 8 9¹Gº, with color indices8and 9, some set of

transformation angles,\ 0, and the generators of SU(3), described by:

* 8 9¹Gº =
�
48

Í # 2
2 � 1

0=1 \ 0 ¹Gº) ¹� º
0

�
8 9 (2.6)

The transformation properties of the fermionic �elds are fairly straightforward:

k @8! * 8 9¹Gºk @ 9¹Gº (2.7)

Given this transformation of the fermionic �eld, in order for the QCD Lagrangian density to exhibit

gauge invariance, the covariant derivative also must have a straightforward transformation property

(with assumed color indices):

� ` ! * ¹Gº� ` * � 1¹Gº (2.8)

This necessary transformation of the covariant derivative then implies that the gauge �elds trans-

form as:

� ` ¹Gº ! * ¹Gº� ` ¹Gº* � 1¹Gº ¸
8
6

»m̀* ¹Gº¼* � 1¹Gº (2.9)

After fully de�ning the transformation properties of the components in the Yang-Mills QCD La-

grangian, these properties can be used in order to �x the gauge of the theory. Since SU(3) is

6



non-Abelian, though, the gauge-�xing requires the introduction of a gauge-�xing function, as a

new part of the effective Lagrangian. The introduction of these gauge-�xing terms also introduces

additional complex scalar “ghost” �elds to the theory, yielding an effective QCD Lagrangian (after

making choices regarding the particular gauge) of:

L eff
QCD = L QCD ¸ L gf ¸ L ghost (2.10)

Here,! QCD is the manifestly gauge-invariant Yang-Mills QCD Lagrangian,L gf is the gauge-�xing

function, andL ghost is the Lagrangian for ghost �elds, which arise due to the Jacobian in the path

integral of the gauge-�xing function being non-constant for non-Abelian gauge theories, where

they enforce the unitarity of the theory after gauge-�xing. The ghost �elds,20¹Gº and �20¹Gº, are

complex Grassmann �elds, which means they anti-commute in spite of being scalar �elds and is

important when the Feynman rules for ghost diagrams are derived in Section 2.1.1.1. The ghost

Lagrangian includes both a kinetic and interacting term:

L ghost= � m̀ �20m̀20 ¸ 6 5012� 2
` m̀ �2021 (2.11)

From this Lagrangian, it is evident that the ghost �elds interact with gauge �elds through the second

term where the5012 constants appear. Thus, in an Abelian gauge theory where the constants5012

are always zero, the ghosts have no interactions with physical �elds of the theory. While it is not

immediately obvious from the ghost Lagrangian, there are several reasons why ghost �elds are

not actually physical and therefore any amplitude to produce them in a scattering process must

be 0. They do not appear in the QCD Lagrangian and are purely a construct of the gauge-�xing

procedure, making them clearly un-physical. Additionally, they would violate the spin-statistics

theorem [8] if they did exist as physical �elds. The un-physical nature of ghost �elds can be seen

quite obviously when one actually chooses a gauge by writing down a gauge-�xing function. These
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functions can be chosen almost freely, but two popular classes of choices are [11]:

L gf = �
_
2

# 2
2� 1Õ

0=1

¹m̀ � `
0º2–1 Ÿ _ Ÿ 1 (2.12)

L gf = �
_
2

# 2
2� 1Õ

0=1

¹=` � `
0º2– _! 1 (2.13)

The set of gauges described by Equation 2.12 are called the “covariant” gauges, the most common

of which is_ = 1, referred to as Feynman gauge. The set of gauges described in Equation 2.13 are

referred to as either the “axial” or “physical” gauges. Here,=` is some arbitrary four-vector which

de�nes the choice of gauge, and a common example of a useful physical gauge is choosing for it to

be light-like (=2 = 0), referred to as light-cone gauge. The latter set of gauges eliminate the need

for ghost �elds by taking_ ! 1 . Often, though, the explicit Lorentz covariance of the former set

of gauges is more useful than the elimination of ghost �elds.

2.1.1.1 The Feynman Rules of Perturbative QCD

Perturbation theory provides a framework in which predictions for observables may be calcu-

lated from QCD as an expansion in the coupling constant of the strong force,UB¹` ' º, where` '

is the renormalization scale of the calculation. This coupling constant is expressed as a function

of some dimensionful energy scale` ' , since when the theory is renormalized, the coupling varies

with the energy scale. The renormalization of QCD and the implications for the running of its

coupling are described in further detail in Section 2.1.1.2. This variation of the coupling strength

with renormalization scale is important, because the underlying assumption of perturbation theory

is that the coupling is suf�ciently small that one may neglect higher-order terms in the perturbative

expansion. SinceUBvaries with energy scale, perturbative QCD can only make meaningful predic-

tions for processes at a certain range of energy scales, beyond which other methods are required,

and precise calculations of observables are much more challenging.

In order to express the Feynman rules of perturbative QCD [11], the Lagrangian density must
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be quantized by adding gauge-�xing (L gf) and ghost (L ghost) Lagrangian densities, as shown in

equation 2.10. The gauge-�xing Lagrangian densities in Equations 2.12 and 2.13 demonstrate

that the only impact of the choice of gauge on the Feynman rules, though, is in the rule for the

gluon propagator. In order to derive the Feynman rules, it is useful to separate the effective QCD

Lagrangian density into its free-�eld and interacting parts:

L eff
QCD = L 0

quark¸ L 0
gluon ¸ L 0

ghost¸ L int (2.14)

Of the three free-�eld parts of the Lagrangian density, the quark part is gauge-independent, while

the gluon and ghost terms depend on choice of gauge. The technical separation between these

terms is achieved by taking the coupling constant to0, where the remaining parts of the Lagrangian

density are the free-�eld terms. Since these terms contain no interactions between different �elds,

the free-�eld Lagrangian density can be expressed as three parts, one corresponding to each kind

of �eld:

L 0
quark =

# 2Õ

8=1

=5Õ

@=1

�k @–8¹8X8 9Ẁm̀ � < @X8 9ºk @– 9 (2.15)

L 0
gluon = �

1
2

# 2
2� 1Õ

0=1

¹m̀ � a–0m̀ � a
0 � ma� `–0m̀ � a

0º ¸ L gf (2.16)

L 0
ghost= � m̀ �20m̀20 (2.17)

The remaining terms provide the interacting Lagrangian density, which dictates the vertex Feyn-

man rules. This Lagrangian density can be expressed (with implicit sums over repeated indices)

as:

L int = 6� `–0 �k @Ẁ) ¹� º
0 k @� 6 5012¹m̀ � a–0º � `

1 � a
2

�
1
4

5012� `–1� a–25034� `–3� a–4̧ 6 5012� 2
` m̀ �2021

(2.18)

From these different Lagrangians, the Feynman rules for perturbative QCD can be derived (for

some general choice of gauge parameterized by_ and=` ). With the notation of a slash through

a variable denoting a Lorentz contraction of it with a Dirac matrix,Ẁ , these Feynman rules are

9



written in Table 2.1. It should be noted that any closed loop of ghost �elds receives an extra

factor of � 1 on its contribution to the amplitude, since they are complex Grassmann �elds. The

Feynman rules provide, in principle, all the necessary ingredients for calculations in perturbative

QCD, although these calculations often become quite complicated due to the assortment of spinor

and color indices as well as the non-Abelian structure of the theory. In order to derive useful results

from �xed-order perturbative calculations, though, the �rst step is to determine when the coupling,

6 =
p

4cUB, is small. In order to do so, the Feynman rules can be employed to renormalize QCD

and determine the variation in the coupling with energy scale, as is discussed in Section 2.1.1.2.

2.1.1.2 The QCD Beta Function

The coupling strength of QCD famously varies with energy scale, leading to properties such

as asymptotic freedom. This modi�cation to the coupling arises when the theory is renormal-

ized, which requires the introduction of a renormalization scale,` ' , which regulates the theory.

This scale, however, is not a parameter of the theory – it does not appear anywhere in the QCD

Lagrangian density, and it is introduced in order to remedy problems with calculating scattering

amplitudes. Sincè ' is not a physical parameter, the choice of its value cannot impact physical

observables of the theory. This basic requirement, applied through the formalism of the Wilsonian

renormalization group [12], provides a mathematical approach to determine the variation ofUB

with energy scale.

While a full derivation of the running of the coupling using perturbative QCD is beyond the

scope of this thesis, thorough calculations to one loop appear in References [13] and [14]. These

calculations begin with the requirement that any generic physical cross-section,f ¹?– '̀ º, as a

function of some set of particle momenta,?, and the renormalization scale` ' , can be written as a

perturbative expansion in the renormalized coupling:

f ¹?– '̀ º =
1Õ

==1

0=¹?– '̀ ºU=
B (2.19)
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Feynman Rule Labelled Diagram Contribution to amplitude

Quark
Propagator 8 X8 9

: 2� < 2¸ 8n»•: ¸ < @¼VU

Gluon
Propagator

8 X10
: 2¸ 8n»� 6`a ¸ ¹ 1 � 1

_º : ` : a

: 2¸ 8n¼ (Covariant Gauge)
8 X10

: 2¸ 8n»� 6`a ¸ : ` =a¸ =` : a

=�: � =2 : ` : a

¹=�: º2 ¼ (Physical Gauge)

Ghost Propagator 8 X01
: 2¸ 8n

Quark-Gluon
Vertex � 86») ¹� º

2 ¼98»Ẁ¼VU

Ghost-Gluon
Vertex

6 5012: 0
U

3-Gluon Vertex
� 6 5010203 »6a1a2 ¹?1 � ?2ºa3

¸ 6a2a3 ¹?2 � ?3ºa1 ¸ 6a3a1 ¹?3 � ?1ºa2¼

4-Gluon Vertex
� 862»510102 510304 ¹6a1a36a2a4 � 6a1a46a2a3º

¸ 510103 510402 ¹6a1a46a3a2 � 6a1a26a3a4º
¸ 510104 510203 ¹6a1a26a4a3 � 6a1a36a4a2º¼

Table 2.1: The Feynman rules for perturbative QCD from Ref. [11], with a general choice of gauge
de�ned by two parameters,_ and=` , using gauge-�xing terms from Equations 2.12 and 2.13. In
the case of a physical gauge, the ghost propagator and ghost vertex are set to0.

11



Since` ' is not a physical parameter, the cross-section must be independent of it:

` 2
'

m

m 2̀
'

f ¹?– '̀ º = ` 2
'

1Õ

==1

� m0=
m 2̀

'

U=
B ¸ 0=

mUB
m 2̀

'

�
= 0 (2.20)

This requirement can be re-formulated in order to de�ne theVFunction for QCD, which describes

the variation ofUBwith ` ' in a way which enforces the condition that physical observables do not

depend oǹ ' . It also demonstrates that theVfunction itself can be expanded inUB, lending itself

to perturbative calculation. This de�nition in terms of theV function by imposing this condition

yields the Renormalization Group Equation:

` 2
'

3UB

3` 2
'

= V¹UBº = �
1Õ

8=0

V8U8̧ 2
B (2.21)

Perturbative calculation of the QCDV-function shows that the term proportional toUB vanishes,

so the expansion begins with the term proportional toU2
B. The minus sign in Equation 2.21 is

included by convention, so positive values for theV8 parameters then indicate thatUB decreases

with increasing̀ ' . The values of the leading two terms of theVfunction are [9]:

V0 =
1

12c
¹11# 2 � 2=@º =

7
4c

(3 colors, 6 �avors) (2.22)

V1 =
1

24c2
¹51# 2 � 19=@º =

39
24c2

(3 colors, 6 �avors) (2.23)

The explicit dependence on the number of colors and number of quarks is instructive, and it is

useful in the case that` ' Ÿ < @for some number of quarks, which would exclude them from the

calculation. Regardless, though, the leadingV0 andV1 terms for QCD are positive for any theory

with 16 or fewer quark �avors, which the Standard Model certainly satis�es. This property also

holds for higher order calculations of theV function [15, 16]. The sign of the QCDV function

gives it the property of asymptotic freedom [17, 18], where the coupling grows stronger for lower-

energy processes and weaker for higher-energy processes. For processes involving some physical

hard scale (often the momentum transfer),&, it is useful to set the renormalization scale to&, and
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then to leading order, the variation of the strong coupling with& can be written as:

UB¹&2º =
UB¹` 2

0º

1 ¸ V0UB¹` 2
0º ln

�
&2• ` 2

0

� (2.24)

This simple solution to the differential equation allows the value of the coupling at any scale,&,

to be computed from the value of the coupling at some reference scale for which it is known,` 0.

This equation appears to depend both on the choice of the reference scale and the value ofUB at

that scale, but these separate dependencies obfuscate that it is independent of the choice of` 0. In

order to make this property more obvious, we introduce an extra scale,� QCD, which provides a

dimensionful scale at which the coupling would diverge in perturbation theory:

� QCD = ` 04� 1•¹ 2V0UB¹` 2
0ºº ! UB¹&2º =

1

V0 ln
�
&2• � 2

QCD

� (2.25)

Since� QCD exhibits some renormalization scheme dependence (due to its dependence at higher

orders onV2¸ terms which are themselves scheme-dependent), it is dif�cult to describe without

ambiguity for physical processes. Instead, it is often more robust to measure the value ofUB at a

given scale, from which values of� QCD can be extracted to a given order. Existing world data for

UB¹&2º is shown in Figure 2.1, compared to the predicted trend from the renormalization group

approach, demonstrating the high precision and robustness of this approach.

2.1.1.3 Lattice QCD

Because of the behavior ofUB¹&2º described in Section 2.1.1.2, the QCD coupling is large in

the kinematic region (& . � QCD) in which most QCD systems exist. For describing QCD in this

kinematic region, though, �xed-order perturbative methods fail due to the large coupling. Other,

non-perturbative methods have thus been important for understanding the low-energy behavior

of these systems. One of the most successful such approaches is Lattice QCD (LQCD), which

was originally proposed by Wilson in 1974 [19] as lattice gauge theory. In this approach, the
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Figure 2.1: The&-dependence of the QCD coupling strength,UB, from Ref. [9]. The5-loop
calculation of the QCDV function, assumingUB¹" / º = 0•1180� 0•0009, is compared to world
data for independent measurements ofUB.

theory is formulated on discretized Euclidean space-time, typically as a hypercubic lattice with

spacing0. In this lattice description of space-time, the quark �elds are placed on lattice sites,

and the gauge �elds are placed on the links between those sites, as represented in Figure 2.2.

This con�guration allows for the lattice spacing,0, to serve as the regulator for UV divergences

in the theory, rendering calculations �nite. The discretization of the action can be performed in

several different ways, but all valid discrete forms of the action must give consistent results in the

continuum limit,0 ! 0. Matrix elements can then be computed through direct evaluation of the

path integral, using a discretized form of the action.

Discretization of the gauge action in the simplest way [19] works well, but it leads to dis-

cretization errors which grow proportional to02. Naively discretizing the fermion action leads

to problems, however, due to an effect known as “fermion doubling” [20, 21] where the process

introduces23 � 1 spurious fermion �elds for3 space-time dimensions. This problem is solved via

the use of Wilson fermions [19] at the cost of chiral symmetry or staggered fermions [20] which

retain a smaller, more manage-able number of doublers. Discretization errors from both the gauge
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Figure 2.2: A two-dimensional representation of the �eld structure of lattice QCD calculations,
from Ref. [9]. Quark �elds lie on gauge sites, and the gauge �elds (* ` ) lie on the links between
sites.

and fermion actions are substantially improved through the modi�cation of the action to better ac-

count for the short-wavelength behavior of the theory which is poorly approximated by the lattice

[22, 23]. Analytic expressions for these corrections can be computed perturbatively since, due to

the asymptotically free nature of QCD, the short-wavelength behavior relies on the low-coupling

region of the theory.

Lattice QCD calculations proceed by directly evaluating the path integral for a discretized

action on the lattice. Due to the high dimensionality of this problem, it requires Monte Carlo

integration methods, meaning that lattice calculations suffer from statistical uncertainties from

MC sampling of the integral. The computing cost to reduce these errors grows as [23]! 4< 2
c0� 6,

where! is the length of the simulated hypercube,< c is the pion mass, and0 is the lattice spacing.

Because of the rapid growth of computing time with shrinking lattice spacing, large improvements

in minimizing discretization errors [24] have been necessary to greatly improve the precision of

lattice calculations. These improvements have allowed for precise lattice calculations for a wide

range of QCD observables [9] including quark masses, form factors, and decay constants, as a few

examples.
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2.1.2 Con�nement and Asymptotic Freedom

The key consequence of the renormalization of QCD, the scale-dependence of its coupling

constant (Equation 2.24), implies that the theory is asymptotically free at high energy, but also

that its coupling sharply rises at low energy. In this low energy (long-distance) limit, the theory

becomes strongly coupled, preventing any strongly-interacting particles to exist outside of a color

singlet state at low energy. This property, known as con�nement [19], has not yet been proven

rigorously [25], but a simple qualitative explanation in terms of the@�@potential is instructive. The

@�@potential in QCD can be determined on the lattice to behave as approximately Coulomb-like on

short distance scales but to have a long-range behavior of growing linearly with separation,A:

+@�@¹Aº = �
�
A

¸ fA (2.26)

Here, � is the strength of the short-distance Coulomb term andf is the string tension, which has

similar values across other models as well [26]. The picture represented by this linear term in

the potential is that of a string-like QCD �ux tube composed of gluon �elds stretching between

the quark and anti-quark. The potential termfA represents the tension in this string which, when

stretched far enough, provides enough energy that it is favorable for it to break it and produce a

new @�@pair from the vacuum. A simple illustration of this process for a@�@pair moving away

from each other is shown in Figure 2.3. This “string model” for describing the phenomenology

of interactions between quarks and gluons as they transition from high to low energy is useful in

modelling high energy hadronic interactions, and it is described in much greater detail in Section

2.3.2.1.

This simpli�ed model describes a picture through which con�nement occurs, where no particle

with color charge can exist far from all other such particles, since it will always be energetically

favorable to produce a color singlet state by pulling a@�@pair from the vacuum. This property

of con�nement at low energies, combined with asymptotic freedom at high energies, allows QCD

to reconcile many early independent theories explaining the physics of hadrons. In particular,
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Figure 2.3: A diagram showing the stretching and breaking of a �ux tube between two quarks as
they move apart.

the quark model [27, 28, 29], which predicted the measured spectrum of hadrons [30] could be

reconciled with the lack of any free quarks in nature through con�nement. Similarly, the “quarks”

described in this model can behave like the point-like, weakly-interacting constituents of hadrons

[31, 32] observed in deep-inelastic scattering (DIS) experiments [33], since they are asymptotically

free at high energies. Thus, these two properties of QCD at high and low energies allow this theory

to provide a uni�ed explanation for several models of hadronic physics which, at the time of their

development, seemed completely disparate.

2.1.3 QCD Factorization and the Parton Model

While the separation of scales allows for the application of perturbative methods to calculate

high-energy matrix elements at some �xed order inUB, real-world scattering processes do not ex-

hibit this clean separation. For QCD interactions occurring on short distance scales, while the

hard-scattering matrix element is perturbatively calculable, outgoing free quarks and gluons from

such a process must propagate for long distances prior to measurement. Thus, any measurable

cross-section becomes sensitive to the long-distance (non-perturbative) behavior of QCD. Further
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complicating this scenario is that no sources of free quarks and gluons exist in nature, so QCD scat-

tering processes almost always involve incoming objects with some hadronic structure governed

by non-perturbative QCD.

The tool by which these different regimes are combined in order to predict high-energy cross-

sections in QCD is known as factorization [34]. Factorization is a framework in which the short-

distance and long-distance behavior is systematically separated, allowing the cross-section for a

given process to be written as the convolution of different pieces, each of which describes one

regime of QCD, but not both. By introducing a factorization scale,` � , in addition to the renor-

malization scale,̀ , the calculation directly cuts off the regions relying on long-range (& Ÿ ` � )

and short-range (& ¡ ` � ) descriptions. Schematically, the cross-section for the collision of two

hadrons,� and� , to produce a hadron,� , can be written as:

3f � ¸ � ! � ¸ - ¹?� – ?� º =
Õ

0–1–2–3

¹
3b03b13I 50• � ¹b0– �̀ º 51• � ¹b1– �̀ º

� f̂ 01! 2¸ 3¹?0– ?1– UB¹` ' º– &2º� �
2¹I– `� º

(2.27)

Here, the integration variablesb0 and b1 represent the momentum fraction of hadron� or � .

The fragmentation functions,� �
2 encode the non-perturbative process by which outgoing partons

fragment into hadrons, and they are discussed in greater detail in Section 2.3.0.1. The functions

50• � ¹b– �̀ º are the Parton Distribution Functions (PDFs) for a parton0 in hadron� . The PDFs

are distributions representing the number density of a given parton (quark or gluon) within the

hadron, carrying a fractionb of the hadron's momentum. They are not perturbatively calculable

in QCD, and the experimental determination of them is a central topic of this thesis described in

detail in Section 2.1.5 for free nucleons and Section 2.2.1 for nuclei. The PDFs provide essential

information for studying high-energy hadronic collisions, since they encode the non-perturbative

structure of hadrons in terms of high-energy partons which are themselves amenable to perturbative

methods.

The formalism of factorization is essential for the different distributions entering into these
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cross-section calculations to be well-de�ned. The prescription itself relies on the separation in

scales allowing one to neglect quantum mechanical interference between the different components

of the calculation. Through this feature of factorization, the different pieces exhibit universality,

where they are completely independent of the particular process they are used to calculate. Since

the PDFs are universal, they are amenable to determination from a huge variety of observables,

without any loss of precision from reconciling the results of different physical processes. This

aspect of the PDFs is exploited in global PDF �ts, as described in Section 2.1.5.

Unfortunately, factorization methods do not necessarily hold for all cross-sections in QCD, and

proofs of their validity only exist for certain kinds of collisions and processes. These proofs rely

on basic arguments of causality and unitarity [35], where the processes causing the formation of

the initial and �nal states are too far separated in time from the hard-scattering process to in�uence

them. While complete proofs have existed for a long time in DIS and4¸ 4� collisions [34], the

only process in hadron-hadron collisions for which factorization has been fully proven is Drell-

Yan [36, 37] production of di-leptons. In diffractive collisions, factorization has been rigorously

proven [38], but it is also broken in the case of dijet photoproduction [39], which is described

further in Section 2.5.3.5. For many other QCD systems, factorization is still applied, but it is only

approximate in these cases.

2.1.4 Deep Inelastic Scattering

This observation of point-like constituents of hadrons [31, 32] arose from measurements of

deep inelastic electron-proton scattering [33]. In these experiments, the very high energy probe

causes the highly virtual photon exchange to effectively shatter the proton, producing some num-

ber of outgoing hadrons. The basic Feynman diagram picture of4? DIS, along with particle

kinematics, is shown in Figure 2.4. In order to describe this process, it is useful to introduce the

kinematic quantities:

G=
&2

2@� %
=

&2

2" ¹� � � 0º
– H=

@� %
: � %

=
� � � 0

�
(2.28)
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Figure 2.4: A diagram of deep inelastic electron-nucleon scattering for an electron with incoming
four-momentum: and outgoing four-momentum: 0, momentum transfer@, and incoming nucleon
four-momentum,%from Ref. [9]

Where: and: 0are the incoming and outgoing four-momentum of the electron,@= : 0� : is the

four-momentum of the virtual photon,� and� 0are the incoming and outgoing electron energies in

the target rest frame," is the mass of the struck nucleon, and&2 = � @2. %is the four-momentum

of the incoming nucleon, and" is its mass. The variable,G, referred to as Bjorken-G, is the

scaling variable, which can, in leading order pQCD, be shown to be the fraction of the nucleon's

momentum carried by the struck quark in the in�nite momentum frame.His simply the fraction of

the electron's energy which is transferred to the nucleon in the target rest frame. It is also useful to

de�ne the mass of the recoil system,, , as:

, 2 = ¹%¸ @º2 = " 2 ¸ 2" ¹� � � 0º � &2 (2.29)

Additionally, the center-of-mass energy squared of the lepton-nucleus system is:

B= ¹: ¸ %º2 =
&2

GH
¸ " 2 ¸ < 2

� (2.30)

In terms of these variables, deep inelastic scattering is formally de�ned [9] as satisfying two con-

ditions: deep (&2 ¡¡ " 2) and inelastic (, 2 ¡¡ " 2). When these conditions are met, the
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differential cross-section for DIS can be expressed in terms of these quantities as:

32f
3G3H

=
4cU2

EM

GH&2

� �
1 � H�

G2H2" 2

&2

�
� 2¹G– &2º ¸ H2G�1¹G– &2º

�
(2.31)

Here, � 1¹G– &2º and � 2¹G– &2º are the nucleon structure functions, andUEM is the �ne-structure

constant. While this expression holds for unpolarized DIS, the inclusion of parity-violating pro-

cesses, such as for neutrino-nucleon DIS, would require a third structure function. For charged

spin-12 �elds, the structure functions are related by the Callan-Gross relations [40],� 2 = 2G�1.

This relationship differs from the case for spin-0 �elds, where� 1 = 0. These structure functions

encode the interaction between the photon and the nucleon, and they are connected to the �eld

theory description of the photon-nucleon interaction via the hadronic tensor,, `a , de�ned as [34]:

, `a =
1

4c

¹
34H48@�H

Õ

-

h� j 9̀ ¹Hº j- i h- j 9a¹0º j � i (2.32)

Here, � represents the state of the incoming nucleon, the sum runs over hadronic �nal states,- ,

and the electromagnetic current density is9̀ . This tensor can be directly related to the structure

functions� 1 and� 2 as:

, `a = � 1¹G– &2º
�

� 6`a ¸
@̀@a

@2

�
¸ � 2¹G– &2º

�
¹%̀ � @̀%� @•@2º¹%a � @a%� @•@2º

%� @

�
(2.33)

Through Equations 2.32 and 2.33, the structure functions provide a direct connection between the

hard-scattering matrix elements and the structure functions. The structure functions then serve as a

connection to the structure of hadrons in QCD via the parton model [31, 41], where both structure

functions can be written as [34]:
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The� 80terms are calculable in perturbation theory [42] to some �xed order inUBand separate the

process-dependent part of the structure functions from the universal PDFs. The �rst terms on the

RHS for Equations 2.34 and 2.35 are referred to as the leading-twist contribution, since additional

terms are suppressed by higher orders of& � 2. Included in this description is that, since& only

serves as a regulator for the� 80, the leading-twist structure functions are independent of&2 for

suf�ciently high &2. This property of very weak dependence on&2 at �xed G, known as Bjorken

scaling [31, 32], demonstrates that the scattering in DIS occurs from point-like constituents in the

struck nucleon. These point-like constituents were named partons by Feynman, and they were later

identi�ed as spin-12 quarks via the experimental con�rmation of the Callan-Gross relation [40].

2.1.5 Parton Distribution Functions and DGLAP Evolution

While the PDFs arise naturally in discussions of the structure functions, they are fundamental

objects themselves which encode the collinear structure of hadrons. They can be expressed directly

in terms of matrix elements of the hadronic state,j%i . These expressions are simplest when written

in light-cone gauge, as [43, 44]:

5@• � ¹b– º̀ =
1

4c

¹
3G� 4� 8b%̧G�

h%j �k ¹0– G� –0? ºW̧k ¹0–0–0? º j%i (2.36)

56• � ¹b– º̀ =
1

4c

¹
3G� 4� 8b%̧G�

h%j � 0¹0– G� –0? º¸ aW̧� 1¹0–0–0? º¸
a j%i (2.37)

Here, the indices0 and1 correspond to the two color indices of the gluon �elds.%̀ is the hadron

momentum,%̧ is the plus component of the hadron momentum, and%� is the minus component of

the hadron momentum where%� = < 2

2 %̧ and the transverse components of both are zero. These

de�nitions are explicitly the matrix elements of operators which count the number of quarks or

gluons at a given momentum fraction,b. From these de�nitions, it is clear that the PDFs are not

simply a means of expressing the structure functions but rather the fundamental description of

collinear hadronic structure in terms of partonic consituents. These de�nitions are not amenable

to direct analytical calculation, though, so our understanding of the PDFs relies on interpreting
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experimental results.

The parton distribution functions are subject to several sum rules [34, 43] which follow from

the conservation laws for several quantities: charge, �avor, and momentum. The total charge and

momentum sum rules for the proton PDFs require a sum over all parton �avors:

Õ

8

¹ 1

0
GdG 58• ?¹G– 2̀º = 1–

Õ

8

¹ 1

0
dG@858• ?¹G– 2̀º = @? (2.38)

Where@8 is the charge of each parton �avor and@? is the charge of the proton. In addition to

preserving the total charge and momentum of the proton, the PDFs must also re�ect the conserva-

tion of �avor in QCD, where the total conserved �avor comes from the valence structure (two up

quarks and one down quark). The �avor sum rules for the light quarks thus are:

¹ 1

0
dG

�
5D• ? � 5�D• ?

�
= 2–

¹ 1

0
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�
53• ? � 5�3• ?

�
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¹ 1

0
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�
5B• ? � 5�B• ?

�
= 0 (2.39)

Similar sum rules to the strangeness sum rule exist for the heavy quark PDFs, since there cannot

be any net production of those �avors either in QCD. The sum rules provide important constraints

on the PDFs which aid in the process of constraining them from �ts to world data, as described

later in this section and in section 2.2.1.

While the PDFs themselves are not directly calculable in perturbative QCD, they provide dis-

tributions of partons which can be described by perturbative methods. Thus, while perturbative

methods cannot directly calculate the PDFs, they can provide information about how the PDFs

evolve with the renormalization and factorization scales, so long as for all scales along that evolu-

tion, UB¹` 2º is small enough for perturbative methods to apply. The equations which govern that

evolution are known as the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [45,

46, 47, 48] which, to leading order, are of the form:
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(2.40)
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Figure 2.5: Feynman diagrams of the different parton splittings which give rise to the four leading-
order DGLAP splitting functions

` 2 m 56¹b– 2̀º

m 2̀
=

U¹` 2º
2c

¹ 1

b

3H
H

� 2=5Õ

9=1

5@9¹H– 2̀º%6@9
� b
H

�
¸ 56¹H– 2̀º%66

� b
H

�
�

(2.41)

Where@8 represents a quark of �avor8, so the sum runs over all quark and anti-quark �avors, for

a total of2=5 terms. If one notes that he DGLAP equations are of the same form as Equation

2.21, it is clear that they are essentially the renormalization group equations of the quark and gluon

PDFs, arising from RG �ow in QCD. The functions of the form%01¹Gº are the splitting functions,

which provide the probability of a parton1 splitting to some pair of partons, one of which is parton

0, with a fraction of the parent parton's momentum,G. These are motivated by the leading-order

Feynman diagrams for parton splitting processes shown in Figure 2.5, and certain rules of these

diagrams and assumptions allow the number of splitting functions to be simpli�ed signi�cantly.

First, since quark �avor must be conserved in the%@8@9 function, it must be diagonal, implying:

%@8@9¹Gº = X8 9%@@¹Gº (2.42)

Where%@@is the splitting function for a quark to split to a quark of the same �avor. Additionally,

for simplicity, all quarks are assumed to be massless, allowing the gluonic splitting functions to be
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independent of quark �avor. After applying these simpli�cations, the splitting functions are [47]:
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Here,=5 is the number of quark �avors, and theXfunctions are introduced to assist in regularizing

the%@@and%66 for G! 1. The second aspect of this regularization involves the notation»� ¹Gº¼̧,

which denotes the replacement of� ¹Gº by a distribution (for some suitably regular test function,

5¹Gº):
¹ 1

0
3G 5¹Gº»� ¹Gº¼̧ =

¹ 1

0
3G¹ 5¹Gº � 5¹1ºº� ¹Gº (2.44)

This prescription for DGLAP evolution is LO inUB, but the NLO [49, 50] and NNLO [51, 52]

splitting functions and evolution equations have been calculated. These prescriptions have appli-

cations beyond the evolution of the PDFs, and they are of use in additional contexts such as the

description of parton showers or hadronic photon structure.

In order for the DGLAP evolution equations to be useful, one must start from existing knowl-

edge of the PDFs. This knowledge comes from a wide range of experimental measurements which

have been conducted over the last 50 years, where the increased center-of-mass energy available

at new colliders has greatly improved the&2 reach of world data over time. Figure 2.6 demon-

strates theGand&2 coverage of different sources for world data, where about half of the total

constraint on PDF �ts now comes from the LHC [53]. Due to the universality of the PDFs, data

from a wide variety of measurements in hadron-hadron collisions at the LHC and the Tevatron

can be included alongside DIS data from both the Hadron Electron Ring Accelerator (HERA) and

�xed target experiments. These data are combined through global �tting procedures from various

groups, most notably MSHT [53], NNPDF [54], CTEQ [55], ATLAS [56], ABMP [57], and CJ

[58]. Additionally, dedicated �ts exist for exclusively HERA data, chie�y HERAPDF [59].
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Figure 2.6: The kinematic coverage of world data (left) to determine the free proton PDFs and
world data on DIS measurements of the free proton structure function,� ?

2 (right), both from Ref.
[9]

These PDF �tting procedures typically they consist of parameterizations in terms of high-order

polynomials inGat some initial scale,&2
0. The PDFs are then evolved using DGLAP evolution

(typically at NNLO), to the scales at which different data is available. Then, the PDFs are used

as inputs to �xed-order perturbative calculations of the cross-sections measured for different ob-

servables. Predictions can then be made for the input experimental data (typically at NNLO or

NLO, depending on the experimental precision and availability of calculations), and a chi-squared

is computed via comparisons to data. Accounting for quark masses is important for the requisite

level of precision, and the most commonly applied method is the General Mass Variable Flavor

Number Scheme (GM-VFNS) [60], which interpolates between schemes with or without consid-

ering heavy quark �avors, using the relationship between the hard scale and heavy quark masses.

The chi-squared is minimized, and the resulting PDFs then have uncertainties determined using

the Hessian method [61, 62], where the �t parameters are expanded around their best �t values.
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Figure 2.7: The free proton PDFs determined at NNLO in the MSHT20 �t to world data from Ref.
[53]. The dependence onGis shown for two scales,&2 = 10GeV2 and&2 = 104 GeV2, the former
of which relies more on �xed target and HERA data, while the latter is more sensitive to Tevatron
and LHC data.

The PDF uncertainties can then be decomposed into eigenvalue and eigenvector variations on the

parameters, allowing for the quadrature sum of independent variations on the PDFs to represent

the total uncertainty. The notable exception to this approach is the NNPDF collaboration [54],

who use a neural network to compute the PDF and �t via machine learning techniques. Since

this method does not allow for expanding the parameters around a local minimum, they determine

uncertainties via �tting Monte Carlo replicas [63], where the data points are allowed to �uctuate

by their uncertainties to produce variations which are re-�tted. The uncertainty on the PDF is the

standard deviation of resulting replicas.

An example of the free proton PDFs from the MSHT20 �t is shown in Figure 2.7, where the

behavior of the different PDFs clearly varies substantially with&2. The gluon PDF dominates over

others at lowGdue to its very rapid growth. The valence quark densities are surpassed by gluon

densities byG� 0•1, where the crossover varies with&2. At lower &2, the uncertainties become

larger at very lowG, limiting the potential to observe the continuation of the trend. Sea quark

PDFs also rise rapidly at lowerG, but they are each at least an order of magnitude smaller than the

gluon density. These different PDF sets, along with nuclear PDFs discussed in Section 2.2.1, are
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available in the LHAPDF database [64], which is used for producing theoretical comparisons to

different nPDF sets shown in Chapter 5.

2.1.6 Diffraction in QCD

The study of diffractive processes in QCD has a long and complex history, as evidenced by the

dif�culty in �nding a consistent de�nition for them between experiment and theory. The typical

experimental de�nition for a diffractive collision [9] is one where large regions of the detector

have no particle production (large rapidity gaps) and/or incoming particle(s) remain intact but are

de�ected slightly. Theoretically, diffractive processes are those resulting from the scattering of

an incoming plane-wave in some region of impact parameter. High-energy diffractive processes

are typically described within the context of Regge theory [65], which is based on studying the

singularities of amplitudes in the complex angular momentum plane in quantum scattering theory.

Regge theory was �rst developed as a method of explaining the dependence of the elastic

cross-section for hadronic collisions on the momentum transfer,C= � &2 [9]. By studying the am-

plitude of a general plane wave scattering from a target in relativistic quantum mechanics, Regge

theory proceeds by applying unitarity, analyticity, and symmetry constraints on the scattering am-

plitude [66]. Applying these constraints in addition to the optical theorem allows one to derive

the inelastic, elastic, and total scattering amplitudes through the treatment of “Regge trajectories”,

relationships betweenCand poles in the complex angular momentum plane,9= U¹Cº. The Regge

trajectories can be represented in a quasi-particle picture as a set of quasi-particles referred to as

Reggeons. The pole with the largest intercept, referred to as the pomeron, has vacuum quantum

numbers and dominates diffractive processes at high energies.

2.2 Descriptions of Nuclear Structure

2.2.1 Nuclear Modi�cation of the Parton Distribution Functions

While descriptions of nuclear structure were being developed using the parton model and stud-

ies of deep-inelastic scattering, it was initially thought that nuclear effects would be largely neg-
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ligible [67]. This argument, that the energy scale of nuclear binding effects (10 MeV) was much

smaller than the scale of DIS momentum-transfers (&2 & 1 GeV), was proven wrong when the

EMC collaboration published �rst results on the modi�cation of the structure functions in iron

[3]. Since then, the �eld of nuclear modi�cations to the PDFs has rapidly grown into a signi�cant

source of insight into nuclear physics, perturbative QCD, non-perturbative QCD, and the inter-play

between all three.

Analogous to the parton distributions of a free proton,5?
8 ¹G– &2º, discussed up to this point,

one can de�ne parton distributions of larger nuclei as:

5¹ �–/ º
8 ¹G– &2º = / 5 ?• �

8 ¹G– &2º ¸ ¹ � � / º 5=• �
8 ¹G– &2º (2.45)

Where 5¹ �–/ º
8 is the nuclear PDF for a nucleus with atomic number� and mass/ , 5?• �

8 is the

modi�ed proton PDF for a nucleus with mass number� , and 5=• �
8 is the modi�ed neutron PDF.

The modi�ed neutron PDF is calculated by applying isospin inversion (D $ 3) to the modi�ed

proton PDF. The ratio between5?• �
8 and 5?

8 is referred to as the nuclear modi�cation of the PDF,

an effect where, even accounting for isospin composition and the different number of nucleons, the

PDFs of a proton bound within a nucleus differ from those of a free proton.

Differences between the nucleon PDFs in nuclei and the free nucleon PDFs can be broken down

into four regions due to the shape of the modi�cation, which is shown in Figure 2.8. These regions,

from lowest to highestG, are: shadowing (G . 0•02), anti-shadowing (0•02 . G . 0•3), EMC

(0•3 . G. 0•7), and Fermi motion (G& 0•7). The following section will describe theoretical and

experimental progress on understanding these modi�cations, with the exception of Fermi motion.

These corrections, which arise from the motion of nucleons near the Fermi surface of the nucleus,

have been expected since the 1970s [68], but they are not relevant to the results presented in this

thesis.
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Figure 2.8: The rough shape of nPDF modi�cations as a function ofGfor �xed &2 from Ref. [69].
The �t parameters for the EPPS21 nPDF �t are shown, in addition to the nuclear modi�cation
function.

2.2.1.1 The EMC Effect

The EMC effect, referring to the unexpected suppression of the nuclear structure functions in

the region0•25 . G. 0•7, is named for the European Muon Collaboration, who �rst discovered

this effect in 1982 [3]. Since that discovery, understanding the source of the EMC effect has been

the subject of a substantial theoretical effort [70, 68], for which many explanations were proposed,

but two have emerged as the remaining plausible causes in recent decades. The �rst explanation

involves an� -dependent modi�cation of mean-�eld effects in nuclei [71], relying on the mean

�eld model which successfully predicts many aspects of low-energy nuclear structure. The other

explanation, which has become increasingly favored recently in light of experimental results from

Jefferson Lab [72, 73], is that the EMC effect arises as a result of Short-Range Correlations (SRCs)

between nucleons [74].

The explanation of the EMC effect in terms of SRCs [74, 72] begins with the idea that pairs

of nucleons within a nucleus temporarily �uctuate to short-lived correlated## pairs. These pairs
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Figure 2.9: The correlation between the slope of the structure functions in the EMC region (0•35 �
G� 0•7) and the SRC scaling factor,02¹ � • 3º, from Ref. [73]

of nucleons are highly virtual and have substantial spatial overlap in their parton distributions,

which leads to the modi�cations of those distributions. Jefferson Lab measurements [73] have

demonstrated a suggestive correlation (shown in Figure 2.9) between the strength of the EMC

effect and the “SRC scaling factor”,02¹ � • 3º, which is related to the relative abundance of SRC

pairs in a given nucleus. While this correlation does not directly demonstrate that SRCs are the

cause of the suppression, it does suggest that SRCs are important for understanding the source of

the EMC modi�cation.

2.2.1.2 Nuclear Shadowing and Anti-Shadowing

While the EMC effect was a surprising phenomenon with few available explanations at the time

of its discovery, effects which would suggest the presence of nuclear shadowing were �rst proposed

by Gribov in the 1960s [75]. At the time, Gribov described nuclear shadowing as a multiple-

scattering effect in pion-deuteron collisions. More recent descriptions of nuclear shadowing [76,

77] describe similar effects, which manifest through several different approaches to scattering
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from several nearby sites. A simpli�ed example of how multiple scatterings lead to a shadowing

suppression from Ref. [76] begins with writing down the amplitudes for one-scattering and two-

scattering interactions between a parton and a nuclear target, for the case of scalar QCD at high

energy. In light-cone coordinates (?¸ = ?0 ¸ ?I , ?� = ?0 � ?I ), the one-scattering amplitude is:

82¹?¸ – ?0¸ ºM 1¹@º = 2¹?¸ – ?0¸ º8Cforw �
¹

34Gd� ¹Ģ – G) º4� 8G�¹?0� ?º

= 2¹?¸ – ?0¸ º8Cforw �
¹

32G) ) � ¹G) º4� 8G) �¹?0
) � ?) º

(2.46)

Whered� is the nuclear spatial density,) � ¹G) º is the nuclear thickness at some impact parame-

ter jG) j, 8Cforw = � f NN for the nucleon-nucleon scattering cross-section,f NN, ? is the incoming

projectile momentum, and?0 is the outgoing momentum.2¹?¸ – ?0¸ º = 4c?¸ X¹?0
¸ � ?¸ º is a normal-

ization factor. Then, the two-scattering contribution (for scattering sitesG1 andG2) can be written

down, and it simpli�es to:

82¹?¸ – ?0¸ ºM 2¹@º = 2¹?¸ – ?0¸ º � ¹ � � 1º¹8Cforwº2
¹

32: )

¹2cº2
3G1¸ 3G2¸ 32G1) 32G2) 4� 8:2) ¹G2¸ � G1¸ º•¹2?¸ º

� 4� 8»G1) �¹: ) � ?) º¸ G2) �¹?0
) � : ) º¼

� d� ¹G1¸ – G1) ºd� ¹G2¸ – G2) º� ¹G2¸ � G1¸ º

(2.47)

In particular, it is helpful to note that the �rst exponential in the RHS of Equation 2.47 encodes

the coherence effects of the multiple-scattering, with coherence length;2 = 2?¸ • : ) . Hence, in the

limit ?¸ ŸŸ : ) , coherence effects vanish and the multiple-scattering contributions to the amplitude

go to zero [76], causing the cross-section to only result from the superposition of single-scatterings,

referred to as the incoherent limit. For this reason, shadowing effects vanish for large values of

G, which correspond to small values of?¸ . Meanwhile, the completely coherent?¸ ¡¡ : ) limit

simpli�es the two-scattering amplitude to:

8M 2¹@º =
� ¹ � � 1º

2
¹8Cforwº2

¹
32G) 4� 8G) �¹?0

) � ?) º) 2
� ¹G) º (2.48)
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Figure 2.10: The different diagrams which contribute to the leading twist calculation of nuclear
shadowing, from Ref. [77]. Diagrams (a) is the cross-section from the impulse approximation,
while diagrams (b) and (c) yield the shadowing correction due to coherent multiple scattering
effects.

In the forward limit, the one-scattering and two-scattering cross-sections (f ¹1º
� , f ¹2º

� ) then are:

f ¹1º
� = �f NN– f ¹2º

� = �
� ¹ � � 1º

2

¹
32G) ») � ¹G) ºf ¼2 (2.49)

The fact thatf ¹2º
� is negative demonstrates that the multiple-scattering effects cause asuppression,

allowing it to explain observed nuclear shadowing effects. It also demonstrates the predicted scal-

ing of the shadowing effects with� and a dependence on the collision centrality encoded in the

integral over impact parameters. While this toy model is less sophisticated than full models of

shadowing, it helps describe how different shadowing models re-produce these dependencies in

the data and how the details of each model can in�uence the speci�c predictions for those trends.

One such leading theory describing nuclear shadowing phenomena is the Leading Twist Ap-

proximation (LTA) [77, 78], which differs from most other models since it is consistent with

DGLAP evolution at large&2 and accounts for differences in the modi�cations of quark vs. gluon

nPDFs. This theory relies on three components: Gribov's original theory of shadowing corrections

[75], QCD factorization, and experimental inputs from studies of diffraction in4? collisions at

HERA. Gribov describes the scattering of a pion from a deuteron receiving additional corrections

through pomeron exchanges with both nucleons of the deuteron. This situation is analogous to

a virtual photon which �uctuates hadronically as it interacts with a nucleus and scatters multiple
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times from adjacent scattering sites, as shown diagramatically in Figure 2.10. This multiple scat-

tering yields a suppression like that of the toy model (Equation 2.47), but the LTA then relates

the cross-section for two-scattering to the diffractive structure functions. Through this relationship

with the diffractive structure functions and QCD factorization, the expected shadowing modi�ca-

tions can be extracted from diffractive data from HERA.

2.2.1.3 Global Fits to Determine nPDFs

Separate from the theoretical interpretations of different aspects of nuclear PDF modi�cations,

they are quanti�ed through a global �tting procedure similar to the one described in Section 2.1.5.

Several different �ts which use a variety of different approaches and subsets of the available data

exist, and a recent summary is provided in Ref. [79]. The most recent results from the main

collaborations performing these �ts are the nCTEQ15HQ [80], EPPS21 [69], nNNPDF3.0 [81],

and TUJU21 [82] �ts. This section will attempt to provide some details about the key differences

between these approaches, brie�y discussing each methodology, and then describe the extent of the

differences between results and uncertainties within each result for these state-of-the-art �ts to the

nPDFs. Apart from methodology, differences in the data incorporated in each �t are a key factor

which yields differences in the �t results, and the datasets included in each are presented in Table

2.2. This table is not an exhaustive list of available data which could be incorporated in nPDF �ts,

but rather an overview of the different inputs to each model.

The general �tting procedure applied is similar to the one described in Section 2.1.5, except for

certain accommodations which must be made for the nuclear target. The �tted nuclear PDFs must

be corrected for isospin effects and combined according to Equation 2.45, and then the resulting

PDFs for a given nucleus can be used to compute �t observables. Three of the procedures discussed

here (nCTEQ15, EPPS21, and TUJU21) use the Hessian method [61, 62] to minimize the �tj 2 and

determine uncertainties, while nNNPDF uses gradient descent and machine learning optimization

methods, with Monte Carlo replicas to compute uncertainties [63].

The nCTEQ15 �t is an NLO analysis of nPDF data with successive iterations including the
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Dataset Description nCTEQ15HQ EPPS21 nNNPDF 3.0 TUJU21
SLAC/FNAL/CERN/Hermes DIS X X X X
JLab CLAS+Hall C4� DIS X X
CHORUS/CDHSWa� DIS X X X X
NuTeV/CCFRa� DIS X X
FNAL ?� Drell-Yan X X X
FNAL/NA3/NA10 c� Drell-Yan X
STAR+PHENIX Inclusivec0 X X
STAR+PHENIX[ , c � X
PHENIX  � X
LHC / 0 Bosons X X X X
CMS+ALICE , � Bosons X X X X
ALICE c0, [ , c � ,  � X
CMS ?Pb Dijets X X
ATLAS ?Pb Prompt Photons X
LHCb ?Pb Prompt� 0 X X X
ALICE ?Pb Prompt� 0 X
LHC ?Pb� •k , k ¹2( º, � ¹1( º X

Table 2.2: Summary of world data included in recent �ts to nPDF data, adapted from Ref. [79].

original using DIS, DY, and RHICc0 data [83], followed by the subsequent inclusion of JLab DIS

data [84], LHC, � and / 0 boson data [85], light hadron production data [86], and quarkonium

production data [80]. It relies on parameterizing nuclear PDFs as [87]:

G 5?• �
8 ¹G– &20º = 208G218¹1 � Gº2284238G¹1 ¸ 4248Gº258 (2.50)

Where the starting scale,&0, is 1•3 GeV,8indexes the nPDF �avor for the �avor basisDE, 3E, 6,

�D¸ �3, and,B¸ �Band the2=8 parameters are the=th free parameter for the PDF of �avor8. The

208parameters are constrained in the �t via the sum rules for valence quarks and total momentum.

The nuclear� -dependence is incorporated directly into the2=8parameters, where each parameter

is replaced by:

2=8! 2=8¹ � º = ?=8¸ 0=8¹1 � � � 1:8º– : = 1– •••–5 (2.51)

The EPPS21 [69] analysis �ts the initial modi�cation of each nPDF directly and �xes the proton
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PDF baseline to the result from CT18A [55]. With this approach, the modi�ed proton PDFs are

written as:

5?• �
8 ¹G– &20º = ' ?• �

8 ¹G– &20º 5?
8 ¹G– &20º (2.52)

The nuclear modi�cation for a PDF of �avor8is then' ?• �
8 ¹G– &20º, for parton �avors8= DE, 3E, 6,

�D, �3, andB, assumingB= �B. Note that since the �t prescriptions in each case are for the initial PDF

at the reference scale, so there is no explicit&2 dependence in the functional form. All variation

of the nPDFs with&2 arises due to DGLAP evolution from the �tted result at the reference scale.

The nuclear modi�cations are then �tted with a piecewise smooth form meant to explicitly model

the different nPDF regions:

' ?• �
8 ¹G– &20º =

8>>>>>>>><

>>>>>>>>
:

008¸ 018¹G� G08º
�
4� G028•G08 � 4� 028

�
G Ÿ G08

108G118¹1 � Gº1284G138 G08 Ÿ G Ÿ G48

208¸ 218¹228 � Gº¹1 � Gº� V8 G48Ÿ G Ÿ1

(2.53)

Here, the free parametersG08 andG48are theGvalues of the anti-shadowing maximum and EMC

effect minimum, respectively. The variables0=8, 1=8, 2=8, andV8 are other free parameters in the

�t, but when the function is �tted, they are expressed in terms of the height parameters,H08, H08,

and H48, which are the extrema of the modi�cation atG = 0– G0– G4, respectively. The EPPS �t

function parameters are visualized in terms of the modi�cation on Figure 2.8. The normalization

parameters (H08) are constrained via the sum rules for valence quarks and total momentum. Then,

the � -dependence of the modi�cations is encoded by replacing each height parameter with:

H=8!
�
H=8¹ � refº � 1

� � �
� ref

� W8 (2.54)

This parameterization uses� ref = 12 and assumes a power-law scaling with the �tted parameter

W8 � 0. This scaling behavior holds well for larger nuclei but the monotonicity assumption breaks

down for certain small nuclei, in which case, small adjustments are made to this behavior. The
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modi�cation is only �tted for nuclei with � � 3, and smaller nuclei are assumed to have no

modi�cation.

The nNNPDF 3.0 [81] analysis takes a different approach to the other models, parameterizing

the nuclear PDFs using a neural network to describe theGand� dependence. Taking&0 = 1 GeV,

the nPDFs are parameterized as:

G 5?• �
8 ¹G– &20º = � 8GU8¹1 � GºV8NN8¹G– �º (2.55)

In this description, NN8¹G– �º represents the output of a neuron in the output layer of the neural

network for the PDF of �avor8. The �avor basis used in nNNPDF is a specialized linear combi-

nation of parton �avors called the “evolution basis”. This parameterization uses the� 8parameters

to enforce the valence and momentum sum rules, and the “pre-processing exponents,”U8 andV8,

are free parameters needed to control the behavior at small or large values ofG, which are �tted

simultaneously with the neural network parameters.

The TUJU21 [82] nPDF analysis is the only fully NNLO �t for nPDFs presented here, where

both the calculations to compare to data when computingj 2 contributions and the DGLAP evo-

lution use NNLO results. They �nd that thej 2 per degree of freedom for the �t signi�cantly

improves for the NNLO analysis, compared to their analogous procedure using NLO calculations.

This requirement for NNLO calculations restricts the data which this �t is able to include, as shown

in Table 2.2. They parameterize the modi�ed proton PDFs using a straightforward functional form

and starting scale&0 = 1•3 GeV:

G 5?• �
8 ¹G– &20º = 208G218¹1 � Gº228¹1 ¸ 238G¸ 248G2º (2.56)

The �avor basis used for this parameterization is8 = DE, 3E, 6, �D, �3, B. They had to assume,

however, that�D = �3 = B = �Bdue to the smaller amount of data incorporated in this �t. The

� -dependence of the nPDFs is parameterized similarly to the method used for nCTEQ15.

Since each of these procedures takes quite a different approach to the �t parameterization,
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Figure 2.11: A recent comparison of the results from three leading global nPDF �ts as a function
of G, for &2 = 10GeV2., from Ref. [79]

datasets included, and optimization method, it is unsurprising that the resulting nPDFs differ sub-

stantially. These differences are apparent in Figure 2.11 shows comparisons of the different nPDF

modi�cations for the three largest �ts as a function ofGfor &2 = 10 GeV2. The uncertainties

on each of the light quark nPDFs are large in EPPS21 and nNNPDF 3.0, causing them to agree

within the stated uncertainties, in spite of substantial differences in some regions. The gluon nPDF

typically has much better-controlled uncertainties, but in this case, the different nPDF models dis-

agree within their stated uncertainties in certain regions. In particular, the shadowing effects in

nNNPDF and EPPS are much stronger than those observed by nCTEQ. Then, nCTEQ and EPPS

have a similar size and position of the anti-shadowing maximum, while nNNPDF differs substan-

tially, accompanied by a larger uncertainty. The data presented in this measurement, described in

Chapter 7, bring new information to bear on these discrepancies.
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2.2.2 Gluon Saturation at Low-G

Gluon saturation [88] is a theoretical limit on the gluon densities which must arise due to

unitarity bounds on the scattering cross-section. These constraints arise directly from the quantum

mechanical black-disk limit, which states:

f tot � 2c' 2 (2.57)

This requirement on unitarity translates to the Froissart-Martin bound [89] in QCD, which requires

that the hadronic cross-section not grow faster thanln2 B. To observe how this directly restricts the

growth of gluon distributions at lowG, it is useful to introduce the Balitsky-Fadin-Kuraev-Lipatov

(BFKL) evolution equations. Analogous to the DGLAP equations which dictate the evolution of

the PDFs with&2, the BFKL equations describe the evolution of the PDFs withGat low &2 [90,

91]. The evolution described by these equations is restricted to lowG, and it predicts a growth in

the number density of gluons proportional to¹1•Gº_, where_ ¡ 0 [90]. This BFKL growth in

the gluon density would yield a growth in the cross section whereBtot � B_, which violates the

Froissart bound.

The modi�cation of gluon PDF evolution at lowGrequired to prevent this violation of the

Froissart bound is referred to as gluon saturation, where the gluon densities “saturate”, rapidly

reducing their growth rate. The mechanism by which this happens is similar to that of nuclear

shadowing, since it has been noted [92] that the multiple-scattering effects which are responsible

for nuclear shadowing are the same as recombination effects in the in�nite-momentum frame. In

the case of saturation, suf�ciently high gluon densities would induce the non-linear regime where

these recombination effects substantially compete with gluon splitting. This new regime of QCD is

of great theoretical interest, and it will be explored in much greater depth at the planned Electron-

Ion Collider (EIC) [93].
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2.3 Hadronic Particle Production

2.3.0.1 Fragmentation Functions

The fragmentation functions,� �
2¹G– 2̀º are universal functions which represent the probability

that an outgoing parton8produces a hadron� with a fractionGof the parton's momentum. The

scale` is the factorization scale where the perturbative aspects of the cross-section are cut off.

Conceptually, the fragmentation functions are analogous to the PDFs: they are non-perturbative

objects which can be measured experimentally and �tted but not determined from �rst principles

in QCD. They are directly accessible through4¸ 4� annihilation, due to the simplicity of the initial-

state, where the differential cross-section with respect to BjorkenGof a hadron� can be expressed

as [9]:
df �

dG
= f 0� � ¹G– @2º =

Õ

8

¹ 1

G

dI
I

� 8

�
I– UB¹` º–

@2

` 2

�
� �

8
� G
I
– 2̀�

(2.58)

Wheref 0 is the total cross-section for hadron production,� � is the fragmentation structure func-

tion (analogous to a DIS structure function), and� 8 are perturbatively calculable coef�cient func-

tions analogous to the splitting functions in DGLAP evolution. Through this relationship, it can be

seen how the cross-section for hadron production in4¸ 4� annihilation allows for direct measure-

ment of the fragmentation functions. They exhibit a similar momentum sum rule constraint to the

PDFs as well:
Õ

�

¹ 1

0
dGG��8 ¹G– 2̀º = 1 (2.59)

While the PDFs serve directly as inputs to Monte Carlo event generators used to simulate processes

in QCD, the fragmentation functions typically do not. Instead, they are modelled as the combi-

nation of two phenomena: the parton shower, where a high-energy parton perturbatively radiates

additional partons, and hadronization, where the parton con�guration resulting from the shower

hadronizes, producing a �nal set of outgoing hadrons. The �nal-state parton shower can be iden-

ti�ed with the perturbative evolution of the fragmentation functions in 2.58, while hadronization

describes the non-perturbative behavior.
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2.3.1 Parton Showers: Fundamentals and Models

While factorization in QCD allows for a separation of scales between the hardest processes pro-

ducing partons and the softer physics of hadronization, the two are connected by an intermediate

step described by parton showers [94, 9]. Parton showering is the process by which a high-energy

parton radiates additional, lower energy partons. Each radiated parton may then subsequently radi-

ate as well, until the energies are suf�ciently low that perturbative physics can no longer describe

the splitting, and phenomenological models of the non-perturbative hadronization process are ap-

plied.

To understand the mechanics of parton showers, it is instructive to consider the simplest pos-

sible case:4¸ 4� ! @�@6proceeding via the production of a@�@pair and subsequent radiation of a

gluon by one quark. The cross-section as a function of of emission angle\ and momentum fraction

I of the emitted gluon relative to the parent quark is [94]:

df @�@6

dcos\ dI
' f @�@

4
3

UB

2c
2

sin2 \

1 ¸ ¹ 1 � I º2

I
= f @�@

UB

2c
2

sin2 \
%6@¹I º (2.60)

This splitting probability is directly connected to the DGLAP splitting function, and these functions

are generally important for calculating splitting probabilities in parton showers as well as in PDF

evolution. It should be noted, though, that these splitting functions are only valid in the collinear

limit [94], from which deviations will be relevant for describing parton showers. Expressions

like 2.60 fully generalize, allowing for the general cross-section of some hard process with an

additional parton,9, to be written in terms of the hard process cross-section and splitting functions

as [94]:

df 9 ' f 0

Õ

8

UB

2c
d\ 2

\ 2
dI%98¹I ºdq (2.61)

For an emission at some azimuthal angle about the radiating parton,\ . Expressions of this kind

clearly diverge in three cases:I ! 0, \ ! 0, and\ ! c. These divergences are referred to as

the infrared (I ! 0) and collinear (\ ! 0– c) divergences (IRC). Since the probability diverges
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to produce a perfectly collinear or� ! 0 parton, it is important to only measure “IRC-safe”

observables, which are insensitive to splittings in these limits. IRC safety can be formally de�ned

for an observable which is a function of= particle four-momenta,O=, as [9]:

O=¹?1– •••– ?B– •••?=º = O=¸ 1¹?1– •••– _?B–¹1 � _º?B– •••– ?=º– _! 0

O=¹?1– •••– ?0 ¸ ?1– •••?=º = O=¸ 1¹?1– •••– ?0– ?1– •••– ?=º– ?0 k ?1

(2.62)

For IRC safe observables, calculations can be organized so the soft and collinear divergences can-

cel, yielding �nite predictions. These divergences are resolved in parton shower calculations by

introducing a resolution scale,&0. Splitting probabilities are then only calculated for splittings

where the two partons have relative transverse momentum greater than&0, meaning they are dis-

tinguishable from each other. One can then begin to write down splitting probabilities, neglecting

the divergent region by restricting the bounds of integration using the cut-off scale. The proba-

bility dP8 for branching for a parton of type8with virtuality between@2 and@2 ¸ d@2, using this

approach, is:

dP8 =
UB

2c
d@2

@2

Õ

9

¹ 1� &2
0•@2

&2
0•@2

dI%98 (2.63)

Then, the probability for the �rst, hardest splitting to be@2 is the probability for no harder splittings

to occur. This probability, known as the Sudakov form factor, can be written for a parton8with

virtuality &2 as:

� 8¹&2– &2
0º = 4

�
¯ & 2

& 2
0

d: 2

: 2
UB¹: 2º

2c

¯ 1� & 2
0• : 2

& 2
0• : 2 dI%98¹I º

'
8=@

4� � �
UB
2c ln2¹&2•&2

0º (2.64)

These Sudakov form factors provide the basis for an iterative, MC-based implementation of parton

showers. It is important to recognize that the formulation of� 8 relies on leading-order splitting

functions, but by imposing a unitarity requirement on the splitting probability, it effectively sums

splittings of all orders inUB to determine the non-splitting probability. Thus, the application of

parton showers is not strictly LO. This lack of a �xed order in the calculation is important, since the
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parton shower is responsible for transitions from kinematic regions where higher-order corrections

are small to the& & � QCD region, where such a �xed-order calculation would have large errors.

In general, errors do occur in the approximation used to determine the Sudakov form factor, which

have a form that appears in the right-hand size of Equation 2.64. The Sudakov form-factor, along

with many event-shape observables, is an expansion in bothUBand logarithms of&2•&2
0 [95]:

ln»� 8¹&2– &2
0º¼=

1Õ

==1

=¸ 1Õ

< =1

� =<
� UB

2c

� = ln< �
&2•&2

0

�
= !6 1¹UB! º ¸ 62¹UB! º ¸ UB63¹UB! º ¸ ••• (2.65)

So, although the parton shower Monte Carlo approach will sum contributions at all orders inUB,

it only includes the leading-log terms of the expansion in Equation 2.65. These logarithms are

potentially large, since partons may be emitted with virtuality much larger than the cutoff scale,

&0, so the resummation of additional logarithms becomes important for precisely describing QCD

�nal-states [95]. It is also important to note that the coupling itself evolves, as is evident in the: 2

dependence ofUB in Equation 2.64. This evolution indicates that parton showering becomes much

faster as@2 decreases throughout the showering process.

Because of running coupling effects,&0 cannot allow for emissions which are in a region

with UB � 1, meaning&0 must be substantially larger than� QCD. For this reason,&0 is not a

cut-off in the typical sense of regulating QFT calculations, but rather a scale which applies non-

perturbative corrections [94] proportional to¹&0•&º?, where? � 1 is a constant depending on the

parton shower algorithm and observable. These differences re�ect how the parton shower connects

the perturbative and non-perturbative descriptions relevant for calculating measurable QCD cross-

sections.

Because of the competing soft and collinear divergences in the splitting probabilities, the or-

dering with which one simulates the branchings of a parton shower is important for maintaining

consistency with the collinear approach that yields Equation 2.64. One can understand this or-

dering by imagining the case of two separate splittings from a single initiating quark: one soft,

wide-angle gluon and one collinear, reasonably hard gluon. In the case that the hard splitting
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occurs �rst, the soft gluon can be radiated from either parton, and the amplitudes for these two

emissions interfere with one another. This interference can be shown [94] to be destructive, such

that it provides the same result as emission by a single collinear quark. Since the interference

between the two production mechanisms is not included in the algorithmic approach of repeating

Equation 2.64 for subsequent splittings, onemustorder the splittings such that the soft, wide-angle

gluon is emitted �rst. This picture is then consistent with the correctly accounting for interference

effects in its emission.

The ordering of branchings is not necessarily always angular, although angular shower models

[96] are often used to describe physical parton showers well. A popular alternative choice is

the dipole shower [97], where the soft and collinear divergences are rewritten as a color dipole

factorization. Many generators such as PYTHIA 8 [98] use other shower ordering variables, such

as?T or virtuality, and in these cases, dedicated methods are applied to enforce consistency with

QCD coherence [99].

2.3.1.1 Initial-State Parton Showers

In Section 2.1.5, it is discussed that the PDFs at higher values of&2 are calculated by evolving

them at some starting scale via the splitting function. These splitting functions, however, produce

an additional parton for each splitting, aside from the parton which evolves down inGto produce

the DGLAP-evolved PDF. In an un-perturbed hadron, these additional partons all collapse back

into the hadron, but when a hard-scattering process probes the hadron's PDF by pulling a parton

out of it, all the additional partons associated with the evolution are emitted as accompanying

radiation.

An important practical note about describing this initial-state radiation (ISR) is that the actual

simulation of it works in reverse, starting with the hard parton probed in the PDF and tracing

its DGLAP evolution backwards. This approach [100, 101] can be guided by the solution to the

DGLAP equations and provides an ISR Sudakov form factor for emissions of virtuality@2 from a
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radiating parton with virtuality&2 and momentum fractionGas:

� 8¹&2– @2– Gº = 4
�

¯ & 2

@2
d: 2

: 2
UB¹: 2º

2c

¯ 1� & 2
0• : 2

& 02• : 2 dI%8 9¹I º
¹G• I º 58• � ¹G• I–: 2º

G 58• � ¹G–:2º (2.66)

The same arguments about angular ordering and coherence of the parton shower still apply to

ISR showers, and similar methods or organizing the sequential shower are useful. While the ISR

emitted this way is conceptually separate from the �nal-state parton shower, it is not a separation

which exists in QCD, only in the conceptual frameworks used to describe it [94].

2.3.2 Models of Hadronization

2.3.2.1 The Lund String Model

The Lund string model of hadronization [102, 103] is based on the observation described in

Section 2.1.2 that the non-perturbative con�ning force between a color and anti-color charge, such

as a@�@pair, is described by a string-like color �ux tube with energy proportional to their separa-

tion. In this picture, two color-connected partons propagating away from each other would thus

be connected by a string storing linearly increasing energy as the partons separate further. Longer

strings will store suf�cient energy in their tension that they will break, producing new@�@pairs

from the vacuum, as depicted in the left panel of Figure 2.12. These hadrons are characterized by

two adjacent vertices,8and8� 1, which are correlated through the hadron mass,< , and the QCD

string tension parameter,^, in a simpli�ed 1+1 dimensional picture as:

< 2
8• ^2 = ¹G8 � G8� 1º2 � ¹ C8 � C8� 1º2 (2.67)

The string composed of these vertices will fragment into= hadrons, the differential probability for

which is given by [104]:

dP /
=Ö

8=1

�
# d2?8X2¹?2

8 � < 2º
�
X2

� Õ

8

?8 � %tot

�
4� 1 � (2.68)
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Figure 2.12: Left: The spacetime picture of string fragmentation in 1+1 dimensions in the Lund
string model. Right: Formation of hadrons in the string fragmentation model by “popcorn produc-
tion”. Both �gures are reproduced from Ref. [98].

Where?8 are the momenta of each outgoing hadron8, %tot is the total momentum,� is the area

of the string in units of̂ prior to breaking (denoted on the left panel of Figure 2.12), and1 is a

tunable parameter. By imposing the requirement that string fragmentation must be the same result

when fragmenting from left to right or right to left, one can derive the the light-cone momentum

of each hadron (now in 3+1 dimensions) as:

5¹I º /
¹1 � I º0

I
4�

1¹< 2¸ ?2
Tº

I (2.69)

Where0 is an additional tunable parameter. Equation 2.69 is known as the Lund symmetric frag-

mentation function, and it provides the basis for the Lund string fragmentation model. While it is

obvious how this process produces mesons, it is less clear how baryons are produced. This fea-

ture of hadronization is achieved through allowing diquark-diquark string breakings, in addition

to simple@�@pair production [105]. This feature is implemented in PYTHIA 8 through the “pop-

corn” model [106], where diquarks can be produced by@�@pair production along the string without

breaking it. This process is demonstrated as a series of steps a through d in the right panel of Figure

2.12. While these basic features describe most core principles of the Lund string fragmentation

model, it has many complexities in its implementation to describe real data, which are detailed in

Ref. [98].
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2.3.2.2 Cluster Hadronization

While the Lund string model has been highly successful for describing hadronization processes

across a variety of systems, other phenomenological models of hadronization based on alternative

QCD-inspired pictures of this non-perturbative process are useful. The leading alternate hadroniza-

tion model, cluster hadronization, is based on the precon�nement picture of hadronization [107,

108, 109]. This model begins by non-perturbatively splitting all remaining gluons after the parton

shower into@�@pairs. Then, only color-connected quarks remain, and each color-singlet parton

pair forms a cluster, where precon�nement states that the mass distribution of these clusters is in-

dependent of the preceding perturbative process [107]. Clusters are then treated as excited hadron

resonances and decayed to produce a collection of �nal-state hadrons.

2.4 Properties of Relativistic Heavy Ion Collisions

Ultra-relativistic heavy ion collisions provide a unique and powerful laboratory for studying the

properties of QCD. For the purposes of this thesis, such collisions will be divided into two varieties:

“typical” collisions where the nuclei overlap and Ultra-Peripheral Collisions (UPCs) where they do

not. Section 2.5 provides a comprehensive overview of the physics of UPCs, and this section will

discuss the properties of more typical heavy ion collisions, where nuclear overlap leads to hadronic

interactions between the two nuclei. In these processes, the overlap region between the two nuclei

produces an enormous energy and baryon density in which a new phase of nuclear matter, Quark

Gluon Plasma (QGP), [110] is produced [111].

These collisions are typically described through a geometrical model by Bjorken [112], where

the two incoming Lorentz-contracted nuclei are effectively “pancakes” approaching each other at

the speed of light. In this picture, the collision occurs in a �at, cylindrical region with radius' over

a formation time,C5, with a longitudinal length,� I . The radius of the region is assumed to be the

radius of the the nucleus, which is approximated with' ' 1•2� 1•3 fm. This spatial picture can then

be related to the energy per unit rapidity by taking dH= d\ ' � I •¹ 2C5º. By neglecting interactions
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between the different colliding nucleons within the same nucleus, the total energy density,n, is:

n =
�
+

=
d� )
dH dH

� Ic' 2
'

d� )
dH

� � I
2C5

�

� Ic ¹1•2� 1•3º2
=

1
c2C5¹1•2� 1•3º2

d� )

dH
(2.70)

The quantity d� ) •3Hcan be directly measured in heavy ion collisions, and it is related to the

temperature of the plasma. It was found to be688 GeV in
p

BNN = 130 GeV Au+Au collisions

at RHIC by PHENIX [113] and1737GeV in
p

BNN = 2•76 TeV Pb+Pb collisions at the LHC

by ALICE [114]. If one assumes a formation time on the order of1 fm at RHIC and0•1 fm at

the LHC, these measurements would correspond to energy densities of� 5 GeV/fm and� 130

GeV/fm, respectively. These energy densities are directly connected to the energy density of the

plasma, where the temperature is expected to vary asn1•4. Thus, even though the energy densities

at RHIC and the LHC differ by over a factor of20, the temperatures differ by not much more than

a factor of2.

2.4.1 Collision Centrality and Geometry

In relativistic heavy ion collisions, the impact parameter of the collision may vary such that

the nuclei do not fully overlap. The size and shape of the overlap region in a collision of two

nuclei, A and B, with impact parameter1 Ÿ 2' � , characterizes the total particle production and

initial geometry of the interaction region. Particle production in the collision will exhibit a trivial

geometric scaling with the total nuclear overlap, and probes sensitive to the formation of QGP will

be quite sensitive to the shape and volume of QGP formed. Thus, it is helpful to de�ne the nuclear

overlap function,) AB ¹®1º, which describes the total �ux of nucleons in the collision as a function

of impact parameter, which depends on the nuclear geometry. The relationship between) AB and

properties of heavy ion collisions is studied through the Glauber model [115, 116, 117].

The Glauber model requires a description of the radial nucleon density within a nucleus, for
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which a Fermi function description is employed [116]:

d¹Aº = d0
1 ¸ F ¹A• ' º2

1 ¸ 4
A� '

0

(2.71)

Whered0 is the nucleon density at the center of a nucleus,F characterizes deviations from a purely

spherical nucleus, and0 is the nuclear “skin depth”. TheF parameter is typically0 for the species

of nuclei collided in heavy ion collisions (and certainly is for those relevant in this thesis), so

settingF to 0 recovers the Woods-Saxon [118] form for the nuclear thickness. For208Pb, the ion

species used for the results in this thesis, the parameters of its Woods-Saxon distribution are [119]

' = 6•62� 0•06 fm and0 = 0•546� 0•01 fm. The Glauber approach then proceeds by de�ning the

transverse nucleon density function for nucleus A,) A ¹®1º, as:

) A ¹®1º =
1
�

¹
d¹®1– IºdI =)

¹
) A ¹®1ºd21 = 1 (2.72)

where the RHS indicates the normalization of) A ¹®1º to unity. The transverse densities of the two

nuclei are used to de�ne) AB by writing the product of the probability to simultaneously �nd a

nucleon from each nucleus at a position®Bwith respect to nucleus A:

) AB ¹®1º =
¹

d2B)A ¹Bº) B¹®B� ®1º (2.73)

A diagram of the geometry of a nucleus-nucleus collision used to calculated) AB is shown in

Figure 2.13. The quantity) AB ¹®1º has units of inverse area, and since it represents the �ux of

nucleons from both nuclei per unit area, the probability of a nucleon-nucleon interaction can be

written as?NN = ) AB f inel
NN , wheref inel

NN is the total inelastic nucleon-nucleon cross-section. Given

this probability, the probability distribution to have= nucleon-nucleon interactions as a function of

impact parameter is described by a binomial distribution:

%¹=; ®1º =
�
��
=

� �
) AB ¹®1ºf inel

NN

� = �
1 � ) AB ¹®1ºf inel

NN

� �� � =

(2.74)
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Figure 2.13: A diagram of a hadronic heavy ion collision from a side view (left) and front view
(right). The impact parameter of the nucleus-nucleus collision (®1) is different from the impact
parameter of the NN collision with respect to the nucleus A (®B) or nucleus B (®B� ®1). Reproduced
from Ref. [116].

This gives the probability of= collisions, where= can be as low as0 and as high as�� , the latter

being the case where all nucleons in one nucleus each scatter inelastically from every nucleon in

the other nucleus. The probability of any inelastic interaction can thus be found by summing all

= � 1, which gives:

d2f inel
AB

d21
=

��Õ

8=1

%¹=–®1º = 1 �
�
1 � ) AB ¹®1ºf NN

inel

� ��

(2.75)

This probability is very important in the context of UPCs, where events are required to have no

hadronic interactions. For unpolarized nuclei,) AB ¹®1º can be written as a function of the scalar

distance. This thesis will only consider the case of unpolarized collisions. Then, the total inelastic

cross-section is:

f AB
inel =

¹ 1

0
2c1d1

�
1 �

�
1 � ) AB ¹1ºf NN

inel

� �� �
(2.76)

We can then de�ne# coll¹1º, the average number of nucleon-nucleon collisions as a function of
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impact parameter, as:

# coll¹1º =
��Õ

==1

=%¹=– 1º = ��) AB ¹1ºf inel
NN (2.77)

Another useful quantity is the number of participants,# part¹1º, which is de�ned as the total number

nucleons from nuclei A and B which interact. It can be calculated by summing the participants

from both nuclei:

# part¹®1º =�
¹

) A ¹®Bº
�
1 �

�
1 � ) B¹®B� ®1ºf NN

inel

� � �
d2B

¸ �
¹

) B¹®B� ®1º
�
1 �

�
1 � ) A ¹®Bºf NN

inel

� � �
d2B

(2.78)

All of the equations described relating to Glauber model so far have been in the optical limit,

where one assumes continuous nucleon density distributions. Alternatively, the Glauber Monte

Carlo approach [117] treats the Woods-Saxon distribution of nucleons within the nucleus as a prob-

ability distribution, shedding the requirement of continuous densities. Without this assumption, the

MC approach is able to describe the features of actual collisions more accurately. Each Glauber

MC event randomly samples1 from the distribution of impact parameters, and the requirement for

a collision to take place between any two nucleons separated by a distance3 is:

3 �
q

f inel
NN • c (2.79)

# coll is simply the number of NN pairs which satisfy this condition and# part is the number of

nucleons for which this condition is satis�ed at least once.

In order to connect this information about the Glauber model to measurements at colliders,

the quantities# coll and# part must be connected to experimentally measurable observables. The

most common two approaches are measuring forward neutron multiplicities or total transverse

energy in some region of the detector. ATLAS uses the latter approach [120]. In this approach,

the distribution of� ) in the Forward Calorimeters is constructed for all hadronic collisions. Then,

it is sub-divided into percentiles (centrality intervals), where a lower percentile is a more central,
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higher overlap collision. A higher percentile is a more peripheral, lower overlap collision. The

relationship between centrality and all of the different quantities described here is shown in Figure

2.14.

Figure 2.14: The relationship between different collision geometry and activity properties in
Glauber MC from Ref. [116].

2.4.2 The Quark-Gluon Plasma

Following the development of the quark and parton models, it became clear that QCD would

have a unique phase structure due to asymptotic freedom and con�nement [121]. It was theorized

that in the high-density, high-temperature matter produced in heavy ion collisions, a new state

of matter could be formed where the quarks and gluons inside those hadrons would become de-

con�ned [110]. The study of this novel state of hot, dense nuclear matter, known as the Quark-

Gluon Plasma (QGP), has been the cornerstone of heavy ion physics research for decades. The

QGP is also believed to have been formed in the early universe, and developing an understanding

of its phase structure and transitions would help substantially to understand models of the early

universe [122].

Early experimental efforts to produce QGP began with the �rst claim of evidence for its pro-

duction in
p

BNN = 20 GeV in Pb+Pb at the SPS at CERN [123]. The discovery of QGP was more
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robustly con�rmed by early results from all four experiments at the Brookhaven Relativistic Heavy

Ion Collider (RHIC) [124, 125, 126, 127]. While the QGP was decisively discovered at RHIC, new

probes only available at the LHC opened up new avenues for studying its properties, most notably

the �rst observation of jet quenching by ATLAS [128]. Through hard probes like jet quenching,

the short-range, perturbative structure of QGP is accessible, which complements measurements

of the long-range structure through phenomena such as collective �ow [111]. After the discovery

of QGP in heavy ion collisions, evidence was also observed for particle correlations which are

characteristic of hydrodynamic behavior in?? [129] and?Pb collisions [130]. These results have

led to a hypothesis that QGP is formed even in these small systems, although not all phenomena

related to QGP formation have been observed in small systems. Most notably, no experimental

evidence exists for jet quenching phenomena in?? or ?Pb collisions [131].

Of particular relevance to this thesis are predictions that QGP exhibits the chiral magnetic

effect [132], where chirality is induced in the QGP through the Adler-Bell-Jackiw axial anomaly

[133]. It is predicted that in the presence of the strong magnetic �eld produced in heavy ion

collisions, the chiral magnetic effect will generate large currents in the QGP, producing long-lived

electromagnetic �elds inside the plasma. Results in this thesis presented in Section 7.2 set limits on

these effects, and wide-ranging searches were conducted for the chiral magnetic effect by the STAR

collaboration [134] at RHIC. No evidence has been found experimentally for the presence of these

strong magnetic �elds, though, and a recent theoretical explanation for the lack of measurable

magnetic �elds in the QGP is that Ohm's Law is broken in heavy ion collisions [135]. These

calculations demonstrate that the QGP does not fully respond to electromagnetic �elds, which

suppresses the expected strength of magnetic �eld effects by two orders of magnitude relative to

the result when one assumes the validity of Ohm's law.

2.5 Photoproduction and Ultra-Peripheral Collisions

In ultra-peripheral heavy ion collisions [1, 2], the impact parameter of the collision is suf�-

ciently large (1 ¡ 2' � ) that the nuclei do not overlap, and the probability of hadronic interactions
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Accelerator Collision Type
p

BNN Maximum� W Maximum, W# Maximump BWW

RHIC
Au+Au 200GeV 320GeV 25GeV 6 GeV
p+Au 200GeV 1•5 TeV 52GeV 30GeV

pp 500GeV 20TeV 200GeV 150GeV

LHC
Pb+Pb 5•02TeV 250TeV 700GeV 170GeV
p+Pb 8•16TeV 1•1 PeV 1•5 TeV 840GeV

pp 14TeV 16PeV 5•4 TeV 4•2 TeV

Table 2.3: Parameters of the coherent photons emitted in UPCs for different existing collider facil-
ities. Adapted from Refs. [1, 2]. For asymmetric collisions, the photon is assumed to be emitted
from the higher/ nucleus. Energies are quoted in the target rest frame, by convention.

between the nuclei goes to zero. Instead, the dominant form of particle production arises from the

intense electromagnetic �elds which accompany highly charged ions moving at ultra-relativistic

speeds [136]. These electromagnetic �elds can be treated using the Weizsacker-Williams approach

[137, 138], based on the ideas of Fermi [139]. This approach, also known as the method of virtual

quanta, describes the electromagnetic �elds as a �ux of quasi-real photons. Since the intensity of

the coherent photon �ux goes as/ 2, the/ = 82 Pb ions at the LHC provide a massive increase in

the rate for photon-induced processes.

The kinematics of these coherently emitted photons can be estimated through simple uncer-

tainty principle considerations, where the maximum energy of an emitted photon in the nucleus

rest frame is� W � \ 2• ' � ' 25 MeV for Pb. For ions moving at LHC energies, however, the

longitudinal component of the photon energy is Lorentz boosted, while the transverse component

is not, meaning� W � \ 2W• ' � ' 80 GeV, while the transverse momentum is?) � \ 2• ' � . The

photon&2 is also not Lorentz boosted, so the virtuality@� \ 2• ' � , a factor ofW(2595for Pb ions

at the LHC) smaller than� W. The parameters of photon collision-system kinematics for different

collisions and accelerator facilities are shown in Table 2.3. Additionally, the electric �eld lines

which spherically extend outwards in the nuclear rest frame are Lorentz-contracted to point radi-

ally outwards in the transverse direction. The magnetic �eld, meanwhile, goes along the azimuthal

direction, causing the photon �ux to be linearly polarized in the transverse direction. The geometry

of these collisions is shown in Figure 2.15
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Figure 2.15: A side-view diagram of two colliding ions in an Ultra-Peripheral Collision from
Ref. [1] (left) and a transverse view from Ref. [140] (right). The right diagram demonstrates the
directions of electric and magnetic �elds, along with the resulting polarization vectors (®b8).

2.5.1 The Equivalent Photon Approximation

While the typical photon kinematics can be estimated from basic uncertainty principle calcu-

lations, the Weizsacker-Williams formalism [137, 138, 139, 136] allows one to analytically derive

the �ux of photons coherently produced by an ion with radius' � and charge/4 , moving near the

speed of light with relativistic boostW= ¹1 � V2º� 1
2 . This method is typically referred to as the

Equivalent Photon Approximation (EPA) or method of virtual quanta. While in reality the photon-

emitting nucleus has some �nite radius, it is treated as a point charge at the origin for the sake of

this derivation, with electric and magnetic �elds [136]:

� H¹Cº = /4
W1

¹12 ¸ W2E2C2º3•2
(2.80)

� G¹Cº = V� H¹Cº = /4
VW1

¹12 ¸ W2E2C2º3•2
' /4

W1
¹12 ¸ W2E2C2º3•2

(2.81)

� I ¹Cº = � /4
WEC

¹12 ¸ W2E2C2º3•2
(2.82)
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The time-varying electromagnetic �elds are equivalent to two pulses (%1 and%2) of plane polar-

ized radiation, the �rst travelling in theI direction, co-moving with the charged particle, and the

second in theHdirection, moving away from the charged particle. These equivalent pulses have

corresponding frequency spectra given by:

�1¹l– 1 º =
2

2c
j� 2¹l º j2– �2¹l– 1 º =

2
2c

j� 1¹l º j2 (2.83)

Here,� is the energy per unit area per unit frequency and� 8¹l º denotes the Fourier transform of

the electric �eld. Direction1 corresponds to theI direction, and directions2 and3 correspond to

theHandGdirections, respectively. The application of these Fourier transforms yields:

�1¹l– 1 º =
1
c2

¹/4 º2

V22
1
12

� �
l1
WE

� 2

 2
1

�
l1
WE

��
(2.84)

�2¹l– 1 º =
1
c2

¹/4 º2

V22
1
12

�
1
W2

�
l1
WE

� 2

 2
0

�
l1
WE

��
(2.85)

The  = functions are the=th Bessel functions of the second kind. Since�2 is suppressed by

a factor ofW2, it is clear that for ultra-relativistic particles, the contribution from�1 dominates,

which demonstrates that the radiation is linearly polarized along the direction of motion. Since the

impact parameter is not known in a given UPC, the form integrated over impact parameter is much

more useful. To derive it, we restrict to impact parameters1 ¡ 1 min and integrate the sum of the

intensities:

� ¹l º = 2c
¹ inf

1min

»�1¹l– 1 º ¸ � º2¹l– 1 º¼1d1

=
2
c

¹/4 º2

V22

�
G 0¹Gº 1¹Gº �

V2G2

2
¹ 2

1 ¹Gº �  2
0 ¹Gºº

� (2.86)
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We have de�ned the variableG = l1 min•¹ WEº. After deriving the intensity, we can derive the

number density of virtual quanta (photons) with:

� ¹l ºdl = \ l# W¹\ l ºd¹\ l º (2.87)

This slightly modi�es Equation 2.86 (taking� W= \ l ) to get:

d#
d� W

=
2
c

¹/4 º2

V22
1

� W

�
G 0¹Gº 1¹Gº �

V2G2

2
¹ 2

1 ¹Gº �  2
0 ¹Gºº

�
(2.88)

Then, if one simpli�es by taking the ultra-relativistic limit (V ! 1) and using natural units (\ =

2 = 1), the expression becomes:

d#
d� W

=
UEM/ 2

� W

�
G 0¹Gº 1¹Gº �

G2

2
¹ 2

1 ¹Gº �  2
0 ¹Gºº

�
(2.89)

This result is still parameterized in terms of1min, which is included in the de�nition ofG. In order

to have a fully practical result for the photon �ux, one must choose a suitable1min which, for the

case of coherent emission from a nucleus, is typically2' � . It is also useful to have a form for the

photon �ux retaining explicit1-dependence, which follows directly from Equations 2.86 and 2.87:

d#

d� Wd21
¹� W– 1º =

/ 2UEM

c2V2

G2

� W12

�
 2

1 ¹Gº ¸
1
W2

 2
0 ¹Gº

�
(2.90)

Note that1 in this context is the impact parameter with respect to the emitted photon, not the

nucleus-nucleus impact parameter. In addition to this standard formulation for the equivalent pho-

ton �ux, further modi�cations must be made to achieve the level of precision required to pre-

dict observables in recent UPC measurements, such as those presented in this thesis. Different

process-dependent modi�cations are made which improve on certain assumptions of the EPA pro-

cedure, and the methods through which those modi�cations occur are discussed Sections 2.5.3.2

and 2.5.3.4.
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2.5.2 The Structure of Quasi-Real Photons

In UPCs, the photons emitted differ from those relevant for DIS, since the photons are nearly

real and can be treated theoretically as real photons. In DIS, the virtuality of the photon prevents it

from exhibiting the full, complex structure of real photons [141], which is much more relevant in

UPCs. This complicated structure arises from the QED coupling of the photon to quarks, through

the W@�@vertex, which allows it to �uctuate to@�@pairs. In the case of high-virtuality photons,

this @�@system has an intrinsic hard scale, which allows the �uctuation to be described solely

through perturbative methods. For low-virtuality photons, however, this system is governed by

non-perturbative QCD dynamics and thus has its own non-perturbative structure, similar to that of

a hadron described in Section 2.1.5.

Descriptions of the hadronic structure of the photon which describe low-energy processes have

existed for a long time, actually pre-dating QCD, through the Vector Meson Dominance (VMD)

[142, 143] picture. In this approach, the photon can �uctuate to any light vector meson with the

same quantum numbers:� %� = 1�� , &EM = � = ( = 0. This picture is often called Generalized

VMD (GVMD) when the photon is allowed to �uctuate to heavier vector mesons as well. In

principle the GVMD approach could describe the wave-function of the photon at high energies as

well as low energies, but matching the many high-mass states onto the partonic structure observed

at high&2 is theoretically challenging. Instead, a more common approach is the one proposed in

Ref. [141], where the photon wave-function can be written as:

jWi =
p

/ 3 jW� i ¸
Õ

+=d0–l–q

4
5+

j+ i ¸
4
5@�@

j@�@i (2.91)

The different components of the wave-function are the bare photon,jW� i , the vector meson com-

ponents,j+ i , and the perturbative@�@�uctuations. The corresponding normalization constants are

/ 3, 5+ , and 5@�@. In this description, the VMD part of the wave-function is explicitly restricted to

only states with masses light enough thatUB¹< + º & 1. Ref. [141] explicitly describes these three

contributions to the photon structure as the direct, VMD, and “anomalous”. For studying high-&2
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processes, it often makes sense to refer to the hadronic components as one uni�ed contribution,

known as the resolved photon.

The coef�cients 5+ are directly related to the transition probability to different light meson

states, so they can be determined by �ts to low-energy scattering experiments. In order to avoid

double-counting between the vector meson and perturbative parts near the transition, a cut-off

must be introduced as function of mass. This cut-off scale,?0, is taken in [141] to be?0 =

< q•2 � 0•5 GeV. ?0 sets the mass of hadronic �uctuations at which the photon is assumed to be

completely non-perturbative,4• 5@�@= 0. For higher virtuality, this perturbative component of the

wave-function evolves as:

�
4
5@�@

� 2

=
UEM

2c
# �

3

�
2

Õ

@

42
@

�
ln

�
` 2

?2
0

�
(2.92)

In general, the majority of the photon wave-function is the bare photon (1 � / 3 ŸŸ 1), but because

the cross-sections for hadronic interactions are much larger than the QED cross-sections, all three

components play an important role in photon-hadron scattering. Since results in this thesis focus

on high momentum-transfer jet production, we will now focus speci�cally on this regime of the

photon structure. In this region, the&2 of the scattering process regulates perturbative calculations

of the cross-section, so the partonic content of the photon can be described in the language of

structure functions and PDFs. Following from Equation 2.91, the PDFs of the photon can be

expressed as the sum of three parts:

50•W¹G– &2º = 5dir
0•W¹G– &2º ¸ 5VMD

0•W ¹G– &2º ¸ 5anom
0•W ¹G– &2º (2.93)

Where the direct photon PDF, as one would expect, has only contributions from0 = W:

5dir
0•W¹G– &2º = / 3X0WX¹1 � Gº (2.94)
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Typical photon PDF descriptions combine the two hadronic terms into one resolved photon PDF:

5res
0•W¹G– &2º = 5VMD

0•W ¹G– &2º ¸ 5anom
0•W ¹G– &2º =) 50•W¹G– &2º = 5dir

0•W¹G– &2º ¸ 5res
0•W¹G– &2º (2.95)

The quark components of the resolved photon PDFs have a modi�ed evolution equation [141],

compared to standard DGLAP evolution (see Section 2.1.5):

&2
m 5res

@•W¹G– &2º

m&2
=

UB¹&2º
2c

¹ 1

G

dH
H

�
5res
@•W¹H– &2º%@@

�
G
H

�
¸ 5res

6•W¹H– &2º%@6

�
G
H

��

¸ 342
@
UEM

2c

�
G2 ¸ ¹ 1 � Gº2

� (2.96)

The �rst term is recognizable as the standard DGLAP evolution, where quarks or gluons with

momentum fractionH ¡ Gmay contribute to the PDFs atGvia perturbative splittings. The second

term is unique to the evolution of the photon PDF, and it comes fromW! @�@splittings. The gluon

PDFs of the photon follow an un-modi�ed DGLAP evolution, as described in Equation 2.41. It is

important to note that, from the perspective of DGLAP evolution, no distinction is made between

partons arising from the VMD component of the photon wave-function or the “anomalous” part,

so they must be combined into one resolved photon PDF.

In determining the photon PDFs, then, the only remaining question becomes �nding the values

of 5res
0•W¹G– &20º for some reference scale, from which it can be evolved. The typical approach taken

by leading photon PDF models [144, 145] is the same as for the PDFs of hadrons, where experi-

mental measurements are used to constrain the PDFs at a variety of scales and DGLAP evolution

is used to interpolate between them. These �ts rely on measurements from4¸ 4� colliders which

tag one electron to have&2 = 0, emitting a quasi-real photon. TheseW� Wcollisions effectively

allow for DIS from a photon, directly probing the photon structure function. Evaluations of the

photon PDF are much less sophisticated than those of the proton PDFs or nPDFs, largely due to the

lack of available data and the challenging nature of measurements which probe the photon PDFs.

Regardless, several parameterizations exist for the photon PDFs, the leading ones being GRV NLO
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Figure 2.16: The photon PDFs from leading NLO �ts for the up quark (left) and the gluon (right)
from Ref. [148]. While the gluon PDF falls rapidly asG! 0, the up quark PDF has a maximum
near0•6 � 0•7, demonstrating the valence structure of the photon. While the models have some
substantial disagreements in scale, the shapes are reasonably consistent.

[146], GRS NLO [147], CJKL LO [145], and CJK NLO [148]. These different parameterizations

are compared in Figure 2.16.

2.5.3 Particle Production in Ultra-Peripheral Collisions

2.5.3.1 Rapidity Gaps

In the typical picture of hadronic collisions, some number of partons from one hadron collide

with partons from the other hadron, and these partonic collisions provide the dominant source of

particle production. In addition to the particle production resulting from the hard-scattering pro-

cess, though, there is also additional particle production resulting from the “underlying event”. In

the string model, discussed in Section 2.3.2.1, this underlying event has two sources: the break-

ing of color �ux tubes connecting the struck hadron at beam rapidity with outgoing partons and

additional (multi-parton) interactions, separate from the hard-scattering process. These processes

deposit low-?) hadrons throughout the region between the beam rapidity and the outgoing partons,

61



Figure 2.17: Feynman diagrams showing the photoproduction of a dijet pair in direct (left) or
resolved (right)W̧ A UPCs. In the case of the direct photon, no particles are produced between the
photon-going nucleus and the hard-scattering, while the resolved photon remnant partially �lls the
gap in that case.

and which is characteristic of particle production in hadronic collisions.

In the context of UPCs, it is important to recognize that no color connection exists between the

outgoing partons and the photon-emitting nucleus. For this reason, no hadronic particle production

would be expected in the rapidity interval between the photon-going beam rapidity and the outgo-

ing partons, a feature which aids in distinguishing UPCs from hadronic interactions [149]. This

feature of large rapidity gaps in particle production is also characteristic of diffractive processes,

since the pomeron has zero color charge [9]. However, for the case of resolved photons, there are

color connections between the photon remnant and the outgoing partons, causing particle produc-

tion to partially �ll the rapidity gap. Figure 2.17 shows the Feynman diagrams for resolved and

direct photoproduction of jets, demonstrating these features.

The ATLAS collaboration has demonstrated [149, 150] that rapidity gaps are a useful method

of distinguishing photo-nuclear from hadronic events. Additionally, many UPC measurements use

exclusivity requirements [1, 2] to select photonuclear events, requiring gaps to populate the entire

detector, aside from the selected �nal-state particles. In order to optimally perform these selec-

tions, several gap quantities are useful, as shown in Figure 2.18. In particular, two gap quantities

are de�ned: the sum of gaps and the edge gap. The edge gap (� [ ) is the difference in rapidity be-
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Figure 2.18: A diagram showing an example photonuclear jet production event the gap quantities
relevant to inclusive photonuclear measurements. The blue circles are jets, and the black circles
are particles produced in the event. The edge gaps are the darker shaded intervals, and both green
intervals compose� W� [ . Figure by A. Angerami.

tween the most forward particle on a given side of the detector and the detector edge on that side.

Meanwhile, the sum of gaps (�� [ ) is de�ned as the sum of all gaps between particles greater than

0•5 units in rapidity which are on a given side of the hard-scattering process, de�ned by the[ min,

[ max of the jets in the event. This gap quantity is particularly useful because it is both resilient to

detector noise and allows for a resolved photon remnant to partially �ll the gap without rejecting

events.

2.5.3.2 Electromagnetic Dissociation and Nuclear Break-up

The UPC process with the highest cross-section, by a large margin, is electromagnetic dis-

sociation [1, 2], since the photon spectrum falls so steeply with energy. EM dissociation occurs

when a low-energy photon emitted by one nucleus is absorbed by the other, causing a Coulumb

excitation. These excitations are dominated by the Giant Dipole Resonance (GDR) [151], where

the neutrons and protons collectively oscillate against each other. The GDR excitation is the most
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common because it has the same quantum numbers as the photon, and its primary decay channel

is the emission of a single neutron, where higher-order excitations cause more neutron emission.

Since these neutrons are emitted with very low energy in the rest frame of the emitting nucleus,

they are produced at beam rapidity with no transverse momentum, allowing them to be measured

by detectors near the beamline.

The total EM dissociation cross-section, according to the RELDIS model [152], is220b, over

30 times as large as the hadronic Pb+Pb cross-section. These predictions are consistent with mea-

surements of EM dissociation at the LHC from ALICE [153]. It is important to note that secondary

photon emissions factorize from other photon emissions, even when both photons are emitted by

the same nucleus [154], so even though the rate for these processes is very large, it does not inter-

fere with other photoproduction processes.

In addition to forward neutron emission resulting from the Coulomb excitation of nuclei and

their subsequent decay, nuclei may also break apart in UPCs due to higher energy photon-nucleus

interactions. The �nal-states produced near mid-rapidity in these processes are discussed in much

more detail in Section 2.5.3.3, but in addition to the particle production at mid-rapidity in inclusive

photonuclear scattering, these processes have a very high probability to break up the struck nuclei.

Due to the relatively small nuclear binding energy (� 10 MeV) compared to the photon energy

(¡ 1 GeV), these processes are expected to break up the nucleus into fragments, resulting in the

emission of some (potentially large) number of forward neutrons. The probability of this break-up

is very high (¡ 95%), and it is predicted to be100%by RELDIS [152].

Forward neutron emission topology is a key signature of photonuclear events, and three differ-

ent topologies are helpful for classifying heavy ion collisions:0=0= (no forward neutrons on either

side),0=-= (forward neutrons on exactly one side), and-=-= (forward neutrons on both sides).

For many photonuclear measurements, tagging events with a0=-= forward neutron topology pro-

vides a way to help identify the events of interest and un-ambiguously determine which nucleus

emits the photon. These topologies, however, may be in�uenced by additional neutron produc-

tion from independent Coulomb excitations of the photon-emitting nucleus, where the additional
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forward neutron emission causes an event which should be accepted by the0=-= requirement to

instead fall into the-=-= category.

The0=-= requirement, which is crucial to measurements of photonuclear UPCs, thus imposes

an additional requirement of not having additional Coulomb excitation of the photon-emitting

nucleus. Since both processes depend on impact parameter, this requirement modi�es the1

distribution measured in photonuclear events non-trivially, changing the effective photon �ux in

0=-= events. This modi�cation can be modelled by imposing the0=-= condition while integrat-

ing the photon �ux over impact parameter, rather than simply applying the form integrated over

1 ¡ 2' � . This procedure begins with writing the cross-section for some photonuclear process

� ¸ � ! W� ! - as:

f AB
EPA =

¹
d� Wd2B� d21

d#

d� Wd2B�
f W�! - ¹� W– B� ºX2¹®B� � ®B� � ®1º (2.97)

Here, the photonuclear collision kinematics are given by®B� , the impact parameter of the colli-

sion with respect to the photon emitting nucleus,®B� , the impact parameter of the collision within

the struck nucleus, and®1 the impact parameter of the two-nucleus system. These kinematics are

shown in Figure 2.19. The0=-= requirement is then applied by restricting the region of inte-

gration through the inclusion of two probability distributions as a function of®1. These distribu-

tions correspond to the probability of breakup due to a hadronic interaction,%no had¹1º, and the

probability of breakup due to Coulomb excitation,%no EM¹1º. Following the approach used in

STARLIGHT [155], the former probability can be written as:

%no had¹1º =
�
1 � ) AA ¹1ºf inel

NN

� � 2

' 4� � 2) AA ¹1ºf inel
NN (2.98)

Where) AA ¹1º is the nuclear overlap function de�ned in Section 2.4.1 andf inel
NN is the total in-

elastic nucleon-nucleon cross-section. The approximation uses the large-� limit to simplify the

expression considerably. For nuclear breakup due to additional electromagnetic interactions, it is

important to only account for events where the additional neutron production would cause an event
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Figure 2.19: A diagram of a photonuclear UPC from a side view (left) and front view (right). The
impact parameter of the nucleus-nucleus collision (®1) is different from the impact parameter of the
W̧ A collision with respect to the photon-emitting nucleus (®B� ) or the struck nucleus (®B� ). Inspired
by Figure 3 from Ref. [116].

to fail the0=-= requirement. STARLIGHT models the impact-parameter dependence of additional

breakup probabilities as:

%̂¹1º =
¹

d� W

¹ d# �
W

d� Wd21
f W�! � � ¹� Wº (2.99)

Here, f W�! � � ¹� Wº is a parameterization of the energy dependence of the total inelastic photon-

nucleus cross-section, particularly for GDR excitations. The quantity%̂is unitarized in order to

form the probabilities for each breakup topology, but it is not itself a probability. Thus, the “no
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Figure 2.20: Left: The different probabilities relevant for calculating the nuclear breakup proba-
bility as a function impact parameter. Right: The photon �uxes which arise from modellingW̧ A
! jets with or without the full calculation of the breakup probability. The sum of the 0nXn and
0n0n contributions is is de�ned to sum to%no had, as does the sum of%EM and%no EM. Figures by
A. Angerami.

EM” breakup requirement can be de�ned as:

%no EM = %no had

�
4� %̂

�
1 � 4� %̂

�
¸ 4� 2%̂

�
(2.100)

The various probabilities which de�ne these different conditions are shown in the left panel of

Figure 2.20. The last piece required for fully modeling photonuclear interactions is considering

the spatial extent of the struck nucleus. In order to do so, we assume a factorization of the cross-

section:

f W�! - ¹� W– B� º = f WN! - ¹� Wº) � ¹B� º (2.101)

The nuclear thickness function,) � , is de�ned fully in Section 2.4.1. Then, combining all of the

pieces, the total cross-section can be written as:

f AB
eff =

¹
d� Wd2B� d21

d#

d� Wd2B�
f WN! - ¹� Wº) � ¹B� º%no had¹1º%no EM¹1ºX2¹®B� � ®B� � ®1º (2.102)
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Where it is particularly helpful to de�ne the new effective �ux,� W• � eff¹� Wº as:

� eff
W• � ¹� Wº =

¹
d21d2B� %no had¹1º%no EM¹1º

d#

d� Wd2B�
) � ¹®B� � ®1º (2.103)

These quantities are often formulated in terms of the photon energy fraction,HW = � W• � � ,

where� � is the energy of the beam. In terms ofHW, the modi�cation of the photon �ux due to these

different corrections, compared to the simple EPA �ux derived in Section 2.5.1, is shown in the

right panel of Figure 2.20. These modi�cations to the �ux improve agreement with experimental

measurements that impose a0=-= requirement, but they imperfectly model these breakup effects,

as is shown in Section 5.6.

2.5.3.3 Photonuclear Scattering

Photonuclear scattering processes, one of the main topics of this thesis, can be classi�ed by the

momentum-transfer of the hardest scattering process. Minimum bias events are characterized by

softer physics, dominated by the VMD part of the photon wave-function, while events requiring

high-energy or high-mass �nal-states probe the harder parts of the photon wave-function, governed

by photon PDFs. While the results of this thesis primarily focus on the case of hard-scattering,

measurements of minimum bias photonuclear interactions at the LHC [149, 156] provide useful

insights into studying inclusive photonuclear processes. Measurements by ATLAS [149] demon-

strated the usefulness of applying selections on gap quantities and forward neutrons in order to

select a high-purity sample of photonuclear events. This measurement also found that the parti-

cles produced in these events exhibit correlated behavior which is characteristic of the production

of Quark-Gluon Plasma. Theoretical predictions [157] indicate that these �ow-like event charac-

teristics should only be possible in resolved photon events, where the hadronic �uctuation of the

photon provides the initial-state geometry necessary for elliptic �ow. Similar measurements by

CMS [156] inW?collisions do not �nd evidence of such effects, but they are limited by the lack

of a full subtraction of non-�ow backgrounds.
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In the case of photonuclear hard-scattering processes, Figure 2.17 demonstrates leading-order

Feynman diagrams for direct and resolved photoproduction. The two outgoing hard partons from

these collisions produce jets which, if measured, probe the kinematics of the partons which enter

into the scattering. This mechanism was proposed [4] in order to study both the nPDF modi-

�cations in a novel kinematic range and the diffractive parton distribution functions. An older,

preliminary measurement by ATLAS [150] demonstrated the feasibility of these studies, introduc-

ing several important variables for mapping the jet kinematics onto the kinematics of incoming

partons. These kinematics are de�ned in terms of the jet system mass and rapidity:

< jets �
� � Õ

8

� 8

� 2

¸

�
�
�
�
Õ

8

®?8

�
�
�
�

2� 1•2

– Hjets �
1
2

ln
� Í

8¹� 8¸ ?I–8ºÍ
8¹� 8 � ?I–8º

�
(2.104)

Where the index8sums over each jet in the event. A proxy for the&2 of the scattering process

comes from the linear sum of the individual jet transverse momenta:

� T �
Õ

8

?T–8 (2.105)

Two additional variables,GA andI W, are also used to characterize the jet kinematics. In the limit

of 2 ! 2 scattering kinematics, they correspond to the parton momentum fractions. These observ-

ables are de�ned as:

GA �
< jets
p

BNN
4� Hjets (2.106)

I W� GWHW=
< jets
p

BNN
4Hjets (2.107)

WhereGA is the struck parton momentum fraction with respect to the emitting nucleus, andI W

is the momentum fraction of the parton entering into the hard-scattering from the photon-going

direction. In the case of direct photons, this is the photon energy fraction (HW), but for resolved

photons (GW< 1), it is the momentum fraction of the partonic constituent of the resolved photon,

with respect to the photon-emitting nucleus. The system rapidity is oriented such that the photon

is going in thȩ I direction, which is referred to as “collision system coordinates”, as opposed to
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Figure 2.21: Projected reductions in nPDF uncertainties for the gluon PDF resulting from the in-
clusion of data on photonuclear jet production, from Ref. [158]. The left panel shows the projected
uncertainty reduction if all point-to-point errors are5% of the cross-section, while the right panel
shows the reduction for10%errors. In both cases, no knowledge of the correlation in the uncer-
tainties is assumed.

detector coordinates. Note that while the correspondence between these variables and the parton

kinematics is only fully applicable for2 ! 2 processes, the de�nitions include all jets in the event,

accounting for the possibility of multi-jet events.

The lack of a �nalized measurement or full correction to theoretically calculable results in Ref.

[150] has prevented the use of the preliminary data for constraining nPDFs until now. Still, results

comparing NLO pQCD calculations to these preliminary results [159] have demonstrated good

initial agreement with the data. Further studies have been conducted [158, 160] demonstrating the

potential of these measurements to constrain nuclear parton distributions. Figure 2.21 demonstrates

the potential reduction of uncertainties with different assumptions about the experimental error.

These projections do not, however, include the impact of any correlated uncertainty, which is

important for extracting the full information about nPDFs from the results presented in this thesis.

It has also been proposed [161] that because of the high breakup rate in photonuclear jet events

due to Coulomb excitations, higherI Wevents probe a different range of impact parameters within

the struck nucleus than low-I Wevents, when a0=-= requirement is applied. This property could,

in theory, be used to constrain the dependence of nuclear PDF modi�cations on impact parameter

in future studies.
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2.5.3.4 Two-Photon Processes

Since the photon �uxes from both nuclei in heavy ion collisions have intensities which scale

as/ 4, the total cross-section for two-photon fusion processes in Pb+Pb collisions is enhanced by

a factor of824 = 4•5 � 107, relative to processes of the same kinematics in?? collisions. This

massive increase in the cross-section forW¸ Wprocesses in heavy ion collisions allows them to

serve as a laboratory for precision QED measurements, studies of physics beyond the standard

the Standard Model, and, as discussed further in Chapter 6, a novel electromagnetic probe of the

QGP. Following from the expression for the single photon �ux, the effective �ux for two-photon

processes can be written as [2]:

d# WW

d: 1d: 2
=

¹

11¡' �

d211

¹

12¡' �

d212# ¹: 1– 11º# ¹: 2– 12º%no had¹j®11 � ®12jº%fn¹®11 � ®12º (2.108)

Where%fn is the probability of a given forward neutron con�guration. Because the initial-state

transverse momentum is so small inWWproduction of dileptons, the relevant variables for studying

the properties of these systems are related to the relative de�ection of the two leptons. The two

most basic forms of these observables are the acoplanarity,U, and asymmetry,� , de�ned as:

U � 1 � j q1 � q2j•c– (2.109)

� � j?T1 � ?T2j • ¹?T1 ¸ ?T2º – (2.110)

whereq1–2 and?T1–2 represent the azimuthal angles and the transverse momenta of each of the two

leptons, respectively. The variable: ? is also a useful as a modi�cation to the acoplanarity, where

the two are the same except for a factor ofc �?T:

: ? �
1
2

�
?T1 ¸ ?T2

�
¹ c � j q1 � q2j º = cU �?T– (2.111)
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Figure 2.22: Feynman diagrams from Refs. [2, 162] showing the different processes where leptons
are produced via two-photon fusion in UPCs. The right-most and center diagrams show leading-
order production mechanisms for electron and muon pairs, while the latter shows the case of �nal-
state radiation of a photon by one lepton.

The : ? of a dimuon pair effectively represents the transverse momentum “kick” of one muon

relative to the other. It is particularly useful since, for lower�?T pairs, the same added transverse

momentum will result in a larger shift inU than for higher�?T pairs. The same is not true for: ? ,

since it scales with the pair�?T, allowing it to incorporate these effects more consistently across

ranges in�?T.

An additional method of quantifying the relative de�ection of dileptons is the total transverse

momentum of the dilepton system. Rather than adding the scalar transverse momenta, taking the

magnitude of the vector sum allows it to quantify the momentum de�ection in the transverse plane:

q
%2

? �
q

j ®?T1 � ®?T2 j2 (2.112)

The physics of UPCs and the equivalent photon �ux have been extensively measured through

two-photon fusion processes producing dileptions, often called the Breit-Wheeler process [163].

Examples of the Feynman diagrams which correspond to these processes are shown in Figures

2.22. Both ATLAS and CMS have studied the production of dimuon pairs in UPCs, including de-

tailed studies of the dependence of the pair kinematics on forward neutron topology [5, 164]. The

CMS collaboration used forward neutron topology as a proxy for the impact parameter, demon-

strating with a phenomenological �tting procedure that the “core” of the distribution has a signif-
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Figure 2.23: Left: The core+tail �t of dimuon acoplanarity distributions by the CMS collaboration
from Ref. [5]. Right: The coherent+dissociative photoproduction �t of di-electron acoplanarity
distributions by the ATLAS collaboration from Ref. [162]

icant trend with neutron topology. While the CMS result suggested that this effect is due to the

impact parameter dependence of the initial photon?T, ATLAS observed a similar modi�cation in

the acoplanarity distributions but found that the behavior could be described by an increase in the

contribution of dissociative photoproduction. These dissociative processes occur when the photon

is emitted incoherently by a nuclear constituent, causing it to break up but not necessarily exhibit

any1 dependence. ATLAS presented further evidence for this description in studies of two-photon

production of4¸ 4� pairs [162], where a dissociative contribution described the tails of the distri-

butions quite well. A comparison of these two methods of describing the acoplanarity distributions

is shown in Figure 2.23.

The STAR collaboration has also investigated the properties of di-lepton pair kinematics using

WW! 4¸ 4� collisions [165]. Their studies demonstrated the impact of the photon's longitudinal

polarization on the electron kinematics. In the left panel of Figure 2.24, it shows that the angle

of one electron in the pair with respect to the angle of both electrons exhibits a modulation which

is well-described by modeling of the photon polarization. STAR [165] and ATLAS [7] have also

measured the dependence of di-lepton pair broadening on collision centrality for non-UPC events.

Both results observe a substantial modi�cation to the de�ection of back-to-back pairs in more
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Figure 2.24: Left: The dependence of di-electron production on the angle of a single electron with
respect to the pair measured by the STAR collaboration. Right: The STAR measurement of the

different
q

%2
? distributions for UPC and peripheral Au+Au collisions Both �gures are reproduced

from Ref. [165].

central collisions. The STAR result is shown in the right panel of Figure 2.24, and Section 7.2

provides a more detailed measurement of these properties using a larger, updated dataset. These

observations have been explained by two possible mechanisms: de�ection of the leptons by mag-

netic �elds in the QGP [166, 167] or impact parameter-dependent modi�cations of the photon?)

spectrum [168, 169, 170, 171].

The hypothesis that the de�ection of muon pairs could arise due to interactions with magnetic

�elds makes several other predictions about the dependence of these effects on muon kinematics

[166, 170]. First, it is predicted that magnetic broadening of the dimuonU or : ? distributions

should depend on the rapidity separation of the two muons. If they have similar rapidity, the mag-

netic �eld would de�ect them the same, largely cancelling the effect. Additionally, magnetic �elds

in the QGP would have a direction strongly correlated with the second-order event plane angle,

	 2, [170], where the second-order event plane is de�ned as the plane formed by the impact pa-

rameter vector and beam axis [172]. Thus, any modi�cation to these distributions due to magnetic

�eld effects should depend strongly on the orientation of the dimuon pair with respect to the event

plane. Each of these hypotheses is studied in detail in the results of this thesis in Section 7.2.

Two methods exist in the literature for explaining the centrality-dependent modi�cation of
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W¸ W! � ¸ � � pair de�ections via initial-state effects. The �rst, described by Refs. [173, 168],

uses a quantum-mechanical description of the( -matrix to study quantum mechanical interference

effects which generate a substantial impact parameter dependence of the initial photon kinemat-

ics. The method of Refs. [170, 171] treats correlations between impact parameter and photon

transverse momentum more generally, by introducing the photon Wigner distribution and using it

to generalize the EPA approach to include1-dependent modi�cations to the photon: ) spectrum.

Each of these methods predicts a suppression for very lowU and : ? , not a simple broadening,

which is consistent with results shown in Section 7.2.

The approach of Refs. [173, 168] begins by recognizing that, in order to generalize EPA to

include photons generated inside a nuclear target, the total relevant charge must be modi�ed. This

is achieved by including the nuclear form factor,� ¹: 2º, in the de�nition of the electromagnetic

four-potentials. This correction using the form factor is also applied in STARLIGHT, but it does

not include any other corrections described here. The classical expression for the cross-section

then exhibits a dependence on the form factor:

f =16
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(2.113)

Where thef B andf ?Bare the scalar and pseudo-scalar contributions to the cross-section, de�ned

in Ref. [173]. The four-momenta of the ingoing (: 1, : 2) and outgoing (: 0
1, : 0

2) photons are [168]:

: 1 = ¹F1– :1? –
F1

E
º– :2 = ¹F2– %? � : 1? –

F2

E
º

: 0
1 = ¹F1– :1? � @? –

F1

E
º– :02 = ¹F2– :2? ¸ @? –

F2

E
º

(2.114)

The photon kinematics are formulated in terms of the transverse momentum difference in the in-

coming pair,%? and the outgoing pair,@? . The crucial element of this approach is the complex
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exponential term which arises in equation 2.113, coupling the impact parameter to the outgoing

pair total transverse momentum. This expression, however, does not model the observed de�ec-

tions well. The authors then extend it by combining it with a QED calculation of the cross-section

with this equivalent photon �ux. In this case, the impact parameter dependence from the complex

exponential term does model the behavior of theU distribution well and can be attributed to a

quantum mechanical interference effect in the combination of the1-dependent �ux and the QED

cross-section.

An alternative approach to predict the cross-section [170] relies on introducing the Photon

Wigner distribution [171] in order to describe these modi�cations. The full,5-dimensional form

of the Wigner distribution is [170, 174]:

G 5W• � ¹G– :) – 1? º =
¹

d2� ?

¹2cº2
48� ? �1?

¹
db� d2A?
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The integrand of the �rst integral is a case of the generalized transverse momentum distribution

(GTMD), which can be written as a decomposition of polarized and unpolarized GTMDs:

� 8 9¹G– :) –� ? º =
X8 9

2
G 5W¹G– :) –� ? º ¸

�
: 8

¸ : 9
�

®: ¸ � ®: �

�
X8 9

2
G�W¹G– :) –� ? º

�
(2.116)

Where5Wand� Ware the unpolarized and linearly polarized photon GTMDs.� ? is the Fourier con-

jugate momentum of the transverse impact parameter. In the classical limit, the GTMD reduces to

the classical photon �ux, accounting for the nuclear form factor by taking the Fourier transform of

the classical distribution. This Fourier transform introduces an oscillation function of the intrinsic

photon transverse momentum, where the shape of the �uctuation depends on the value of®1. This

effect is demonstrated in Figure 2.25, which shows the shape of this �uctuation for several differ-

ent impact parameters. The differential cross-section can then be written down using the photon

Wigner distributions, incorporating this1-dependence of the �ux.

In addition to allowing for precision studies of QED and potential new probes of the QGP, two-
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Figure 2.25: The oscillations in the photon Wigner distribution as a function of transverse momen-
tum for different values of impact parameter from Ref. [170].

photon UPCs also provide a collision system where new searches can be performed for physics

beyond the Standard Model (BSM). Two processes which are expected to be sensitive to BSM

physics are [2] the production ofg¸ g� pairs via two-photon fusion andW¸ W! W¸ W, light-by-

light scattering. The left two panels of Figure 2.26 show example diagrams of these two processes.

Tau production allows for direct measurement of0g, the anomalous magnetic moment of theg, is

predicted to have sensitivity to the same BSM physics as0` [175], with effects which scale by the

ratio of lepton masses squared, a factor of280 more sensitive. This process has been measured

in UPCs by the ATLAS and CMS collaborations [175, 176], and the ATLAS result has shown

initial sensitivity competitive with the best limits from LEP. A comparison of these limits from

ATLAS is shown in the left panel of Figure 2.27. The light-by-light scattering process, meanwhile,

is sensitive to the existence of massive axion-like particles (ALPs) through the diagram shown in

the right panel of Figure 2.26. Measurements by CMS and ATLAS [177, 178] have set new limits

on these processes by measuring the photon kinematics produced via light-by-light scattering, and

these limits are shown in the right panel of Figure 2.27.

2.5.3.5 Photo-diffractive Scattering

Photo-diffractive scattering processes occur when the photon emitted by one nucleus in a UPC

interacts diffractively with the other nucleus, either through a pomeron exchange or some higher-
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Figure 2.26: Feynman diagrams of different two-photon fusion processes sensitive to physics be-
yond the Standard Model from Refs. [175, 178].

Figure 2.27: Left: Constraints on0g set by ATLAS measurements of two-photon production of
g¸ g� pairs compared to existing limits from world data, from Ref. [175]. Right: World limits
on the existence of axion-like particles where ATLAS and CMS measurements of light-by-light
scattering contribute to a substantial region of mass vs. coupling, from Ref. [178].
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order reggeon exchange [2]. For high photon energies, though, diffractive scattering processes

are dominated by the pomeron contributions. This interaction can be either coherent, where the

nucleus remains intact, or incoherent, where the nucleus is excited or dissociated. In the case

of coherent photoproduction, the pomeron is emitted coherently by the entire nucleus, while the

incoherent case involves emission by some nuclear constituent. The pomeron exchange can be

treated as a two-gluon exchange in a perturbative picture, which provides an intuitive reason for

the feature that this process is predicted to be sensitive to the square of the gluon density [179].

The most common measurements in UPCs are, by a large margin, measurements of the photo-

diffractive production of exclusive vector mesons. The cross-sections for these processes are often

quite large [1], on the order of several hundred microbarns in some cases. Since these states

are exclusive, the kinematics of the vector meson entirely determine the kinematics of the hard-

scattering process. This relationship yields a similar de�nition of the struck pomeron's energy

relative to the emitting nucleus [2]:

GP =
" +

p
BNN

4� H (2.117)

Here, " + is the mass of the vector meson, and the� denotes an important feature of these col-

lisions: because of the single-particle �nal state and lack of nuclear breakup, the case where one

nucleus emits the photon is indistinguishable from the case where the other nucleus emits the pho-

ton. Two vector meson states have been studied most extensively in UPCs:d0 production and� •k

production. Measurements of coherentd0 production [180, 181, 182] allow one to spatially image

the target via the Fourier transform of thejCj distribution due to its large cross-section.� •k pro-

duction is not as common asd0 production, but its larger mass allows for the application of pQCD

methods to probe the gluon densities at very lowG. Many measurements of� •k photoproduction,

both coherent and incoherent, have been conducted for this purpose [183, 184, 185, 186, 187, 188].

More recent measurements [189, 190] have attempted to resolve the directional ambiguity in

Equation 2.117 via a proposal [191, 192] to measure� •k photoproduction with different neutron

topologies. These different topologies modify the photon �ux, which allows one to dis-entangle

the cross-section contribution from each con�guration away from mid-rapidity. The picture of
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Figure 2.28: A Feynman diagram for direct dijet photoproduction (left) and an NLO QCD predic-
tion for the cross-section of photo-diffractive jet production as a functi on of the jet system rapidity
(right). Both �gures are reproduced from Ref. [196].

� •k production probing the gluon density squared is complicated, however, by other recent results

showing large NLO corrections [193], which indicate that the quark contributions are much more

important than expected. Proposed methods to remedy this surprising reduction in sensitivity to

the gluon densities include measurements of� photoproduction [194] or� •k photoproduction in

O+O collisions [195].

While the exclusive case for photo-diffractive scattering has been intensely studied through

vector meson production, inclusive photo-diffractive scattering processes have not been explored

deeply in UPC measurements. In particular, the case of photo-diffractive jet production, where a

high-energy photon strikes a parton within the pomeron, probing the diffractive PDF [196], is of

particular interest. An example Feynman diagram for this process is shown in Figure 2.28, along

with an NLO QCD prediction [196] for the differential cross-section of this process. PYTHIA 8

has also recently implemented coherent diffractive jet production [197], allowing the structure of

these events to be studied at leading order in much greater detail.

Predictions for diffractive jet photoproduction are particularly challenging because of a phe-

nomenon known as factorization-breaking. Although QCD factorization has been proven for

diffractive hard-scattering [38], it was demonstrated [39] at HERA [198, 199] that factorization
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Figure 2.29: Estimates of the fraction of photonuclear jet events which come from photo-diffractive
scattering as a function ofGA from Ref. [200]. The predictions vary substantially with the choice
of factorization-breaking correction, but the contribution is limited to the very smallGA region.

is, in fact, broken for diffractive jet photoproduction. This factorization-breaking arises from re-

solved photons re-interacting with the particles from the hard-scattering, while direct photons pre-

serve factorization. These effects are quite large, causing NLO pQCD predictions which do not

account for it to overestimate the cross-section by almost a factor of 2 [39]. For this reason, the

relative rate of photo-diffractive jet production, a potential background to the measurements in this

thesis, is not easily calculated. Two estimates [200] for the relative rate of coherent diffractive dijet

photoproduction are shown in Figure 2.29, where the effects of factorization-breaking cause large

changes in the rate for these events. These calculations indicate that it is only substantial at very

small values ofGA, and these events are characteristically different from inclusive jet production

due to large gaps on both sides of the event, allowing them to be removed from measurements via

gap requirements.

2.6 Monte Carlo Generators and Models

2.6.1 Leading Order Generators

2.6.1.1 Pythia

PYTHIA 8 [98] is a multi-purpose Monte Carlo event generator which has been extensively

used for decades, in a variety of collision systems:4¸ 4� at LEP,? �? at the Tevatron,4?at HERA,
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Figure 2.30: The schematic event structure of a?? ! C�Cevent in PYTHIA 8 from Ref. [98]. The
generator simulates the process with a hardness-ordering, moving from the hard-scattering matrix
element in the center out to fully hadronized outgoing particles.

and ?? at a number of hadron colliders, including RHIC and the LHC. PYTHIA 8 implements

a massive array of physics processes, including all leading-order perturbative Standard Model

processes, along with a huge number of theoretical BSM processes. Figure 2.30 demonstrates the

event generation process for PYTHIA 8, which implements a “hardness-ordering”, simulating each

aspect of the event generation with sub-processes in order of the relevant metric of hardness for

that sub-process (&2, � , etc.).

In physics simulation relevant for this thesis, PYTHIA 8 begins with the hard-scattering pro-

cess and additionally computes multi-parton interactions (MPI), which are a phenomenological

description of additional semi-perturbative hadronic scatterings between additional partons in the

two colliding objects [201]. These MPIs generate “minijets”, which contribute to the?T of the

event and can be color-connected to partons from the hard-scattering during hadronization. After
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simulation of MPI, PYTHIA 8 implements a parton shower (see Section 2.3.1) native to the gen-

erator [99], which uses a?T-ordering in order to interleave MPIs with the parton shower of the

hard-scattering process. Finally, the hadronization step in PYTHIA 8 uses the Lund string model

[102, 103] (see Section 2.3.2.1). Additionally, it handles color �ow in hadronization by taking the

# � ! 1 limit, allowing the generator to neglect color interference effects which are proportional

to 1• # 2
� . It implements color reconnection [202] to de�ne the starting strings in the fragmentation

process.

An update to PYTHIA 8 since version 6 is that it allows for a modular implementation of photon

�uxes for studying the physics of photoproduction processes [98]. For samples used in the mea-

surement of photonuclear jet production described in this thesis, this functionality was very impor-

tant, since a user-generated photon �ux could be supplied according to the formulation in Section

2.5.1. PYTHIA 8 uses an implementation of the CJKL [145] LO photon PDFs, and it includes

a full initial-state parton shower for resolved photons. Additionally, MPIs are also implemented

in PYTHIA 8 with resolved photons, along with beam remnants, which allow for excellent mod-

eling of rapidity gap distributions. PYTHIA 8 also implemented coherent photo-diffractive dijet

production [197], which allows it to be used to study an important background process described

in Chapter 5.

2.6.1.2 HERWIG

HERWIG++ [203, 204] is a multi-purpose leading order event generator, which is the C++ im-

plementation of HERWIG 7 (Hadron Emission Reactions With Interfering Gluons).HERWIG++

simulates much of the same physics as PYTHIA 8, with leading-order implementations of hard-

scattering matrix elements. The default parton shower implemented inHERWIG++ is angular-

ordered [96], in order to directly take QCD interference into account. It also implements an al-

ternative parton shower using the dipole model with local recoils to account for coherence effects

[97]. HERWIG++ uses a similar MPI method to PYTHIA 8, except that it does not interleave MPI

with the parton shower, keeping the partons produced in each step separate until the hadroniza-
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tion step. HERWIG++ implements a cluster hadronization model (see Section 2.3.2.2), which is

based on the precon�nement property of QCD [205] shared with its default angular-ordered parton

shower [107].

2.6.2 Next to Leading Order Generators

2.6.2.1 POWHEG

POWHEG[206, 207, 208] (POsitive Weight Hardest Emission Generator) is a specialized Monte

Carlo event generator used to simulate the hard-scattering matrix elements for NLO processes.

SincePOWHEGis not a multi-purpose generator, it must rely on other generators such as PYTHIA 8

or HERWIG++ to implement other aspects of the physics in full event generation, such as the parton

shower or hadronization. As discussed in Section 2.3.1, the parton shower is not a strictly leading-

order process, since it sums contributions at all orders inUB, to some �xed order in theln
�
&2•&2

0

�

coef�cient logarithms. NLO calculations, meanwhile, compute the cross-sections to a �xed order

in UB, but they sum all orders in the logarithmic coef�cients. Physically, these two approximations

are complementary: NLO corrections account for hard wide-angle splittings, while parton showers

primarily generate emissions in the soft and collinear limit. Since these two methods will double-

count certain terms, though,POWHEGmust introduce a method to systematically remove overlap

in the two descriptions, allowing for results which take advantage of the physics described by both.

In general, an NLO cross-section calculation can be written schematically as [209]:

df =
�
� ¹� � º ¸ +̂ ¹� � º

�
d� � ¸ ' ¹� ' º3� ' (2.118)

Where� is the Born-level cross-section,� � is the Born phase-space,+̂ is the virtual part of the

NLO correction,' is the real part of the NLO correction, and� ' is the phase-space for additional

real emissions. Note that these calculations have divergences in both+̂ and' which are typically

handled by cancelling them explicitly in NLO calculations, meaning that the separation of virtual

and real corrections for the purpose of combining them with a parton shower is non-trivial. The
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core idea of thePOWHEGmethod for combining NLO calculations with parton showers is to always

generate the hardest emission �rst and then use the parton shower MC to simulate all subsequent

emissions. Treatment of the �rst emission with full NLO accuracy requires de�ning the Matrix

Element Corrected (MEC) parton shower cross-section:

df MEC

dHd?T
= d� � �

�
X¹?Tº� ¹&0º ¸ � ¹?T

'
�

d� radº
�

(2.119)

Here,� rad is the radiation phase-space, where d� � = d� ' d� rad. The MEC parton shower also

involves applying a correction to the Sudakov Form Factor:

� ¹?Tº = 4�
¯

'
� d� rad� ¹?T ¹� radº� ?Tº (2.120)

Which introduces a correction to the no-splitting probability accounting for the ratio of the real

NLO correction and Born cross-section. Then, thePOWHEGmethod involves systematically de-

composing the singularity structure of the real NLO correction, using the coef�cient of the di-

vergent term to correct the Sudakov form factor and including the regular portion directly in the

parton shower cross-section. Then, the hardest splitting generated by this NLO-corrected splitting

function is designed to cancel the divergences in its NLO virtual corrections with the divergences

of the real part.

Through this method,POWHEGallows for the generic implementation of NLO QCD cross-

sections with parton showers via a systematic approach to prevent double-counting. In addition to

matching the hardest emission of the shower, vetoes on certain emissions and subtraction schemes

involving negative weights are often necessary to remove all double-counting contributions. The

POWHEGmethod has the advantage of minimizing the need for negative weights (hence its name),

but it cannot remove them completely.
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2.6.2.2 Sherpa

SHERPA [210] is a multi-purpose Monte Carlo event generator which can simulate either

leading-order or NLO processes. UnlikePOWHEG, it is a multi-purpose generator which im-

plements other physics processes necessary for simulating full events, rather than only matrix

elements. It implements a different matching scheme fromPOWHEG, following the MC@NLO

method [211, 212], with a built-in dipole parton shower [97]. It implements both the cluster and

string hadronization models, with the option to select a particular approach. Its string hadronization

model directly uses the implementation built into PYTHIA .

2.6.3 STARlight

STARLIGHT [155] is a specialized generator which implements the Equivalent Photon Ap-

proximation (see Section 2.5.1) for photon-nucleus or two-photon scattering processes. It imple-

ments a calculation for the probability of nuclear break-up due to Coulomb excitation as a function

of impact parameter based on photonuclear scattering data. The photon �ux for impact parame-

ters smaller than twice the nuclear radius is modi�ed by the nuclear form factor, and �xed impact

parameters for collisions are supported, but correlations between the impact parameter and photon

?T are not considered. The probability of no hadronic interaction is implemented via the Glauber

model [116, 117]. Additionally, it only calculates photonuclear reactions for the diffractive pho-

toproduction of vector mesons, so it does not implement an integration over the thickness of the

nuclear target which is relevant for inclusive photonuclear reactions.
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Chapter 3: Experimental Apparatus and Techniques

3.1 Particle Collisions at the Large Hadron Collider

3.1.1 The LHC Injection Chain

The Large Hadron Collider [213] was built around the existing accelerator complex at CERN in

the tunnel originally used for LEP, the Large Electron-Positron collider [214]. It takes advantage of

existing, lower-energy colliders such as the Proton Synchrotron (PS) and Super Proton Synchrotron

(SPS) in order to serve as injectors to the LHC, and the full complex is shown in Figure 3.1. The

LHC injection chain [215] is a very complex process, the details of which are beyond the scope of

this thesis. However, the schematics of the process described here are useful for understanding the

basics of how ion beams enter the ATLAS detector with2•5 TeV of energy per nucleon.

The injection process for Lead-208 ions begins with isotopically pure208
82 Pb entering into an

electron cyclotron resonance ion source [216], which effectively heats the Lead into a plasma and

extracts the ions from that plasma for acceleration. The ions are accelerated in Linac 3 up to

4•2 MeV/n. The ion beam is then injected into the Low Energy Ion Ring (LEIR), stripping it of

additional electrons, after which LEIR accelerates the ions up to72MeV/n. At this point, the beam

forms ”bunches“ of ions, where the each bunch contains the vast majority of the beam charge and

their spacing is set by the accelerator RF frequency. The LEIR bunches each long pulse from Linac

3 into 2 bunches of2•25 � 108 ions each. Then, the bunches are injected 2 at a time into the PS,

where they are split into 4 bunches of1•2 � 108 ions per bunch with 100 ns bunch spacing and

accelerated to5•9 GeV/n. These ions are then stripped of their remaining electrons as they are

injected into the SPS, where they are accelerated to177GeV/n with9 � 107 ions/bunch. Finally,

these bunches are injected to the LHC, where they are accelerated up to the target energy with a

target intensity of7 � 107 ions/bunch.
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