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Abstract

The Electron-Ion Collider (EIC) is a future facility that will be constructed at

Brookhaven National Laboratory (BNL) over the next decade, to begin data-taking

in the early 2030s.

Studies performed for the optimisation of the tracking system of ePIC, the EIC

project detector, are presented. The EIC physics programme places stringent re-

quirements on the tracking system, which must be high precision, low mass and

well integrated. Simulations are performed for various tracking geometries, which

are implemented in Geant4-based frameworks with varying levels of realism for the

geometry and reconstruction, and the performance is evaluated. The design of the

tracking system has been iteratively updated in line with such performance studies

and projections of the technology, which inform the current ePIC tracking design.

It is found that in order to achieve the EIC physics goals with the 1:7T solenoidal

magnetic field to be used in ePIC, large area tracking layers built using high preci-

sion and low mass monolithic silicon sensors are required. The performance targets

are challenging to meet in the endcap trackers for a 1:7T field, and so a combination

of measurements from the tracking and calorimetry systems will be required.

An accurate reconstruction of the kinematic variables x, y, and Q2 is essential for the

EIC inclusive physics programme. The ability of the ePIC detector to reconstruct

the kinematic variables is studied, and the resolutions of the methods optimised

throughout the phase space. Conventional reconstruction methods usually rely on

two of the four measured quantities (energy and polar angle of the scattered electron

and hadronic final state). A novel reconstruction method is presented whereby

the kinematic variables, and the energy of possible initial state photon radiation,

are reconstructed through a kinematic fit of all measured quantities in a Bayesian

framework using informative priors. The method is validated for smeared generated

DIS events, fully simulated ePIC events, and is also applied to simulations and data

from the H1 experiment at the HERA collider.
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Chapter 1

Introduction

The Electon-Ion Collider (EIC) is a large scale particle accelerator facility which is

to be located at Brookhaven National Laboratory in the United States, based on

the existing Relativistic Heavy Ion Collider (RHIC) complex. Construction is to

commence following the conclusion of RHIC operations in the mid 2020s, with the

intention to begin operations and science in the early 2030s. The EIC will study the

properties of protons, neutrons, and atomic nuclei with unprecedented precision,

variety, and luminosity. The EIC will be capable of colliding beams of polarised

electrons with heavy ions, as well as polarised protons and light nuclei, across a

large range of centre-of-mass energies, all with high luminosity. To maximise the

physics potential of the EIC, a detector that provides the best possible acceptance,

resolution, and particle identi�cation capabilities is required. Further to this, anal-

ysis techniques that take full advantage of the detector information to facilitate a

high quality reconstruction are also necessary.

1.1 Scattering Experiments for Hadron Structure

Modern understanding of the structure of matter at a subatomic level is informed by

measurements involving the scattering of charged particles on nuclei. This technique

was pioneered by Rutherford, Geiger, and Marsden in their famous 1911 experiment

in which � particles were scattered by a gold foil, ultimately leading to the discovery

of the atomic nucleus [1]. More recently, electrons have become a typical probe for

scattering experiments, given their ease of production and acceleration, point-like

nature, and the electroweak interactions involved in their scattering being well un-

derstood and calculable.

Hofstadter and colleagues made extensive use of electron scattering in the 1950s and
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60s to determine the charge distributions of protons and nuclei and thus measured

their radii [2]. In stark contrast to the elastic form factors that were measured dur-

ing this time, early results with the 20 GeV electron beam at the Stanford Linear

Accelerator Center (SLAC) in 1968, found little variation in the structure functions

for the area of parameter space under study. This provided the �rst evidence of

a point-like internal structure of nucleons [3]. This internal structure can only be

resolved when the wavelength of the electron is su�ciently small that it probes deep

inside the hadron target, which subsequently breaks up to give a many particle �-

nal state. This interaction is therefore termed Deep Inelastic Scattering (DIS). The

experiments performed at SLAC made the �rst measurements of proton structure

functions, as well as providing evidence for Bjorken scaling [4] and the Callan-Gross

relation [5]. Experiments using electron beams and unpolarised targets continued

at SLAC up to the early 1990s. Further experiments and collaborations were estab-

lished in this time, such as the European Muon Collaboration (EMC) which probed

targets using muon beams from the SPS at CERN [6], and the CCFR experiment

at Fermilab, which used a beam of mixed� � and �� � on a Beryllium-Oxide target [7].

The aforementioned experiments were all �xed-target scattering experiments, in

which the struck nuclei were stationary in the lab-frame as part of a foil, gas,

or liquid. The accessible parameter space depends largely on the centre-of-mass

energy, so that the larger centre-of-mass energy possible at a collider experiment

is desirable. To date, the only electron-proton collider to have existed was the

H adron-Electron-Ringanlage (HERA) facility at the Deutsches Elektronen Syn-

chrotron (DESY) research centre in Hamburg, which operated from 1992 to 2007.

HERA was instrumented by two general purpose detectors, H1 and ZEUS, which

recordede� p collisions at centre-of-mass energies of up to 318 GeV, enabling proton

structure to be studied in a much wider kinematic range than ever before. The

two remaining interaction regions at HERA were instrumented by the HERMES

and HERA-B detectors, which were respectively used to study the spin structure

of nuclei, and CP violation in the decays of mesons containing heavy quarks. Dur-

ing its operation, HERA collected data which challenged preconceptions about the

makeup of protons, observing a high density of gluons and quark-antiquark pairs at

small momentum fractions, as well as measuring heavy quarks which could be inter-

preted as components of the proton. HERA also provided another surprise early in

its operation, with protons unexpectly remaining intact following large momentum

transfers. This marked the beginning of a whole �eld of study devoted to exporing

this \hard di�raction" signature.

In addition to unpolarised DIS experiments, the spin structure of the nucleon has
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been studied using polarised targets. These programmes have been used to measure

spin structure functions and test fundamental sum rules associated with Quantum

Chromodynamics (QCD) and the quark-parton model (QPM). In the late 1980s,

results from EMC indicated that the net spin of the 3 quarks accounts for< 24 %

of the spin of the proton, rather than the expected 100 % [8]. This problem, often

referred to as the \proton spin crisis" has been further investigated in experiments

at several high energy physics laboratories. The EIC will be the �rst ever collider

mode DIS experiment with polarised targets, and so will play a crucial role in

extending these studies to a new kinematic region and determining the polarised

gluon contribution to the spin of the proton.

1.2 Electron-Ion Collider

The Electron-Ion Collider will be the second ever electron-proton collider, after

HERA. It o�ers an instantaneous luminosity increase of two orders of magnitude

compared to HERA, as well as the ability to use polarised targets of protons or

light nuclei, or unpolarised heavy nuclei. The design of the EIC was guided by re-

quirements expressed in the EIC White Paper [9], and in its current design provides

collisions of polarised protons and polarised electrons with centre-of-mass energies

ranging from 20 GeV to 141 GeV, and heavy ion collisions up to 89 GeV per nu-

cleon. The beams collide at a crossing angle of 25 mrad, which allows for the quick

separation of the beams, as well as positioning of the focusing beam elements closer

to the interaction point, while keeping the synchroton radiation background man-

ageable. The luminosity loss as a result of the crossing angle is recovered through

the inclusion of crab cavities in each beam [9]. The collider is to be built using the

existing RHIC complex, with one of the ion rings being rebuilt and the other being

replaced by an electron storage ring. A schematic diagram of the EIC is shown

in Fig. 1.1, including the various rings, pre-accelerators, and injector. Research

and development activities for the EIC project detector are ongoing, with a generic

detector R&D programme that began in 2011, superceded by project-speci�c R&D

since 2021. The project timeline currently forecasts the construction phase to begin

in 2025, following the conclusion of RHIC operations, and data taking to begin in

the early 2030s.

The basic design requirements of the EIC are summarised below:

ˆ High (� 70 %) polarisation of electron, proton, and3He beams

ˆ Large range of ion beams, from deuterons to heavy nuclei such as gold, lead,

or uranium
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Figure 1.1: Schematic layout of the planned EIC accelerator based on the existing
RHIC complex at Brookhaven National Laboratory. The project detector is to be
located at interaction point 6 (IP6), and a possible second detector at interaction
point 8 (IP8). AGS stands for \Alternating Gradient Synchrotron". Figure taken
from [10].

ˆ e-p centre-of-mass energies ranging from 20 GeV to 141 GeV

ˆ e-A collisions up to 89 GeV/nucleon

ˆ High instantaneous luminosity,L = 1033 � 1034 cm� 2 s� 1

The large range of centre-of-mass energies are achieved through various combina-

tions of an electron beam which may take energies of up to 18 GeV, with pro-

tons with energies between 41 and 275 GeV or ions with energies between 41 and

110 GeV/nucleon. The current projected energy combinations for e-p and e-Au col-

lisions are summarised in Table 1.1 and 1.2 [11].

The EIC facility is capable of supporting two interaction points. However, only

one detector is forseen to be instrumented as part of the EIC project, the project

detector, ePIC, which will be located at IP6. It is the ambition of the wider EIC
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Table 1.1: e-p con�gurations.

E( e)
(GeV)

E( p)
(GeV)

p
s

(GeV)
5 41 28.6
5 100 44.7
10 100 63.2
10 275 104.9
18 275 140.7

Table 1.2: e-Au con�gurations.

E( e)
(GeV)

E(Au)
(GeV)

p
s

(GeV)
5 41 28.6
5 110 46.9
10 110 66.3
18 110 89.0

community to install a second detector at IP8, with aim to expand the physics pro-

gramme and mitigate risks through a two detector solution.

The ePIC detector will be the �rst experiment at the EIC. It consists of a� 10 m

long cylindrical central detector, as well as additional instrumentation along the

beamline, up to� 45 m from the interaction point. The central detector consists of

precision tracking and electromagnetic calorimetry systems, and a variety of particle

identi�cation systems, all surrounded by a superconducting magnet which provides a

1:7 T solenoidal magnetic �eld. Beyond the solenoid there are hadronic calorimeters.

The beamline instrumentation enables the detection of particles emerging at very

small angles relative to the primary beam. The combination of the central detector

and beamline instrumentation makes ePIC a detector with near hermetic coverage.

1.2.1 Physics Aims

The EIC seeks to address fundamental questions surrounding the nature of nucleons

and nuclei. A brief discussion of the physics processes that may be studied at the

EIC is given in Chapter 2. The underlying physics questions that the EIC aims to

answer are:

ˆ How are partons and their interactions responsible for nearly all visible matter

in the universe?

ˆ How do quarks and gluons and their motion in the proton produce the overall

spin structure of the proton?

ˆ What does the internal structure of protons and atomic nuclei look like in

position and momentum space?

ˆ How does the distribution of quarks and gluons di�er between protons and

nuclei?

ˆ How are the dynamics of quarks and gluons a�ected in a dense nuclear envi-

ronment { is there a boundary at which gluons saturate?
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1.3 Thesis Outline

Chapter 2 describes the physics that may be probed using DIS, starting from an

introduction of form factors and leading to the various structure functions associ-

ated with protons/nuclei. Chapter 3 describes the detector subsystems that are to

be included in the ePIC detector, and gives a detailed description of the tracking

subsystem, the tracking resolutions, and track reconstruction.

The work presented in this thesis is divided into two areas of study. The �rst is the

development of the tracking system for the EIC project detector, ultimately lead-

ing to the current tracking design of the ePIC detector. Studies are aimed at the

optimisation of the tracking geometry, using resolution benchmarks of quantities as-

sociated with track reconstruction. Additionally, studies measuring the performance

implications of increasing levels of realism in the tracking simulations are presented.

This work is covered in Chapter 4.

The second area of study is the reconstruction of kinematic variables associated

with the inclusive DIS process. This work is presented in two parts, the �rst being

the evaluation of the kinematic variable reconstruction performance of the ePIC

detector, using conventional reconstruction methods, discussed in Chapter 5. The

second part, shown in Chapter 6, is the presentation of a novel method for the

reconstruction of the DIS variables using a kinematic �t within a Bayesian inference

framework. The kinematic �tting method is evaluated in terms of the resolution

with which the DIS variables are reconstructed, and the ability of the method to

tag initial-state photon radiation that may be emitted by beam electrons prior to a

collision. These studies are performed using full simulations of the ePIC detector,

as well as simulated and real data from the H1 detector at HERA.
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Chapter 2

EIC Physics

The basic process at the EIC is Deep Inelastic Scattering, of which there are several

categories, allowing for a variety of physics studies on the nature of protons and

nuclei. In this chapter, the theoretical background of DIS and the extraction of

proton structure functions with inclusive DIS is presented, as well as a short overview

of non-inclusive physics. The form factor derivation presented in this chapter follows

and condenses a detailed derivation that can be found in reference [12].

2.1 Form Factors and Elastic Scattering

The Rutherford gold foil experiment of 1911 probed the structure of gold atoms

through the scattering of � particles by a gold foil. This experiment measured the

non-relativistic scattering cross section

d�
d


=
Z1Z2� 2

4k2 sin4(�=2)
; (2.1)

where � � 1=137 is the �ne structure constant,Z1 and Z2 are the atomic numbers

of the probe and target,k is the momentum of the probe, and� is its scattering

angle in the laboratory frame. The scattering is elastic, so the momentum of the

probe after scattering, denoted byk0 and used later on, is equal in magnitude tok.

Contrary to expectations from the plum pudding model [13], which predicted that

the � particles would pass through with negligible de
ection, it is clear that while

the cross section decreases with increasing scattering angle, a non-negligible frac-

tion of the � particles are scattered at large angles. Rutherford concluded that the

majority of the mass was concentrated in a small and positively charged scattering

centre, termed the nucleus.
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In the Rutherford scattering case, both the probe and the scattering target are

point-like. In the case of electrons scattering from a nuclear target, the electron

is point-like, but the charge of the nuclear target is distributed over a �nite region

of space. In order to determine the charge distribution, the angular distribution of

the scattered electrons from the charge distribution may be compared to the cross

section for scattering on a point charge:

d�
d


=
�

d�
d


�

Rutherford

jF (q)j2: (2.2)

Here, q = k � k0 is the (three-vector) momentum transfer between the electron

and target, and the charge distribution of the target is described by form factor

F (q). The form factor may be deduced using unpolarised electrons scattering from

a static (�xed in space and not changing with time), spinless charge distribution

Ze� (x), normalised such that

Z
� (x)d3x = 1: (2.3)

For a static target, the form factor in Eq. 2.2 is simply the Fourier transform of the

charge distribution

F (q) =
Z

� (x)eiq�xd3x: (2.4)

The Rutherford scattering equation describes the non-relativistic scattering of point-

like spin-0 particles. If the Rutherford scattering case is extended to relativistic spin-

1/2 particles, being scattered by the Coulomb �eld of an atomic nucleus, corrections

can be applied to the cross section such that

�
d�
d


�

Mott

=
�

d�
d


�

Rutherford

�
E 0

e

Ee
� cos2(�=2); (2.5)

as found by Mott in 1932 [14]. The factor cos2(�=2) arises from the spin-1=2 of the

electron. Relativistic electrons produce signi�cant nuclear recoil, which is described

by the factor E 0
e

Ee
, and can also be written as

E 0
e

Ee
=

1
[1 + 2Ee

M sin2(�=2)]
: (2.6)

Given that both the magnetic moment and charge of the proton are involved in

the scattering process, and the proton is not static, the above discussion cannot be

used directly to yield the structure of the proton. The contribution of the magnetic

moment can be accounted for if we consider the proton to be a point chargee with

Dirac magnetic momente=2M , in which case one can simply take the known result

for electron-muon scattering [12], replacing the mass of the muon by that of the
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Figure 2.1: Elastic scattering of an electron by a proton.

proton, M :

�
d�
d


�

lab

=
�

d�
d


�
�

E 0
e

Ee
�
�

cos2(�=2) �
q2

2M 2
sin2(�=2)

�
: (2.7)

The spin-1=2 target leads to an additional term� q2

2M 2 sin2(�=2) representing the

magnetic interaction. From here elastic electron-proton scattering, as shown in

Fig. 2.1, can be considered, and the derivation will proceed using four-vectors unless

otherwise speci�ed. The interaction occurs via the exchange of a virtual photon,

with four momentum q. The four momentum of the incoming (outgoing) electron

is labelled k (k0), such that q = k � k0. The manner in which the virtual photon

interacts with the proton with four momentum p relates to the energy of the colli-

sion. For lower energies, the most probable occurrence is elastic scattering. In this

case the proton remains intact, and the invariant massW of the �nal state hadronic

system with four momentump0, is simply the mass of the proton.

To calculate the di�erential cross section for elasticepscattering, one must consider

the transition currents. This is simple for point-like spin-1=2 particles such as the

electron. However, for the proton it is necessary to introduce functions parametrising

our ignorance of the hadronic current. The proton transition currentJ � must be a

Lorentz four vector, so the most general four vector form that can be constructed

from p, p0, and q is used. With the removal of terms that do not contribute to the

cross section, two independent form factorsF1(q2) and F2(q2), known as structure

functions remain. Using this parametrisation of the hadronic current to calculate

the di�erential cross section for elastice � p scattering, the expression
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�
d�
d


�

lab

=
� 2

4E 2
e sin4(�=2)

�
E 0

e

Ee
�
��

F 2
1 �

� 2q2

4M 2
F 2

2

�
cos2(�=2)

�
q2

2M 2
(F1 + �F 2)2 sin2(�=2)

� (2.8)

is obtained, and is known as the Rosenbluth formula [15]. The nucleon anomalous

magnetic moment� is introduced, which takes a value of 1:79 � N for the proton

and � 1:91 � N for the neutron, in the limit where the momentum transferq2 ! 0,

with � N = e=2M denoting the nuclear magneton [16]. The structure functions are

chosen so that in the limit q2 ! 0, F1(0) = 1 and F2(0) = 1. It is conventional to

write the Rosenbluth formula using linear combinations ofF1 and F2 known as the

\Sachs" form factorsGE and GM

GE = F1 +
�q 2

4M 2
F2

GM = F1 + �F 2

(2.9)

which are de�ned so that noGE GM interference terms appear in the cross section.

GE is usually referred to as the electric form factor, andGM the magnetic form

factor. The ep elastic cross section can be rewritten as

�
d�
d


�

lab

=
� 2

4E 2
e sin4(�=2)

�
E 0

e

Ee
�
�

G2
E + �G 2

M

1 + �
cos2(�=2) + 2�G 2

M sin2(�=2)
�

; (2.10)

where� = � q2=4M 2. Data on the angular dependence ofep! epscattering can be

used to separateGE and GM at di�erent values of � q2. The behaviour at low� q2

can be used to extract the root-mean-square (RMS) radius of the proton charge and

magnetic moment distributions, with data fromepscattering experiments indicating

a radius of � 0:8 fm for both [17].

2.2 Deep Inelastic Scattering

2.2.1 Unpolarised DIS

As the magnitude of the four momentum transfer, given by� q2, of the incident

electron increases, the inelastic regime becomes dominant, in which case excited

states of the proton such as a �+ baryon are produced. In such a case, the invariant

mass of the hadronic system �+ ! p� 0 is given by W = M � . As � q2 is further
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Figure 2.2: Neutral-Current Deep Inelastic Scattering of an electron on a proton.

increased, the proton breaks up into a complicated multiparticle hadronic �nal state

(HFS) with large invariant massW. This is considered to be the DIS regime, and

if no constraint is placed on the type of particles produced in the �nal state, the

process may be referred to as inclusive DIS. The lowest order Neutral-Current (NC)

DIS process is shown in the Feynman diagram in Fig. 2.2 and has the form

e(k) + P(p) =) e0(k0) + X (p0): (2.11)

The diagram in Fig. 2.2 describes DIS using the quark-parton model (QPM), in

which the electron is elastically scattered by point-like spin-1=2 constituents of the

proton (partons). In the QPM, the scattering process is governed by three Lorentz

invariant (LI) quantities: x, y, and Q2, which are de�ned as

Q2 = � (q � q) (2.12)

x =
Q2

2p � q
(2.13)

y =
p � q
p � k

: (2.14)

Q2 is the \virtuality" or \resolving power" of the exchanged boson, giving a scale

to the interaction such that larger values ofQ2 resolve smaller transverse distances

within the struck proton. The wavelength of the virtual photon is given approxi-

mately by � � ~c=jQj. Using the Heisenberg uncertainty principle, the resolution

can be found as �r � 1=jQj, where � r denotes the distance scale probed by the
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virtual photon, yielding a resolution of � 0:2 fm at jQj = 1 GeV. The most sizeable

contribution to the total ep cross section comes from events in which the virtuality

is very low (Q2 ! 0), in which the virtual photon is almost real. In the DIS regime,

in which Q2 (and p � q) are su�ciently large that the electron is scattered by an in-

dividual parton, the Bjorken scaling variablex can be interpreted as the fraction of

the proton momentum carried by the struck parton in a Lorentz frame in which the

proton is moving fast, and so can only take values between 0 and 1. The inelasticity

y is a dimensionless quantity representing the fraction of energy lost by the electron

in the proton rest frame; as such it also only assumes values 0� y � 1.

The centre-of-mass energys is found ass = ( k+ p)2 which yields, after simpli�cation,

2p � k = s � m2
p. It can therefore be seen from the previous de�nitions ofx, y and

Q2 that these variables are related throughQ2 = ( s � m2
p)xy. In collider mode DIS

experiments such as the EIC and HERA,s � m2
p, so the relation becomes

Q2 ' sxy: (2.15)

The elastic form factors discussed in the previous section were known to fall rapidly

as a function of Q2, due to the �nite extent of the charge distribution. It was

predicted by Bjorken and later observed by experiments at SLAC thatF2 was inde-

pendent ofQ2 for x values aroundx � 0:25 [18]. The QPM grew from Feynman's

attempt to provide a simple physical picture of this scaling.

In the QPM, DIS processes are considered to be the incoherent elastic scattering of

electrons from charged partons. It is therefore useful to once again consider elastic

electron-muon scattering, the cross section for which is expressed in Eq. 2.16 [18]

using the aforementioned LI quantities:

d�
dy

=
2�� 2

Q4
[1 + (1 � y)2]s: (2.16)

This formalism can be extended such that electron-proton scattering is interpreted as

the incoherent sum of electron-parton scatters. For electron scattering by a parton

carrying fraction x of the proton's momentum, theep centre-of-mass energys is

replaced byxs, and an additional factor due to the charge of the struck quark is

introduced:

d�
dy

=
2�� 2

Q4
[1 + (1 � y)2]xse2

i ; (2.17)

where ei is the charge of the struck quark (anti-quark), and thus may take values

of 2
3e (� 2

3e) or � 1
3e ( 1

3e). To obtain the electron-proton scattering cross section,
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this result must be summed over all partons. A distribution functionqi (x) is in-

troduced, which gives the probability density of the struck quark carrying fraction

x of the proton's momentum, with i denoting the 
avour of the quark. The mo-

mentum distribution is given by xq(x) and is more commonly referred to using the

term \parton distribution function" (PDF). The double di�erential cross section for

incoherent scattering from a quark of any 
avour, carrying momentum fractionx is

thus

d2�
dxdQ2

=
2�� 2

xQ4
[1 + (1 � y)2]

X

i

e2
i x[qi (x) + �qi (x)]: (2.18)

To understand this physical interpretation from the QPM in terms of the structure

functions, this result is compared to the general cross section formula for inelastic

electron-proton scattering, the derivation of which is not presented here, but can be

found in reference [18]:

d2�
dxdQ2

=
4�� 2

xQ4
[xy2F1(x; Q2) + (1 � y)F2(x; Q2)]: (2.19)

The longitudinal structure function is de�ned asFL = F2 � 2xF1, meaning that the

cross section may be rewritten as

d2�
dxdQ2

=
2�� 2

xQ4
[Y+ F2(x; Q2) � y2FL (x; Q2)]; (2.20)

whereY+ = 1 + (1 � y)2. For measurements atep colliders, it is more common to

consider the reduced cross section, which is de�ned by

� r =
xQ4

2�� 2Y+

�
d2�

dxdQ2

�
= F2(x; Q2) �

y2

Y+
FL (x; Q2): (2.21)

The QPM predicts FL (x; Q2) = 0, which leads to the parton model result of

F2(x; Q2) =
X

i

e2
i x[qi (x) + �qi (x)]: (2.22)

This QPM result predicts Bjorken scaling, asF2 is independent ofQ2 for �xed x.

The prediction FL (x; Q2) = 0 is known as the Callan-Gross relationship, which is

often written as 2xF1 = F2, and results from the nature of spin-1=2 partons [5]. The

structure functions F2 and FL relate to the total cross sections for the
 � p ! X

subprocess, and are given by
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� T + � L =
4� 2�

Q2(1 � x)
F2

� L =
4� 2�

Q2(1 � x)
FL

(2.23)

where� T (� L ) is the cross section for transversely (longitudinally) polarised virtual

photon scattering. Real photons are transversely polarised, so� L = 0 as Q2 ! 0.

However, this is not necessarily the case for virtual photons. The di�erential cross

section shown in Eq. 2.20 can therefore be expressed in terms of a single structure

function F2, and the photoabsorption ratioR(x; Q2) = � L =� T = FL =2xF1:

d2�
dxdQ2

=
2�� 2

xQ4

�
1 � y +

y2

2[1 + R(x; Q2)]

�
F2(x; Q2): (2.24)

The mass terms are once again neglected, though their inclusion may be necessary

for low Q2. The ratio R(x; Q2) is coupled to the y2 term in the di�erential cross

section. Given that y runs from 0 to 1, the contribution of they2 term to the cross

section is small, and thus the sensitivity toR(x; Q2) (and equivalently to FL ) is lim-

ited except at large values ofy. In order to extract R(x; Q2), the di�erential cross

section must be measured for at least two, and ideally more centre-of-mass energies.

With a �xed beam energy, the centre-of-mass energy may still be varied through the

identi�cation of events containing initial-state QED radiation (ISR), as discussed in

Chapter 6. The sensitivity of such an approach is limited by the rarity of hard ISR

events, and the precision of the ISR energy measurement. At the EIC, data will

be taken at multiple centre-of-mass energies spanning a large lever arm, allowing

for the optimal determination of R(x; Q2). The results of previous measurements

of R(x; Q2) can be evolved using QCD, andF2 extracted from the measured cross

section according to Eq. 2.24. It is also noted that the e�ect ofFL (or R(x; Q2)) is

very small for mosty values, and so is often ignored.

Measurements ofF2 made by several experiments are shown in Fig. 2.3, and exhibit

some striking features. While Bjorken scaling holds approximately over a wide range

of x values, scaling violations are apparent especially at very high and very lowx.

The F2 structure function is seen to increase (decrease) with increasingQ2 for low

(high) x values, indicating that for highQ2 the proton has a greater fraction of lowx

quarks. At high Q2 a �ner structure is resolved, with this �ner structure consisting

of gluons being emitted and producing additionalq�q pairs. The rate at which the

F2 structure function grows with Q2 is therefore indicative of the gluon density. In

the Prytz method [20], this relationship is used to approximate the gluon PDFs:
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Figure 2.3: Measurements of the proton structure functionF p
2 from the scattering

of electrons/positrons by protons at the HERA collider (H1+ZEUS), and in �xed
target experiments (SLAC, HERMES, JLAB). Also shown are measurements for
muon scattering by �xed targets (BCDMS, E665, NMC). Results are plotted as a
function of Q2 for �xed values of x. F p

2 is multiplied by a factor of 2i to avoid
overlapping points, wherei is the number of the x bin, ranging from i = 1 at
x = 0:85 to i = 26 at x = 0:0000085. Figure taken from [19].
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dF2(x; Q2)
d ln Q2

� G(2x; Q2): (2.25)

Formulating this concept in QCD leads to the DGLAP equations [21], which de-

scribe the Q2 evolution of the PDFs. An important behaviour shown in Fig. 2.3

is the substantial rise ofF2 at low x [22]. In the double asymptotic limit (small x

and largeQ2), the DGLAP evolution equations can be solved [23] andF2 predicted

to rise as a power ofx at low x, eventually being limited by gluon self interactions

gg ! g. As Q2 increases, so does the probability of radiating gluons and producing

q�q pairs. The resulting momentum loss shifts the parton distributions to lowerx.

At high x, which is dominated by the valence quark distributions, this depletes the

number of high momentum quarks, leading to a reduction of the value ofF2.

It should be noted that for high energies,W and Z exchange contribute to the cross

section and are described by additional structure functions [9]. TheZ 0 contribution

to the overall cross section is included as an additional term in Eq. 2.21 [24]

� r =
xQ4

2�� 2Y+

�
d2�

dxdQ2

�
= F2(x; Q2) �

y2

Y+
FL (x; Q2) +

Y�

Y+
xF3; (2.26)

whereY� = 1 � (1 + y)2. In the naive QPM, the parity violating structure function

xF3 can be expressed in terms of the quark and anti-quark distributions as

xF3(x; Q2) ' 2x
X

i

ei ai [qi (x; Q2) � �qi (x; Q2)]; (2.27)

and is therefore sensitive to the valence quark distributions [25]. The axial vector

coupling of the quarks,aq, is introduced, which takes a value of +12 for up-type

quarks and� 1
2 for down-type quarks.

The di�erential cross section for CCe� p scattering of polarised electrons by unpo-

larised protons can be expressed as [26]

d2� CC

dxdQ2
= (1 � Pe)

G2
F

4�x

�
M 2

W

M 2
W + Q2

� 2

(Y+ W �
2 + Y� xW �

3 � y2W �
L ) (2.28)

whereGF is the Fermi coupling constant andPe denotes the electron beam polarisa-

tion (Pe = 1 for a fully right handed e� beam). W �
2 , W �

3 and W �
L are the structure

functions for CC e� p scattering, whereW �
L = 0 in the QPM, and W �

2 and W �
3 can

be expressed as the 
avour dependent sum and di�erence between the quark and

anti-quark momentum distributions as

W �
2 = x(U + �D); xW �

3 = x(U � �D): (2.29)

16



(a) (b)

Figure 2.4: x times the unpolarised parton distributions f (x) (where f =
uv; dv; �u; �d; s ' �s; c = �c; b = �b; g) as obtained from the NNLO MSHT20 global
analysis at factorisation scales of (a)� 2 = 10 GeV2 and (b) � 2 = 104 GeV2. The
widths of the bands correspond to a 68 % con�dence interval. Figure taken from [27].

Below the b quark mass threshold, the sum of up-type quark densitiesU can be

written as U = u + c, and equivalently for the down type quarksD = d + s, where

u, d, s, and c represent the PDF for the relevant 
avour. CCDIS measurements

are highly complementary with parity violating NC measurements, as they probe

di�erent quark 
avour combinations, and so CCDIS measurements play a key role

in 
avour and quark/anti-quark separation. The opposite charge ofW + bosons pro-

duced in CCDIS with a positron, compared to theW � bosons that are exchanged

during CCDIS with an electron beam, allows for unique 
avour combinations to be

probed relative to the electron beam case. However, the EIC will focus primarily on

the physics that can be achieved using electron beams and, while positron beams can

be straightforwardly produced at the facility, measurements using positron beams

are not currently planned.

Across the inclusive DIS processes outlined in this section, various quark and gluon

PDFs can be extracted and separated. Fig. 2.4 shows the current status of the

proton PDFs as obtained by the NNLO MSHT20 global analysis [27] for two di�erent

factorisation scales� (which are typically given by the scale of the probeQ). The

gluon PDF is scaled by a factor of 1=10 for visibility. The features are broadly

similar at the two scales, though deviations from Bjorken scaling are seen through

the rise (fall) of the sea (valence) quark distributions with increasing scale.
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2.2.2 Polarised DIS

There have been several experiments that have used the deep inelastic scattering of

polarised lepton beams by �xed polarised targets in order to study the spin struc-

ture of nucleons [28]. The EIC will be the �rst polarised target DIS experiment to

operate in collider mode, allowing the spin dependent parton substructure of nuclei

to be measured with high precision over a greater kinematic range than ever before.

The spin of the proton, like that of the electron and neutron, is equal to~=2, or

1=2 in natural units. Results from EMC in 1988 [8] found that the spin of the three

valence quarks account for< 24 % of the proton spin, showing there must be other

sources which contribute. The proton spin may be decomposed into four individual

contributions:

��
2

+ Lq + � G + LG =
1
2

: (2.30)

Here, �� =2 is the intrinsic contribution of the quarks to the proton spin, where the

factor of 1=2 is the quark and anti-quark spin. � G is the gluon spin contribution.

The angular momentum contributions of the quarks and gluons are given byLq and

LG, respectively. The intrinsic contribution of quarks and gluons are the integrals

of the helicity parton distribution functions for each 
avour:

� q(Q2) =
1
2

Z 1

0
(� u + �� u + � d + � �d + � s + �� s)(x; Q2)dx;

� G(Q2) =
Z 1

0
� g(x; Q2)dx:

(2.31)

The helicity PDFs are experimentally accessible through the spin dependent struc-

ture function g1(x; Q2), which can be extracted from the di�erence in scattering cross

sections for electrons and protons with their spins aligned and anti-aligned. The dif-

ference in cross section for the two polarisation orientations is given approximately

by

� �
2

=
1
2

�
d2� "#

dxdQ2
�

d2� ""

dxdQ2

�
'

4�� 2

Q4
y(2 � y)g1(x; Q2): (2.32)

where� "# and � "" are the cross sections for aligned and anti-aligned spin directions.

To limit the e�ect of incomplete beam polarisations, measurements of cross section

asymmetries are typically used, for which the unpolarised component cancels. The

longitudinal double-spin asymmetry is given by
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A jj =
� "# � � ""

� "# + � ""
; (2.33)

With the inclusion of an additional depolarisation factor from the virtual photons

D(y), given by

D(y) =
y(y � 2)

y2 + 2(1 � y)(1 + R(x; Q2))
; (2.34)

the spin dependent structure functiong1 can be extracted as

A jj ' D(y)
g1

F1
: (2.35)

The gluons drive scaling violations as before, with the gluon helicity distribution

being derived fromg1 using the approximation

@g1(x; Q2)
@ln Q2

' � � g(x; Q2): (2.36)

This means that polarised DIS measurements can give insight into the gluon polar-

isation, with the caveat that a su�ciently large Q2 range must be available for a

given x value [29].

2.2.3 Semi-Inclusive DIS

The one-dimensional quark structure of hadrons is described at leading-twist [30]

by three PDFs: the unpolarised quark PDFf 1(x) = q(x), the helicity PDF g1(x) =

� q(x), and the transversity PDF h1(x) [31]. To describe the three-dimensional

structure of hadrons in momentum space, transverse momentum dependent parton

distributions (TMDs) are used. Unlike traditional PDFs, which depend only on

x and Q2, TMDs also depend on the transverse momentum of the struck parton,

kT . There are eight independent leading-twist TMDs for quarks and gluons inside

a spin-1=2 hadron, which can be measured using Semi-Inclusive DIS (SIDIS) and

used to study the dynamics of nucleons.

TMDs have been studied at numerous experiments over the years, using SIDIS as

well as other processes [32, 33]. TMDs are usually accessed through asymmetry mea-

surements, most notably the Collins, Sivers, and Boer-Mulders asymmetries. The

azimuthal asymmetries that provided the �rst evidence for the Collins and Sivers

e�ects were measured by HERMES [34], which provided access to the transversity

distribution h1(x; kT ) as well as the Sivers functionf ?
1T (x; kT ). Further measure-

ments that constrain these asymmetries, as well as the Boer-Mulders functionh?
1 ,

have also taken place at COMPASS, JLAB, BELLE, and RHIC. The EIC will pro-
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Figure 2.5: Diagrammatic representation of semi-inclusive DIS of an electron by a
proton. PDFs refers to parton distribution functions and FFs refers to fragmentation
functions.

vide access to TMDs over an unprecedented range inx and Q2, and allow for the

precise extraction of leading-order TMDs, including the less well measured ones such

as g1T , h?
1L , and h?

1T .

In SIDIS, information on the particles in the hadronic �nal state is used in com-

bination with fragmentation functions to extract additional information about the

quark 
avour decomposition of the nucleon, as pictured in Fig. 2.5. The SIDIS

process requires the detection of one or more �nal state hadrons. For a particular

hadron, the fractional momentum it carries is given byz = ( p � Ph)=(p � q), where

Ph is the four-momentum of the detected hadron,p and q are the incoming hadron

four-momentum and q the momentum transfer, as previously de�ned. The other

important quantity in SIDIS measurements is thept of the detected hadron. Higher

z values are of particular interest, as they have a greater correlation to the 
avour

and spin of the fragmenting parton. In addition to reconstructing thez of the outgo-

ing hadron, its 
avour also needs to be identi�ed, which sets stringent requirements

on the particle identi�cation (PID) systems. A more complete discussion of semi-

inclusive measurements at the EIC can be found in references [10, 35]
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Figure 2.6: Diagrammatic representation of theep DVCS process, for the (a)
quark and (b) gluon contributions to GPDs. GPDs refers to Generalised Parton
Distribution functions. Figure taken from [40].

2.2.4 Exclusive DIS

Many processes may be categorised as exclusive; Deeply Virtual Compton Scattering

(DVCS) [36], the Sullivan process [37], Timelike Compton Scattering (TCS) [38], and

exclusive Vector Meson Production (VMP) [39] to name a few. The commonality

between these processes is the requirement that all �nal state particles in the event

be measured, including the intact outgoing proton/ion. Processes in this category

often require measurements of scattered protons or other hadron beam particles far

beyond the central detector acceptance, and provide much of the motivation for the

far-forward and far-backward instrumentation for an EIC project detector.

One of the main goals of the EIC is the determination of the Generalised Parton

Distribution functions (GPDs), which are functions describing the positions and

momenta of quarks and gluons within the nucleon. GPDs enable the study of the

orbital motion of quarks in the nucleon, and describes their contribution to the nu-

cleon spin, which is one of the key questions the EIC seeks to answer. DVCS (see

Fig. 2.6) and TCS are key channels that provide insight into the GPDs.

The spatial distributions of gluons in nucleons/nuclei are accessible through the

VMP process. This is the only process by which the momentum transfert =

jpA � pA 0j2 may be measured ineA collisions. With the measurement of the coherent

VMP di�erential cross section d�=dt , a Fourier transform leads to the impact pa-

rameter distribution b, and thus the spatial distribution of the gluons over a range

in x [41].

Pions and kaons make up, along with protons and neutrons, the main building blocks
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(a) (b)

Figure 2.7: Diagrammatic representation of the Sullivan processes where a nu-
cleon's pion cloud provides access to the pions (a) elastic form factor and (b) PDFs.
Figure taken from [37].

of visible matter. The distribution of quarks and gluons is expected to be di�erent

for pions, kaons, and nucleons. The di�erences between these distributions is crucial

for the understanding of the origin of mass. In Sullivan processes, diagrammatically

pictured in Fig. 2.7, scattering occurs from the meson cloud of a nucleon, and so

provides access to the meson's elastic form factors and PDFs.

2.3 Kinematic Variable Reconstruction

To determine the proton structure functions using the inclusive DIS process, the

cross section is measured as a function of the kinematic variablesx, y, and Q2.

These variables can be reconstructed using detector measurements of the scattered

electron, the hadronic �nal state, or a combination of both. Several reconstruction

methods have been used previously, with the resolution of such methods depending

on the kinematic regime, detector acceptance and resolution e�ects, and the size of

radiative processes. In this section, some of the more popular methods for kinematic

variable reconstruction are presented. In Chapter 6 of this thesis, a method that

uses all information simultaneously is developed.

2.3.1 Coordinate System

As the particles being collided at facilities such as the EIC and HERA are of di�erent

energies and species, it is necessary to make a decision about which direction is

\forward" and which is \backward". For the following derivations, the origin is

at the nominal interaction point and the positive z-axis is aligned with the proton

beam direction, with the +z direction termed \forward". The negative z direction is

aligned with the electron beam, and is referred to as \backward". They-axis points

upwards (towards the sky) while thex-axis points horizontally towards the centre
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of the collider. Where spherical polar coordinates are used, the azimuthal angle�

is measured with respect to the positivex-axis and the polar angle relative to the

positive z axis. The four-vectors introduced in section 2.2.1 then have components

(E; px ; py; pz) as

k = ( E0; 0; 0; � E0) (2.37)

k0 = ( Ee; Ee sin� e; 0; Ee cos� e) (2.38)

p = ( Ep; 0; 0; Ep) (2.39)

p0 = ( Eh; ph
t ; 0; ph

z ) (2.40)

The masses of the electrons and nuclei are neglected here, and the scattering is

chosen to occur in thex � z plane with the electron of energyE0 scattering through

an angle� e. Eh, ph
t , and ph

z are the energy, transverse momentum and longitudinal

momentum of the sum over the hadronic �nal state.

2.3.2 Electron Method

Perhaps the simplest approach to kinematic reconstruction is the `electron' or `electron-

only' method, in which x, y, and Q2 are reconstructed using information from the

scattered electron alone. The kinematic variables reconstructed by the electron

method are denoted asxe, ye, and Q2
e.

For `electron-only' reconstruction, the energyEe and scattering angle� e must be

measured. Typically the scattering angle is measured by the tracking system and

the energy by the calorimeters. However, it is possible to use either of the subde-

tectors individually and depending on the event kinematics and the resolutions of

the subdetectors, this may yield the best reconstruction.

In the electron method, the electron beam energyE0 is treated as a known quantity.

Following the measurement ofEe and � e, the virtuality Q2
e may be reconstructed

using the electron four momenta:

q2 = ( k � k0)2 �! Q2
e = 2E0Ee(1 + cos� e) (2.41)

The inelasticity ye is found by evaluatingp � q=p� k:

p � q = Ep[2E0 � Ee(1 � cos� e)] (2.42)

p � k = 2EpE0: (2.43)
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such that

ye = 1 �
Ee(1 � cos� e)

2E0
; (2.44)

which may alternatively be written as

ye = 1 �
Ee

E0
sin2 � e

2
: (2.45)

xe may then be reconstructed using the relation described in Eq. 2.15. While knowl-

edge of the proton beam energy is not necessary for the reconstruction ofye and Q2
e,

the proton beam energy is needed in order to calculate the centre-of-mass energy

s = ( k + p)2 = 4E0Ep, and so is required in order to calculatexe.

2.3.3 Hadron Method

In the `hadron' method, also known as the Jacquet-Blondel or JB method [42], the

kinematic variables are reconstructed without using the scattered electron. Instead,

only the information from the �nal state hadrons is used. In the case of CCDIS

this is the only available method, as the scattered lepton is a neutrino, which is not

measured.

The hadronic �nal state X consists of all particles associated with the struck quark,

as well as the proton remnant. The measurement of all particles in the HFS is a

challenging prospect, as particles that are produced at shallow angles to the outgoing

proton beam direction will not emerge from the beampipe, and often escape without

being reconstructed. To mitigate this e�ect, the following variables are chosen to

describe the hadronic system:

� h = ( E � pz)h =
X

i

E i � pi
z (2.46)

ph
t =

vu
u
t

 
X

i

pi
x

! 2

+

 
X

i

pi
y

! 2

: (2.47)

Since the missing hadrons are those at shallow angles relative to the beam axis,

their contribution to ph
t is expected to be small, and as the hadron beam direction

is chosen as the positivez-axis, the E � pz sum of these particles is close to zero.

To obtain yh, we begin by noting that p0 = q+ p, and �nd that

y =
(p0 � p) � p

k � p
'

p0 � p
k � p

(2.48)

24



neglecting the proton mass. Expanding the numerator, it is found thatp0 � p =

EpEh � Epph
z , which can be related to� h as

p0 � p = Ep� h: (2.49)

Similarly, expanding k � p gives 2E0Ep, so y can be reconstructed as

yh =
� h

2E0
: (2.50)

The quantities Eh and ph
z (as well asph

x and ph
y ) are obtained from measurements of

the energy, momentum, and angle of �nal state particles by the detector subsystems.

To obtain Q2 using the hadron method we note that the net transverse momentum

of the �nal state must be zero, such thatph
t = pe

t = Ee sin� e. Reusing a result from

the electron method, it is seen that

(pe
t )

2

Q2
e

=
E 2

e sin2 � e

2E0Ee(1 + cos� e)
=

Ee(1 � cos� e)
2E0

= 1 � ye:
(2.51)

Replacingpe
t by ph

t , and rearranging forQ2 gives

Q2
h =

(ph
t )2

1 � yh
: (2.52)

xh is found from Eq. 2.15 as before.

2.3.4 � Method

In many situations it is possible to improve the reconstruction by mixing electron and

hadron information, requiring the detector to measure the energy, momentum, and

angle of both the scattered electron and the hadronic �nal state. The � method [43]

requires that the quantity � tot , which is equal to theE � pz sum over all hadronic �nal

state particles and the scattered electron, be conserved throughout the interaction.

It can be seen that for a proton beam travelling in the +z direction and a lepton

beam in the � z direction this becomes

(E � pz)e = 2E0 (2.53)

for the beam electron, in the absence of initial-state QED radiation, and

(E � pz)p = 0 (2.54)
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for the proton beam. The totalE � pz before the interaction, � tot , is thus 2E0. The

total after the interaction is given by

� tot = � h + Ee(1 � cos� e): (2.55)

Using the conservation of �tot throughout the reaction, equating the quantities be-

fore and after gives

2E0 = � h + Ee(1 � cos� e): (2.56)

Replacing the 2E0 in the JB method y calculation shown in Eq. 2.50 gives

y� =
� h

� h + Ee(1 � cos� e)
: (2.57)

Similarly for Q2, the JB method calculation in Eq. 2.52 is modi�ed, replacingph
t

with the electron transverse momentum, andyh with y� such that

Q2
� =

pe02
t

1 � y�

=
E 02

e sin2 � e

1 � y�
:

(2.58)

With y and Q2 reconstructed,x may once again be found using Eq. 2.15.

2.3.5 e � � Method

The e � � method [43], similarly to the � method, uses a mixture of electron and

hadron information to reconstruct the kinematic variables. In thee � � method, x

is reconstructed entirely using the � method as described in section 2.3.4, through

a combination of Eq. 2.57 and 2.58. Thee � � method di�ers from the � method

in that the Q2 value is reconstructed purely using the electron method, described

by Eq. 2.41. Thee � � method is summarised below:

Q2
e� = Q2

e (2.59)

xe� =
Q2

�

sy�
(2.60)

ye� =
Q2

e�

sxe�
: (2.61)
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2.3.6 Double Angle Method

The `double angle' method (DA method) [44] is a mixed reconstruction method that

is especially useful for detectors where the resolution is limited by the energy mea-

surement from the calorimeters. The quantities used in DA method reconstruction

are the angle of the scattered electron� e and the inclusive angle of the hadronic �nal

state 
 h. The electron scattering angle is directly measured from track information,

while the angle
 h can be calculated from the ratio of quantities� h and ph
t :

� h

ph
t

'
Eh(1 � cos
 h)

Eh sin
 h
: (2.62)

This can be reduced to

� h

ph
t

= tan

 h

2
: (2.63)

It is useful to de�ne the following quantities based on the angle of the scattered

electron and HFS

� e = tan
� e

2
� h = tan


 h

2
:

(2.64)

Starting from Eq. 2.57, and dividing the numerator and denominator byph
t , an

expression fory in terms of � h=ph
t is obtained, which relates to� h by Eq. 2.63.

Noting that ph
t = pe

t , the equation

yDA =
� h
ph

t

� h
ph

t
+ Ee(1� cos� e)

pe
t

=
� h

� h + � e
: (2.65)

is obtained. As before,Q2 may be calculated as p2
t

1� y , with pt being obtained by

� e + � h =
� h + Ee(1 � cos� e)

pt

=
2E0

pt
:

(2.66)

Hence,Q2 is ultimately found as
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Q2
DA =

4E 2
0

(1 � yDA )( � e + � h)2

=
4E 2

0

� e(� e + � h)
:

(2.67)

xDA may be obtained using Eq. 2.15 as previously.

While calorimeter measurements are used in the determination of� h and ph
t , the

ratio � h=ph
t is used for the calculation of� h, and uncertainties associated with the

HFS energy measurement cancel. The DA method is thus insensitive to the overall

energy scale of the calorimeters, and so is often used in energy calibrations, as done

by ZEUS [45] and H1 [46].

2.4 Detector Requirements

Broadly speaking, the EIC physics programme can be accomplished through the

study of inclusive, semi-inclusive, and exclusive DIS processes. At the EIC these

will be studied for polarised electron and light nucleon beams, as well as unpolarised

beams of electrons and light/heavy nuclei, all for a large range of centre-of-mass en-

ergies. The design of the experimental apparatus (both the collider and detector) is

based on the needs of these processes, with the experimental requirements becoming

increasingly challenging as additional HFS information becomes necessary i.e. when

semi-inclusive or exclusive processes are considered. In this section, the require-

ments these processes impose on the detector design are discussed, with individual

treatment given to the tracking subdetector requirements.

2.4.1 General Detector Requirements

The precise measurement and identi�cation of the scattered electron is required for

all NCDIS channels. The angle and energy/momentum of the scattered electron

and �nal state hadrons must be measured over a large� range, where� is the

pseudorapidity and is de�ned by

� = � ln
�

tan
�
2

�
: (2.68)

For this purpose, high precision and large acceptance tracking and calorimetry sub-

systems are required.
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For the semi-inclusive DIS process, additional hadron PID capabilities are needed

for light 
avour separation across a large range of momenta and� , along with an

excellent resolution on the reconstructed vertices for heavy 
avour identi�cation.

For exclusive channels, all particles in the event need to be reconstructed, including

the outgoing intact proton. In these reactions, an excellent resolution for the track-

ing and calorimetry subsystems in the central detector is required. Also required is

the inclusion of additional far-forward detectors such as Roman pots for scattered

protons and zero-degree calorimeters, to measure neutrons from nuclear breakup, or

other neutral decay products, using a totally hermetic setup.

A precise determination of the delivered luminosity is necessary for the entire exper-

imental programme, which is accomplished using a luminosity monitoring system

based on the Bethe-Heitler processep ! ep
 [47]. The polarisation of the electron

and proton/ion beams must also be measured using various polarimeters.

2.4.2 Tracker Requirements

The tracking requirements for an EIC detector as determined from physics sim-

ulation studies for the EIC Yellow Report (YR) [10] are shown in Table 2.1. The

required momentum resolution, material budget, minimum measurablept , and trans-

verse pointing resolution are given for speci�ed ranges in� .

The physics simulation studies that inform these requirements were carried out by

members of the physics working groups (PWG) as part of the Yellow Report e�ort,

and will be referred to throughout this thesis using the label \PWG requirement(s)".

The basic requirements correspond to those from the EIC detector requirements and

R&D handbook [48], which were derived from physics studies and HERA experi-

ence. As before, the requirements are driven by the need to precisely measure the

scattered electron and HFS systems. The energy and angle of the scattered electron

and HFS system are closely related to the DIS event kinematics, as seen in Fig. 2.8.

It should be noted that for a given set of beam energies, the lower the eventQ2, the

smaller the electron scattering angle, and conversely only at the largestQ2 values

is the electron backscattered (� > 0). Varying the hadron beam energy does not

impact the electron kinematics, while increasing the electron beam energy has the

e�ect of boosting the scattered electron to more negative� . For a detector optimised

to measure electrons in a given range, it may be better to vary the hadron beam

energy to achieve measurements at di�erent centre-of-mass energies. This would,

however, change the hadron kinematics, which may be detrimental for hadron PID

if the detectors are optimised for certain kinematic conditions. Most of the charged
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Table 2.1: Requirements for the tracking system from the Yellow Report [10].

hadrons in the HFS will consist of pions and kaons, with the primary di�culty in

the hadronic measurement being the separation of these particles using the PID

detectors. The yield and average momentum for hadrons is strongly peaked in

the outgoing proton beam direction. For JB reconstruction as much of the hadronic

recoil as possible must be detected, motivating large forward coverage in the tracker.

The physics aims outlined in Section 1.2.1 set di�erent, and sometimes competing,

requirements for the detector. A broad summary of EIC physics measurements and

the requirements they set on the tracking subsystem are presented below.

Inclusive Measurements

Inclusive processes provide many physics opportunities, such as the measurement of

spin-averaged, spin-dependent, and nuclear PDFs, as well as studies of non-linear

QCD and higher twist e�ects, and searches for Lorentz symmetry and CPT violating

e�ects.

The tracking requirements from the inclusive process are set by the scattered elec-

tron. The majority of inclusive channels requireQ2 > 1 GeV2. To measure such

events with the proposed electron beam energies of 5; 10; 18 GeV2, the tracker should

have coverage down to� = � 3:5 in the backward direction. Additionally, to maintain

a good resolution on the reconstructed kinematic variables, a cut ofy < 0:95 may

be applied. The minimum momentum of the scattered electrons after this cut thus

ranges from� 0:3 to 0:5 GeV, depending on the electron beam con�guration [10].

Semi-Inclusive Measurements

A good tracking resolution is required for both the hadrons and the scattered elec-

trons, for the full pseudorapidity range� 3:5 < � < 3:5. When determining the DIS
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Figure 2.8: Schematic showing the distribution of the scattered electron and
HFS particles for di�erent x and Q2 regions as a function of the detector polar
angle/pseudorapidity [10].

kinematics using the HFS, it becomes bene�cial to extend the forward coverage to

� � 4. For the measurement of � baryons, which will be studied via their decay to

proton and pion � ! p� � ( �� ! �p� + ), the majority of the momentum is carried

by the decay proton, leading to a spectrum of low energy pions. Any restriction on

the minimum measurablept signi�cantly reduces the fraction of pions which may

be measured, with only 5 % of � being reconstructed for measureblept > 300 MeV.

A threshold of pt > 100 MeV was determined to be su�cient [10].

Heavy Flavour Measurements

The density of gluons and sea quarks in the proton sharply rises with decreasing

x, dominating the structure at low values ofx. A growth of the gluon PDFs at

small x is predicted by the BFKL (Balitsky-Fadin-Kuraev-Lipatov) equation [49].

As the gluon density becomes large, there may be non-linear e�ects, with gluon re-

combination gg ! g competing with gluon evolutiong ! gg, eventually leading to

the saturation of the gluon density. The gluon recombination manifests as an addi-

tional non-linear term in the extended evolution equations: the Balitsky-Kovchegov

(BK) equation [50] and Jalilian-Marian-Iancu-Mclerran-Weigert-Leonidov-Kovner

(JIMWLK) equation [51].

The properties of the saturated gluons may be described using the colour glass con-

densate (CGC) formalism [52]. Charm jet production in charged current DIS is a
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direct probe of the proton's strange quark content, which is an important study in

itself, but also directly relates to the gluon density.

The dominant mechanism by which charm quarks are produced inep collisions is

photon-gluon fusion resulting in ac�c pair [53]. The produced charm quarks subse-

quently hadronise, forming open charm hadrons (particles with a non-zero charm


avour) such as D mesons, or hidden charm hadrons (particles with equal numbers

of charm and anti-charm) such as theJ= meson. As the interacting parton is a

gluon, this process is sensitive to the gluon density, with the cross section increasing

at low x where there is a greater presence of gluons.

Both charm jet and open charm events lead to the production of charmed hadrons,

with the decay of this hadron resulting in one or more tracks with a signi�cantly

displaced impact parameter relative to the interaction point due to the subsequent

weak decay. The transverse pointing resolution requirements in Table 2.1 are largely

derived from open charm studies [10]. Charm jet tagging studies have demonstrated

that the degradation of the resolutions from these values results in signi�cant losses

in charm jet tagging e�ciency [54]. The e�ect of various momentum resolution

parametrisations were studied in terms of jet energy resolution and jet energy scale

for a number of jet analyses, and resolutions as presented in Table 2.1 determined

to be su�cient for jet measurements. A good transverse pointing resolution reduces

the background contribution for invariant mass measurements of charmed mesons

such as theD meson, while an improved momentum measurement bene�ts the mass

peak resolution [55].

Exclusive Measurements

The process in this category that most directly impacts the tracking requirements

is exclusive vector meson production, a parton-level interpretation of which is pic-

tured in Fig. 2.9. As seen in Table 2.1, the asymmetric nature of the EIC leads to

asymmetric detector requirements. For the central tracking detector at the EIC, the

momentum resolution requirements are far more stringent in the backward direction

than forward. The driving force behind these requirements is thet reconstruction in

the VMP process, which enables the extraction of the spatial distributions of gluons

in nuclei. A precise measurement of thept of the vector meson decay products,

and at larger Q2 the scattered electron, is key to an accuratet reconstruction. It

has been determined for exclusiveJ= photoproduction, that a multiple scattering

(MS) term of � 0:5 % or better in the backward direction is required to reconstruct

the J= ! e+ e� decay products [56] with the needed precision. Similarly for the

electroproduction case, a MS term of� 0:5 % is needed at central and backward�
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Figure 2.9: Schematic diagram of di�ractive vector meson production in the dipole
model, and the associated variables. Figure taken from [57].

to su�ciently well reconstruct the scattered electron andJ= decay products, such

that the reconstructed impact parameter distribution remains accurate. To meet

the needs of this process, the backward tracking requirements are reduced relative

to the handbook values. The minimum measurablept with an EIC detector is de-

termined by the strength of the magnetic �eld and the inner radii of the tracking

layers, with a weaker magnetic �eld allowing the measurement of lowerpt , at the

expense of momentum resolution performance. The� meson decays primarily to a

pair of low pt kaons� ! K + K � , with a broad angular distribution of decay prod-

ucts compared to the leptonic decays of heavier mesons such as theJ= [39]. To

measure the decay products, a tracking detector with large angular acceptance, and

the ability to measurept as low as 100� 150 MeV is required.
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Chapter 3

The ePIC Detector for the EIC

R&D activities for a general purpose EIC detector have taken place over many years,

with several di�erent detector designs being considered, depending on the site cho-

sen to host the project, between Brookhaven National Laboratory (BNL) and the

Thomas Je�erson National Accelerator Facility (JLAB) [58, 59, 60]. With the con-

�rmation of BNL as the host site in 2020, work focused on the development of an

EIC project detector to be situated at interaction point 6 (IP6) of the existing RHIC

beamline (see Fig. 1.1).

The EIC Yellow Report [10], which collated physics and detector studies for the EIC,

was produced and published in March 2021. The Yellow Report outlines the sci-

enti�c, technical, and engineering considerations for the EIC, and includes several

performance and feasibility studies of individual detector technologies, as well as

larger scale simulation studies of detector subsystems and parametrisations of a full

EIC detector. Following the completion of the Yellow Report, a call for collaboration

proposals for EIC detectors was announced, culminating in the submission of three

detector proposals: ATHENA, ECCE, and CORE [61, 62, 63]. The ATHENA and

ECCE proposals each featured a design for an EIC project detector to be located at

IP6. The CORE proposal presented a potential second detector to be located at IP8.

The EIC reference detector design was chosen in March 2022, with the ECCE pro-

posal as its basis. The ATHENA and ECCE proto-collaborations merged to form

a joint team for subsequent project R&D and to move towards realisation of a �rst

EIC detector. This initiated the o�cial formation of what has become the ePIC col-

laboration, with the ePIC collaboration charter being approved in December 2022.

The project detector design has undergone many iterations since this time, with the

aim of producing a detector that meets the needs of the physics programme, and
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