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Abstract

This report describes the physics case, the resulting detector requirements, and the
evolving detector concepts for the experimental program at the Electron-Ion Col-
lider (EIC). The EIC will be a powerful new high-luminosity facility in the United
States with the capability to collide high-energy electron beams with high-energy
proton and ion beams, providing access to those regions in the nucleon and nu-
clei where their structure is dominated by gluons. Moreover, polarized beams in
the EIC will give unprecedented access to the spatial and spin structure of the
proton, neutron, and light ions. The studies leading to this document were com-
missioned and organized by the EIC User Group with the objective of advancing
the state and detail of the physics program and developing detector concepts that
meet the emerging requirements in preparation for the realization of the EIC. The
effort aims to provide the basis for further development of concepts for experimen-
tal equipment best suited for the science needs, including the importance of two
complementary detectors and interaction regions.

This report consists of three volumes. Volume I is an executive summary of our
tindings and developed concepts. In Volume II we describe studies of a wide range
of physics measurements and the emerging requirements on detector acceptance
and performance. Volume III discusses general-purpose detector concepts and the
underlying technologies to meet the physics requirements. These considerations
will form the basis for a world-class experimental program that aims to increase
our understanding of the fundamental structure of all visible matter.
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Chapter 1

The Electron-Ion Collider

The Electron-Ion Collider (EIC) is a new, innovative, large-scale particle accelerator
facility conceived by U.S. nuclear and accelerator physicists over two decades and
planned for construction at Brookhaven National Laboratory on Long Island, New
York by the U.S. Department of Energy in the 2020s. The EIC will study protons,
neutrons and atomic nuclei with the most powerful electron microscope, in terms
of versatility, resolving power and intensity, ever built. The resolution and inten-
sity is achieved by colliding high-energy electrons with high-energy protons or (a
range of different) ion beams. The EIC provides the capability of colliding beams
of polarized electrons with polarized beams of light ions, and this all at high in-
tensity. The EIC was established as the highest priority for new construction in
the 2015 US Nuclear Physics Long Range Plan, and was favorably endorsed by a
committee established by the National Academy of Sciences in 2018 to assess the
science case. In December 2019, the EIC was granted Critical Decision Zero (CDO)
by the US Department of Energy, which launched the EIC as an official project of
the US government.

The main design requirements of the EIC are:

Highly polarized electron (~70%) and proton (~70%) beams

Ion beams from deuterons to heavy nuclei such as gold, lead, or uranium

Variable e+p center-of-mass energies from 20—100 GeV, upgradable to 140
GeV

High collision electron-nucleon luminosity 103*—10% cm =2 s~!

¢ Possibility to have more than one interaction region

Several of the above performance parameters will be realized for the first time at
EIC in a collider mode, such as the availability of nuclear beams and polarized nu-
cleon beams along with the operation at high collision luminosity. Shown schemat-
ically in Fig. 1.1, the EIC will collide bright, intense counter circulating beams of
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Figure 1.1: Schematic layout of the planned EIC accelerator based on the existing RHIC
complex at Brookhaven National Laboratory.

electrons and ions and use sophisticated, large detectors to identify specific reac-
tions whose precise measurement can yield previously unattainable insight into
the structure of the nucleon and nucleus. The EIC will open a new window into
the quantum world of the atomic nucleus and allow physicists access for the first
time to key, elusive aspects of nuclear structure in terms of the fundamental quark
and gluon constituents. Nuclear processes fuel the universe. Past research has
provided enormous benefit to society in terms of medicine, energy and other ap-
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plications. Particle accelerators and related technologies play a key role in the dis-
covery sciences and it is estimated that about 30,000 worldwide are operating in
industry. The EIC will probe the frontiers of nuclear science well into the twenty-
first century using one of the world’s most sophisticated particle accelerators and
large detectors that will utilize cutting-edge technology.

The realization of the EIC is led jointly by Brookhaven National Laboratory and
Thomas Jefferson National Accelerator Facility at Newport News, Virginia. It will
involve physicists and engineers from other laboratories and universities in the
U.S. and from around the world. This realization is expected to roughly take a
decade, with beam operations to start in the early 2030s.

The EIC Users Group (EICUG, www.eicug.org) was founded in 2016. It now con-
tains over 1200 members from 245 institutions located in 33 countries around the
world. Late in 2019, the EICUG decided to organize an intensive, year-long con-
sideration of the EIC physics measurements and scientific equipment by the mem-
bers of the user group. This Yellow Report (YR) summarizes these studies and the
conclusions that have been reached. The purpose of the Yellow Report Initiative
is to advance the state and detail of the documented community physics studies
(EIC White Paper, Institute for Nuclear Theory program proceedings) and detector
concepts (Detector and R&D Handbook) in preparation for the realization of the
EIC. The effort aims to provide the basis for further development of concepts for
experimental equipment best suited for science needs, including complementarity
of two detectors towards future Technical Design Reports. It is expected that this
YR will be the cornerstone on which detector proposals will be developed by user
collaborations beginning in 2021.

The work reported on here was organized by the EICUG at an in-person meet-
ing in December 12-13, 2019 at the Massachusetts Institute of Technology, Cam-
bridge, Massachusetts and was structured around four subsequent meetings in
2020: March 19-21, 2020 at Temple University, Philadelphia; May 20-22, 2020 at
University of Pavia, Pavia, Italy; September 16-18, 2020 at the Catholic University
of America, Washington, DC and November 19-21, 2020 at the University of Cal-
ifornia, Berkeley. This was a massive, international, sustained effort through the
year 2020 and was overseen by 8 conveners and 41 sub-conveners. Because of the
restrictions due to the pandemic, all of the EICUG meetings and interactions in
2020 were carried out remotely.

The EIC will be one of the largest and most sophisticated new accelerator projects
worldwide in the next few decades, and the only planned for construction in the
United States. It will address profound open questions in the fundamental struc-
ture of matter and attract new generations of young people into the pursuit of
careers in science and technology. Its high design luminosity and highly polar-
ized beams are beyond state-of-the-art and its realization will likewise push the
frontiers of particle accelerator science and technology.



Chapter 2

Physics Measurements and
Requirements

2.1 Introduction

The Electron-Ion Collider (EIC) will address some of the most fundamental ques-
tions in science regarding the visible world, including the origin of the nucleon
mass, the nucleon spin, and the emergent properties of a dense system of glu-
ons. The science program has been reviewed by the National Academy of Sciences
(NAS) which concluded that “the EIC science is compelling, fundamental, and
timely.” [1]. The NAS review was based on a series of workshops hosted by the
Institute of Nuclear Theory (INT) culminating in a whitepaper in 2012 and an up-
date in 2014 entitled “Understanding the glue that binds us all” [2]. The desire and
need to construct a new collider facility were prominently featured in the 2015 US
Long-Range Plan for Nuclear Science [3].

In this executive section, we present a selection of crucial physics topics that led to
the recommendation for the construction of an EIC, and summarize the machine
parameters and detector requirements needed to address them.

Key science questions that the EIC will address are:
* How do the nucleonic properties such as mass and spin emerge from partons
and their underlying interactions?

* How are partons inside the nucleon distributed in both momentum and po-
sition space?

¢ How do color-charged quarks and gluons, and jets, interact with a nuclear
medium? How do the confined hadronic states emerge from these quarks
and gluons? How do the quark-gluon interactions create nuclear binding?
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Table 2.1: Different categories of processes measured at an EIC (Initial state: Colliding elec-
tron (e), proton (p), and nuclei (A). Final state: Scattered electron (¢’), neutrino (v), photon
(), hadron (h), and hadronic final state (X)).

Neutral-current Inclusive DIS: e + p/A — ¢ + X;
for this process, it is essential to detect the scattered
electron, ¢/, with high precision. All other final state
particles (X) are ignored. The scattered electron is crit-
ical for all processes to determine the event kinematics.

Charged-current Inclusive DIS: e + p/A — v+ X;
at high enough momentum transfer Q?, the electron-
quark interaction is mediated by the exchange of a W=
gauge boson instead of the virtual photon. In this case
the event kinematic cannot be reconstructed from the
scattered electron, but needs to be reconstructed from
the final state particles.

Semi-inclusive DIS: e + p/A — €' + h*0 + X, which
requires measurement of at least one identified hadron
in coincidence with the scattered electron.

Exclusive DIS: e+ p/A —s ¢’ +p'/ A"+ /W0 /V M,
which require the measurement of all particles in the
event with high precision.

* How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?
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Figure 2.1: Left: The x-Q? range covered by the EIC (yellow) in comparison with past and
existing polarized e/ u+p experiments at CERN, DESY, JLab and SLAC, and p+p experiments
at RHIC. Right: The x-Q? range for e+A collisions for ions larger than iron (yellow) compared
to existing world data. For more details see Figures 6.1 and 6.4.

The EIC covers a center-of-mass energy range for e+p collisions of /s of 20 to
140 GeV. The kinematic reach in x and Q? is shown in Figure 2.1. The quanti-
ties x, y, and Q? are obtained from measurements of energies and angles of final
state objects, i.e. the scattered electron, the hadronic final-state or a combination of
both. The quantity x is a measure of the momentum fraction of the struck parton
inside the parent-proton. Q? refers to the square of the momentum transfer be-
tween the electron and proton and is inversely proportional to the resolution. The
diagonal lines in each plot represent lines of constant inelasticity y, which is the
ratio of the virtual photon’s energy to the electron’s energy in the target rest frame.
The variables x, Q?,y and s are related through the equation Q% ~ sxy. The left
figure shows the kinematic coverage for polarized and unpolarized e+p collisions,
and the right figure shows the coverage for e+A collisions. The EIC will allow in
both collider modes an important overlap with present and past experiments. In
addition, the EIC will provide access to entirely new regions in both x and Q? in a
polarized e+p collider and e+A collider mode, such as the low-x region, providing
critical information about the gluon-dominated regime.

Volume 2 of this Yellow Report provides a detailed overview of the EIC physics
program, including several recent developments not addressed in the EIC White
Paper. In what follows, we focus on the most critical aspects of the scientific ques-
tions outlined above and motivate the machine and detector parameters needed to
address these questions.
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2.2 Origin of Nucleon Spin

Understanding the nucleon spin in terms of contributions from quark and gluon
spin and angular momentum contributions has been an essential goal for nuclear
scientists for several decades. The nucleon spin can be split into its components
according to [4]

1 1

5 = 5AZ(1) + AG(H) + Lotc(n), 2.1)

where AY, AG, and L are the contributions from the quark plus antiquark spin,
the gluon spin, and the parton angular momenta, respectively. All terms of this
spin decomposition depend on the renormalization scale y. The parton spin con-
tributions follow from the respective helicity distributions upon integration over
the whole x-range from 0 to 1. The discovery by the EMC experiment at CERN
in the 1980s that the AX term can only explain a small fraction of the nucleon
spin brought this topic into the limelight. Numerous fixed-target polarized elec-
tron/muon DIS experiments and polarized p+p experiments at RHIC [5], covering
the range 0.005 S x < 0.6, not only confirmed the general finding of the EMC
experiment but also suggest that AG is not large enough to make up the missing
contribution to the nucleon spin, thus providing a clear indication of a nonzero
orbital angular momentum contribution. However, the numerical values for A%
and AG have large uncertainties because, thus far, we have no information at all
about the parton helicity distributions for x < 0.005. With measurements in this
kinematic region combined with precision measurements over the full kinematic
range accessible to EIC, the EIC will drastically reduce these uncertainties. There-
fore, the EIC will put the nucleon spin decomposition’s phenomenology on much
firmer ground, and by inference well constrain the parton angular momenta con-
tribution [2,6,7].

Machine and detector requirements for polarized DIS Obtaining information on A%
and AG at the EIC requires measuring DIS with longitudinally polarized elec-
trons and longitudinally polarized protons for a large range in x and Q2 and
thus over a wide range in center-of-mass energy. One of the key detector re-
quirements at low x refers to the precision measurement of the scattered elec-
tron’s energy (E) demanding good electromagnetic calorimetry at the level of
0(E)/E =~ 10%/+E ® (1 — 3)% in the central detector region and superior perfor-
mance at the level of 0(E)/E ~ 2%/+/E ® (1 — 3)% in the backward or rear direc-
tion. In addition, robust electron/hadron separation is essential. The reconstruc-
tion of kinematic variables at higher x-values including the hadronic final state
requires good momentum resolution and calorimetric measurement, in particular
in the forward direction. Radiative corrections need to be properly addressed, both
in terms of theoretical treatment and experimental design.
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2.3 Origin of Nucleon Mass

More than 99% of the mass of the visible universe resides in atomic nuclei, whose
mass, in turn, is primarily determined by the masses of the proton and neutron.
Therefore, it is of utmost importance to understand the origin of the proton (and
neutron) mass, particularly how it emerges from the strong interaction dynamics.
Interestingly, the proton mass is not even approximately given by summing the
masses of its constituents, which can be attributed to the Higgs mechanism. Just
adding the masses of the proton’s valence quarks provides merely about 1% of the
proton mass. While a QCD analysis leads to a more considerable quark mass con-
tribution to the proton mass, the qualitative picture that the Higgs mechanism is
responsible for only a small fraction of the proton mass is not altered. An essen-
tial role for a complete understanding of the proton mass is played by the trace
anomaly of the QCD energy-momentum tensor [8-11]. It is precisely this essential
ingredient for which the EIC can deliver crucial input through dedicated measure-
ments of quarkonia’s exclusive production (J/¢ and Y) close to the production
threshold.

Another way to address the emergence of hadron mass is through chiral-symmetry
features that manifest in the lightest mesons, the pion and kaon. In this picture, the
properties of the nearly massless pion are the cleanest expressions of the mecha-
nism that is responsible for the emergence of the mass and have measurable im-
plications for the pion form factor and meson structure functions [12]. At variance
with the pion, the effects of the Higgs mechanism, which gives a non-vanishing
mass to the quarks, play a more substantial role for the kaon mass due to its strange
quark content. Therefore, a comparison of the charged pion and charged kaon
form factors over a wide range in Q? would provide unique information relevant
to understanding the generation of hadronic mass. The EIC can also open a vast
landscape of structure function measurements constraining quark and gluon en-
ergy distributions in pions and kaons.

Machine and detector requirements for nucleon mass studies The main physics
channel to study the nucleon mass’s origin is the multi-dimensional measurement
of the quarkonium production cross-section near threshold, which demands high
luminosity. A precise reconstruction of the scattered electron’s energy at low-Q? is
essential. To accurately measure the t-dependence for quarkonium production, re-
coil protons need to be detected, which demands a careful design of the interaction
region to measure the forward-going protons scattered under small angles.
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2.4 Multi-Dimensional Imaging of the Nucleon

Inclusive DIS provides a 1-dimensional picture of the nucleon as it reveals the x-
distribution of (longitudinal) parton momenta in the direction of the nucleon mo-
mentum. However, due to confinement, the partons also have nonzero momenta
in the (transverse) plane perpendicular to the nucleon momentum. The 3D par-
ton structure of hadrons in momentum space is encoded in transverse momentum
dependent parton distributions (TMDs). For both quarks and gluons inside a spin-
% hadron, a total of 8 leading-twist TMDs exist [13]. These functions of different
correlations between spins and transverse momenta reveal different insights into
the dynamics of nucleons. TMDs can be measured via certain semi-inclusive pro-
cesses, such as semi-inclusive DIS (SIDIS), where one detects an identified hadron
in addition to the scattered lepton.

In the past, the unpolarized SIDIS cross-section and, in particular, the so-called
Sivers asymmetry have been studied for different final-state hadrons. The latter
observable describes a single-spin asymmetry with a transversely polarized target,
which gives direct access to the Sivers function fi [14,15], one of the eight quark
TMDs. The data sets used to constrain TMDs are currently even more limited in x
and Q? than those shown in Fig. 2.1 (left) used to constrain helicity parton distri-
bution functions (PDFs). With its polarized beams and the large energy range, the
EIC will dramatically advance our knowledge of TMDs. The 3D momentum struc-
ture of the nucleon for the different quark flavors and the gluons will be mapped
out over a wide range in x and Q?[2,16].

An essential aspect of TMDs concerns their scale-dependence (evolution) as pre-
dicted in QCD, which is considerably more involved than the evolution of the 1D
PDFs. There is, therefore, substantial interest in a quantitative understanding of
the TMD evolution. The EIC will be ideal for such studies, complementing the
high precision data becoming available from JLab at larger values of x.

It allows to explore SIDIS observables over an extensive range in Q? while covering
transverse momenta of the final-state hadrons over a wide range from from low
(non-perturbative) to high (perturbative) values.

While the current knowledge about the Sivers function in the valence region still
has considerable uncertainties, the situation is even worse for sea quarks and glu-
ons where hardly any experimental information exists. At the EIC, the gluon Sivers
function can be addressed through transverse single-spin asymmetries for the pro-
duction of nearly back-to-back pairs of jets or heavy-flavor hadrons. We note that,
qualitatively, the above discussion of the Sivers function applies also to the other
TMDs. Generally, the EIC has transformative potential in the field of the nucleon’s
3D structure in momentum space.
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Machine and detector requirements for TMD measurements Measurements of
TMDs require unpolarized as well as longitudinally and transversely polarized
hadron beams colliding with (un)polarized electrons. The wide range in x and Q?
provided by the EIC is essential for mapping the TMDs. SIDIS requires the iden-
tification of final-state hadrons in coincidence with the scattered electrons. Identi-
tying hadrons allows one to obtain information about the flavor of quarks, which
have fragmented into the hadron(s). Excellent particle identification (PID) is re-
quired to separate 7t/ K/ p at the level of 3 o up to 50 GeV/c in the forward region,
up to 10GeV/c in the central detector region, and up to 7GeV/c in the backward
region. Mapping the TMDs in multiple dimensions will require larger data sam-
ples than for fully inclusive measurements. To disentangle the flavor dependence
of the various TMDs, it is essential to collect data with neutron-rich transversely
polarized beams of D or *He under equivalent experimental conditions.

2.5 Imaging the Transverse Spatial Distributions of Partons

As in the case of the transverse momentum distribution of partons inside a hadron,
we know very little about their distribution in the transverse spatial dimensions,
combined with the information about the longitudinal momentum fraction x.
Those spatial distributions of partons yield a picture that is complementary to the
one obtained from TMDs. So far, our level of knowledge of the spatial distributions
for valence quarks, sea quarks, and gluons is still relatively low.

It is possible to determine the transverse spatial distributions of quarks and glu-
ons experimentally, where their study requires a particular category of measure-
ments, that of exclusive reactions. Examples are deeply virtual Compton scatter-
ing (DVCS) and deeply virtual meson production. For those reactions, the proton
remains intact, and a photon or a meson is produced. Exclusivity demands that
all final-state products are detected, i.e., the scattered electron, the produced pho-
ton or meson, and the scattered proton. The spatial distributions of quarks and
gluons in these measurements are extracted from the Fourier transform of the dif-
ferential cross-section for the momentum transfer ¢ between the incoming and the
scattered proton. The non-perturbative quantities that encode the spatial distri-
butions are called generalized parton distributions (GPDs) [17-19]. In addition
to the fundamental role of GPDs concerning the spatial distribution of partons
inside hadrons [20], the second moment of particular sets of GPDs will provide
more in-depth insight into the total angular momentum of quarks and gluons in
the proton [21]. GPDs offer a unique opportunity to probe the energy-momentum
tensor and thus open the door to deepen our understanding of the nucleon mass.
Moreover, GPDs contain information about the pressure and shear forces inside
hadrons [22].

Our knowledge of GPDs from DVCS is currently limited and is based on fixed-
target experiments at intermediate to high-x or on the HERA collider measure-
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ments at low-x. The polarized beams and higher luminosity at EIC, along with
forthcoming data from JLab at 12 GeV, will make a very significant impact on those
measurements. It is anticipated that measurements made for protons in the range
0.04 < t < 1.5GeV? will enable maps of parton distributions all the way down to
0.1fm [7,23]. Such exclusive measurements performed on nuclei will enable us to
understand the transverse quark and gluon distributions within.

Machine and detector requirements for GPD measurements GPD physics is one of
the most demanding aspects of the EIC program in terms of luminosity as it re-
quires multi-dimensional binning of processes that have very low cross-sections.
The collection of data at several center-of-mass energies to cover the physics pro-
gram outlined in the EIC White Paper [2] is essential. The continuous measure-

ment of the momentum transfer to the nucleon in the range 0.02GeV? < [t| <

1.5GeV? demands a careful design of the interaction region to detect the forward-
going protons scattered under small angles combined with a careful choice of the
hadron beam parameters, i.e., angular divergence, and large acceptance magnets.

2.6 Physics with High-Energy Nuclear Beams at the EIC

The nucleus is a QCD molecule, with a complex structure corresponding to bound
states of nucleons. Understanding the formation of nuclei in terms of QCD
degrees-of-freedom is an ultimate long-term goal of nuclear physics. With its
broad kinematic reach, as shown in Fig. 2.1, the capability to probe a variety of
nuclei in both inclusive and semi-inclusive DIS measurements, the EIC will be
the first experimental facility capable of exploring the internal 3-dimensional sea
quark and gluon structure of a nucleus at low x. Furthermore, the nucleus itself is
a unique QCD laboratory for discovering the collective behavior of gluonic matter
at an unprecedented occupation number of gluons, for studying the propagation
of fast-moving color charges in a nuclear medium to shed light on the mystery of
the hadronization process, and to explore the quark-gluon origin of short range
nucleon-nucleon forces in the nuclei.

A key feature of gluon saturation is the emergence of a momentum scale Qg,
known as the saturation scale. When this scale significantly exceeds the QCD con-
finement scale Agcp, the dynamics of strongly correlated gluons can be described
by weak coupling many-body methods. The framework that enables such compu-
tations is an effective field theory called the Color Glass Condensate (CGC) [24].
The CGC predicts that Q% o Al/3; thus, the novel domain of saturated gluon fields
can be accessed especially well in large nuclei. This regime of QCD is predicted to
exist in all hadrons and nuclei when boosted to high energies where one can probe
the low-x region in full detail. Unambiguously establishing this novel domain of
QCD and its detailed study is one of the most critical EIC goals.
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Multiple experimental signatures of saturation have been discussed in the litera-
ture [2]. The EIC program follows a multi-pronged approach taking advantage of
the versatility of the EIC facility. One of the key signatures concerns the suppres-
sion of dihadron angular correlations in the process e + A — ¢’ + hy + hy + X. The
angle between the two hadrons /; and h in the azimuthal plane is sensitive to
the transverse momentum of gluons to and their self-interaction —the mechanism
that leads to saturation. The experimental signature of saturation is a progressive
suppression of the away-side (A® = ) correlations of hadrons with increasing
atomic number A at a fixed value of x. Diffraction and diffractive particle pro-
duction in e+A scattering is another promising avenue to establish the existence of
saturation and to study the underlying dynamics. Diffraction entails the exchange
of a color-neutral object between the virtual photon and the proton remnant. As a
consequence, there is a rapidity gap between the scattered target and the diffrac-
tively produced system. At HERA, these types of diffractive events made up a
large fraction of the total e+p cross-section (10-15%). Saturation models predict
that at the EIC, more than 20% of the cross-section will be diffractive. In simplified
terms, since diffractive cross-sections are proportional to the square of the nuclear
gluon distribution, o « g(x, Q?)?, they are very sensitive to the onset of non-linear
dynamics in QCD. An early measurement of coherent diffraction in e+A collisions
at the EIC would provide the first unambiguous evidence for gluon saturation.

Machine and detector requirements for studies of gluon saturation Operation of the
EIC at the highest energies with the heaviest nuclei will be an essential requirement
for discovering gluon saturation. Good tracking performance and forward calori-
metric measurements are important in addition to very forward instrumentation
of measuring diffractive events using a specialized silicon detector system known
as Roman pots. Studying diffractive processes poses stringent requirements on the
hermeticity of a detector system. A detailed study of saturation beyond its discov-
ery would require a systematic variation of the nuclear size and of /s to see where
the saturation sets in.

2.7 Nuclear Modifications of Parton Distribution Functions

When compared to our knowledge of parton distribution functions in the proton,
our understanding of nuclear PDFs (nPDF) is significantly more limited. Most of it
comes from fixed-target experiments in a region of intermediate to high-x values.
Recently available data from hadronic collisions at the LHC have had little impact
on extracting nuclear PDFs [25]. High energy electron-nucleus collisions at the
EIC will enable measurements of nuclear PDFs over a broad and continuous range
in Q?, all the way from photo-production (Q? ~ 0) to high Q? in the perturbative
regime. This will lead to the study of the nPDFs with unprecedented precision and
to the understanding of the collective effects that lead to modifications of nuclear
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PDFs compared to a proton. How parton distributions in nuclei are modified can
be quantified by plotting their ratio to parton distributions in the proton, normal-
ized by the nucleus’s atomic number. The deviation of this ratio from unity is a
clear demonstration that the nuclear parton distributions are not simple convolu-
tions of those in the proton. A ratio below unity is often called shadowing, while
an enhancement is referred to as anti-shadowing.

Nuclear PDFs are determined through global fits to existing inclusive DIS data off
nuclei. These are the structure function F, and the longitudinal structure func-
tion Fy. While F, is sensitive to the momentum distributions of (anti-)quarks and
gluons mainly through scaling violations, Fj, has a more considerable direct contri-
bution from gluons. Note that the measurement of F; requires one to operate the
collider at several different center-of-mass energies.

An additional constraint on the gluon distribution at moderate to high-x comes
from charm production via photon-gluon fusion. The fraction of charm produc-
tion grows with the energy, reaching about ~15% of the total cross-section at the
highest /s, thus permitting one to set a robust and independent constraint on the
gluon distribution in nuclei at high-x [2,7].

Machine and detector requirements for precision nuclear PDF measurements Based
on recent studies for inclusive DIS and charm cross-section measurements [26],
large /s provides access to a broader x-Q? coverage and reaches more in-depth
into the small-x regime of gluon dominance. Measurements involving charm-final
states require good impact parameter resolution at the level of 0y, ~ 20/p7 ® 5 pm.
The general detector requirements are similar to inclusive and semi-inclusive mea-
surements.

2.8 Passage of Color Charge Through Cold QCD Matter

In the standard regime of perturbative QCD at high Q? and moderate to high x,
in e+A scattering events, the virtual photon transmits a large fraction of the elec-
tron’s energy. It interacts with a quark from a nucleon in the nucleus. The struck
quark will subsequently traverse the nucleus, interacting with the color charges
within, and continually lose energy. At some point, this quark will hadronize and
form a color-neutral hadron. Whether the hadronization process happens inside
or outside the nucleus depends on the interplay between the quark’s energy and
the atomic number of the nucleus. If the virtual photon energy (in the nuclear rest
frame) is high, the quark kicked out of the nucleon will have considerable energy
and produce a jet. Measuring the jets experimentally provides several advantages
over studies of leading hadrons. Reconstructed from multiple (ideally all) final
state particles produced by hadronization of the scattered parton, jets are much
closer proxies for the parton kinematics than any single-particle observable. Us-
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ing jets in many cases removes (or minimizes) hadronization uncertainties. On
the other hand, jets are composite objects with rich internal substructure encoding
shower evolution and hadronization details.

At the EIC, the production of jets will be a useful tool to measure and study the
hadronic component in high energy photon structure [27] and gluon helicity in
polarized protons [7]. Jet measurements will also constrain polarized and unpo-
larized parton distribution functions, probing gluon transverse momentum depen-
dent distributions, contribute to studies of QCD hadronization, shower evolution,
and cold nuclear matter effects. An energetic jet from a scattered parton encodes
the history of multiple interactions with the target nucleus, which generate pr-
broadening. Thus, a comparison of the cross-section in e+p and e+A collisions is
expected to be sensitive to in-medium broadening effects. Several key measure-
ments relying on jets were identified for their sensitivity to parton energy loss
in the nucleus [28], together with the development of new tools for controlling
hadronization effects. Among such measurements are several variables assessed
via lepton-jet correlations, including the electron’s ratio to jet transverse momenta
and a relative azimuthal angle between the measured jet and electron. These mea-
surements will constrain the parton transport coefficient in nuclei [29]. It is ex-
pected that the variability of the collider’s energy and the “dialing” of the nuclear
size will allow us to study both the emergence of jets as a function of energy and
the internal spatial structure of jets systematically as an additional topic of high
interest.

In addition to jet studies, identified hadron measurements will provide addi-
tional experimental avenues for a detailed understanding of cold-QCD effects
of color-charge. Parton propagation through cold nuclear matter and its” effects
on hadronization have been previously studied by the HERMES collaboration in
semi-inclusive deep-inelastic scattering on nuclei via relative hadron production
cross-sections for various light-flavor particle species.

In addition to inclusive hadron and jet production measurements, mapping the
modification of heavy flavor production in reactions with nuclei of different sizes
will provide an experimental handle for understanding the transport properties of
nuclear matter.

Machine and detector requirements for jets studies Jets can only be produced and
identified cleanly at high enough center-of-mass energies. High momentum jets
feature higher hadron multiplicity and a more complex internal structure. As such,
high center-of-mass energy is vital for jet studies. Nuclear size is an essential con-
trol variable in these experiments and a broad range from light to heavy nuclei is
desired for systematic studies of energy loss in a nuclear medium. It is imperative
to have matching beam energies for e+p and e+A collisions to avoid extrapolation-
related uncertainties and deliver the most precise measurements of nuclear effects.
One of the key detector specifications results from jet measurements requiring
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good tracking performance and good calorimetric resolution. At forward rapidity
hadronic final state energies are very large and require good hadronic resolution

at the level of 0(E)/E ~ 50%/VE ® 10%.

2.9 Connections to Other Fields

EIC-based science is broad and diverse. It runs the gamut from detailed investi-
gation of hadronic structure with unprecedented precision to explorations of new
regimes of strongly interacting matter. EIC science can be characterized by a few
distinguishing themes that reflect the major challenges facing modern science to-
day, and that have deep links to cutting edge research in other subfields of physics.

A prominent example are the various opportunities for electro-weak (EW) and
beyond the standard model (BSM) physics. Achieving heightened sensitivity to
various BSM scenarios requires a variety of improvements including crucial con-
straints on the parton distributions. By recording copious high-precision data, the
EIC has the potential to provide the much-needed precision at large-x, with fur-
ther implications for precision QCD and EW theory in p+p collisions at the LHC.
But the connections reach much further. Precision measurements at the EIC can
provide new limits on various BSM couplings. For example, measurements at the
EIC over a wide range of Q? will test the running of Weinberg’s weak mixing-
angle. The availability of polarized electron (or positron) beams with proton or
deuteron targets can scrutinize lepton flavor violation mechanisms in the charged
lepton sector. Furthermore, the high energy and luminosity at the EIC offers op-
portunities for new particle searches such as a heavy photon or a heavy neutral
lepton.

Measurements at the EIC are also expected to deliver important input for several
areas of astroparticle physics. Fields such as cosmic-ray air showers and neutrino
astrophysics will benefit from better constrained models of hadronic interactions.
Deeply inelastic scattering and photo-nuclear processes have natural ties with the
physics of hadronic collisions. These relate to the issue of small-x gluons and fac-
torization in e+p and e+A versus p+p and p+A, and to the implications of the deter-
mination of parton distributions for p+A collision for an improved understanding
of the initial conditions in heavy-ion collisions. Similar, the accurate characteriza-
tion of parton distributions in nuclei provided by the EIC can directly benefit the
neutrino physics program. In return, neutrino scattering can help better under-
stand the parton structure of nucleons and nuclei, where the nucleon strangeness
content is one example.

Even though the EIC is a high-energy collider with typical energy scales in the
tens-to-hundred of GeV range, there are key measurements that are of relevance
to nuclear physics at much lower energies in the tens-to-hundreds MeV range. In
diffractive deep inelastic scattering at high energies, a clean separation develops
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between the fragmentation region of the electron and that of the nuclear target.
Correlations amongst nucleons in the target fragmentation region have the poten-
tial to provide novel insight into the underlying quark-gluon correlations that gen-
erate short-range nuclear forces. Short-range nucleon-nucleon correlations domi-
nate the high momentum tails of the many-body nuclear wave function and show
signs of universal behavior in nuclei. On the other hand, accurate nuclear struc-
ture input is needed in coherent exclusive channels with light ions — enabling the
study of nuclear tomography in partonic degrees of freedom — and in reactions
with spectator tagging, which result in additional control over the initial nuclear
configuration.

210 Summary of Machine Design Parameters

Here we summarize the machine requirements that were motivated in the previ-
ous sections through a set of critical measurements that reflect the highlights of
the EIC science program. The successful scientific outcome of the EIC depends
critically on: (a) the luminosity, (b) the center-of-mass energy, and its range, (c) the
lepton and light-ion beam polarization, and (d) the availability of ion beams from
deuterons to the heaviest nuclei. Two interaction regions are desired to ensure a
robust physics program with complementary detector systems.

Luminosity The EIC is being designed to achieve peak luminosities between
103em 2 s~ ! and 10%*ecm 2 s 1. To put these numbers into context, note that a
luminosity of 1033cm—2s~! with strong hadron cooling (Lpeak = Lavg) yields an

integrated luminosity of 1.5 fb~! per month. Here we assume a 60% operation
efficiency for the collider complex as routinely achieved by RHIC. Without strong
hadron cooling for the same operation’s parameters, one would get a 30% reduc-
tion, as the average luminosity Layg per fill is reduced to 70% of the peak luminos-
ity Lyeqr- Most of the key physics topics discussed in the EIC White Paper [2] are

achievable with an integrated luminosity of 10 fb~! corresponding to 30 weeks of
operations. One notable exception is studying the spatial distributions of quarks
and gluons in the proton with polarized beams. These measurements require an
integrated luminosity of up to 100 fb~! and would therefore benefit from an in-
creased luminosity of 103*cm =2 sec 1. It should be noted that many measurements
can be performed simultaneously by judiciously choosing beam species and their
spin orientation appropriately.

Center-of-Mass Energy To ensure a wide kinematic reach and a large coverage of
phase space, the EIC requires a variable center-of-mass energy /s in the range
of ~20 — 100 GeV, upgradable to 140 GeV [2]. An energy of /s,y = 140GeV
is needed to provide sufficient kinematic reach into the gluon dominated regime.
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Some measurements require a variation in /s. The lower center-of-mass energy
limit is driven by the ability to measure transverse quantities well, which are of the
order of 10-100 MeV. This is important, for example, for the accurate determination
of quark TMDs at high values of Q2.

Polarization of beams EIC Physics involves two types of asymmetries: (i) double-
spin asymmetries, requiring both electron and hadron beams to be polarized,
and (ii) single-spin asymmetries, requiring only one beam—typically the hadron
beam—to be polarized. The statistical uncertainties for spin asymmetries are
strongly affected by the degree of polarization achieved. For double-spin asym-

metries the dependence is 1/ [PEPP\/N} and for single-spin asymmetries it is

1/ [P VN ] . Therefore, high beam polarizations are mandatory to reduce the statis-

tical uncertainties. Measurements require longitudinal and transverse polarization

orientation for protons, deuterons, 3He, and other polarizable light nuclei, as well
as longitudinal polarization for the electron beam.

Nuclear Beams Ion beams of heavy nuclei (Gold, Lead, or Uranium) combined
with the highest /s, will provide access to the highest gluon densities and to an
understanding of how colored particles propagate through nuclear matter. On the
other hand, light ions are essential to study the A-dependence of gluon saturation
and for precision studies of short-range nuclear correlations.

211 Summary of Detector Requirements

The diverse physics program promised by the new Electron-Ion Collider poses a
technical and intellectual challenge for the detector design to accommodate mul-
tiple physics channels. Accommodating the needs of experimental measurements
with different and, at times, competing requirements in one general-purpose de-
tector design requires detailed consideration of the physics processes involved.
Preliminary investigations on this topic were put forward in the EIC White Pa-
per [2]. Further developing a more detailed set of physics-driven requirements for
a future conceptual design of a general-purpose EIC detector and considerations
for a second complementary detector to overcome the technical and intellectual
challenges were the primary focus of the year-long Yellow Report EIC Users Group
community effort.

Figure 2.2 illustrates the correlation between polar angle () and pseudorapidity
(7 = —Intan(6/2)) and the x — Q? phase space for the EIC physics program. Re-
cent studies of the physics-driven detector requirements were organized by three
basic types DIS processes: Inclusive DIS both in neutral and charged current mode,
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Figure 2.2: Schematic showing the distribution of the scattered lepton and hadrons for dif-
ferent x — Q? regions over the detector polar angle / pseudorapidity coverage.

semi-inclusive DIS, and exclusive DIS. Those basic processes are shown in Table 2.1
For the following summary, and throughout this document, the beams’ directions
follow the convention used at the HERA collider at DESY: the hadron beam travels
in the positive z-direction/pseudorapidity and is said to be going “forward.” The
electron beam travels in the negative z-direction/pseudorapidity and is said to be
going “backward” or in the “rear” direction.

All physics processes to be measured at an EIC require having the event and parti-
cle kinematics (x, Q% y, W, pt, z, ¢, 0) reconstructed with high precision. Kinematic
variables such as x, QZ, y, and W can be determined from the scattered electron or
the hadronic final state using the Jacquet-Blondel method [30] or a combination of
both. The electron method provides superior resolution performance for x and y
in the low x region, while the Jacquet-Blondel method yields increased resolution
performance for x and y towards large x values. To access the full x — Q2 plane at
different center-of-mass energies and for strongly asymmetric beam-energy com-
binations, the detector must be able to reconstruct events over a wide span in polar
angle (8) and pseudorapidity (7). This imposes stringent requirements on both de-
tector acceptance and the resolution of measured quantities such as the energy and
polar angle in the electron-method case.
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Detector Requirements Below we summarize the critical detector requirements
that are imposed by the rich physics program of an EIC.

¢ The EIC requires a 471 hermetic detector with low mass inner tracking.

* The primary detector needs to cover the range of —4 < 5 < 4 for the measure-
ment of electrons, photons, hadrons, and jets. It will need to be augmented by

auxiliary detectors like low-Q? tagger in the far backward region and proton
(Roman Pots) and neutron (ZDC) detection in the far forward region.

* The components of an EIC detector will have moderate occupancy as the
event multiplicities are low. However, specific components close to the beam-
line might see higher occupancies depending on the machine background
level.

¢ Compared to LHC detectors, the various subsystems of an EIC detector have
moderate radiation hardness requirements.

* Excellent momentum resolution in the central detector (cp,/pr(%) =
0.05p7 ® 0.5).

* Good momentum resolution in the backward region with low multiple-
scattering terms (0, / pr(%) ~ 0.1pT ® 0.5).

* Good momentum resolution at forward rapidities (0, /pr(%) ~ 0.1pr ®
(1-2)).

* Good impact parameter resolution for heavy flavor measurements (0y, ~
20/pr ®5 pm).

* Good electromagnetic calorimeter resolution in the central detector
(c(E)/E ~ 10%/+E ® (1 — 3)% at midrapidity).

* Excellent electromagnetic calorimeter resolution at backward rapidities
(c(E)/E ~2%/vVE ® (1 — 3)%).

e Good hadronic resolution in the forward region (o (E)/E ~ 50%/+/E @ 10%).

¢ Excellent PID for 3 ¢ 7t/K/p separation up to 50 GeV/c in the forward re-
gion, up to 10GeV/c in the central detector region, and up to 7GeV/c in the
backward region.

Volume 2 of this Yellow Report provides further details on the detector require-
ments and a detailed discussion of the achievable precision for various observ-
ables.

The EIC physics program will allow us to deepen our understanding of the visi-
ble world around us, including the origin of the nucleon mass, the nucleon spin,
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and the emergent properties of a dense system of gluons. This program requires a
unique and versatile accelerator facility of colliding polarized electron and polar-
ized proton and light-ion beams, and a range of light and heavy nuclei. The broad
variety of processes required to address the diversity of the EIC science program
similarly demands a unique 47t hermetic, asymmetric detector systems capable of
identifying and reconstructing the energy and momentum of final-state particles
with high precision.



Chapter 3

Detector Concepts

EIC detectors are essential to make the detailed measurements described in the
previous section to access the physical observables described by theoretical cal-
culations. They will be large, sophisticated, and unique instruments which will
be designed and constructed by multi-institutional collaborations of the EIC users
from laboratories and universities around the world. This effort profits from a
wealth of experience gained at the first e+p collider facility HERA at DESY, Ger-
many and the enormous development of novel detector concepts over the last sev-
eral decades, since the first e+p collisions at HERA in 1992. The detectors will be
located at the interaction regions, where the electron and ion beams are brought
into collision in a controlled way. The 2015 US Nuclear Physics Long Range Plan
recommended consideration of multiple EIC interaction regions and the EIC users
have clearly stated their desire for two EIC detectors to effectively carry out the
extensive scientific program.

The EIC detectors must be located in the interaction regions where space is con-
strained due to the requirements of high luminosity. They must have strong inte-
gration of forward and backward detectors and multiple hermetic functionalities
(precision energy measurement and particle tracking and identification) to deter-
mine the energy-momentum four-vector of final-state particles over a large range
of energies: ~10 MeV to ~10 GeV.

In addition to the major detector facilities, other sophisticated scientific instrumen-
tation will be essential to carry out the scientific program. The collision luminosity
must be determined using special purpose detectors close to the beams. Further-
more, in spin-dependent measurements, precise knowledge of the polarizations
of the electron and ion beams is essential. This is obtained using special purpose
polarimeters which are developed and operated by separate teams of physicists,
engineers, and technicians.

The design for detector(s) at the EIC is centered around solenoidal superconduct-
ing magnets with bipolar fields, which can be achieved either through improve-
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ment modifications of the BABAR/sPHENIX magnet at 1.5 T or with a new super-
conducting magnet at 3 T. The solenoidal configuration naturally leads to tracking
and vertexing, particle identification, and calorimetry systems organized in a con-
tiguration with barrel and endcap detectors. The detectors must be designed to
operate with high efficiency in the presence of a large rate of background gener-
ated by the intense, circulating beams as they traverse the vicinity of the detectors.

In contrast to symmetric ee and pp colliders, the asymmetric nature of collisions
at the EIC leads to unique detector requirements. The hadron endcap, barrel, and
electron endcap detector systems see very different particle distributions, in terms
of both momentum and particle types. Likewise, the performance requirements
on these detector systems vary significantly between the detector regions. This is
reflected by the critical detector requirements for the track, vertex, and energy res-
olution and particle identification separation summarized in the previous section.

The tracking and vertexing, particle identification, and calorimetry concepts de-
scribed in this section do not identify a specific technology that can be used in all
detector regions. Rather, the aim is to combine the best technology for each region
in detector concepts that achieve the full set of requirements.

Multiple combined detector concepts for each detector functions are presented in
this report. The complementarity between the detector technologies used in dif-
ferent detector concepts can be used to tailor detectors in the different interaction
regions shown in Figure 1.1, at the locations of the current STAR and sPHENIX
detectors.

3.1 Tracking and Vertexing Detector Systems

The tracking and vertexing systems under consideration are based on semiconduc-
tor detector technologies and gaseous tracking detector technologies, with concept
detectors combining both technologies.

Silicon semiconductor-based sensors collect electron/hole pairs caused by the pas-
sage of charged particles. The tracking and vertexing detector systems must have
high granularity to satisfy the tracking (vertexing) resolution requirements of bet-
ter than 5 ym (around 3 ym) while maintaining a low material budget below 0.8%
(0.1%) of a radiation length in the barrel (endcap). Monolithic active pixel sensors
(MAPS) have seen an evolution from the 180 nm technology used by STAR and
ALICE to the 150/180nm Depleted MAPS (D-MAPS). A third generation 65nm
process is under development as a joint effort between the EIC and ALICE ITS3
vertex tracker upgrade.

In gaseous tracking chambers the ionization caused by tracks drifts to anode
planes in endcaps where it is collected, potentially after additional amplification.
A double-sided time projection chamber (TPC) with a central cathode plane and
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Figure 3.1: CAD model of a particular EIC detector concept, with the artistic rendering of
the tracking, particle identification, and calorimetry subsystems.

gas amplification modules at the endcaps is under construction for the sSPHENIX
experiment and may be modified for use at the EIC. Upgrades to the read-out pads
for the EIC would be focused on micro-pattern gaseous detectors such as gas elec-
tron multipliers (GEMs), uMEGAs or yRWELL can provide electron amplification
before read-out on high granularity anode printed circuit boards. Gaseous tracking
detectors also aid in particle identification with ionization energy loss information.

Two baseline tracking detector concepts are presented. An all-silicon tracking de-
tector option with barrel and endcap silicon detector can be realized in a com-
pact form. A hybrid tracking system combines a silicon vertex detector within
a TPC and provides dE/dx measurements that can aid particle identification. In
both main options, alternative tracking options exist in the backward and forward
tracking endcaps.

3.2 Particle Identification Detector Systems

The second major detector system, particle identification, separates electrons from
pions, kaons, and protons, with significant pion/electron suppression and better
than 30 pion/kaon/proton separation in all rapidity regions. Using the specific
ionization (dE/dx) in time projection chambers with novel gas mixtures allows for
improved resolution approaching the limit of Poisson statistics. However, dedi-
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cated particle identification detectors, based on Cerenkov light emission and time
of flight measurements will be required.

In Cerenkov detectors light emitted by tracks faster than the speed of light in a
gas, aerogel, or quartz radiator medium is detected. The tight integration with
the tracking system exists here as well, since the originating track must be well
known. Different radiator media are required in the electron endcap, barrel, and
hadron endcap due to the different momentum ranges of particles in those regions.
A hadron blind detector without focusing and with CsI photocathodes evaporated
on GEMs can separate electrons from hadrons. A similar detection approach with
focusing is used in the Csl ring imaging Cerenkov (CsI RICH) detector. Novel
approaches that use nano diamond powder instead of Csl are also under con-
sideration. A dual RICH (dRICH) with both a gas and aerogel radiator avoids
the holes in the performance due to the Cerenkov thresholds. A modular RICH
(mRICH) concept uses a Fresnel lens for focusing. Finally, detection of internally
reflected Cerenkov light (DIRC) is under consideration for a high performance
DIRC (hpDIRC), and would outperform the DIRC at BaBar and PANDA.

Other particle identification technologies are under development as well. Time of
flight particle identification at low momentum can be reached through precision
timing measurements in large area picosecond photon detectors (LAPPD) in the
endcaps. GEM transition radiation detectors (GEM-TRD) combined with neural
networks have also been shown to separate electrons and pions.

Based on these particle identification technologies, several combined concepts are
presented. The forward direction includes a gas-based Cerenkov detector but re-
quires another technology such as the dRICH. In the central region, a combination
of the DIRC and TOF detectors must be augmented with, for example, the ioniza-
tion loss measurements in the hybrid tracking detector system or other identifica-
tion technologies in the more compact all-silicon tracking detector system. In the
backward or rear direction several options satisfy the requirements, including the
mRICH with LAPPD.

3.3 Calorimeter Detector Systems

The third major detector system, calorimetry, measures particle energy and
includes both electron and hadron calorimetry efforts. Only light-collecting
calorimeters are considered here. Electromagnetic calorimetry (ECAL) requires
excellent resolution to constrain the electron scattering kinematics, but also aids
in separating electrons from hadrons, in the detection of neutral particles, and in
the separation of the two photons from neutral pion decay. Hadron calorimetry
(HCAL) is required for determination of the total energy in hadronic jets, in par-
ticular for neutral components which are not tracked.

Among possible ECAL technologies discussed are homogeneous detectors
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(PbWOQy, scintillating glass, and lead glass) and sampling calorimeters (scintillator
tibers in tungsten powder and layered shashlyk detectors). Due to limited space
available, short radiation length materials are favored. Likewise, silicon photomul-
tipliers (SiPMs) are preferred since they take less space than regular photomulti-
pliers and operate in the magnetic field. In the backward region, PbWO, appears
to be the only option. In the central region, projective geometry is required. In the
forward region, high granularity is required to resolve pion decay photons.

For the HCAL, existing technologies (e.g. scintillating / depleted uranium sam-
pling calorimeters as used at ZEUS) are considered sufficiently performant. Efforts
are discussed to avoid lead in favor of steel, and achieve a design where the HCAL
is the support structure for the ECAL. In the hadron endcap a denser material
would be preferable, and the STAR Forward upgrade has allowed the construc-
tion of a small prototype of a compensating calorimeter with better resolution.

3.4 Auxiliary Detector Systems

In addition to the major central detector systems, specialized auxiliary detector
systems will be necessary, all of which require close integration in the accelerator
lattice. This is particularly true for the electron and hadron polarimeters, but also
applies to the far-forward and far-backward regions of the detector.

In the far-forward region, silicon detectors in roman pots can detect very forward
hadrons up to 5mrad with high timing resolution of low gain avalanche diodes
(LGADs). Similar detector technologies will be used in the off-momentum detec-
tors to tag nuclear breakup of Lambda decay products. Neutrons and low-energy
photons in the forward direction will be detected in the Zero-Degree Calorimeter
(ZDC), with both ECAL and HCAL components. Technologies from the ALICE
FoCal and the LHC ZDC are considered.

In the far-backward region, bremsstrahlung photons detected in an electromag-
netic zero-degree calorimeter or a pair spectrometer will be used to determine the
luminosity, an important normalization quantity for many observables. Very low-
Q? electrons will be tagged in far-backward position-sensitive detectors or seg-
mentation in the zero-degree calorimeter.

In other sections of the EIC, electron and hadron polarimeters will non-
destructively measure the polarization to a systematic precision better than 1%.
To allow timely feedback to accelerator operators, a statistical precision of similar
size will be achieved on short time scales.

For the electron beam, a Compton polarimeter can reach the needed luminosity us-
ing a diode laser with high repetition frequency and a fiber amplifier to reach pow-
ers up to 20 W. To measure both longitudinal and transverse polarization, position
sensitive detectors such as diamond strip or HV-MAPS detectors can be used.
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For the hadron beam, the natural starting point is to use the existing polarimeters
at RHIC: the atomic hydrogen jet for absolute measurements combined with a fast
carbon ribbon for relative measurements. At the higher proton currents of the EIC,
additional hydrogen jet detectors and alternative ribbon targets will be required.
For 3He beams the hydrogen jet may be replaced by a polarized *He target.

To manage the data acquisition bandwidth and associated selection of events of
interest to the physics analyses, the EIC will use a streaming readout approach
without trigger electronics that controls whether or not to record events, similar to
the LHCb upgrade currently in progress. On the software side, new approaches in
artificial intelligence are being explored.

3.5 Two Complementary Detectors

The EIC science program is diverse and broad. It requires a 47t detector with strong
integration of forward and backward detection capabilities. It requires multiple
hermetic functionalities (precision energy measurement, and particle tracking and
identification). It must cover a large and versatile range of energies spanning from
nuclear energy scales to multi-GeV electron and ion beam energies.

The strong diversity of EIC science imposes the essential feature that the interac-
tion region and the detector at the EIC are designed so all particles are identified
and measured at as close to 100% acceptance as possible and with the necessary
resolutions. Variations of the interaction region design and beam line optics be-
tween the two interaction points can allow further optimization and enhancement
of EIC science reach.

The broad science reach of the EIC is also reflected in the variety of detector tech-
nologies that are under consideration. Table 3.1 summarizes the high-level per-
formance of different subdetectors based on a 3 T solenoid for a future EIC de-
tector. The clear conclusion is that the best way to optimize the science output is
through two detectors that differ in their basic features such as the Solenoid field
and choices of sub-detector technologies. This will lead to complementarity in de-
tector acceptance and systematic effects, and presents benefits due to technology
redundancy. Studies performed to date already suggest the opportunity to op-
timize the overall physics output of the EIC in terms of precision and kinematic
range through careful complementary choices of two general purpose detectors.

In contrast to previous colliders, the complementarity between the two EIC detec-
tors and their associated interaction regions will be built in from the start. Beyond
maximizing EIC science promise, a further strong motivation for complementary
detectors lies in the need for independent cross-checking of important results; the
scientific community usually only becomes convinced of exciting new discover-
ies when two different experiments with different systematics arrive at the same
conclusion.



Table 3.1: This matrix summarizes the high level performance of the different subdetectors and a 3 T Solenoid. The interactive version
of this matrix can be obtained through the Yellow Report Detector Working Group (https:/ /physdivijlab.org/DetectorMatrix/).
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Chapter 4

Opportunities for Detector
Technology and Computing

In parallel with a nearly two-decade-long community effort of EIC science de-
velopment and refinement, as well as experimental equipment conceptualization,
BNL in association with TINAF and the DOE Office of Nuclear Physics estab-
lished in 2011 a highly successful generic EIC-related detector R&D program. This
program both built bridges between various domestic and international research
groups and scientific communities, and was successful in its own right towards de-
tector R&D. Presently, 281 scientists are engaged in the generic EIC-related R&D
program, from 75 institutions in 10 countries. Most of the efforts have been organi-
zationally merged in groups of topical consortia, which can provide the seeds for
the EIC detector collaboration(s).

Many of the supported projects, ongoing or completed, developed technolo-
gies that are now integral parts of existing detector concepts or are regarded
as potential alternatives. The vertex detector R&D consortium aims to develop
new improved Monolithic Active Pixel Sensors (MAPS) to meet the require-
ments demanded by the EIC requirements. Various Micro-Pattern Gas Detector
(MPGD) technologies, such as Gaseous Electron Multiplier (GEM), Micromegas,
and yRWELL, have been pursued for low material tracking in barrel and for-
ward regions as well as Time-Projection Chamber (TPC) readouts. New con-
cepts like miniTPCs and integrated Cherenkov-TPCs had been developed and
tested. Many options for electromagnetic, and recently, hadronic calorimetry
have received R&D effort within the calorimetry consortium. From this grew the
Tungsten-Scintillating Fiber (W-SciFi) calorimeter, scintillating fibers embedded in
a W-powder composite absorber. In parallel, novel scintillating glasses (SciGlass)
have been developed with unprecedented quality as cost-effective alternative to
expensive lead-tungstate (PbWO4) crystals. The particle identification consortium
is pursuing various technologies, such as Direct-Internally Reflected Cherenkov
light (DIRC) detectors, modular and Dual Ring-Imaging Cherenkov (RICH) detec-
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tors, with Fresnel lens focalization in the former and with gas and aerogel radiators
in the latter. New coating materials like nano-diamonds to replace Cesium-lodide
(CsI) for RICH photo sensors are also under investigation. Time-of-Flight detec-
tors, as well as Roman Pots for forward proton detection, require highly segmented
AC-coupled Low-Gas Avalanche Detector (AC-LGAD) sensors whose develop-
ment has just started to get support from the program. Besides hardware R&D the
program has supported various vital projects such as machine background studies
and simulation software developments to enable more accurate definition of the
physics” requirements. Sartre and Beagle are two examples of Monte-Carlo event
generators whose development was substantially boosted by the program. Both
were extensively used in the context of this report.

In general, due to this longstanding generic EIC-related detector R&D program,
and further support from Laboratory Directed Research & Development (LDRD)
Programs within the US national laboratories, and many university groups both
inside and outside the US, the detector technologies to implement a successful
comprehensive Day-One EIC Science program exist. For this reason the EIC User
Group can continue to consider various technologies for many of the different de-
tector functions to implement, with an eye also to possible detector complemen-
tarity for a second detector. The EIC also benefitted substantially from synergetic
R&D conducted for many high-energy and nuclear physics experiments, not only
at BNL and TJNAE, but also for experiments such as ALICE and LHCb at CERN,
PANDA at GSI and BELLE-II at KEK.

On the other hand, further opportunities do remain. These are driven both by
pursuing alternative detector technologies for a complementary second fully inte-
grated EIC detector and Interaction Region, and to prepare for future cost-effective
detector upgrades to enhance capabilities addressing new nuclear physics oppor-
tunities. Furthermore, the EIC will be a multi-decade nuclear physics facility after
its construction is completed and will in this period likely require further detector
upgrades driven by its science findings. It is expected that further physics op-
portunities enabled by new detector capabilities will already arise during the EIC
design and construction phase.

Nuclear physics detection techniques typically need to cover a large range in en-
ergies. They can range from the MeV scale of nuclear binding energies and 100
MeV /c momentum scale below the Fermi momentum to isolate nuclear processes,
all the way to the multiple tens of GeV scales to pinpoint the elementary sub-
atomic quark-gluon processes and quark flavors. Due to this, nuclear physics
drives detector technologies with often different demands than those in high-
energy and particle physics. Examples are (i) particle identification techniques and
their cost-effectiveness in readout (RICH, DIRC, ultra high-precision TOF, electro-
magnetic and hadronic calorimetry), (ii) those driving detector material minimiza-
tion to detect the lowest-momentum particles (inner tracking solutions, gaseous-
based radial TPCs), (iii) those pushing for specific material radiation tolerances
(electro-magnetic rather than hadronic, high-power target areas, and low-energy
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nuclear fragments), and (iv) those related to spin or polarization (beam, targets,
polarimetry).

Further opportunities for detector technology within these overarching nuclear
physics areas exist in the EIC design, construction, and science operations era.
These can best be considered in detector functionality areas such as particle iden-
tification, calorimetry, tracking, and readout electronics, to address how one can
enhance the performance of the EIC detector(s) with target R&D projects in a year
or more.

Examples of such detector opportunities include, but are not limited to, the follow-
ing: material minimization in a possible all-Silicon tracker, particle identification
reach at mid rapidity and at higher momenta, cost-effectiveness of readout of par-
ticle identification detectors by improvements to Silicon Photomultipliers (SiPMs)
or to Large-Area Picosecond Photo-detectors (LAPPDs). Furthermore, improve-
ment of the achievable hadronic calorimetry resolutions, large-scale production
and low-energy photon detection efficiency of possible glass-based electromag-
netic calorimetry, new Application-Specific Integrated Circuit (ASIC) and front-
end readout board needs required for streaming readout modes, or improved spa-
tial and/or timing resolution of Zero-Degree Calorimeters driven by the imaging
and diffractive science programs. It is crucial that some of this research for en-
hanced detector functionality continues and is recognized as driven by Nuclear
Physics needs.

In parallel with these detector opportunities, unique opportunities exist to directly
integrate modern computing and data analysis methods in the experiment. Ef-
forts are underway to develop methods and production systems to establish a
quasi-instantaneous high-level nuclear physics analysis based on modern statis-
tical methods. This requires a self-calibrated matrix of detector raw data synchro-
nized to a reference time and would remove intermediate data storage require-
ments. This takes direct advantage of advances in micro-electronics and comput-
ing, and of artificial intelligence (AI) methods.

Micro-electronics and computing technologies have made order-of-magnitude ad-
vances in the last decades. Combined with modern statistical methods, it is now
possible to analyze scientific data to rapidly expose correlations of data patterns
and compare with advanced theoretical expectations. While many existing nu-
clear physics and high-energy physics experiments are taking advantage of these
developments by upgrading their existing triggered data acquisition to a stream-
ing readout model (where detectors are read out continuously), these experiments
do not have the opportunity of integrated systems from data acquisition through
analysis, such as the EIC has. Hence, we aim to remove the separation of data
readout and analysis altogether, taking advantage of modern electronics, comput-
ing and analysis techniques in order to build the next generation computing model
that will be essential for probing the femto-scale science accessible at the EIC.

An integrated whole-experiment approach to detector readout and analysis to-
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wards scientific output will take advantage of multiple existing and emerging tech-
nologies. Amongst these are: streaming readout, continuous data quality control
and calibration, task-based high performance local computing, distributed bulk
data processing at supercomputer centers, modern statistical methods that can de-
tect differences among groups of data or associations among variables even under
very small departures from normality, and systematic use of artificial intelligence
(AI) methods at various stages.

To further elaborate on the latter, Al is becoming ubiquitous in all disciplines of
Nuclear Physics. EIC could be one of the first large-scale collider-based programs
where Al is systematically employed from the start. Al already plays an impor-
tant role in existing experiments such as LHCb at CERN, where machine learning
algorithms make already the majority of the near-real-time decisions what physics
data should be written or proceed to a higher level analysis.

Supported by the modern electronics able to continuously convert the analog de-
tector signals, streaming readout can further the convergence of online and offline
analysis: here the incorporation of high-level Al algorithms in the analysis pipeline
can lead to better data quality control during data taking and shorter analysis cy-
cles. Indeed, Al could foster in the next years significant advances in the crucial
area of fast calibration/alignment of detectors, greatly facilitating a data streaming
readout approach.

For charged-particle tracking, where in nuclear physics experiments typically most
of the computing cycles are spent in propagating the particles through inhomoge-
neous magnetic fields and material maps, Al can contribute to determine the opti-
mal initial track parameters allowing to decrease the number of iterations needed.
For particle identification, crucial for Nuclear Physics experiments, has recently
seen a large growth of applications.

Al at the EIC is expected to play a role in high-level physics analysis such
as searches for rare signatures which necessitates advanced techniques making
strong use of machine learning to filter out events, the utilization of jets to em-
power taggers for boosted jets and quark flavors within the jets, and in the aid for
construction of higher-level Wigner distributions from sparse and missing data.
With the EIC detector design ongoing and opportunities for two detectors at the
EIC, Al can be gainfully used for the design optimization process of the large and
complex EIC detector systems that are based on computationally intensive simu-
lations, for the optimization of the individual detector systems, and even the opti-
mization of materials used within detectors for improved performance.
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Chapter 5

Introduction to Volume 11

For more than a decade, the physics community studying quantum chromody-
namics (QCD) has gathered to come up with the next experimental facility that
can answer the outstanding questions about the inner structure of matter. A con-
sensus developed towards the need of a machine that can explore hadrons using
an electromagnetic probe at high center-of-mass energies and high luminosity: an
Electron-Ion Collider (EIC). Over the years, tremendous efforts have been devoted
to making the physics case strong and defining the characteristics of such a col-
lider. Important capabilities such as polarized beams, high luminosity, flexible
center-of-mass energy, large variety of beam species are all essential for the suc-
cess of the project. The physics case has been developed by the community in a
White Paper [2] outlining the fundamental questions that an EIC would address.
Crucial questions that could be addressed at an EIC include the origin of the mass
of atomic nuclei, the origin of the spin of protons and neutrons, how gluons hold
hadrons and nuclei together, and whether new emergent forms of matter made of
gluons densely packed in phase space exist.

Another major milestone was the recommendation in the US 2015 Long Range Plan
for Nuclear Science of a high-energy high-luminosity polarized EIC as the highest
priority for new facility construction. Since then, the interest in the community
has continued to grow. An assessment of a US-based electron-ion collider science
program was carried out by the National Academy of Sciences, Engineering, and
Medicine (NAS) in 2017, with a report produced in 2018 [1] and findings which
concluded that its physics case is “compelling, fundamental, and timely”.

The NAS committee added that along with advancing nuclear science, an EIC
would also benefit other areas such as astrophysics, particle physics, accelerator
physics, and theoretical and computational modeling. It would also play a valu-
able role in sustaining the U.S. nuclear physics workforce in the coming decades,
incorporating new developments, including those in adjacent research domains.
Moreover, it would have a significant role in advancing more broadly the tech-
nologies that would as a result of the research and development undertaken in the
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implementation and construction of an EIC in the U.S. The report emphasizes that
an EIC is the only high-energy collider being planned for construction in the U.S.
currently, and building such a facility would maintain U.S. leadership in accelera-
tor collider science while benefiting the physical sciences.

Following the extremely positive assessment by the NAS, the US Department of
Energy officially started the EIC project by establishing its CD-0 (mission need) in
December 2019. In parallel to the DOE-driven activities, and in order to prepare the
EIC construction, the physics community, organized around the EIC Users Group,
started an initiative to define the detector requirements needed to deliver the sci-
ence spelled out in the EIC White Paper and new topics highlighted in the NAS
report and other publications. The goal is to advance the state and detail of the
documented physics studies and detector concepts in preparation for the realiza-
tion of the EIC. The effort aims to provide the basis for further development of
concepts for experimental equipment best suited for science needs towards future
Technical Design Reports (TDRs). These efforts were carried out during the year
2020 and are summarized in this “Yellow Report”.

Since 1955, the CERN Yellow Reports series provides a medium for communicat-
ing CERN-related work where publication in a journal is not appropriate. Reports
include material having a large impact on the future of CERN, as well as reports
on new activities which do not yet have a natural platform. The series includes re-
ports on detectors and technical papers, the criteria being that the audience should
be large and the duration of interest long. The term Yellow Reports is now used
frequently for documents with similar purpose in various physics communities
unrelated to CERN.

To advance both the physics case and the detector concepts in preparation for the
EIC, the EIC Yellow Report effort was initiated in December 2019 with a kick-off
meeting hosted by the MIT. A total of 4 dedicated workshops, with an interme-
diate report to the community at the EIC Users Group meeting, were part of the
program:

¢ 1st Workshop: March 19-21, 2020, Temple University, Philadelphia, PA

2nd Workshop: May 22-24, 2020, University of Pavia, Pavia, Italy

Status reports at Summer EICUG Meeting: August 3-7, 2020, FIU, Miami, FL

3rd Workshop: September 17-19, 2020, CUA, Washington, DC

4th Workshop: November 19-21, 2020, UC Berkeley, Berkeley, CA

All workshops and meetings and the entire effort were open to the participation
of anyone in the community. The Yellow Report initiative was thus set to establish
a medium for broad community engagement, further the physics case, provide
input to detector requirements, bring forward best available and emerging detector
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technologies and concepts, and document the progress towards EIC realization.
This Yellow Report represents the current state of affairs and is intended to be used
by the scientific community as the basis for further studies and developments. It
is hoped that this intellectual investment into the future of the EIC will then guide
the design and development of the actual EIC detectors.

The physics case and physics-driven detector requirement studies were organized
within the Physics Working group. In parallel, detector R&D efforts and detector
technology choices were worked on within the Detector Working group. This Vol-
ume summarizes the Physics Working group efforts. It addresses the progress to-
wards the main goal: carrying out a quantitative analysis of planned physics mea-
surements for topics highlighted in the White Paper and for physics topics devel-
oped more recently, and documenting emerging implications for detector design.
To focus and further organize this effort, the Physics Working Group was divided
into smaller subgroups, organized by physics processes, which provides a natu-
ral pathway for assessing detector requirements. These subgroups are: Inclusive
Reactions, Semi-inclusive Reactions, Jets and Heavy Quarks, Exclusive Reactions,
Diffractive Reactions & Tagging.

The working groups were in charge of defining and studying the physics processes
that fall into the particular categories. Through simulations, and by drawing from
theoretical studies, the goal was to specify the requirements for the detector which
would ensure that the physics outlined in the White Paper and the NAS report
could be performed successfully. The working groups also addressed additional
aspects that have gained broader attention after the publication of the White Paper
and the NAS report.

The physics studies that led to these detector requirements and novel physics
ideas, as well as proposed measurements that may not yet provide input for the
detector R&D are documented in Chapter 7.The summary of the detector require-
ments delivered by each of the Physics subgroups is documented in the corre-
sponding section of Chapter 8.



Chapter 6

The EIC Physics Case

The physics case for the EIC has been presented in detail in previous documents
such as the EIC White Paper [2] and the Report of the NAS [1]. Those documents
spelled out a number of key questions, which the EIC would be able to answer —
see also the Executive Summary of this Yellow Report. Questions that have been
highlighted in the NAS Report are:

e How does the mass of the nucleon arise?
¢ How does the spin of the nucleon arise?

* What are the emergent properties of dense systems of gluons?

Beyond these questions, the EIC science case is, of course, ever evolving, and the
following Chap. 7 presents the current state of affairs. In that chapter the various
topics are grouped according to four major themes:

¢ Global properties and parton structure of hadrons
¢ Multi-dimensional imaging of nucleons, nuclei and mesons
¢ The nucleus: a laboratory for QCD

¢ Understanding hadronization
Following this structure, we here give brief introductions and overviews for sev-
eral key physics topics. More details are given in the White Paper [2] and the NAS

Report [1]. Further discussion as well as all the results of impact studies can be
found in the various sections in Chap. 7.
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Figure 6.1: The x-Q? coverage of the EIC for two different center-of-mass energies, in com-
parison with polarized ep experiments at CERN, DESY, Jefferson Lab and SLAC, as well as
pp experiments at RHIC.

1. Global properties and parton structure of hadrons

EIC measurements will reveal the quark and gluon structure of hadrons at the next
level. This, in particular, applies to global properties of the nucleon such as its spin
and mass, that is, how those properties can be understood in terms of contributions
from the partons.

Nucleon spin: The spin and the mass are among the most important quantities
characterizing any hadron. Getting a deeper understanding of those quantities in
QCD is a key mission of the EIC. Starting with the spin, we recall that the spin of
the nucleon can be decomposed according to [4]

%: %AZ(W +AG(p) + Ly(p) + Lg(p) (6.1)

into contributions from the quark plus antiquark (gluon) spin A% (AG), as well
as quark (gluon) orbital angular momenta L, (Lg). Each term of this decomposi-
tion depends on the renormalization scale p, where the scale dependence drops
out upon summing over all contributions. For quite some time it was generally
believed that the AX. term is largely responsible for making up the nucleon spin. It
came therefore as a big surprise when in the late 1980s the EMC Collaboration re-
ported a value for %AZ which is only a small fraction of the nucleon spin [31]. This
“nucleon spin crisis” initiated a large number of further experimental and theo-
retical activities. Presently available results suggest that about 25% of the nucleon
spin is carried by the spins of the quarks and antiquarks [32]. Mainly due to the
RHIC spin program, we now also have clear evidence for a nonzero AG [5]. How-
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ever, the values of AX and, in particular, AG still have very large uncertainties. The
main reason for this situation lies in the fact that, in order to determine the parton
spin contributions in Eq. (6.1), one in principle needs to know the corresponding
helicity parton distributions (PDFs) for any parton momentum fraction x, since
their integral defines 1AY. and AG. But the helicity distributions are presently only
known for x 2 0.01 with good precision. Through measurements of polarized
DIS, the EIC will provide unprecedented detail of the parton helicity distributions
down to x ~ 10~* — see Fig. 6.1. This will not only result in a much better under-
standing of both AX and AG, but also further constrain the sum L; + L in Eq. (6.1)
— we refer to Sec. 7.1.2 for more details. The EIC may be able to also provide, for
the first time, direct information on the parton orbital angular momenta through
partonic Wigner functions, as discussed below in Sec. 7.2.4.

Nucleon mass: As with the spin of the nucleon, it is of fundamental importance to
understand how the nucleon mass can be decomposed in QCD into contributions
from the partons. The mass of an atom is almost exactly equal to the sum of the
masses of its constituents, that is, the nucleus and the electrons. Likewise, the
mass of an atomic nucleus is approximately given by the mass of the nucleons
which make up the nucleus. On the other hand, the nucleon mass cannot even
be computed roughly by adding the masses of its constituents, which have their
origin in the Higgs mechanism. For instance, the sum of the masses of the valence
quarks is just about 1% of the nucleon mass. While in a full QCD analysis, the
quark mass contribution to the nucleon mass is larger, studies show that the Higgs
mechanism can only explain a small fraction of the nucleon mass. The bulk can be
attributed to contributions from quark and gluon (kinetic and potential) energies.
Section 7.1.4 contains more details about the mass sum rule(s) of the nucleon.
That section also elaborates on how the EIC could significantly deepen our
understanding of the nucleon mass in QCD by means of quarkonium production
close to the production threshold.

2. Multi-dimensional imaging of nucleons, nuclei and mesons

Measurements of semi-inclusive and exclusive processes at the EIC will provide
invaluable information about the multi-dimensional quark and gluon structure of
nucleons, nuclei and even light mesons.

Imaging in position space — form factors and generalized parton distributions:
The electromagnetic form factors are fundamental quantities containing informa-
tion about the structure of strongly interacting systems. They can be measured
through elastic electron scattering, and they depend on the (squared) momentum
transfer to the target, t = —Q?. For the spin-} nucleon two such form factors exist
— the Dirac form factor F; and the Pauli form factor F,. Alternatively, one often
considers the electric and magnetic form factors Gr and Gy, which are linear com-
binations of F; and F,. For a heavy target, the Fourier transforms of Gg and Gy
can be interpreted as the 3D distributions of charge and magnetization, respec-
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Figure 6.2: The kinematic coverage of the EIC for the DVCS process compared to other
DVCS experiments.

tively. But for the nucleon, and especially for the even lighter pions or kaons, such
3D distributions have no clean interpretation due to relativistic corrections. (Some
recent developments concerning 3D distributions can be found in Ref. [33]). This
problem does not arise for 2D distributions with the two dimensions being perpen-
dicular to the (average) momentum of the incoming and outgoing nucleons [34].
For instance, the 2D electric charge distribution of the nucleon is given by the Dirac
form factor through

42 -
p(br) = /(2—%7"25(@2 = A2) e ibT b (6.2)

where At denotes the total transverse momentum transfer to the target and br
the transverse position (impact parameter). Section 7.2.1 outlines the prospects
for measuring electromagnetic form factors of the proton, the deuteron and light
mesons. The 2D charge distribution in Eq. (6.2) is related to the momentum-
fraction-dependent (x-dependent) impact parameter distributions for individual
quarks g(x, br) according to

p(br) = Zeq/dxq(x, br), (6.3)
q

where e, is the quark charge in units of the elementary charge. The g(x, br), and
related quark (and gluon) distributions that exist due to the polarization degree of
freedom of the nucleon and/or the partons, are the key quantities for the position-
space imaging of hadrons. It is very interesting that the g(x, br) can be measured
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inclusive DIS compared to other experiments for two exemplary energy configurations.

because of their relation to generalized parton distributions (GPDs) H, [35],

dZA A
q(x,br) = /ﬁ Hy(x,§ = 0,A%) e /477, (6.4)

with ¢ indicating the longitudinal momentum transfer to the target. GPDs, which
generalize the concept of ordinary PDFs [17], appear in the QCD description of
hard exclusive processes like deep-virtual Compton scattering (DVCS) and meson
production [18,21]. The kinematic coverage of the EIC for the DVCS process is
shown in Fig. 6.2. The information encoded in GPDs is extraordinarily rich as they
also allow for studies of the orbital angular momentum of partons, as well as the
distribution of pressure and shear forces inside a hadron. A more thorough discus-
sion of GPDs and how the EIC will advance this crucial area of multi-dimensional
imaging of hadrons can be found in Sec. 7.2.2. Imaging of the spatial distribu-
tions of quarks and gluons in nuclei is addressed in Sec. 7.3.2 via diffraction and in
Sec. 7.3.9 via coherent and incoherent vector meson production.

Imaging in momentum space — transverse momentum dependent parton dis-
tributions: Ordinary PDFs provide a 1D image of hadrons in momentum space.
Put differently, via PDFs we learn about the longitudinal motion of partons in a
fast-moving hadron, that is, about their momentum distributions along the direc-
tion singled out by the hard momentum flow in the process. However, the partons
also have a nonzero transverse momentum relative to that direction. One can
therefore define transverse momentum dependent parton distributions (TMDs),
where for an unpolarized target and unpolarized quark typically the notation

q(x,kr) = f{(x,kr) is used, with kr indicating the transverse quark momentum.
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A total of 8 leading-twist quark TMDs [13, 36] (and the same number of gluon
TMDs [37,38]) can be identified for a spin-+ hadron. TMDs provide 3D images of
hadrons in momentum space and as such they are complementary to GPDs. In
inclusive DIS, the information about the transverse parton motion is integrated
out, and hence other reactions must be considered to address TMDs. A flagship
process for measuring TMDs is semi-inclusive DIS where at least one hadron is
detected, in addition to the scattered lepton. In Fig. 6.3 the kinematic coverage of
the EIC is displayed for two very important TMD observables in semi-inclusive
DIS, the Sivers effect [14] and the Collins effect [39]. It must be stressed that TMDs
can also be studied via different final states in electron-nucleon collisions with
di-hadrons or jets and, for instance, in reactions that are not lepton-induced such
as the Drell-Yan process. The fact that TMDs can be measured via a large number
of reactions adds to their significance. Like in the case of position space imaging,
the EIC will tremendously enhance our knowledge about the momentum space
image of the nucleon as discussed in much more detail in Sec. 7.2.3.

3. The nucleus: a laboratory for QCD

The EIC will be the world’s first dedicated electron-nucleus e+A collider and it will
address a broad program of fundamental physics with light and heavy nuclei.

Physics of non-linear color fields and gluon saturation: Due to the rapid rise with
energy of the gluon density in hadrons, gluons play a key role in our understand-
ing of DIS and hadronic collisions at high energies. Gluons are responsible for
much of the particle production in such collisions, as well as for the rise of total
cross sections, related to the saturation of scattering amplitudes with energy as the
unitarity limit is approached. This is a fundamental limit of nature on the maximal
strength of color fields in hadrons and nuclei. In particular, the scrutiny of non-
linear gluon dynamics will improve our insight into the strong interaction rather
profoundly, and help us to more deeply understand this fundamental pillar of the
standard model.

DIS experiments on heavy nuclei at high energies are ideally suited for the study of
nonlinear gluon dynamics. The projectile interacts coherently with a large number
of stacked nucleons. This probes very strong color fields at high energy, which is
expected to lead to the phenomenon of gluon saturation, described by an effective
theory known as the Color Glass Condensate (CGC) [24]. In particular, the squared
transverse momentum (or inverse distance) scale where QCD becomes nonlinear
is expected to grow in proportion to the average thickness of the target nucleus,
and as a power A = 0.2 — 0.3 of energy [40—42]:

A1/3

QZ ~ (6.5)

xA

Here, x denotes the momentum fraction of gluons in the target which is probed in
a particular process; it is inversely proportional to the energy.
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Figure 6.4: The kinematic coverage of the EIC for DIS on nuclei compared to that of previous
experiments. The expected “saturation scale” Q?(x) for non-linear gluon dynamics in a large
nucleus is indicated by a red line [40-42].

One of the main goals of the physics program to be pursued at the EIC is to obtain
clear evidence for nonlinear QCD dynamics at a perturbative scale, Qs > 1 GeV,
from the energy dependence of DIS cross-sections, structure functions, and other
observables. This is predicted by the theory in the form of nonlinear evolution
equations. Discovery of saturation requires unambiguous experimental evidence
for these specific nonlinear equations. While various features of the data from
proton-nucleus and heavy-ion collisions at RHIC and the LHC are consistent with
perturbative gluon saturation, there is nevertheless no consensus in the field in
favor of them providing unambiguous evidence for nonlinear effects in the weak-
coupling regime. The EIC is expected to deliver a clean, direct measurement and
characterization of the gluon density in protons and nuclei, and how it depends
on energy and thickness of the target. The high-energy aspects of DIS on nuclei
have been presented more extensively in the White Paper [2], and are addressed in
Secs.7.3.1and 7.3.2.

Nuclear PDFs: Nuclear parton distribution functions (nPDF) describe the behavior
of bound partons in the nucleus. Like their free-proton counterparts, nPDFs are as-
sumed to be universal and are essential tools for understanding experimental data
from collider experiments. To date, there is no compelling evidence for violation
of the QCD factorization theorem [43] or violation of universality. Thus, precise
knowledge of PDFs in general, and nPDF in particular, becomes most relevant for
advancing our understanding of strong interactions in a nuclear medium and for
interpreting results from collider experiments. Moreover, nPDFs provide an essen-
tial foundation for understanding the hot Quark-Gluon Plasma (QGP) medium
produced in heavy-ion collisions at RHIC and the LHC, particularly for experi-
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Figure 6.5: Typical nuclear effects seen in the DIS measurements. The figure is from [48].

mental measurements initiated by early-state hard scatterings. Proper characteri-
zation of the QGP dynamics also relies on adequate separation of initial and final
state effects, the former encoded in the corresponding nPDFs. Deep-inelastic neu-
trino scattering experiments with nuclear targets are also in critical need of precise
nPDFs, which in turn impact the global analysis of proton PDFs.

Experimentally, differences between PDF and nPDF have been firmly established
by the deep-inelastic lepton-nucleus scattering data. The observed significant nu-
clear effects have ruled out a naive model of a nucleus as a superposition of quasi-
free nucleons, and forced us to factor in modifications due to the nuclear environ-
ment. These nuclear modifications are commonly described as shadowing, anti-
shadowing, and the EMC effect [44—47]. They are usually quantified in terms of
the ratio to the free-nucleon PDFs, with R < 1 indicating a suppression of the prob-
ability distribution compared to the free proton reference, and R > 1 an enhance-
ment. The approximate domains for these experimentally observed modifications,
illustrated in Fig. 6.5, are as follows: the shadowing regime (R < 1) is promi-
nent in the x < 0.1 region; the anti-shadowing (R > 1) effect is present between
0.1 < x < 0.3, and the EMC effect refers to the slope of R in the valence-quark
dominated regime 0.3 < x < 0.7. At higher x there are effects due to Fermi motion
in a nucleus.

Understanding how parton dynamics is modified in the nuclear medium, and the
exact nature of the mechanisms that generate shadowing, anti-shadowing, and
the EMC effects is a field actively pursued in both theory and experiment. It is
commonly accepted that different physics processes contribute to different regions
in x; however, there is no consensus on the exact nature of these contributions. The
dependencies on nuclear size, impact parameter, and x for these nuclear effects
have not been derived from first-principles calculations but are instead inferred
from fits to the existing experimental data. However, in contrast to the free-proton
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PDFs, the determination of nPDFs is severely limited by the kinematic coverage
and the available precision of the data. The realization of the EIC with its intended
versatility regarding available ion beam species and afforded phase space coverage
will profoundly impact nPDF determination. Recent nPDF-related developments
are discussed in sec. 7.3.3.

Particle propagation through matter and transport properties of nuclei: In paral-
lel with the qualitatively new constraints on nPDEF, the EIC physics program will
allow new advances in the related but intrinsically different modifications induced
by cold nuclear matter — the energy loss of partons traversing the QCD medium.
The energy loss is expected in both hot (QGP) and cold QCD matter through gluon
radiation and collisional scattering losses. The quantitative assessments of the re-
lated processes in both types of media are central to relativistic heavy ion colli-
sions and the field of nuclear physics in general. Cold nuclear matter has spe-
cific scales for gluon radiation that are different from the QGP medium. Specif-
ically, the (partially coherent) Landau-Pomeranchuk-Migdal (LPM) regime, with
gluon formation times of the order of the length of the medium, and a fully coher-
ent (or factorization) regime, dominating for significantly longer time frames [49].
While the fully coherent part could be evaluated via quarkonic measurements in
hadronic collisions [50], the final-state energy loss in nuclei in the LPM regime will
be probed at the EIC most directly by hadron production measurements in semi-
inclusive deep inelastic scattering events.

The emerging EIC detector concepts suggest excellent capabilities for jet recon-
struction and jet studies; relying on jets for extracting cold nuclear matter transport
properties gives significant advantages over inclusive and semi-inclusive hadron
measurements, as it allows to effectively reduce the role of nPDF modifications
(with respect to the free-nucleon PDF) and enhances the effects due to final state
interactions. Medium-induced radiation resulting in broadening of the transverse
profile of jet showers will be a discerning measurement for quantifying the final
state gluon radiation and its angular dependence with the EIC data. Details of
related studies are presented in Sec. 7.3.4.

4. Understanding hadronization

Intimately related to the prominent question of confinement is the one of hadron
formation. How do the degrees of freedom of QCD, quarks and gluons, relate to
the hadronic degrees of freedom we observe in nature? The EIC will not only ad-
dress the many outstanding questions about hadron structure but also will hugely
advance our understanding of hadron formation.

Parton fragmentation: The theoretical description of hadron formation usually
involves factorization theorems where part of the production cross section can be
calculated perturbatively, while the non-perturbative nature of hadronization is
encoded in the so-called fragmentation function (FF). FFs describe how a parton
transforms into the color-neutral hadrons that we observe.
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The unprecedented luminosity of the EIC will have a strong impact on the mea-
surements of fragmentation functions for light mesons. Furthermore, it will be
possible to study the dependence of the hadronization process on polarization de-
grees of freedom via, for example, fragmentation into polarized A hyperons. Much
richer information yet can be obtained by measuring di-hadron FFs that appear in
the description of semi-inclusive processes with two identified hadrons in the final
state. A partial-wave decomposition of polarized and unpolarized di-hadron FFs
could be performed in order to obtain deeper insight into hadronization mecha-
nisms.

Thanks to the availability of different beam species, the EIC will also be able to ad-
dress hadronization in the nuclear medium. It is expected to provide the cleanest
understanding yet from QCD of the energy loss of energetic partons traversing a
nuclear medium, as measured via reconstructed leading jets.

Processes Inclusiv Semi-Tnclusiv Jets, Exclusiv Diffractive,
Topics nelustve cmi-nclusive Heavy Quarks xelustve Forward Tagging
Global properties . . = incl. diffraction,
& parton structure incl. SF h, hh Jet, Q excl. QQ tagged DIS on D/He
- . jet, di-jet, DVCS,
Mult;i:ﬁﬁzlonal h jet-HL, DVMP,
oo Q, QQ |elast. scattering
fot. di-iet coh. VM, diffr. SF, incoh. VM,
Nucleus incl. SF h, hh J Q, QJG i di-jet, h, hh, di-jet, h, hh,
’ D/He FF nucl. fragments
L h, hh, ) —
Hadronization jet-+h jet, Q, QQ
. . + R
Other fields incl. SI;tX&:lth e, charg;d curr. DIS, 0'3125“ Usfr
YA ~YA—hX

Table 6.1: Relationship between the EIC science topics (rows) and the categories of mea-
surements (columns). Measurements already discussed in the White Paper [2] or the NAS
Report [1] are highlighted in red. Various additional measurements and physics ideas that
have emerged since are also included in this table, but the table is not meant to be exhaus-
tive. ”Other fields” refers to neutrino, cosmic-ray and high-energy physics. The acronym
"SF” refers to structure function, “FF” to form factor, “h” to identified hadrons, Q to heavy
quarks; QQ to heavy-quark bound states (quarkonium), and “VM” to vector mesons.

Jets and their substructure: Jet substructure will be an important tool at the EIC
to deeply scrutinize the process of hadronization. In particular, jet substructure
offers the opportunity to study both the process of fragmentation, or parton radia-
tion patterns, and hadronization, or the formation of the parton shower into bound
state hadrons. Hadrons-in-jets will be used to study a variety of (un)polarized
transverse-momentum-dependent fragmentation functions. Furthermore, heavy
flavor-tagged jet substructure will also constitute an essential probe for parton
propagation through a nuclear medium and could be sensitive to both fragmenta-
tion and hadronization modifications. The relatively low transverse momenta of
reconstructed jets will enhance the role of the heavy quark mass in measurements
of jet splitting functions.

Production mechanism for quarkonia: Studying the formation of heavy quark-
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antiquark bounds states will provide unique insight into hadronization. Due to
the large mass of the quarks, their production involves both perturbative and non-
perturbative processes. Quarkonium production will be studied in e + p collisions,
and also in e+A collisions, where quarkonia hadronize inside the nucleus.

Most of the above topics have been identified in the past as pillars of the EIC sci-
ence program. However, this YR also addresses a number of recent topics which
had not been covered in depth or even at all in the EIC White Paper [2] or the
NAS Report [1]. These include the partonic structure of mesons in Sec. 7.1.3,
multi-parton correlations in Sec. 7.1.5, jet-based TMD measurements in Sec. 7.2.3,
partonic Wigner functions in Sec. 7.2.4, particle propagation through matter and
transport properties of nuclei in Sec. 7.3.4, flavor-tagged jets and jet substructure
in Sec. 7.3.6, short range correlations and the origin of the nuclear force in Sec.7.3.7,
the structure of light (polarized) nuclei in Sec. 7.3.8, as well as hadronization and
spectroscopy of exotic states in Sec. 7.4. These exciting, timely topics further
broaden the rich physics program to be pursued at the EIC. Brief introductions
to those topics are found at the beginning of each of Secs. 7.1 — 7.4, while a more
comprehensive account is left for the relevant subsections in Chap. 7.

The program pursued at the EIC is firmly focused on QCD in deeply-inelastic scat-
tering, but it also connects to other fields. Specific aspects of electroweak and be-
yond the Standard Model physics, neutrino, cosmic-ray & astroparticle physics,
the physics of proton-proton, proton-nucleus and nucleus-nucleus collisions stud-
ied at RHIC and the LHC, the physics of nuclear structure and of exotic nuclei and
the general planning in the HEP community which can benefit from the insights
provided by the EIC are outlined in Sec. 7.5.

Finally, Sec. 7.6 describes theory efforts tied to EIC science. They include lattice
QCD which is the key tool for obtaining first-principles, non-perturbative results
from the quantum field theory of the strong interactions. Also added is a discus-
sion of QED radiative corrections in electron scattering from a nucleon or nucleus.
A solid understanding of such corrections will be mandatory for obtaining the
main information of interest from the EIC data.

At the Yellow Report kick-off meeting [51] it was discussed in detail how to best
assess the detector requirements needed to carry out this broad and ambitious
physics program. It was decided that it would be most suitable to form into work-
ing groups that would study similar processes, since those would generally lead
to similar detector requirements, independent of the physics topic addressed. The
various physics measurements were grouped into the following categories which
then also determined the structure of the physics working groups:

¢ Inclusive reactions
¢ Semi-inclusive reactions

¢ Jets and heavy quarks
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e Exclusive reactions

¢ Diffractive reactions and forward tagging

Table 6.1 illustrates how the different categories of measurements above can ad-
dress the different physics topics of the EIC. Chapter 8 describes the detector
requirements from each of the categories of processes, based on the studies per-
formed by the five physics working groups.



Chapter 7

EIC Measurements and Studies

7.1 Global Properties and Parton Structure of Hadrons

The EIC will significantly enhance our knowledge of the parton structure of
hadrons. This includes, in particular, the questions about how the global proper-
ties nucleon spin and nucleon mass which are discussed in detail in Sec. 7.1.2 and
Sec. 7.1.4, respectively, can be understood in terms of contributions from quarks
and gluons. An introduction to these topics can be found in Chapter. 6, while in
the following a very brief overview of the other topics in this section is given.

Since the pioneering DIS experiments at SLAC in the late 1960s [52,53] it has been
known that the nucleon has a partonic structure. The simplest quantities describ-
ing how the partons are distributed inside the nucleon are the (one-dimensional)
parton distribution functions (PDFs), which depend on the fraction x of the nu-
cleon’s momentum that is carried by the parton. The most prominent ones are the
twist-2 PDFs which have a density interpretation. For a spin—% hadron one can
define the three quark PDFs

i) =q(x),  &l(x)=aq(x), Ki(x), (7.1)

where f] denotes the unpolarized quark PDF, while gJ (1) denotes the helicity
(transversity) PDFE. In (7.1) the most commonly used notations for the unpolarized
and helicity PDFs are shown. Even though the unpolarized PDFs are rather well
known by now, the EIC can further this field as outlined in Sec. 7.1.1. The expected
significant EIC potential for pinning down the helicity PDFs will be discussed in
detail in Sec. 7.1.2, and prospects for the transversity distribution are presented in
Sec. 7.2 on multi-dimensional imaging; an important observable for measuring h;
involves three-dimensional parton distributions.

Measurements at the EIC can also address the structure of mesons. Specifically,
very detailed plans exist to explore pions, by far the lightest strongly interacting

52
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particles, as well as kaons. Since mesons are unstable, they cannot be probed di-
rectly in a DIS experiment. However, by considering suitable final states and kine-
matics in electron-proton scattering, one is able to largely single out lepton scat-
tering off the meson of interest. For instance, in order to explore DIS off a pion,
the detection of a neutron is needed, in addition to the scattered lepton. Studies
of light mesons are very interesting in their own right, but may also offer deeper
insights into the generation of hadron masses. This aspect serves as an important
driver behind those activities as explained in Sec. 7.1.3.

The inclusive DIS process not only contains information about densities of single
partons (twist-2 PDFs) but also about multi-parton correlations, which character-
ize the structure of hadrons at a new level. Specifically, the twist-3 structure func-
tion g7, which is accessible in polarized DIS, is related to quark-gluon-quark corre-
lations in the nucleon. Additional quark-gluon-quark correlations can be studied
in lepton-nucleon scattering by considering other final states beyond the fully in-
clusive one. It is timely to explore how the EIC can contribute to this important
field, which in the past has received very little attention in documents articulating
the EIC science case. In Sec. 7.1.5 the prospects in that regard are briefly discussed.

About 10% of the DIS events observed at HERA are (inclusive) diffractive, that is,
they show a large rapidity gap between the system X and the target proton (or a
low-mass excitation of the proton). Therefore diffraction became a major research
topic in the HERA community. Since the proton is detected, diffractive events in
DIS are characterized by additional kinematic variables beyond the standard vari-
ables x and Q2. The EIC holds promise to significantly extend our understanding
of inclusive diffraction. In particular, as discussed in Sec. 7.1.6, the kinematic range
that can be explored at the EIC shows a considerable complementarity relative to
the HERA measurements.

An important aspect of exploring QCD is the determination of the strong cou-
pling «; through precision measurements. Key observables in that regard are
event shapes which by now can be computed very reliably in perturbative QCD.
In Sec. 7.1.7 the prospects for using event-shape measurements at the EIC to pin
down a; are presented in detail.

7.1.1 Unpolarized parton structure of the proton and neutron
Inclusive neutral-current and charged-current DIS

Historically, our knowledge of unpolarized collinear parton distribution functions
(PDFs) has been driven by inclusive neutral-current (NC) and charged-current
(CC) deep-inelastic scattering (DIS) cross sections from protons and deuterons, to-
gether with high-energy scattering data from proton-antiproton collisions at the
Tevatron and more recent measurements from proton-proton collisions at the LHC.
A detailed description of the data sets entering PDF determinations can be found
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in Refs. [54-56]. The existing DIS data cover an impressive range in the outgoing
lepton kinematics with x down to 107> and Q? up to the order of 10* GeV2. While
there is a substantial kinematic overlap between the measurements at HERA and
those in fixed-target experiments, they are complementary in accessing the small-
x and large-x longitudinal hadron structure, respectively. On the other hand, the
EIC covers an overlapping kinematic range between HERA and the fixed-target
experiments, with an instantaneous luminosity potentially 3 orders of magnitude
larger than at HERA. The EIC, together with other facilities and, in particular, the
Jefferson Lab 12-GeV program, will allow for a new era in the exploration of the
nucleon structure in high definition.
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Figure 7.1: Simulated statistical and systematic uncertainties for electron-proton NC DIS at
\/s = 140.7GeV. The statistical uncertainties are calculated based on a two-dimensional
binning with 5 bins per decade for both Q2 and x. The determination of the displayed
systematic uncertainties is discussed in Sec. 8.1.6. (The systematic uncertainties correspond
to the “Conservative Scenario” discussed below.)

In Fig. 7.1 we present statistical and systematic uncertainties for the EIC NC cross
sections. While an integrated luminosity of 100 fb~! provides an impressively
small statistical uncertainty at small x, the overall uncertainties are estimated at
present to be limited by the systematic uncertainties. Details for the projected un-
certainties can be found in Sec. 8.1.

Fig. 7.2 shows the impact of the EIC NC DIS data on our current knowledge of the
differential cross sections computed with the NNPDF3.1 PDF set [57,58]. Using a

x>-based hypothesis test, we assess the EIC constraining power at the single-bin

level with £ = 100 fb~! of pseudodata and point-by-point systematic uncertain-
ties as described in Sec. 8.1 (left and central panels) and an additional optimized
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Figure 7.2: Z-score analysis for differential cross sections using different scenarios for sys-
tematic uncertainties: conservative, optimistic and 50% of optimistic (“super-optimistic”) as
described in Sec. 8.1. The Z-score uses the NNPDF3.1 proton PDFs [57] to compare the cross
sections generated from the central PDF replica (the null hypothesis) and non-central PDF
replicas (the alternative hypothesis).

scenario reduced by a factor 2 (right panel). The impact of the EIC pseudodata is
quantified in terms of a Z-score which measures the statistical separation in units
of the standard deviation o between two hypotheses of cross sections. The fig-
ure shows that more than 50 (Z-score > 5) average discrimination power between
cross sections generated from the central PDF replica and non-central PDF replicas
can be achieved across the entire EIC acceptance if the current projections for the
systematic uncertainties are reduced by a factor of 2. While the reduction of the
uncertainties might not be achievable at the EIC, the Z-score profile indicates the
need for designing detectors that maximize the purity and stability (see Figs. 8.19a
-8.19f) of the measurements in the phase space regions where the impacts are ex-
pected to be larger.

In order to illustrate the impact from different bins in the x-Q? plane of the EIC
data, we present in Fig. 7.3 (left) a parton-level analysis by focusing on the strange
sector through the ratio Ry = (s +5) /(i1 + d) using the Z-score technique. We select
the strange sector since it is one of the most difficult PDFs to be extracted from data
from inclusive NC and CC reactions (see recent developments in Refs. [59,60]) and
therefore places stronger constraints on detector capabilities. The analysis is car-
ried out using the NNPDF3.1 [57, 58] replicas and modifying the sea-quark PDFs
requiring R; = 0.5 and Ry = 1 in such a way that momentum conservation is not
violated. Using the optimistic scenario, the Z-scores show that the strange sector
can be discriminated up to 3¢ at low-x and low-Q?, and 2¢ in a narrow region of
high x and high Q?. The sensitivity for moderate x is found to be marginal.

A complementary analysis done in the framework of PDFSense [61-63] shown
in Fig. 7.3 (right) also illustrates a potential for modest sensitivity of the EIC e~
data to Rs. This can be inferred based on the share of individual pseudodata with
relatively larger values of the sensitivity parameter, |S¢[, which is defined and dis-
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cussed in Sec. III of Ref. [61]. The PDF-level impact of the EIC pseudodata can be
judged in this context against the typical values of |S¢| [61] for data fitted in the
CT18 global analysis [64].
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Figure 7.3: Left: Z-score analysis comparing the cross sections generated from PDF replicas
satisfying Ry = 0.5 (null hypothesis in blue) and R; = 1 (alternative hypothesis in red).
These two hypotheses are built by modifying the NNPDF3.1 s, 5, iI, d distributions in a way
to conserve the sum rules. Right: The sensitivity |S¢| of the EIC e~ pseudodata to the Rs
PDF ratio. Redder points indicate pseudodata with larger constraining power, as discussed
in Ref. [61].

Using the optimistic scenario for the systematic uncertainties, in Fig. 7.4 we exam-
ine the potential impact of EIC NC and CC with incident electron beam colliding
with proton and deuteron beams from a selection of PDF global analyzers (CJ [65],
CT [64], JAM [60, 66], NNPDF [57,59]) that have incorporated the EIC pseudo-

data within their fitting framework. For proton beams we use £ = 100 fb~! with
Vs = 28.6, 44.7, 63.3, 140.7 GeV for NC, and 140.7 GeV for CC. For deuteron

beams we use £ = 10fb~! and consider only NC at /s = 28.6, 66.3, 89.0 GeV. We
stress that the various analyses are carried out under different conditions of data
selection and PDF extraction methodologies. Focusing on the DIS data sets, all
groups use the bulk of the world DIS data from SLAC, BCDMS, NMC and HERA.
While CT and NNPDF place strong cuts on W (W? > 10 GeV?) which exclude the
region of very large x and low Q?, CJ and JAM use lower cuts (W? > 4GeV?)
allowing to include PDF constraints from JLab. In terms of methodologies, the
various groups have different approaches to carry out the Bayesian inference. CJ
and CT use maximum likelihood augmented by the Hessian approach to estimate
the confidence regions for the PDFs, while JAM and NNPDF utilize Monte Carlo
approaches to sample the posterior distribution of the parameter space of the asso-
ciated PDFs. In order to reduce the systematic effects stemming from the Bayesian
inference adopted by each group, in Fig. 7.4 we present relative uncertainties after
EIC normalized to pre-EIC relative uncertainties for a selection of parton flavors.
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The grey band built as an envelope from the various groups indicates the uncer-
tainty on the impact from the projected EIC data. The impact of the EIC can be
seen as the variations of the ratios away from unity, which occurs in most of the
regions to be explored at the EIC. Note that the ratios are not bound to be less than
one since the inclusion of new data can change the relative strength of the flavor
channels on the differential cross sections. However, the cross section uncertain-
ties propagated from PDF uncertainties do decrease as expected. The results show
that there is a potential strong impact on the valence sector where the uncertainties
can decrease up to 80% which should give new insights on the d/u ratio. On the
other hand, the sea sector is predominately modified in the small-x region as ex-
pected, with a decrease of uncertainties up to 50%. Overall we find that the current
detector setup, with systematic uncertainties as large as 2%, can induce significant
constraints on the unpolarized PDFs. Those constraints will also raise the accuracy
of information that can be obtained from the HL-LHC which includes studies of
the Higgs boson — see also the discussion in Sec. 7.5.4.
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Figure 7.4: Comparison of relative uncertainties for unpolarized PDFs xf(x) for different
partons, before and after the inclusion of EIC data, evaluated at Q? = 10 GeV?2. We include
the analysis of different collaborations, limited to e~ datasets.

Positron beam

While the EIC has the main focus on an incident electron beam, the possibility
of having a positron beam to measure NC and CC is a relevant complementarity
that boosts the exploration of the nucleon flavor structure. In particular, the dif-
ferent charge of the exchanged W boson is such that positron CC interactions are
capable of probing a unique combination of flavor currents inside the nucleon rel-
ative to the case of an electron beam. This potentially offers significant additional
constraints on the d-type PDFs, further constraining the d/u ratio. Beyond this,
positron beams may also allow for access to other effects, such as the breaking of
the strange-antistrange symmetry, (s = 5), or parton-level charge-symmetry vi-
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olation [67]. In Fig. 7.5 we present the impact of positron data on top of all the
electron data as ratios of the relative uncertainties. Furthermore, e*d scattering
can improve our understanding of nuclear effects for the simplest of all nuclei in a
region free of contamination from 1/Q? power corrections.
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Figure 7.5: PDF relative uncertainties after inclusion of NC and CC e* (p, d) data normalized
to the electron-data-only case.

Parity-violating DIS

The parity-violating asymmetry with (longitudinally) polarized leptons and un-
polarized hadrons, A%y, = Ay = (¢ —o¥)/(c" + o+), is a unique observable
accessible at the EIC, where the dominant proton structure function is given by a

unique flavor combination, F; P su+a+d+d+s+5+c+c). Figure 7.6
displays the impact of this observable including both proton and deuteron beams
with integrated luminosities of 100 fb~! and 10 fb~!, respectively, at the energies
Vs = 29,45,63 and 141 GeV for proton and /s = 29,66 and 89 GeV for deuteron.
The results show a strong impact on the strange-quark distribution x(s + 5), par-
ticularly at low values of x. We note that the inclusion of the EIC data guarantees
smaller uncertainties for the observable but not necessarily for all PDF flavors at
all values of x.

Tagged DIS

Tagged DIS (TDIS) data offer a way to probe the structure of a barely off-shell neu-
tron via semi-inclusive tagging of a slow spectator protonine+d — ¢ +p+ X
events. When these measurements are analyzed through the recently developed
on-shell extrapolation technique, they provide one with an effective, free neutron
DIS cross section [68,69]. Figure 7.7 shows the improvement in the PDF relative
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Figure 7.6: Left: A}, uncorrelated statistical and systematic percent errors for proton and
deuteron beams as a function of x. Note that there are multiple values of Q? for each value
of x. Right: Ratio of uncertainties on the PDFs as functions of x, including EIC data on the
parity-violating DIS asymmetry A%,; to those without EIC data, at Q* = 10 GeV?.
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Figure 7.7: Impact of TDIS data on PDF determination within the CJ global fitting frame-
work [65]. The vertical axis displays the ratio of relative PDF errors obtained with the TDIS-
augmented EIC data set to those obtained with the baseline e~ p EIC data.

uncertainty when using the EIC electron DIS data augmented with TDIS data [70].
The addition of this data improves in general the determination of all flavors over
the whole x-range, in particular the d/u ratio at large x. Generally, measurements
at a collider will complement fixed-target tagging experiments planned at JLab in
two ways. First, they will extend the kinematic reach to higher QZ, where power
corrections to the leading-twist factorized cross section are minimized. Second,
they will provide a much cleaner way to detect the spectator nucleon, which prop-
agates close to the beam direction and is naturally separated from the inelastic
final state. In particular, this will make it much easier to tag a spectator neutron,
and benchmark the on-shell extrapolation technique for a bound proton structure
function against the already well-constrained free proton case. Within a global
analysis framework the combination of inclusive deuteron data and “free” tagged
neutrons will also provide one with new opportunities for understanding the dy-
namics of nuclear binding and Fermi motion, as well as measuring the nucleon
off-shell quark and gluon structure [65,71,72]. Furthermore, the effective free-
neutron data will allow for the first time to measure the d/(p + n) ratio with data
from the same machine, following the pioneering BONUS measurement [73]. This
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will eventually lead to a better understanding of the EMC effect [74] starting from
its very first manifestation in the nuclear modification of a bound proton-neutron
system compared to a free one.

Sea quark PDFs via SIDIS measurements

As fragmentation functions provide additional access to the flavor of the fragment-
ing parton via their dependence on fractional energy z and the type of detected
hadron, they are an excellent tool to gain further information on the PDF flavor
structure of the nucleon. While inclusive cross section measurements only pro-
vide limited access to the parton flavor via isospin symmetry and the different
weights between neutral and charged current interactions, the semi-inclusive DIS

(SIDIS) cross sections add sensitivity via the fragmentation functions Di”h (z, @)
(in the case of unpolarized, single-hadron fragmentation). A detailed description
of fragmentation functions and the prospects for constraining them at the EIC can
be found in Sec. 7.4.1. Here it should be stressed that the valence parton content of
the detected hadron relates to the fragmenting parton flavor, particularly at high z.
Kaons have a higher sensitivity to strange-quark fragmentation than pions, while
negative pions have a higher sensitivity to down-quark fragmentation compared
to positive pions. In this way the combination of measurements of SIDIS cross
sections for charged pions, kaons (and other hadrons) essentially allows one to
disentangle the different valence, sea and gluon unpolarized PDFs.

A recent study of the expected impact on the unpolarized (sea) quark PDFs using
simulated EIC pseudodata can be found in Ref. [75]. In this work PYTHIA-6 [76]
MC simulations were performed at the center-of-mass energies /s = 140 GeV and
V/s = 45 GeV and were extrapolated to 10 fb~! of integrated luminosity. The typi-
cal DIS selection criteria (Q? > 1 GeV?, 0.01 < y < 0.95 and W? > 10 GeV?) were
augmented by selecting charged pions and kaons that would end up in a main
EIC detector, with momenta for which particle identification may be available. Us-
ing a reweighting technique [77,78] the impact was evaluated simultaneously for
unpolarized PDFs and fragmentation functions. The effect on unpolarized (sea)
quark PDFs can be seen in Fig. 7.8. While the impact on up, down, anti-up and
anti-down quark PDFs is moderate, as they are already very well determined, the
far less well-known strange PDFs will be constrained substantially, particularly at
lower x. In addition, the presently heavily-debated strange to light sea-quark ratio
will be determined well at lower x.

Nonperturbative charm

The question of a possible nonperturbative charm component in the nucleon wave
function [80] has long challenged the field of hadronic physics. While numerous
model calculations have been undertaken over the years, in addition to a signif-
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Figure 7.8: Expected impact on the unpolarized (sea) quark PDFs when adding SIDIS infor-
mation from pions and kaons in ep collisions. The baseline NNPDFs were take from Ref. [79].

icant number of QCD global analyses, a definitive signal has long been elusive,
with most analyses [81, 82] generally placing upper limits on the total nonpertur-
bative charm momentum, (x)..¢, at the scale Q = m.. The EMC charm structure
function measurements of 1983 [83] have been suggested as offering evidence for
nonperturbative charm, but have been challenging to accommodate in a global fit.
The kinematic region over which nonperturbative charm is expected to be visible
in typical model calculations is high x and low-to-moderate Q2. In Fig. 7.9, the
size of the resulting effect in the charm structure function is plotted in a typical
model calculation [84] for two scenarios: highly suppressed [(x).+c = 0.1%] and
intermediate [(x)c+z = 0.35%]. Precision DIS data in this region, x 2 0.3 and
(Q?) ~ 20 GeV?, would permit the direct measurement of the charm structure
function and help resolve the proton charm content. As discussed in Ref. [82],
the nonperturbative charm contribution may be interpreted as involving twist-
4 four-gluon correlator functions. Measurements of nonperturbative charm may
therefore constrain twist-4 gluon correlators in the same way that extrinsic charm
is used to constrain the twist-2 gluon PDF. A recent analysis carried out by the
NNPDF Collaboration [85] has demonstrated how measurements of F2C‘7 at large
x have great potential to unravel intrinsic charm and that the constraints of the
EIC on a nonperturbative charm component would complement those provided
at the LHC, e.g., via weak boson production in the forward region. In addition,
the charm-tagging abilities discussed briefly below and in greater detail in Sec.
8.3 will likely enhance the EIC’s ability to disentangle a possible nonperturbative
charm contribution to the structure of the nucleon.
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Charm jets

In addition to the moderate sensitivity to Rs from inclusive EIC measurements,
data involving final-state tagging of a produced charm quark may also help dis-
criminate among scenarios for the strange sea, as demonstrated in a recent analy-
sis [86]. In Fig. 7.10, we illustrate the event-level variation in CC DIS production of
charm jets for /s =140 GeV at the EIC, and find strong dependence on the input
scenario for Rs [Rs = 0.325 vs. Ry = 0.863, as obtained using extreme PDF sets in
CT18(Z) NNLOJ. This strong dependence suggests that charm-jet production may
be a sensitive channel to constrain nucleon strangeness and disentangle patterns
of SU(3) symmetry breaking in the light-quark sea.

7.1.2 Spin structure of the proton and neutron
Inclusive A; |

In studying the spin structure of the nucleon, the double spin asymmetry Ay
has provided the bulk of the constraints on the spin-dependent collinear PDFs.
In contrast to the unpolarized case, however, the existing A;; data have a much
more limited kinematic coverage (x 2 0.01). As the world’s first polarized lepton-
hadron (and lepton-nucleus) collider, the EIC will explore uncharted territory in
spin physics. In addition to the sensitivity to the quark sector, the wide Q-
coverage of the EIC will probe scaling violations in the g; structure function, of-
fering significant constraints on the gluon helicity PDF. This is demonstrated by
the correlation maps p [f;, O] = ((O - fi) — (O) (fi))/ AOAf; and sensitivity maps
S[fi, O] = ({(O- fi) —(O) (fi))/SOAf; across kinematics between a given partonic
structure and a physical observable O shown in Fig. 7.11 [87]. In these metrics,
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Figure 7.10: Comparison of charm-jet yields in electron-proton CC DIS under two scenarios
for the behavior of nucleon strangeness and the light-quark sea: Ry = 2s/ (% +d) = 0.325
(“Rs-Low,” CT18 NNLO with suppressed strangeness) and Rs = 0.863 (“Rs-High,” CT18Z
NNLO with enhanced strangeness). An intermediate scenario, based on CT18A NNLO, is
also shown. The gray band indicates the expected statistical error on the reconstructed and
tagged charm jet pr (left) or Bjorken x (right) spectrum for 100 fb~! of data as simulated in
Ref. [86]. The points indicate the relative difference in expected yields between the enhanced
and suppressed strangeness cases, 1 + (Npgs3 — No32s5)/No3zs. The relative magnitude of
the blue points compared to the statistical uncertainty suggests that charm-jet measurements
in CC DIS have strong sensitivity to the nucleon’s unpolarized strange PDE. While this cal-
culation is from ep, similar discrimination power is expected for nuclear scattering as well.

A represent the uncertainties stemming from PDF uncertainties, while 6O is the
simulated observable uncertainty.

The EIC impact on the helicity distributions is illustrated in Fig. 7.12 where the
/s = 45 GeV pseudodata is included as part of a new global fit with an extended
flexibility for the helicity PDFs parametrization. This extended version of the NLO
DSSV14 baseline is then reweighted with the inclusion of the /s = 140 GeV data.
As indicated in the figure, the uncertainty on the gluon helicity is significantly
reduced relative to the DSSV14 [87,88] baseline after the inclusion of the projected

EIC pseudodata at £ = 10 fb~ .

One of the challenges in reliably assessing the impact of the inclusive Ar; mea-
surements at the EIC is the fact that the predictions for the rates are based on ex-
trapolation from existing measurements that only extend down to x ~ 0.01. A
study exploring the uncertainty on the helicity distributions associated with the
extrapolation of Ay for the EIC pseudodata is shown in Fig. 7.13. The analysis
is carried out within the JAM global QCD analysis framework at NLO in pQCD,
including all existing data on A;; and inclusive jet production from polarized pp
scattering at RHIC [89], along with A from EIC proton pseudodata simulated

with £ = 100 fb ™!, 2.3% normalization uncertainty, and 2% point-by-point uncor-
related systematic uncertainties. The JAM analysis incorporates the projected EIC
data along with the existing data using the full MC fitting framework. To explore
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Figure 7.11: Correlation (upper panel) and sensitivity (lower panel) coefficients between the
gluon helicity distribution Ag(x, Q%) and the (photon-nucleon) double-spin asymmetry Aj,
as well as between the quark-singlet distribution AX(x, Q%) and A1, as a function of {x, Q*}.
The lighter blue and darker blue circles represent the values of the correlation (sensitivity)
coefficient for /s = 45 GeV and 140 GeV, respectively. In all the cases the size of the circles
is proportional to the value of the correlation (sensitivity) coefficient.
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Figure 7.12: Impact of the projected EIC A;; pseudoda on the gluon helicity (left panel)
and quark singlet helicity (right panel) distributions as a function of x for Q%> = 10GeV?.
In addition to the DSSV14 estimate (light-blue), the uncertainty bands resulting from the fit
including the /s = 45 GeV DIS pseudodata (blue) and, subsequently, the reweighting with
/s = 140 GeV pseudodata (dark blue), are also shown.

the impact of the extrapolation region, three sets of pseudodata were generated by
shifting the unmeasured region at low x with +1c confidence level, using existing
helicity PDF uncertainties as well as the central predictions.

In Fig. 7.13 the uncertainty bands for g} before and after the three scenarios (+1c
confidence level and central) at the EIC are shown, along with the ratios 6%1€ /5
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of uncertainties on the truncated moments of the quark-singlet and gluon PDFs,
AZtrunc and AGirunc, integrated between xpmin = 10~ and 1, with EIC data to the
baseline JAM results with existing data. The results show that, if one assumes
SU(3) symmetry for the axial vector charges, the uncertainty on AGirync can im-
prove by 80 — 90%, depending on the behavior of the low-x extrapolation of gf ,
with an ~ 80% reduction in the uncertainty on AXyunc. The reduction is more
modest, however, if one does not impose SU(3) symmetry, in which case the gluon
moment uncertainty decreases by ~ 60%, but no clear reduction in the quark sin-
glet uncertainty is apparent from proton EIC data alone.

Helicity and small-x dipole formalism

A prediction for the g; structure function based on the novel small-x evolution
equations derived by Kovchegov, Pitonyak and Sievert (KPS) in Refs. [92-95] is
shown in Fig. 7.14. The KPS equations evolve the polarized color-dipole scatter-
ing amplitude toward small values of x. At the leading order employed here, the

KPS equations resum powers of as In*(1/x), generating pQCD predictions for the
small-x behavior of helicity PDFs and for the g; structure function. The curve in
Fig. 7.14 is obtained by using the large-N. LO KPS equations (along with their ini-
tial conditions) in the JAM framework [90, 96] to fit the existing world DIS data on
Ajand Ap for x < 0.1 and extrapolate the resulting g1 structure function to lower
values of x using the same KPS evolution. The plot was constructed in Ref. [91]
for fixed as = 0.3. Clearly the EIC data will significantly shrink the uncertainty
of this prediction from the light red error band in Fig. 7.14 to the solid red (very
thin) one, allowing for a much better constraint on the proton spin coming from
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Figure 7.14: Plot of the g1 (x) structure function obtained in Ref. [91] using the small-x helic-
ity evolution formalism of Refs. [92-95].

the small-x quarks and moving the community closer to the resolution of the pro-
ton spin puzzle. We stress that the g; extrapolation in Figs. 7.13 and 7.14 are based
on two different pQCD formalisms which give different uncertainty bands in the
extrapolation region.

Neutron spin structure from inclusive and tagged DIS with polarized *He and *H

Nucleon spin structure studies require measurements of polarized DIS on the neu-
tron as well as the proton [32,97,98]. Neutron and proton data together are needed
to determine the flavor composition of the u- and d-quark helicity distributions
in the valence quark region x 2 0.3 (for sensitivity to strange-quark polarization
additional observables are required), to separate singlet and nonsinglet structures
in QCD evolution and the extraction of gluon polarization (gf — ¢} and gf + g7
are generally of the same order at x > 1073), and to evaluate the Bjorken sum
rule. The extraction of neutron spin structure from DIS on polarized light nuclei
must account for nuclear effects (neutron polarization, Fermi motion, dynamical
modifications), which cause significant uncertainties and have been investigated
theoretically [99-107]. The dynamical modifications of nucleon spin structure are
themselves an object of study and provide insight into the emergence of nuclear
interactions from QCD — see Sec. 7.3.8.

At the EIC, the neutron spin structure will be measured using DIS on polarized
3He, and possibly polarized deuteron 2H = d. Measurements will be performed
using both inclusive DIS (cross sections, spin asymmetries) and DIS with partial
or full detection of the nuclear breakup state (spectator tagging). Each of these
methods brings unique advantages and challenges to neutron structure extraction.
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Their combination offers the prospect of substantial advances in the understanding
of nuclear effects and the precision of neutron structure extraction, making the the-
oretical uncertainties commensurate with the projected experimental uncertainties
of spin structure measurements at EIC.

The impact of data on polarized protons and neutrons, obtained from either
deuteron or *He polarization asymmetries, on the quark singlet and gluon trun-
cated moments, AXtrunc and AGirunc, is illustrated in Fig. 7.15 for the ratio SEIC /5
of uncertainties with and without EIC data. The He and deuteron EIC pseudodata
are simulated with £ = 10 fb!, 2.3% normalization uncertainty, and 2% point-by-
point uncorrelated systematic uncertainty. The impact of the EIC p +d or p + *He
data is estimated by shifting the asymmetries in the unmeasured region at low x
by 10 confidence level using existing helicity PDF errors. Like for the proton
data impact in Fig. 7.13, the reduction of the uncertainties on the truncated mo-
ments depends strongly on the assumptions made about SU(3) symmetry for the
axial charges, especially for the quark singlet AY.. The gluon moment uncertainty
reduction is relatively large, ~ 60 — 90%, depending on the scenario, while the im-
pact on the quark-singlet moment can range from ~ 20% to ~ 90%. The strongest
effect coincides with the most stringent constraints, such as removing solutions
from the Monte Carlo samples that have positive strangeness. For the least restric-
tive scenario, with no SU(3) assumptions, again there is no clear indication of a
large impact, even when d or *He data are included, with generally similar behav-
ior observed for both cases. Deuteron and *He data do not have significant impact
in the uncertainty of the gluon truncated moment compared to proton data only,
and additional observables, such as those from parity-violating DIS discussed be-
low, will be needed to resolve the flavor decomposition of the quark helicity.

While the inclusive polarized DIS on *He is the standard channel for neutron spin
structure measurements at the EIC, their analysis relies on the effective neutron
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Figure 7.15: Ratio of uncertainties 0¥ /6 of the truncated quark-singlet and gluon moments
with and without EIC data, for proton + deuteron (left), and proton + 3He (right), using
the “high”, “low” and “mid” extrapolations for g; in the unmeasured region. The scenario
without SU(3) symmetry (red lines) is compared with those with SU(3) imposed (blue lines)
and in addition restricting solutions to the ones with negative strangeness (green lines).
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Figure 7.16: Simulated EIC measurements of the longitudinal double-spin asymmetry A in
polarized deuteron DIS with proton tagging e +d — ¢ + X + p. The asymmetry is shown
as a function of the neutron virtuality + — M%;, which is kinematically fixed by the tagged
proton momentum (light-cone momenta «, and pyr). In the limit t — M%\] — 0 (on-shell
extrapolation) the tagged spin asymmetry coincides with the free neutron spin asymmetry
AHn [108,109]. The uncertainties shown are statistical (Lins = 20 fb~!, P,P; = 0.5).

polarizations inferred from non-relativistic nuclear structure [101,110]. Significant
nuclear modifications arise from the presence of A isobars in the *He nucleus at x >
0.1 [105,106], and from spin-dependent nuclear antishadowing and shadowing at
x 5 0.1. The theoretical uncertainty resulting from these effects is expected to be
the dominant uncertainty and should be reduced by further theoretical studies.
DIS on *He with spectator proton/neutron tagging has been explored and appears
teasible with the EIC forward detectors (see Sec. 7.3.8). The theoretical analysis of
these measurements requires the modeling of nuclear final-state interactions, for
which corresponding methods have been developed [69,111-114].

DIS on the polarized deuteron complements the measurements on *He and of-
fers several advantages [108,109,115]. In the deuteron A isobars and other non-
nucleonic degrees of freedom are suppressed in average nuclear configurations
(nucleon momenta < 300 MeV), so that the extraction of neutron spin structure

from inclusive DIS is generally simpler and more accurate than for *He [116].

In tagged DIS on the deuteron, the measured spectator momentum fixes the nu-
clear configuration and permits a differential treatment of nuclear effects, signifi-
cantly improving the theoretical accuracy. The tagged proton momentum controls
the strength of S and D waves in the deuteron wave function and thus the effec-
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Figure 7.17: Room left for potential OAM contributions to the proton spin at Q? = 10 GeV?,
using the existing data and future EIC measurements. The horizontal axis shows the differ-
ence between % and the contribution from the spin of quarks and gluons for a momentum
fraction down to x = 0.001, which would be the room left for OAM if the spin contribution
from partons with smaller momentum fractions was negligible. The vertical axis presents
the spin contribution from partons with momentum fractions between 10~¢ and 10~3. The
ellipses correspond to the 1o correlated uncertainty for the DSSV14 data set (light blue), the

fit including EIC /s = 45 GeV pseudodata (blue), and the reweighting with /s = 140 GeV
pseudodata.

tive neutron polarization in DIS [108,109]. On-shell extrapolation in the proton
momentum eliminates nuclear modifications and final-state interactions and per-
mits the extraction of the free neutron structure functions [68]. Simulations show
that an accurate determination of the neutron double-spin asymmetry A, is feasi-
ble using polarized tagged DIS with on-shell extrapolation (see Fig. 7.16). Further
applications of tagged measurements are discussed in Sec. 7.3.8.

Orbital angular momentum contribution to nucleon spin

The improved constraints on the spin of quarks and gluons allow for exploring the
contribution to the proton spin due to the orbital angular momentum (OAM) of
the partons. Figure 7.17 presents the potential of the EIC to constrain this contri-
bution, which is identified with the difference between the quark and gluon spin

contribution and the proton spin 3. The horizontal axis shows the difference be-
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tween % and the contribution from the quark and gluon spins for a momentum
fraction down to x = 0.001. The remaining contributions would be the room left
for the parton OAM if the parton spin contribution with smaller momentum frac-
tions is very small or even zero. But as the latter could actually be non-negligible,
and is currently very uncertain, we represent on the vertical axis its potential con-
tribution to the proton spin. The colored areas show the correlated 1o constraints
on these values coming from present data, and those that one would expect from
the projected EIC measurements. The diagonal lines represent the combinations
of low-x and high-x contributions for which the resulting OAM would be as large
as the proton spin and parallel to it, vanishing, or exactly opposite. The EIC data
would be able to discard at least one of these extreme scenarios, and perhaps two
of them.

The quark contribution of OAM to the nucleon spin can further be isolated via the
extraction of generalized parton distributions (GPDs). These are functions which
relate the longitudinal momentum fraction of a parton (x) to its position in the
transverse plane (impact parameter) [117]. As such, they are connected to the
OAM of partons, which is expressed in Ji's relation [21] connecting the total an-
gular momentum of quarks to the second Mellin moment of two GPDs, H and
E,

J1==-—-J8= %/llxdx{Hq(x,(Z: 0,t=0)+Ei(x,{=0,t=0)}, (7.2)

1
2
where a similar relation holds for gluons. GPDs, which are discussed in more
detail in Sec 7.2.2, are experimentally accessible in exclusive processes at low four-
momentum square transfer to the nucleon, |f|, and high four-momentum square
transfer to the struck parton, Q2. This typically results in the production of a high-
energy photon (in deeply-virtual Compton scattering, DVCS) or meson (in hard
exclusive meson production), although other processes are possible — kinematic
studies of these are presented in Sec. 8.4. The variable ¢ encodes half of the parton’s
longitudinal momentum-fraction change, as a result of the scattering. Ji’s spin de-
composition allows one to identify the OAM contribution of quarks by subtracting

the known contribution of the quark spin, A%, from J9. Whether the OAM of glu-
ons can be defined through J¢ — AG is sometimes controversially discussed. A
comprehensive presentation of the spin decompsition of Ji and the one of Jaffe-
Manohar can be found in Ref. [118].

The range of x accessible at the EIC, combined with its high luminosity, will enable
the GPDs H and E to be dramatically constrained — an impact study for the GPD
E can be seen in Sec. 7.2.2. While H is fairly well-known in the valence region,
determined mainly from the fixed-target experiments at JLab, E is almost entirely
unknown. Both GPDs are virtually unmapped in the low-x region accessible at
the EIC. Different observables have different sensitivity to the GPDs, and mea-
surements from multiple processes are needed for their flavour separation. Thus
DVCS on the proton and neutron will allow for the extraction of the GPDs for u-
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and d-quarks, which can also be obtained via the hard exclusive production of dif-
ferent mesons. Meson production is sensitive, at leading-twist and order, to gluon
GPDs. The program of exclusive measurements at the EIC will enable, for the first
time, OAM contributions from different quark flavors as well as the total contri-
bution of gluons to the nucleon spin to be determined, providing crucial insights
into what has been long known as the “proton spin puzzle”.

Parity-violating DIS

Parity-violating DIS asymmetries with unpolarized electrons and polarized
hadron beams can in principle provide additional constraints on the spin-
dependent PDFs due to its unique flavor sub-processes. In Fig. 7.18 we present
the impact of Al at the EIC on the truncated moments of AY. and Ag, assuming

a proton beam with 100 fb~! integrated luminosity and uncorrelated systematic
uncertainties from the pion background. We find that the results depend upon the
uncertainties of the triplet and octet axial charges, g4 and ag. With values taken
from the JAM17 [90] analysis, we see an impact of ~ 30% for the quark singlet
for low xmin, which is significantly diminished, however, if one uses values from
hyperon decays under SU(3) symmetry. Similarly, we see a diminished impact on
the gluon moment, especially at low xmin. This observable is limited by large sta-
tistical uncertainties, and thus higher luminosities would lead to a larger impact.
We note that the inclusion of the EIC data guarantees smaller uncertainties for the
observable but not necessarily for all PDF flavors at all values of x.
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Figure 7.18: Ratio of uncertainties on the truncated moments of the quark singlet (left) and
gluon (right) PDFs as functions of xp, including EIC data on the parity-violating DIS asym-
metry A%i‘,d to those without EIC data, at Q> = 10 GeV?. Results with values of g4 and ag
taken from JAM17 [90] (red) are compared with those using values taken from hyperon de-
cays and SU(3) (green).
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Figure 7.19: Impact of SIDIS measurements at the EIC on the sea quark helicities xAil, xAd
and xAs as a function of x at Q* = 10 GeV?.

Sea quark helicities via SIDIS

The sensitivity on the struck parton that fragmentation functions provide can be
used to leverage the understanding of the helicity structure of the nucleon — see
also Sec. 7.4.1 concerning the fragmentation functions themselves. In particular,
the access to the sea quark helicities can be substantially improved over inclusive
DIS measurements via SIDIS measurements that detect pions and kaons in addi-
tion to the scattered lepton. Detailed impact studies that use PEPSI as polarized
MC generator and follow the previous DSSV [88, 119, 120] extractions have been
performed on the expected EIC measurements using various collision energies and
polarized proton as well as 3He beams [87]. As can be seen in Fig. 7.19, the reduc-
tion in the uncertainties of all three sea quark helicities (Ail, Ad, As) in comparison
to the current level of understanding is substantial. Similar to the gluon polariza-
tion, the highest impact at low x relates to the data at the highest collision energies
while intermediate to higher x receive the biggest improvements already from the
lower collision energies. One of the most important points that can be answered
with the sea quark helicities are their contributions to the spin sum rule. In particu-
lar, the strange sea polarization is in current fits forced to negative values at lower x
due to the hyperon beta-decay constants and the assumption of SU(3)-flavor sym-
metry in conjunction with no indication of a negative polarization in the x-range
covered in the currently existing data [121,122]. The EIC SIDIS data will conclu-
sively answer whether there is a nonzero strange polarization at x > 0.5 x 107°.
Further studies using similar pseudodata together with a re-weighting technique
on the NNPDFpol [123, 124] replicas come to similar conclusions about the im-
provements to the sea quark helicities [125].
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Figure 7.20: Dijet Ay as a function of dijet invariant mass for the combined QCD-Compton
and PGF subprocesses using the DSSV14 and NNPDF1.1 polarized PDFs for Q? intervals of
1-10 GeV? (left) and 100-500 GeV? (right). Note that projected statistical uncertainties for the
DSSV14 points are not shown for clarity, but are nearly identical to those from NNPDF1.1.
(Figure from Ref. [126].)

AG from dijet A,

As mentioned elsewhere in this section, the golden channel for the determination
of AG at the EIC will be the Q?-variation of the inclusive g; structure function [6].
However, higher-order processes such as photon-gluon fusion (PGF) will provide
direct access to the gluon and serve as an important cross-check to the inclusive
result. A signature of the PGF process is the production of back-to-back partons
with large momentum transverse to the virtual quark-parton axis. Therefore, de-
tecting dijets in the Breit frame can be used to tag PGF events. A feasibility study
was recently conducted [126] which confirmed the viability of dijet reconstruction
as a tag of PGF events, and also demonstrated the ability to use the dijet kinemat-
ics to reconstruct a number of relevant partonic quantities, such as the momentum
fraction of the struck gluon. An estimation of the size of the expected dijet lon-
gitudinal double-spin asymmetry A;r, which is sensitive to AG, and associated
statistical uncertainties was also performed following the procedure in Ref. [27]
and compared to the uncertainties on the NNPDFPoll.1 polarized PDF [123] as
shown in Fig. 7.20. While the expected statistical precision on Ay given a moder-
ate amount of integrated luminosity would improve on our present knowledge of
the polarized PDFs, it is likely that the inclusive g1 measurement would provide
superior constraining power. Nevertheless, the dijet A;; measurement will be im-
portant as a cross-check to the inclusive measurement as it arises from a different
subprocess and will have different experimental uncertainties.
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AG from heavy-quark Ay

Heavy quarks are versatile probes for studying different aspects of QCD and nu-
cleon structure. An example of their potential impact on EIC physics can be found
in the measurement of the gluon polarization Ag(x, Q?). The most precise insights
on Ag(x, Q%) at the EIC will come indirectly from scaling violations of the inclu-
sive structure function g1(x, Q%). Heavy-quark production forms a considerable
contribution to the (polarized) cross section in lepton-nucleon DIS and hence to
the corresponding structure functions. Heavy quark production is dominated by
gluon-induced processes already at the Born level in pQCD. In the case of lepton-
nucleon DIS, only the photon-gluon fusion process contributes at Born level, which
makes heavy-quark production particularly sensitive to the gluon distributions.
The data on the charm contribution to the structure function F»(x, Q%) from HERA,
for example, are used in most global analyses of unpolarized PDFs. Corresponding
measurements of longitudinally polarized DIS at the EIC will provide insights on
Ag(x,Q%). The COMPASS collaboration at CERN has pioneered such a measure-
ment. To assess the potential and impact for the EIC, studies were performed of
the semi-inclusive DIS production of single D? mesons and their subsequent decay
into the charged K7t branch. These studies were based on PYTHIA-eRHIC and EIC
tast simulations of detector response extended with vertex fitting and including se-
lections based on topological reconstruction from the smeared (decay) tracks [127].
Figure 7.21 (left) shows the contribution ¢{°(x, Q%) expressed as the asymmetry
Arp at Bjorken-x and Q? of the measurements with the size of their statistical un-
certainties for the nominal EIC beam polarizations and an integrated luminosity
of 10fb~'. The pQCD contributions to the inclusive heavy-quark production in
polarized DIS are known [128] at next-to-leading order. Impact studies on equal
footing with those of ¢1(x, Q%) are thus in principle possible in global analyses.
However, they are not available as this report is being written. Instead, the impact
of future EIC data was assessed in a leading-order approach following that of the
pioneering COMPASS determination [129]. This impact is illustrated in Fig. 7.21
(right), which shows the leading-order A;; = Ag(x, Q%)/g(x, Q?) versus gluon-x
for an integrated luminosity of 100fb ™' together with the prior COMPASS data
and Ag(x, Q?)/g(x, Q%) based on the NNPDF (polarized) parton distributions.

7.1.3 Parton structure of mesons
Introduction

The EIC, with its high luminosity and wide kinematic range, offers an extraor-
dinary new opportunity to increase our knowledge of the pion and kaon struc-
ture [12]. The properties of pions and kaons provide clear windows onto emergent
hadronic mass (EHM) and its modulation by Higgs-boson interactions (see also
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Figure 7.21: Left: The longitudinal double-spin asymmetry A; in semi-inclusive DIS pro-
duction of D? mesons at x and Q? of the measurements with the projected size of its statisti-
cal uncertainties. Right: Illustrated precision, kinematic coverage, and leading-order impact
compared with the prior data point by the COMPASS collaboration and theory evaluation
with their uncertainties as bands.

Sec. 7.1.4). For an expanded discussion of the material contained in this section,
we refer to [130].

To facilitate this discussion, we translate current theoretical understanding of the
light meson structure and the EHM (and structure) mechanisms into a set of crit-
ical science questions. They represent outstanding mysteries that require further
experimental (and theoretical) examination, and illustrate the impact of a coherent
study of pion and kaon structure yielding results similar to present studies of pro-
ton structure. In Tab. 7.1 we present the key science questions along with specific
measurements and their experimental needs required to advance our understand-
ing.

2 -1

For all observables, a luminosity well above 10%cm ™2 sec™! is required to com-
pensate for the (few times) 1072 fraction of the proton wave function related to the
pion (kaon) Sullivan process — see the diagram in Fig. 7.22. Also, a large range in
momentum fraction of the tagged nucleon x;, = py,/py; is required, up to x; ~ 1
for the e + p reactions and x| atleast ~ 0.5 for the e + D reactions. In addition to the
7t channels listed in Tab. 7.1, data on 7t~ -channels (e.g. e+ D — ¢/ + X+ p + p)
and on 7i'-channels (e.g. e +p — € + X + p) are crucial to constrain reaction
mechanisms and theory backgrounds in extracting the physical pion (kaon) target
information.

Sullivan process

In specific kinematic regions, the observation of recoil nucleons (N) or hyperons
(Y) in the tagged inclusive reaction e +p — ¢ + X + (NorY) (see Fig. 7.22) can
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Table 7.1: Science questions related to pion and kaon structure and the understanding of the
EHM mechanism accessible at the EIC, with the key measurements and some key require-
ments listed. Further requirements are addressed in the text.

Science Question

Key Measurement

Key Requirements

What are the quark and gluon energy
contributions to the pion mass?

Pion structure function data over a range
of x and QZ.

® Need to uniquely determine
etp—e +X+n(low—t)
o CM energy range ~10-100 GeV
o Charged and neutral currents desirable

Is the pion full or empty of gluons as viewed at
large Q%?

Pion structure function data at large Q2.

o CM energy ~100 GeV
e Inclusive and open-charm detection

What are the quark and gluon energy
contributions to the kaon mass?

Kaon structure function data over a range
of x and Qz,

® Need to uniquely determine
et+p—e +X+A/20 (low —1)
e CM energy range ~10-100 GeV

Are there more or less gluons in kaons than in
pions as viewed at large Q%?

Kaon structure function data at large Q2.

o CM energy ~100 GeV
o Inclusive and open-charm detection

Can we get quantitative guidance on the
emergent pion mass mechanism?

Pion form factor data
for Q2 = 10-40 (GeV/c)2.

® Need to uniquely determine exclusive process
etp—e +rt +nlow—1)

e ¢+ pande+ D at similar energies

o CM energy ~10-75 GeV

What is the size and range of interference
between emergent-mass and the Higgs-mass
mechanism?

Kaon form factor data
for Q% =10-20 (GeV/c)?.

® Need to uniquely determine exclusive process
e+p—e +K+A(low —t)

o L/T separation at CM energy ~10-20 GeV

o A/Z0 ratios at CM energy ~10-50 GeV

What is the difference between the impacts of
emergent- and Higgs-mass mechanisms on
light-quark behavior?

Behavior of (valence) up quarks in pion
and kaon at large x.

o CM energy ~20 GeV (lowest CM energy to ac-
cess large-x region)
o Higher CM energy for range in Q2 desirable

What is the relationship between dynamically
chiral symmetry breaking and confinement?

Transverse-momentum dependent
Fragmentation Functions of quarks into
pions and kaons.

o Collider kinematics desirable (as compared to
fixed-target kinematics)
® CM energy range ~20-140 GeV

More speculative observables

What is the trace anomaly contribution to the
pion mass?

Elastic J/¥ production at low W off the
pion.

® Need to uniquely determine exclusive process
etp—e +]/¥+nt +n(low—t)

o High luminosity (> 10%*em 2 sec 1)

o CM energy ~70 GeV

Can we obtain tomographic snapshots of the
pion in the transverse plane? What is the
pressure distribution in a pion?

Measurement of DVCS off pion target as
defined with Sullivan process.

® Need to uniquely determine exclusive process
etp—e +y+at +n(low—t)

© High luminosity (> 10%*em 2 sec™ 1)

o CM energy ~10-100 GeV

Are transverse momentum distributions
universal in pions and protons?

Hadron multiplicities in SIDIS off a pion
target as defined with Sullivan process.

© Need to uniquely determine SIDIS off pion
e+p—e +h+X+n(low—t)

© High luminosity (1034cm’2 sec’])

e e+ pand e+ D at similar energies desirable

o CM energy ~10-100 GeV

reveal features associated with correlated quark-antiquark pairs in the nucleon, re-
ferred to as the “meson cloud” or “five-quark component” of the nucleon. At low
values of —t (with t the four-momentum transfer squared from the initial proton to
the final nucleon or hyperon), the cross section displays behavior characteristic of
meson-pole dominance and is referred to as the Sullivan process [131]. For elastic
scattering, this process carries information on the meson (pion or kaon) form factor.
For DIS, the typical interpretation is that the nucleon PDFs contain a mesonic par-
ton content through scattering from a meson target. An important development
in establishing a formal link between the Sullivan process and QCD came with
the realization that the moments of PDFs could be expanded in chiral effective
tield theory in terms of power series in the pion mass [132-134]. While the total
pion-cloud contribution contains short-distance contributions, which are model-
dependent and must be fitted to data, the infrared behavior is model-independent
and can only arise from a pionic component in QCD.
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Figure 7.22: Diagram for the Sullivan process used to probe the structure of the pion.

The Sullivan process can provide reliable access to a meson target in the space-like
t-region, if the pole associated with the ground-state meson remains the dominant
teature of the process and the structure of the related correlation evolves slowly
and smoothly with virtuality. To check whether these conditions are satisfied em-
pirically, one can take data covering a range in t, particularly low —t, and compare
with phenomenological and theoretical expectations. A recent calculation explored
the circumstances under which these conditions should be satisfied [135]. Accord-
ing to this study, for the pion (kaon) Sullivan process, low —t equates to —t < 0.6
(0.9) GeV? to be able to extract the pion (kaon) structure. Substantial further theory
input is required to solidify these numbers and data over a range of —t down to the
lowest accessible values are needed to verify the pion (kaon) structure extraction.

Theoretical backgrounds in extracting the data

The extraction of the mesonic structure of the nucleon from the tagged DIS cross
section is inherently model-dependent. Therefore, it will be necessary to examine
all available reasonable models to evaluate the theoretical uncertainty associated
with extracting meson structure functions from the tagged DIS data. The mea-
sured cross section can be integrated over f to obtain the leading-baryon structure

function introduced as FZL B®) in Ref. [136]. The pion structure function FJ' can

then be extracted from FZL 5(3)

production.

using models, such as the Regge model of baryon

The extraction of the pion structure function will have to be corrected for a number
of effects beyond the simple Sullivan picture. These include non-pion-pole contri-
butions, A and other N* resonances, absorptive effects, and uncertainties in the
pion flux. While these corrections can be large and one cannot extract the pion
structure function without including them, detailed calculations do exist [137]. (A
recent estimate of the absorptive effects was presented in Ref. [138].) Moreover,
these corrections are minimized by measuring at the lowest —t, and having fine
differential binning in —f. A quantitative assessment of the desired resolution and
binning in —t needs future study. We note that the simulations of Fig. 7.23 result
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in a bin size in —t of 0.1 GeV?. Having data from both protons and deuterons will
provide essential cross checks for the models used in the extraction of the pion
structure function, with different leading trajectories in the proton and neutron
case, or the isospin 0 or 1 exchange [137,139,140].

The measured tagged cross sections and extracted tagged structure functions can
be analyzed within a Regge framework, assuming the dominance of a single Regge
exchange. As pion exchange results in a different x;-dependence of the cross sec-
tion, it should be possible to determine the dominant exchange mechanism(s) by
comparing the x;-dependence from proton and neutron (deuteron) scattering. The
largest uncertainty in extracting the pion structure function will, however, likely
arise from the (lack of) knowledge of the pion flux in the framework of the pion
cloud model [141,142]. If we assume that all corrections can be performed with a
50% uncertainty, and we assume a 20% uncertainty in the pion flux factor, the over-
all theoretical, systematic uncertainty could approach 25%. The superior approach
is to have a direct measurement of the pion flux factor by comparing to pionic
Drell-Yan data — see data from Refs. [143,144] and future COMPASS data. On the
other hand, we know that there must be a region at small —t and large x; where
the cross section should be dominated by soft pions and hence the dependence on
the pion flux is minimal. In the context of a global QCD analysis (see below), one
can fit the pion structure function at the same time as determining empirically the
boundaries of the region of —t and x;, over which the pion exchange mechanism is
the dominant one [145, 146].

Kinematics of interest to address specific theory questions

The science questions of interest of Tab. 7.1 require a range of physics processes.
In general, a large range of center-of-mass energies is needed to access a wide
range in x and Q2, as relevant for pion (kaon) structure function measurements or
hadron-multiplicity measurements for a transverse-momentum dependent parton
distribution program. This has to be balanced against the requirement to uniquely
determine the remnant neutron (or A or £°) to ensure the scattering process occurs
off a pion (kaon). The latter favors not-too-high center-of-mass energies to be able
to determine the remnant A (or £°), both for missing-mass determination and to
ensure that their decays occur before detection. In addition, there is need for both
e+ p and e + D measurements at similar center-of-mass energies to validate the
reaction mechanism. This drives the “typical” center-of-mass energies for pion
and kaon structure function measurements to a ~ 10 — 100 GeV range. On the
other hand, to access the largest-x region, in order to address the valence quarks in
pions (or kaons), the lowest center-of-mass energy to reach a sufficiently high and
“clean” Q? level has the highest Figure-Of-Merit folding in all kinematic effects.
Higher center-of-mass energies will increase the range in Q2.



CHAPTER 7. EIC MEASUREMENTS AND STUDIES 79

Meson structure function projections

0.2 0.2

01 \ \ 01 \ x
. =
& 00 Bl 0.0 i

Q=60 Gev? ©?=120 GeV? Q=60 CeV? Q=120 GeV?

NG B IR N |

Q?=240 GeV? Q?=480 GeV?
0.1 02 03 0.4 05 06 0.7 0.8 0.9 0.1 02 03 0.4 05 06 0.7 0.8 0.9

-t [GeV?]

Q?=240 CeV? Q=480 CeV?
> T 107 ToT

Figure 7.23: The Monte Carlo projections of the pion structure function vs x (left) and —¢
(right) for 10 GeV electrons on 135 GeV protons. The blue points are the Monte Carlo projec-
tions for Q2 values of 60, 120, 240, 480 GeV?2. The projected data is binned in x and Q? with
bin sizes of 0.001 and 10 GeV?, respectively. Each of these bins corresponds to one effective
t-value on the right panel. The blue shaded zones are the statistical uncertainties for an inte-

grated luminosity of 100 fb~!. The brown line in the left figure is a GRV fit for similar pion
structure function projections [147].

A C++ and ROOT-based custom Monte Carlo event generator [148] was used for
feasibility studies for pion and kaon structure function measurements. The gen-
erator calls various quantities such as CTEQ6 PDF tables, nucleon structure func-
tions, and the tagged pion and kaon structure functions and splitting functions.
The pion structure function can be parametrized in a multitude of ways. Here, the
parametrization outlined in Ref. [147] was used. This parametrization is a scaled
version of the proton structure function (FJ' = 0.361 * F,) which allowed an easy
comparison to the available data from the H1 Collaboration and to the Gliick-Reya-
Vogt (GRV) theoretical fit (shown on the left in Fig. 7.23). The agreement with the
HERA data validates the simulations in that regime, and one can also see good
agreement with the GRYV fit at higher x.

The left plot in Fig. 7.23 shows the reach in x for four Q2 bins. Statistical uncertain-
ties with the addition of the leading neutron detection fraction were incorporated
in the overall uncertainty using the integrated luminosity £ = 100fb~'. The x-
coverage is immediately apparent as the plot shows a reach from mid to high x.
The uncertainties are reasonable for mid to mid-high x but, as expected, increase
rapidly as x — 1. Even with these restrictions the x-coverage is unprecedented
and should allow for a detailed comparison between the pion and kaon structure.

As discussed above, theoretical calculations predict that the Sullivan process
should provide clean access to the meson structure below a certain value of
—t [135]. For the pion this is — < 0.6 GeV>. The right panel of Fig. 7.23 shows
the accessible range in —t at the EIC for 10 GeV electrons on 135 GeV protons
with reasonable uncertainties which would allow for an order-of-magnitude gain
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Figure 7.24: Left: Comparison of uncertainties on the pion valence, sea quark and gluon
PDFs before (yellow bands) and after (red bands) inclusion of EIC data. Right: Ratio of
uncertainties of the PDFs with EIC data to PDFs without EIC data, 65I€ /4, for the valence
(green line), sea quark (blue) and gluon (red) PDFs, assuming 1.2% systematic uncertainty,
and (inset) the corresponding ratios of the momentum fraction uncertainties, & (x)*€ /5(x),
for valence, sea, total quark and gluon PDFs [149], at the scale Q? = 10 GeV?. Fits were
obtained using a Monte Carlo procedure, using DGLAP at NLL with VENS, NLL &5 and
both Drell-Yan and F, for leading neutrons at NLO.

in statistics compared to HERA. The resulting access to a significant range in Q>
and —t, including small —¢, as well as significant x-coverage, will provide insights
into the gluonic content of the pion.

Impact on global QCD analysis

The potential impact of EIC neutron production data is illustrated in Fig. 7.24,
which shows the valence, sea quark and gluon PDFs in the pion from the JAM
global QCD analysis at the input scale Q? = 10 GeV? [146], with current uncer-
tainties compared with those expected with the addition of EIC data [149]. At
the moment this is the only impact study of its kind. The analysis of the exist-
ing data includes pion-nucleus Drell-Yan cross sections, both pr-differential and
pr-integrated, and the leading-neutron structure functions from HERA [150], both
treated at NLO. The analysis assumes the center-of-mass energy /s = 73.5 GeV,

the integrated luminosity £ = 100fb~ ! and a 1.2% systematic uncertainty across
all kinematics. This does not include an uncertainty coming from the model de-
pendence of the extraction (see above). For both the sea quark and gluon distribu-
tions, the PDF uncertainties are reduced by a factor ~ 5 — 10 for most of the range
of x, with a (similar) factor ~ 5 reduction in the valence sector. For the decom-
position of the pion mass [151], written in terms of matrix elements of the QCD
energy momentum tensor (see Sec. 7.1.4), the first moments, (x);¢, are relevant.
For these quantities, the reduction in uncertainties is by a factor ~ 10 for both the
total quark and gluon contributions, as can be seen in the inset of Fig. 7.24 (right).
Note, however, that the errors do not include the aforementioned uncertainties as-
sociated with the model dependence of the pion flux, which may be of the order
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10 — 20% [147,152], and could reduce the impact of the projected data on the un-
certainties of the pion PDFs by several-fold. A similar analysis may be performed
for the PDFs in the kaon, which can be obtained from leading-hyperon production
in the forward region. In this case, the near-absence of empirical information on
the parton structure of kaons will mean an even more striking impact of new EIC
data.

Complementarity with other facilities

The unique role of the EIC is its access to pion and kaon structure over a versatile
large center-of-mass energy range, ~ 29 — 141 GeV. JLab will provide tantalizing
data for the pion form factor up to Q? ~ 10 GeV? (Q? ~ 5 GeV? for the kaon form
factor), and measurements of the pion (kaon) structure functions at large x (> 0.5)
through the Sullivan process.

COMPASS++/AMBER [153] will play a crucial role as they can uniquely pro-
vide pion (kaon) Drell-Yan measurements in the center-of-mass energy region
~ 10 — 20 GeV. The phase 1 with pion Drell-Yan is planned in 2022 and later,
phase 2 with kaon Drell-Yan no earlier than 2026. Some older pion and kaon
Drell-Yan measurements exist, but for the kaon this is limited to less than 10 data
points worldwide, so these measurements are absolutely important for a global
effort of the pion structure function measurements (allowing a handle on the pion
flux) and a sine qua non for any kaon structure function data map. The COM-
PASS++/AMBER data in themselves will already give new fundamental insights
in the EHM mechanism.

Lastly, an electron-ion collider in China (EicC) is under consideration with a sim-
ilar center-of-mass energy range as COMPASS++/AMBER of ~ 10 — 20 GeV and
bridging the energy range from JLab to EIC [154]. The EicC on its own, and even
more in combination with COMPASS++/AMBER, can provide good access to the
region of x 2 0.01 for pion, and especially kaon, structure function determination
and the impact on EHM mechanisms on the valence quark and gluon structure.
In addition, the EicC can extend the Rosenbluth L/T-separated cross section tech-
nique beyond JLab and access pion and kaon form factors to higher Q? values,
roughly by a factor of 2-4.

In the end the EIC, with its larger center-of-mass energy range, will have the final
word on the contributions of gluons in pions and kaons as compared to protons,
settle how many gluons persist in pions and kaons as viewed with highest resolu-
tion, and vastly extend the range in x and Q? of pion and kaon charts, and meson
structure knowledge.
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Figure 7.25: Left: Pion valence-quark momentum distribution xu(x; 4 = 5.2GeV) from
modern CSM calculation [155] (solid blue curve), early CSM analysis [156] (long-dashed
black curve), and lattice QCD [157] (dash-dotted grey curve). The purple points are from a
LO pQCD analysis of the data of Ref. [143], rescaled according to the analysis in Ref. [158].
Right: Ratio ug(x; )/ uz(x;u) from CSM calculation [155] (solid blue curve), and lattice
QCD [159] (dash-dotted grey curve within grey band). The data (orange) are from event
distribution ratios of Ref. [160].

Synergy with theory efforts

Pion and kaon structure functions extracted from EIC data will be confronted
with calculations from continuum Schwinger methods (CSM) and lattice QCD.
The CSM computation of Ref. [155] for the pion valence-quark PDF is depicted in
the left panel of Fig. 7.25. It agrees with the predicted large-x behaviour [161-165]
and, moreover, its pointwise form matches that determined in Ref. [158], which
included the next-to-leading-logarithm resummation using the “cosine method”
— see Ref. [166] for more details. Furthermore, Ref. [155] provides parameter-free
predictions for pion glue and sea PDFs, in addition to all kaon PDFs. Significantly,
lattice QCD is now beginning to yield results for the pointwise behaviour of the
pion valence-quark distribution [157,167], with that delivered by the approach in
Ref. [157] being in fair agreement with the CSM prediction. Concerning the kaon
valence-quark distributions from Ref. [155], there are qualitative similarities be-
tween ug(x), 5x(x) and u,(x). For instance, all three PDFs are consistent with
the above-mentioned large-x prediction, so that 5x(x) is much softer than the first
lattice-QCD result [159]. There are also quantitative differences, as highlighted by
the prediction for ug(x)/ux(x) shown in the right panel of Fig. 7.25 and compared
with the result determined from a measurement of the K~ /7t~ event distribution
ratio [160].

7.1.4 Origin of the hadron mass

About 99% of the mass of the visible universe come from all the nucleons that
constitute it. The Higgs mechanism, which provides mass to the fundamental con-
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stituents of matter, can only explain a small fraction of the nucleon mass. The rest
tinds its origin in the strong force that tightly binds quarks and gluons together.
Understanding how the hadron mass emerges in QCD is therefore of utmost im-
portance.

One way to address the question is to determine how current quarks and gluons
contribute to the hadron mass. There exist essentially two types of mass decom-
position: one consists in a decomposition of the trace of the energy-momentum
tensor (EMT) [10,168-172], and the other corresponds to an energy decomposition
in the rest frame of the system [8,9,11,173-175]. In QCD, the EMT is given by the
following rather simple-looking expression,

uv __ o yiHv _ apA ~av 1 uv 2
TH = §oyt DYy — GHAG™, + 1 g G2, (7.3)

An essential feature related to the emergence of a mass scale is that the trace of the
EMT receives anomalous contributions [176,177],

T, = %‘?GZ + (1 +vm)pmip, (7.4)

where a summation over quark flavors is implied, B(g) is the QCD beta function
and 1y, the anomalous dimension related to the renormalization of the quark mass.
Any mass decomposition starts with a particular split of the EMT into quark and

gluon contributions, T#" = Tg’ "+ TL", which necessarily depends on the renor-

malization scheme and scale. For a spin-0 or spin—% system, the forward matrix
elements of these contributions can simply be parametrized in terms of two EMT
form factors evaluated at vanishing momentum transfer [8,21,173], i.e.,

(P|T}(0)|P) = 2PFP" Ay 6(0) +2M?*gH'Cy (0), (7.5)

while additional spin-dependent contributions are required for higher-spin sys-
tems [178,179]. The trace decomposition takes the form M = I, + I with

Iy = gu(Tyc) = [Ag6(0) +4C6(0)] M, (7.6)
and the energy decomposition reads M = U, + Ug with

Uy = (T0%) = [A46(0) + Cy(0)] M, 7.7
where (T: c) = ﬁ(Pﬂ“; 1(/;(0)|P>] p_o denotes the expectation value in the rest
frame of the system. These two decompositions are consistent with each other
since four-momentum conservation implies the constraints A;(0) + A¢(0) = 1and
C4(0) + Cc(0) = 0. Further decompositions of the quark and gluon energy contri-
butions have also been discussed in the literature [8,9,11,173,175], along with the
case of massless systems [9]. Because of the constraints of four-momentum con-
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servation, only two independent inputs enter any mass decomposition. However,
an independent cross check of the mass sum rule (i.e., without imposing the four-
momentum conservation) can be obtained only by measuring the four individual
contributions A, ¢ (0) and C, (0).

The various mass decompositions mentioned above become physically more
meaningful if each component can be extracted from experimental observables.
The first quark EMT form factor can be obtained as the second moment of the

unpolarized PDF, i.e., A;(0) = [dxx f/(x), and similarly for gluons. The other
form factors C;(0) are related to the hadron sigma term ¢ = (Pmy) and the

trace anomaly (%GZ + YmPpmyp). In the case of the nucleon, the former is ac-

cessible through low-energy mN phenomenology, like experimental information
on 7N scattering or 7r-atom spectroscopy measurements — see, for instance,
Refs. [180-183]. The missing term to directly test the mass sum rule of the pro-
ton is then the gluon contribution to the trace anomaly, i.e., the gluon condensate
(P|G?|P). To probe this in experiments, the best way is to use heavy quarkonia
such as J/¢ and Y because they interact with hadrons primarily via gluon ex-
change. Besides, in order to maximize the sensitivity to the twist-four operator
G2, the center-of-mass energy must be as low as possible. These considerations
have led to the proposed near-threshold photo- or leptoproduction of /¢ or Y in
lepton-proton scattering [170, 184, 185] (see, also, Refs. [186-188]). Recent studies
have shown that this process is also sensitive to the so-called gluon D-term (or the
gluonic “pressure” inside the nucleon) [184,185,189] which gives complementary
information to the quark D-term measurable in DVCS (see, Sec. 7.2.2). It is thus
a unique process that can simultaneously address two important questions of the
nucleon structure (mass, pressure), and is worth pursuing at the EIC.

Currently, experiments are ongoing at JLab, and the first results for near-threshold
J /¢ exclusive photoproduction have been reported recently [190]. However, the
JLab energy is not sufficient to create an Y. The impact of EIC measurements of Y
photoproduction on the proton is shown in Fig. 7.26. The projection of the trace
anomaly contribution to the proton mass (M,/M)) is obtained by assuming the
vector meson dominance model as described in Ref. [191] and for a medium center-
of-mass energy, using the nominal reference detector. The uncertainties on the ex-
traction of M,/ M, could be further improved with a larger acceptance for quasi-
real events, and by combining the results from different energy configurations. For
comparison, the black and dark green circles show the results for M;/M,; from
the GlueX ] /¢ data [191] and the JLab SoLID ]/ projections, respectively. Be-
sides, one could resort to leptoproduction at large photon virtualities Q> [185].
Despite smaller cross sections, this process has certain advantages over photopro-
duction. The available region in Q? is rather limited at JLab (Q? < 10 GeV?), while
these problems can be easily overcome at the EIC. On the other hand, studying a
low-energy process at a high-energy collider inevitably entails new technical chal-
lenges. For example, one has to achieve high luminosity in lowest-energy runs. (It
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Figure 7.26: Projection of the trace anomaly contribution to the proton mass (M, /M) with
Y photoproduction on the proton at the EIC in 10 x 100 GeV electron/proton beam-energy
configuration. The insert panel illustrates the minimization used to determine the uncer-
tainty for each data point. The black circles are the results from the analysis of the GlueX
J/ data [191], while the dark green circles correspond the JLab SoLID ]/ projections. The
Y projections were generated following the approach from Ref. [192] with the IAger Monte
Carlo generator [193].

is important to distinguish the ep center-of-mass energy from the (*) p energy. The
latter is constrained to be close to the threshold.) Moreover, the produced quarko-
nia and their decay products (lepton pairs) are typically in the very forward region,
and this may require special detectors. Section 8.4.5 reports the results of detailed
simulations which partly address these questions and indicate directions for future
improvements.

Another way to address the question of the origin of the hadron mass is through
chiral symmetry. In this picture, different mechanisms due to dynamical chiral
symmetry breaking (DCSB) are responsible for the emergent hadronic mass and
should manifest themselves in observables that probe the shape and size of the
hadron wave function [194]. Five key measurements at the EIC expected to deliver
far-reaching insights into the dynamical generation of mass have been highlighted
in Ref. [12]. Among them, there are measurements of the meson structure functions
as discussed in Sect. 7.1.3 (see Fig. 7.24) and of the pion electromagnetic form factor
as reported in Secs. 7.2.1 and 8.5.1. While the 7t* mass is barely influenced by the
Higgs and is almost entirely generated by DCSB, the Higgs mechanism is expected
to play a more relevant role for the K™ mass due to its strange quark content.
Thus, the comparison of the charged pion and charged kaon form factors over a
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wide range in Q? would provide unique information relevant to understanding
the generation of hadronic mass. Planned simulation work for 2021-23 includes
extensions of the pion form factor measurements to the case of the charged kaon,
assuming that measurements at JLab-12 on exclusive K™ electroproduction beyond
the resonance region confirm the feasibility of this technique (see Sec. 7.2.1).

7.1.5 Multi-parton correlations
Introduction

Multi-parton correlations can be accessed through higher-twist observables with
the underlying twist-classification that “an observable is twist-t if its effect is sup-
pressed by (M/Q)!~2” [195]. Despite the kinematical suppression, twist-3 observ-
ables are in principle not small and can even dominate for certain kinematics at
moderate Q2. This is illustrated by the fact that the first single-spin asymme-

tries (SSAs) in semi-inclusive DIS (SIDIS), AS&?% and ASLIE%, observed at HER-
MES [196-201] and CLAS [202-204], are twist-3 effects. Observations of large
transverse SSAs in single-inclusive hadron production in hadronic collisions (such
as pp — hX), dating back to the 1970s, are further evidence of the importance of
twist-3 effects — see, e.g., Refs. [205-210].

Higher-twist distributions reflect the physics of the largely unexplored quark-
gluon correlations which provide direct and unique insights into the dynamics in-
side hadrons including effects such as vacuum fluctuations — see, e.g., Ref. [211].
They describe multi-parton distributions [212] corresponding to the interference
between higher Fock components in the hadron wave functions, and as such have
no probabilistic partonic interpretation. Yet they offer fascinating insights into the
nucleon structure. A prominent example is the DIS structure function g, [213] re-
lated to the twist-3 PDF g7.(x), which consists of a Wandzura-Wilczek (WW) part,
that is given by the twist-2 helicity PDF g](x) [214], and the genuine twist-3 piece
g‘%(x). The Mellin moment [ dx x? g‘%(x) describes the transverse impulse the ac-
tive quark acquires after being struck by the virtual photon due to the color Lorentz
force [215]. The Mellin moment [ dx x?¢9(x) of the pure twist-3 piece in the scalar
density e7(x) describes the average transverse force acting on a transversely polar-
ized quark in an unpolarized target after interaction with the virtual photon [215].

The theoretical description of twist-3 SIDIS observables, like As&?% or ASEE%,
is challenging due to open questions in the TMD factorization at the twist-3
level [216,217]. Under the assumption of factorization, twist-3 observables receive
contributions from several unknown twist-3 TMD parton distributions and/or
fragmentation functions [218], typically requiring approximations in the data anal-
yses [219,220]. An example is the WW(-type) approximation [221,222], where con-
tributions of genuine Jgg-correlators and mass corrections are neglected. The obvi-
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ous disadvantage of such approximations is the neglect of exactly the new dynam-
ics that enters at twist-3. The situation simplifies in semi-inclusive jet production, a
promising process at EIC energies, which could provide valuable complementary
information on twist-3 TMDs [223]. The collinear twist-3 PDFs ef(x), g7.(x), h] (x)
are (also) accessible in di-hadron production [224-230], a process which can be
described using collinear factorization and for which a reduced number of terms
contributes to the cross section. Higher-twist fragmentation functions can also be
of interest in their own right [231].

Furthermore, important connections between higher-twist parton correlators and
twist-2 TMDs exist — for example, in derivations of the evolution equations for
transverse moments of TMDs [232-236], calculations of processes at high trans-
verse momentum [237], or calculations of the high-transverse-momentum tails of
TMDs [238-240]. Ultimately, through global studies of all of these observables,
one will simultaneously obtain better knowledge of twist-3 collinear functions and
twist-2 TMDs, and at the same time test the validity of the formalism. Gathering
as much information as one can on the quark-gluon-quark correlator is essential
to reach this goal. One example of such a study is the global fit to twist-2 and
twist-3 observables used to extract transversity and the tensor charge described in
Sec. 7.2.3 [241]. In this respect, not only will SIDIS experiments play an important
role at an EIC but also measurements of the transverse SSA in eNT — hX [242-244].
This is the analogue of the corresponding measurements in pp' collisions at RHIC,
which are sensitive to multi-parton correlators connected to the Sivers and Collins
functions [245-249].

The EIC spanning a large Q-range will be ideal to identify higher-twist effects.
The possibilities of extracting twist-3 observables represent important doorways
to study hadron structure in QCD. Here we will describe two exemplary measure-
ments that will be highly interesting at the EIC: The double-spin asymmetry At
in inclusive DIS sensitive to gT(x) and the longitudinal beam-spin asymmetries in
SIDIS to access e7(x).

Twist-3 PDF g7.(x) from inclusive DIS

The clearest example of higher twist, that is defined in a collinear framework and
accessible in inclusive DIS, is the cross section for the collision of a longitudinally
polarized electron beam and a transversely polarized target, épT — ¢’ X. Factoriza-
tion theorems lead to the introduction of the collinear twist-3 PDF g7.(x) [213,250].
Recent work on higher-twist contributions to the spin-dependent DIS structure
functions ¢; and g, was carried out by the JAM Collaboration [96], which en-
ables an extraction of g‘%(x) from the longitudinal-transverse double-spin asym-
metry Arr ~ (g1 +42) = gr- The derivation of the inclusive cross section in
collinear twist-3 factorization establishes the rigorous connection between A and
the twist-3 PDF g‘%(x) — see, for instance, Refs. [212,247,251]. This in turn estab-
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lishes the structure function gr as the most prominent observable to study multi-
parton correlations at the EIC. Figure 7.27 shows the projected impact of the EIC
data on gr. The yellow band shows the uncertainty from DIS world data on the
double-spin asymmetries A;; and Arr within the JAM analysis framework [96],
assuming DGLAP evolution for the Q?>-dependence. The impact from EIC pseudo-
data is reflected by the red band. The EIC data will allow for entirely new insights
on the PDF ¢7.(x) and as such on multi-parton correlations and the interactions of
the struck quark with the partons around it.
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Figure 7.27: Impact of EIC measurements on the structure function gr, using proton,
deuteron and helium targets at £ = 100 fb~!, with 1.6% point-by-point uncorrelated sys-
tematic uncertainties. The baseline structure functions g; and gt are extracted from the
existing world data on Aj; and Arr within the JAM framework. The extraction of gr was
done using a suitable parametrization for the x-dependence at the input scale and assuming
DGLAP for the Q*>-dependence.

Twist-3 PDF e7(x) from semi-inclusive DIS

The twist-3 PDF e7(x) can be decomposed into three contributions [252] through
QCD equations of motion. The first one is a 6(x)-singularity related to the pion-
nucleon sigma term and the non-trivial QCD vacuum structure [211,253-257]. The
second term &1(x) is related to a genuine §ggq contribution with the aforementioned
force interpretation [215]. The third term is proportional to the quark mass and
the unpolarized PDF f/(x). In the bag model, ¢7(x) is due to the bag bound-
ary [258,259], while constituent quark models feature the mass term as being dom-
inant [252,260-265]. Phenomenologically, the chiral-odd PDF e7(x) must be paired
to another chiral-odd object, associated with fragmentation for deep-inelastic pro-
cesses. This is analogous to the extraction of the transversity described in Sec. 7.2.3.
In Fig. 7.28 the theoretical predictions are shown for the contribution of e7(x) to
the beam-spin asymmetry in semi-inclusive di-hadron production, calculated in
collinear factorization at leading order. This asymmetry receives a contribution
not only from e7(x) but also from a term involving a twist-3 di-hadron fragmenta-
tion function [225]. The latter has not been considered here [220]. The uncertainties
in Fig. 7.28 come from the envelope of the uncertainties on the interference frag-
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mentation function [266] and two models for e7(x), a light-front constituent quark
model [265] and a model of the mass-term contribution to e7(x) with an assumed
constituent-quark mass of 300 MeV and the unpolarized PDFs from MSTWO0SLO.
All PDFs and fragmentation functions are taken at Q> = 1 GeV?, and the pro-
jected uncertainties for the EIC are shown only for Q?-values smaller than 10 GeV?.
A similar observable can be studied for single-hadron SIDIS in TMD factoriza-
tion [219] which, however, is more complex as it involves 4 unknown contributions
with one of them being related to the TMD e7(x, kT). The evolution of the genuine
twist-3 contribution é7(x) has been studied [267-269] but never implemented in
the PDF extractions. The EIC kinematics will especially allow for new insights in
the low-x region. This region is of high relevance due to the contribution of a lo-
cal term related to the non-trivial QCD vacuum as well as the mass term whose
x-behavior is enhanced like f(x)/x.

7.1.6 Inclusive and hard diffraction
Inclusive diffraction

Inclusive diffraction has been extensively studied at the HERA collider [271,272].
Diffractive events in DIS, ep — eXY, are distinguished by the presence of a large
rapidity gap between the diffractive system, characterized by the invariant mass
My, and the final-state proton (or its low-mass excitation) Y. In addition to the
standard DIS variables (x, Q?), diffractive events (see diagram in Fig. 7.29) are also
characterized by a set of variables that are specific to diffraction and defined as

Q2

_QZ—FM%(—t B=
Q*+wW2 7 T Q24 ME —t

t=(p—-p), &= (7.8)
Here, t is the squared four-momentum transfer at the proton vertex, ¢ (alterna-
tively denoted by xp) can be interpreted as the momentum fraction of the “diffrac-
tive exchange” with respect to the hadron, and B is the momentum fraction of
the parton with respect to the diffractive exchange. The two momentum fractions
combine to give the Bjorken variable, x = B¢. In analogy with unpolarized, non-
diffractive inclusive DIS, the cross section for inclusive diffraction can be expressed
in terms of the reduced cross section and the corresponding structure functions,
which depend on the aforementioned additional variables specific to diffraction,

2
out =BV e Q) - LRV (p e, 7.9)

and, without integration over ¢,

2
0-120(14) = F2D(4) (IB’ C’ Qzl t) - %FIIJD(AL) (,B/ ‘:/ QZI t) 7 (710)
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Figure 7.28: Beam-spin asymmetry in semi-inclusive di-hadron production. Predictions cor-
responding to Q?> = 1 GeV? based on the di-hadron fragmentation functions of Ref. [266],
low-energy models for the twist-3 PDF ¢7(x) and unpolarized PDFs from MSTWO08 at lead-
ing order [270] (see also text). The upper and lower panels show two different energy
configuration. The left (blue) and right (green) plots correspond, respectively, to the frag-
mentation kinematics of (0.2 < z < 0.3, 0.7GeV < M), < 0.8GeV) and (0.6 < z < 0.7,
0.9GeV < M, < 1.2GeV), where z is the longitudinal momentum fraction of the di-hadron
pair and Mj, its invariant mass. The bands give the envelope of the model projections dis-
cussed in the text, folded with the uncertainty of the interference fragmentation function.
The projected statistical uncertainties are plotted at zero.

where Y, =1+ (1 —y)2,

The standard pQCD approach to inclusive diffraction is based on the collinear
factorization [273-275]. The cross section is computed by the convolution of the
perturbative partonic cross section and the diffractive parton distribution func-
tions (DPDFs). The DPDFs are evolved using the DGLAP evolution equations
with appropriately chosen initial conditions at some initial scale. At HERA fits to
the diffractive structure functions were performed by H1 [276] and ZEUS [277].
They both parametrize the DPDFs in a two-component model, containing contri-
butions from Pomeron and Reggeon exchange. In both cases the proton-vertex
factorization is assumed, meaning that the diffractive exchange can be interpreted
as colourless objects called a “Pomeron” or a “Reggeon”, with an appropriate par-
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Figure 7.29: Diagram for diffractive event in DIS. The final state includes the proton Y, the
scattered electron, and the diffractive system X. (The four-momenta of the particles are
indicated as well.) There is a rapidity gap between X and the scattered proton. The double-
line indicates colorless diffractive exchange responsible for the presence of the rapidity gap.
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Figure 7.30: Accessible range in t and x, for different small-angle 6 acceptance of the final-
state leading proton for three EIC energy scenarios: E, = 275,100,41 GeV. The red line is
the kinematic limit, and the grey area is the HERA range.

ton distributions fl-lp "R(B,9?) and factorized flux factor f;fp ARz,

There are number of areas where the EIC can significantly expand our knowledge
of QCD diffraction. (We note that, since we discuss also the region of large ¢, we
here talk about diffraction in the wider sense of leading proton and high-collision
energies.) First, thanks to the instrumentation in the forward region, the EIC will
be able to measure leading protons in a much wider range of t and x;, (fraction of
the longitudinal momentum of the initial proton carried by the final proton) than at
HERA. This is illustrated in Fig. 7.30 for different proton energies. The red curves
indicates the kinematic limit, and different curves indicate various angular cuts
on the final-state proton. For example, for the highest proton energy, an angular
acceptance extending to 7 mrad translates into a range in — up to (at least) 2 GeV?2.
This is well beyond the HERA range.
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Figure 7.31: Reduced cross section as a function of ¢ in bins of 8 and Q? for the EIC energy
scenario 18 x 275GeV. Red solid curve: Pomeron contribution; green solid curve: Reggeon
contribution; brown solid curve: sum of Pomeron and Reggeon contributions. Dashed red
curve: FzD Pomeron contribution; dotted brown curve: Y;F; contribution; dashed brown
curve: F,. The data are from HERA, where the yellow region was not accessible. The variable
Y] is defined as Y], = y2 /Y4, and the calculations are based on the ZEUS SJ fit [277].

The second area where the EIC could provide valuable information are the
Pomeron and Reggeon contributions. At HERA, the t-dependence of the Reggeon
contribution could not be tested at all, as the range in ¢ was not sufficient to probe
in detail the region where the Reggeon contribution is dominant. This is illustrated
in Fig. 7.31. Here we show the reduced cross section as a function of ¢ in bins of
Q?, B for the highest-energy scenario at the EIC, i.e., 18 x 275 GeV. The solid curves
(red, green, brown) indicate the Pomeron contribution, Reggeon contribution, and
their sum, respectively. It is clear that the region ¢ > 0.1, which was not accessi-
ble at HERA, is where the Reggeon contribution starts to dominate. The EIC has
the potential to explore that region to disentangle the two components. The same
plot also illustrates the importance of the longitudinal structure function FP in the
region of low ¢, indicated by the brown dotted curve. The superimposed data are
from HERA, and they clearly follow the FzD contribution only, since at HERA in
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this regime the contribution from FE was extremely small. On the contrary, at the
EIC the contribution from FLD for the same values of Qz, B, ¢ is not negligible, as
illustrated by the dotted brown curve in Fig. 7.31. With its high luminosity and the
variable center-of-mass energies, the EIC will provide excellent opportunities to
perform precise measurements of the longitudinal diffractive structure function.

In Fig. 7.32 the possibility of extracting FE is further explored. For this analysis, 18
energy setups were considered, (5,10,18) x (41,100,120, 165,180,275) GeV, with
2 fb~! integrated luminosity for each setup. There were 469 bins selected such that
they are common to at least four beam setups, with the cuts Q2 > 3GeV?, My >
2GeV. The measurement of this quantity is dominated by the systematic error,
which for this analysis was assumed to be 2%. Figure 7.32 indicates that the po-
tential is very good for measuring FP at the EIC in a wide range of kinematics. It
is worth noting, however, that it may be difficult to realize 18 energy setups in an
experiment. More studies are thus needed to further scrutinize the potential for a
measurement of FP.
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Figure 7.32: Longitudinal structure function FF () extracted from fits to the pseudodata as a
function of B in bins of Q% and &. Red points indicate the data extracted from the analysis,
and the curves show the prediction. The selected bins are ordered by ¢ and Q.
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Finally, the EIC could potentially improve the extraction of the DPDFs. The DPDFs
were for the first time extracted from data taken at HERA, and the success of the
DGLAP fits to inclusive diffraction confirmed the applicability of the collinear fac-
torization theorem to diffraction. Nevertheless, many open questions remained,
since the fits were only valid for relatively large values of Q?, thatis, Q> > 8.5 GeV?
for H1 and Q% > 5GeV? for ZEUS, below which they failed, suggesting the need
for additional corrections. Studies indicated possible improvement of the descrip-
tion based on saturation models, which would incorporate higher-twist effects in
the fits [278]. In addition, the DPDFs from HERA were not very well constrained
at large values of z, the longitudinal momentum fraction of the parton with respect
to the diffractive exchange. (In the parton model z = B, but § < z once higher or-
ders are taken into account.) The EIC offers the unique opportunity to improve the
extraction of the DPDFs at large values of z. In Fig. 7.33 we show an example of an
extraction of the quark DPDF in bins of Q? as a function of z. The DGLAP evolu-
tion using the HERA-type parametrization [276,277] was fitted to EIC pseudodata
generated assuming 5% systematic error. The statistical error was negligible for
the integrated luminosity of 2 fb~!. One finds that the projected uncertainty on the
quark DPDF extracted from the EIC is reduced significantly with respect to HERA,
in particular at large values of z.

Diffractive dijets

Studies of diffraction in high-energy electron-proton scattering is one of the high-
lights of the HERA heritage, which discovered that diffractive processes account
for a substantial fraction (10 — 15%) of all events. In DIS, taking advantage
of the QCD factorization theorem [273], DPDFs of the proton have been deter-
mined [276,277], and their universality in diffractive dijet and open-charm pro-
duction has been shown. At the same time, in diffractive dijet photoproduction,
next-to-leading order (NLO) perturbative QCD calculations [279] indicated that
factorization is broken — the theory agrees with the H1 [280] and ZEUS [281] data
after assuming that either the resolved-photon contribution is scaled by a factor of
0.34 or the entire pQCD cross section is scaled by a global factor of 0.4 — 0.7 (with
the values depending on the jet transverse momentum and having large theoretical
uncertainties from scale variations and hadronization corrections).

To explore the EIC potential for diffractive dijet photoproduction, we performed
detailed studies of this process in NLO QCD for e+pand e+Ascattering [282]. Using
the framework developed in Ref. [279], the cross section for the reaction e + p —
¢’ + 2 jets + X + Y can be written as

Ao = Z/dy /dx"’/dt/dx"/dz”fw(y)fﬂ/v(x% M2) fp,p(xp,t)fop(zp, Mp)doy .
a,b

(7.11)
In Eq. (7.11), f,/.(y) is the photon flux calculated in the improved Weizsacker-
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Figure 7.33: Diffractive quark distribution as a function of z in bins of Q%. The hatched
bands indicate HERA uncertainty bands for the ZEUS SJ fit [277]. The solid bands indicate
the projected uncertainty after fitting to the EIC data.

Williams approximation [283,284], y is the photon longitudinal momentum frac-
tion, £,/ (X, M%) is the PDF of the photon (for the resolved-photon contribution),
and x,, the corresponding momentum fraction. The diffractive PDF of the proton
is written in the usually assumed form of Regge factorization as the product of the
flux factor fp /p(x p,t), where t is the invariant momentum transfer squared, and

the PDFs of the Pomeron f;,p(zp, M3). Finally, d?fé,’;) is the cross section for the
production of an n-parton final state from two initial partons, a and b. In our anal-
ysis, we identified the factorization scales M., Mp and the renormalization scale
i with the average transverse momentum pr = (pr1 + pr2)/2. The longitudinal
momentum fractions x, and zp can be experimentally determined from the two

observed leading jets through

1" + prae’?
and z%bs -y 2xpEi , (7.12)

obs _ PT1 e+ P12 e 2

r 2yE,

where pr and 7 is the transverse momentum and rapidity of jet-1 or jet-2, while E,



96 7.1. GLOBAL PROPERTIES AND PARTON STRUCTURE OF HADRONS

and E, is the electron and proton beam energy, respectively.

Given the experience from HERA [280,281], we defined jets with the anti-kt al-
gorithm with the distance parameter R = 1 and assumed that the detector(s) can
identify jets above the relatively low transverse energies of pr; > 5 GeV (leading
jet) and pro > 4.5 GeV (subleading jet).

Using the formalism outlined above, we made predictions for diffractive dijet pho-
toproduction at the EIC as a function of the jet average transverse momentum pr,
the observed longitudinal momentum fractions xE’Ybs and z$, the proton longitu-
dinal momentum transfer xp, and the jet rapidity difference Ay. Several features of
the obtained results are important to emphasize. The distribution in the jet average
transverse momentum extends only to 8 GeV (it was 15 GeV at HERA) and, hence,
the cross section is dominated by contributions from direct photons. The K-factor,
giving the ratio of the NLO and LO cross section, was found to be approximately
constant, K ~ 2, and independent of kinematic variables. To address conclusively
the mechanism responsible for factorization breaking requires a high proton-beam
energy and wide ranges in xp (where the subleading contribution at high xp be-

comes important) and x,‘;bs. Replacing the proton by a heavy nucleus and using
predictions for nuclear DPDFs from Ref. [285], we also obtained results for these
distributions in coherent diffractive dijet photoproduction on nuclei in the reaction

et+A—e+2jets+ X+ A.

An example of our predictions is presented in Fig. 7.34, which shows the dijet cross

section as a function of z%bs for three different sets of diffractive PDFs, H1 2006 fits
A and B [276] and ZEUS SJ fit [277]. We observe large difference in the predic-
tions due to the choice of the DPDFs, which indicates sensitivity and potential of

diffractive dijet measurement at the EIC to DPDFs, particularly at large values of

obs
ZP .

Large-|t| diffractive production of vector mesons

Among the diffractive processes, the production of heavy vector mesons is particu-
larly interesting. Diffractive production of vector mesons is a great testing ground
for details of the QCD dynamics, especially the interplay between soft and hard
phenomena. This process is usually described in terms of a colorless exchange,
with vacuum quantum numbers, which to lowest order is given by two-gluon ex-
change. At higher orders, this process is described by the t-channel exchange of
a gluon ladder, which is often referred to as the perturbative Pomeron [286,287].
At high energies, the exchange of the perturbative Pomeron leads to a significantly
faster increase with energy of the scattering amplitude than in the soft regime.
Hence, a very important question in high-energy QCD is the energy dependence
of the Pomeron on the size of the rapidity gap and its dependence on the momen-
tum transfer ¢.
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Figure 7.34: NLO QCD predictions for the z{?*-dependence using three different sets of
diffractive PDFs: H1 2006 Fit B (full black), Fit A (dotted green), both from Ref. [276], and
ZEUS 2009 Fit S] (dashed blue curves) from Ref. [277]. The rescaling for the calculation
using the ZEUS 5] fit is needed to take into account the contribution of proton dissociation,
which has been included in the H1 fits A and B.

The exclusive channel, which dominates the region It <1 GeVZ, is considered
in detail elsewhere in this report. Here, we focus on the diffractive production
of vector mesons at high |t|. In this case the proton usually does not stay intact
but rather dissociates into a low mass excitation (which is however much larger
than for low-|t| diffraction). Such a process can be identified by the presence of
a large rapidity gap between the heavy meson and the system produced in the
fragmentation of partons knocked out from the target. An advantage of this class
of processes is that there are two perturbative scales, of similar size, which are
present at both ends of the Pomeron, thus largely suppressing the diffusion of
transverse momenta along the gluon ladder into the non-perturbative regime.

This is an excellent situation to investigate the energy dependence of the vacuum-
exchange amplitude. In fact, the dependence of the cross section on the rapidity
gap is directly converted into the intercept of the Pomeron exchange at a given ¢.
Roughly speaking, the dependence on the rapidity gap of the cross section should
scale as 2(ap(t) — 1), which should be about 0.4 — 0.5 for the BFKL Pomeron as
compared to 0.2 for the soft regime.

The HERA detectors had a rather limited rapidity acceptance and therefore could
not measure directly, for this process, the dependence of the cross section on the
rapidity gap. As a result, the determination of the energy dependence of the
Pomeron amplitude was sensitive to details of the t-dependence of the amplitude
and also masked by the convolution with the x-dependence of the parton density
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in the target which was integrated over.

The EIC, with suitable detector(s), will have the potential to measure directly the
rapidity gap, and thus the energy dependence of the cross section as a function
of the gap size. There are two different strategies that can be considered. In the
first case, one can require the direct observation of the size of the rapidity gap. In
this case one would require an activity in the central detector up to a certain angle.
Detailed studies [288] show that an angle of about 4°, corresponding roughly to the
rapidity #7 = 3.3, would already allow for a range of rapidity gaps. In the second
scenario, the size of the gap is unknown since there is no activity in the forward
part of the detector. In that scenario, only a lower limit on the gap size can be
imposed.

Detailed estimates [288] found that the much higher luminosity of the EIC than of
HERA compensates to some extent for the lower energy at the EIC. As a conse-
quence, at the EIC one can test the cross section dependence on rapidity-gap in-
tervals predicted by the BFKL model for rapidity gaps up to four units in rapidity.
A good detector acceptance in the nucleon fragmentation region for such studies
is crucial. It was found [288] that an acceptance up to 7 = 3.5 is sufficient for this
process, although acceptance up to higher rapidity (for example, 7 = 4.5) would
provide a longer lever arm allowing for more stringent tests of the small-x dynam-
ics and the Pomeron. Apart from [/ production, the rapidity-gap production of
p-mesons maybe also very promising, perhaps even over a broader |f|-range.

7.1.7 Global event shapes and the strong coupling constant
Introduction

Event shapes [289] are global measures of the momentum distribution of hadrons
in the final state of a collision, using a single number to characterize how well col-
limated the hadrons are along certain axes. This simple and global nature makes
them highly amenable to high-precision theoretical calculations and convenient
for experimental measurements. They then become powerful probes of QCD pre-
dictions, the strong coupling &, hadronization effects, etc.

The classic example, for collisions ete™ — X, is thrust [290,291],
1 . 2 .,
T=1-T, where T=_—max)_ |t p|==ps, (7.13)
t iex Q

at a center-of-mass collision energy Q, summing the three-momenta p; of all final-
state hadrons i € X projected onto the thrust axis #, which is defined as the axis
maximizing the sum. It is customary touse T = 1 — T, whose T — 0 limit describes
pencil-like back-to-back two-jet events, and which grows as the jets broaden, up to
the limit T = 1/2 for a spherically symmetric final state. Other examples of two-jet



CHAPTER 7. EIC MEASUREMENTS AND STUDIES 99

event shapes in eTe™ are broadening B [292], C-parameter [293], and angulari-
ties [294,295].

The thrust axis f determines two hemispheres A and B in the +z directions, and
pZ in Eq. (7.13) is the total z momentum in the +z hemisphere. In DIS, a natural
division of the final state into hemispheres occurs in the Breit frame, with the in-

coming current defining the z direction. Accordingly, the DIS thrust 7o has been
defined as [296]

. 2 )
0 = -2 Yy, (7.14)

where Q is now the DIS variable Q, and H¢ is the “current” hemisphere in the
Breit frame. This 7o does in fact have a Lorentz-invariant definition, in terms of
the class of “N-jettiness” observables [297],

™ = iz Y min{qp - pi,q1- Pir---, qN - i}, (7.15)
Q ieX
where gp is a a four-momentum vector in the proton beam direction (for DIS) and
q1,..,N are four-momenta in N “jet” directions in the final state along which one
wishes to measure collimation of hadrons. The min operator in Eq. (7.15) groups
these hadrons into N + 1 regions around the g;. One will find 7y — 0 for N +1
perfectly collimated jets (and beam radiation).

We will focus on the simplest case for DIS, namely 1-jettiness [298-301]. There
is a freedom to define the vectors gz and g1 (which we will now call q;). Different
choices of directions and normalizations give different measures of 1-jettiness. The
choice

gy =xP, qj=q+xP, (7.16)

where P is the incoming proton momentum, x is the Bjorken variable, and 4 is the
current momentum, actually gives the same thing as 7,

2 .
le = @ Z mm{q% . pi,q? pit =10 (7.17)
ieX
The label b comes from notation used in Ref. [300]. Momentum conservation leads
to the last equality in Eq. (7.17) with 7 as defined in Eq. (7.14). Note that q? =

q + xP is the momentum the outgoing jet (quark) would have at Born (tree) level.

Nonzero T/ measures the deviations and broadening of the jet momentum and

structure away from this Born limit. Another version of DIS 1-jettiness that we
consider uses a ¢; that is adjusted to align with the physical jet momentum,

g = xP, qj=|P|(1,7)), (7.18)

where the jet momentum P; and its direction 7; = P/ ‘P]| may be found by a
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suitable algorithm, such as anti-k; [302], or minimization over axes such as in
ete” thrust. For small enough tf, the differences in 7] measured using differ-
ent infrared-collinear-safe algorithms will be power-suppressed, as long as they
group the same collinear, energetic particles into P;. The difference between the

true and Born-level jet axes used in Tf’b, however, is a leading-order effect [300].
Computing or measuring 77 requires measuring particles in both beam and cur-
rent hemispheres. Computing or measuring 77, by contrast, according to Eq. (7.14)
only requires a measurement of particles in the current hemisphere.

Here we shall consider the promise of 1-jettiness as a probe for the strong coupling
as and of hadronization effects. Refs. [298,299] also explored 1-jettiness as a probe
of nuclear PDFs and medium effects, another potentially powerful application of
such observables at the EIC.

Theoretical precision

Theoretical methods: The global nature of event shapes such as those introduced
above means that all collinear and soft radiation is probed with a single parame-
ter. 1-jettiness distributions are sensitive to physics at three scales, hard yg = Q,
collinear y1; = Q./T1, and soft us = Q7. In fixed-order perturbative predictions in
QCD, logs of ratios of these scales appear at every order in as. For small 7, these
logs blow up at any fixed order in a5, and must be resummed to all orders. This
is accomplished by factorization of the logs into pieces that depend on only one of
the physical scales (hard, collinear, soft) at a time, and renormalization group (RG)
evolution of each set of factorized contributions.

Traditional methods in perturbative QCD (“direct” QCD) have been used success-
fully to resum logs in event shapes (e.g., Refs. [303-305]), but more recent methods
use the technology of effective field theory to do so, namely, soft collinear effective
theory (SCET) [306-310]. SCET has successfully been used to resum certain event

shapes to N’LL accuracy (e.g., Refs. [311,312]), including DIS 1-ettiness 7{ and 7}
(i.e., DIS thrust 7g) [313]. For these observables, SCET predicts the factorized cross

sections, e.g., for le,

do t]+tB kS
dt dtgdksd®pr 6 S(ks, 719
dx dQ? dt! dde2/ JABARSEPT (Tl 02 Q) (ks,u)  (7.19)

x Jq(ty — p7) Y. Ho(y, Q% 1) By(tg, x, pT, 1) + oms(x, Q% 1) ,
q

where

doy  2ma,

dxdQ? Q4

is the Born-level cross section, with xys = Q?, and the sum over g is over quark

R[(1—y)*+1] (7.20)
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and antiquark flavors. (For 7{, J; depends only on t;, and pr is integrated over
to turn the TMD beam function 5, into the ordinary beam function B, [300].) The

first factorized term in Eq. (7.19) predicts the singular part of the ¥ distribution
and will resum all the singular logs, while the final term oy is the nonsingular
part of the distribution, predicted in fixed-order perturbation theory, to which the
resummed prediction must be matched for large 77. The factors Hy, Jq, Bq, S are
universal factors that appear in predictions of many different observables. H, is
the hard function coming from integrating out hard virtual fluctuations from QCD
to match onto SCET and contains logs of 1/ Q. J; describes the collinear final-state
radiation in the outgoing (current) jet giving it an invariant mass ¢; [and is inde-
pendent of (light) quark flavor], and B, the collinear radiation from the incoming
proton beam with virtuality ¢ and transverse momentum pr. Both J; and 5, sum
logs of u/(Q+/T). The soft function S sums the wide-angle radiation carrying mo-
mentum kg between the beam and jet, and depends on the smallest perturbative
physical scale, summing logs of 11/(Qt). The beam function satisfies a matching
condition onto ordinary PDFs with a perturbatively calculable matching coeffi-
cient [314-319].

The factorization of the singular parts of the 77 cross section in Eq. (7.19) allows
for resummation of the large logs of 71. In terms of the integrated distributions
o.(r1) = (1/09p) 0T1 dt do/dt, these logs organize in the form

o.(1) = C([Xs)e[LgLL(“sL)+gNLL(DésL)+0¢sgNNLL(“sL)+'“] + D(as, 1), (7.21)

where L = In T, C is a constant coefficient, and D contains the nonsingular terms.
Dependence on other kinematic variables is not shown in this schematic formula.
Resummation schemes determine the functions g\ ; order by order, each sum-
ming an infinite tower of logs in the fixed-order expansion of ¢.. This is achieved
by solving the RG evolution equations for each piece of the factorized cross sec-
tions, each obeying

d wdy'
pFGop) = veOF (o) = Fom) = Fem)exp| [ Sae(u)],
H po M
(7.22)

where F = H, B, |, S (or, in this form, their Laplace/Fourier transforms), x here
is the natural variable for each function, and <yr is the anomalous dimension. The
solution for F allows one to evaluate each function F at a scale yp where the logs
within each are minimized, and the large logs of j/up at any other scale y are
summed into the exponential. The order to which these logs are resummed is
determined by the accuracy to which the anomalous dimensions are known, each
of which takes the form

'YF(#) = _KFrcusp [“s] In & + YF [0{5] P (7.23)

where xF is a constant, ['cysp is a universal “cusp” anomalous dimension, QF is the
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natural physical scale for the function F [e.g., Qu = Q,Q;p = Q/(e"tv)1/2,Qs =
Q/ (e"tv), where v is the Laplace transform variable for 71], and 7y |as] is the “non-
cusp” part of the anomalous dimension. The order to which each piece is needed
at a given accuracy is summarized in, e.g., Ref. [305].

To date, the cusp anomalous dimension is known to four-loop (a%) accuracy [320-
323], and the non-cusp anomalous dimensions for the 7; beam, jet, and soft func-
tions to three-loop (a2) accuracy. The hard [324-329] and jet functions [322, 330~
333] themselves are known to a2, and the beam [318,319] and soft functions to a?
accuracy [334-337]. This makes it possible to compute DIS 1-jettiness Tf’b distri-
butions currently to NPLL resummed accuracy (see, e.g., Ref. [313]). Furthermore,
the non-singular part of the 7/ distribution has been computed analytically to first
nontrivial order O(as) in Ref. [338]. The non-singular part of the 1-jettiness distri-
bution in Ref. [301] was also computed numerically to O(as).

In addition to the perturbative contibutions, the 7; distributions receive nonpertur-
bative corrections due to hadronization in the final state, growing more important

for smaller ;. These contribute to the soft function, which can be taken to have
the form [339-341]

Sk p0) = [ dk'Serle— K, 1) fur(K), (7.24)

for a model function fyp. For k ~ Agcp (e, 1 ~ Agcp/Q), the full shape
function fnp is needed to describe the distribution. For values 71 > Aqcp/Q,
an OPE can be performed. For sufficiently large 71, it can be shown that the first
moment of the shape function is given by a universal quantity,

/o:odkkaP(k) = 2—81,

where (), is defined through a universal vacuum matrix element of soft Wilson

lines [339,342], and is the same for both versions of 7} * we have considered [300].
For sufficiently large 77, it simply shifts the distribution do/dt; to the right by
20)1/Q (see Fig. 7.35) (cf. Refs. [343-346]), and the value of (); can be determined
by a simultaneous fit for it and for a5 to the data.

(7.25)

Further important corrections to these theoretical predictions can come from the
effect of finite hadron masses on the nonperturbative corrections [347, 348], sub-
tracting renormalon ambiguities between the perturbative and nonperturbative
contributions [341,349], and computing the nonsingular corrections to higher or-
der in as. For direct comparison to experimental results, accounting for cuts on
jet/hadron energies, rapidities, jet radii R, etc. will also be necessary. Track-based
observables should also be considered, for which theoretical technology has be-
gun to be developed [350,351], and which preliminary detector studies in Sec. 8.3.6
suggest can be measured with greater experimental precision at the EIC. These im-
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Figure 7.35: Theoretical predictions for 1-jettiness (or DIS thrust) le distributions, from NLL
to N®LL accuracy at Q = 30 GeV, x = 0.05 (left) and Q = 50 GeV, x = 0.2 (center). The right-
most panel shows a typical distribution before (red) and after (orange) convolution with a
nonperturbative shape function, which for sufficiently large values of 71 has the primary
effect of shifting the perturbative distribution to the right, controlled by a universal shift
(first moment) parameter (), taken here to be 0.35 GeV. A robust determination of s from
event shape measurements will also fit for () at the same time.

provements will further enable the highest precision determination of as; and ()4
possible from DIS event shapes.

Predictions: In Fig. 7.35 we show some of our predictions for 7} distrbutions to

NSLL +O(a;) accuracy prepared for this Yellow Report. The uncertainties are es-
timated by varying the scales in resummed and fixed-order pieces in Egs. (7.19)
and (7.22) [300,338]. The predictions also include the effect of a simple shape func-
tion, whose first moment is given by 20);, with (); set to 0.35 GeV. One observes
the good convergence in the perturbative region from one order to the next. In
general, the theoretical uncertainties improve for larger Q and, somewhat surpris-
ingly, for smaller x. The resummation is turned off smoothly as 71 grows large, and
fixed-order predictions become more reliable than resummed. This occurs around
a value 71 where the total contribution of the singular logs at fixed order in a5 be-
comes numerically comparable to the non-singular function, and based on O(«s)
predictions [338], this transition value turns out to be a function of x, see Fig. 7.36.
This appears to be due to relative contributions of quark and gluon PDFs to the 7}
distribution as a function of x. This observation, however, is based on studies that
do not yet include any resummation of logs of x for very small x.

In Fig. 7.36 we also plot contours of theoretical uncertainty in current NLL predic-
tions for 7} in Q — x space, compared to coverages at HERA and the EIC, serving
as a preliminary guide for where the best precision phenomenology might be ex-
pected. At present the best theoretical precision is achieved in a central region of
Q, x reflecting values that balance better perturbative behavior with smaller uncer-
tainties from PDFs, as alluded to above. While the higher energy of HERA allowed
coverage where our theoretical precision for 7 is expected to be better, at EIC the
opportunity exists to explore x, Q values not analyzed by HERA, as well as to
consider a larger set of event shapes under better theoretical control (for instance

those, like Tf’b, that are free of non-global logs [304]), all of which will be important
to reduce PDF uncertainties and to test universality of ()1, not to mention higher
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Figure 7.36: Left: Regionin 7 = le over which resummed perturbation theory is expected
to be more reliable than fixed-order perturbation theory, based on the value of T at which
singular logs and nonsingular terms become of comparable size [338]. Right: Contours of
estimated theoretical uncertainty in x, Q space, with coverage at HERA and (expected) EIC
at high (140 GeV) and low (45 GeV) center-of-mass energies. Squares are values of x, Q for
previous HERA analyses of event shapes [352,353].
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Figure 7.37: Current theoretical uncertainties in N®LL+O(a;) predictions for Tf’ (red dot-
dashed) vs. the variations in the cross section from 1.7% (blue) or 2.5% (green) variations
of as(My) itself, along with the 1o uncertainties in the MMHT 2014 PDF set used in these
predictions (dark green), at two values Q = 30 GeV and x = 0.05 (left) and Q = 50 GeV and

x = 0.1 (right).

statistics.
We have presented predictions for 7’ as this observable presently has the best
theoretical accuracy available. Detector studies below will be presented for 77 in

Sec. 8.3.6. The theoretical predictions for Tf’b would look substantially similar, with
the small differences encoding effects of the transverse-momentum dependence of
initial-state radiation (cf. Eq. (7.19) and Ref. [300]). In principle there is no obstacle
to bringing predictions for the two observables to the same accuracy, and doing so

is work in progress.

Fitting for ag: In Fig. 7.37 we illustrate the theoretical uncertainties in our N°LL
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predictions for 7; (red dot-dashed) vs. the variations in the cross section from 1.7%
(blue) or 2.5% (green) variations of as(My) itself, along with the uncertainties in
the MMHT 2014 PDF set [354] we used (dark green). These indicate that a single
prediction and measurement of a 71 distribution could yield a determination of
as(My) at the few percent level, with the prospect of using data from many x, Q>
values only improving the ultimate sensitivity, competitive with current percent-
level determinations from e*e~ event shapes [355]. Using data from many x, Q?
will also be important to combat PDF uncertainties. The perturbative uncertainties
in Fig. 7.37 can be further significantly reduced by higher fixed-order calculations
of the nonsingular contributions for large ;.

The theoretical predictions depend sensitively on the value of s and, depend-
ing on the region of 7, on nonperturbative corrections. As reviewed above,
for large enough 71, the dominant nonperturbative effect is a shift by 2();/Q.
Thus many event-shape-based extractions [356-359] of & involve a two-parameter,
{as(Qo), O}, fitting procedure, using measurements in the relevant region of the
distributions. The resulting analysis yields a correlation matrix that describes the
degeneracy between the two parameters. Sampling a wide range in x-Q is ex-
pected to play an important role in breaking this degeneracy.

In practice, the theoretical predictions are integrated over a region of x-Q and then
binned in the event shape 7. This way theoretical and experimental distributions
are directly comparable. The fit can be performed within a single range of x-Q
or simultaneously for many/all ranges. This freedom is helpful for controlling
the various systematics that may enter the theoretical distributions, such as PDF
uncertainties and nonperturbative effects.

Finally one needs to decide which region of the event shape spectrum (i.e., which
bins in T) should be included in the analysis. This determination depends on many
aspects, and the dependence of the fitting results on this choice is a manifestation
of the degeneracy of the two fitting parameters. Some deciding factors will be: i)
the range of x-Q which changes the location of the boundary between the resum-
mation and fixed-order QCD regions (see Fig. 7.36 left panel), ii) the treatment of
non-perturbative corrections will play an important part in which bins are incor-
porated in the small-T region. It is therefore important to have sufficiently fine
binning in the observable to allow for carefully choosing the region for which the
most reliable extraction can be performed.

7.2 Multi-dimensional Imaging of Nucleons, Nuclei, and Mesons

The multi-dimensional parton structure of nucleons, nuclei and mesons is a very
important area of hadronic physics, and there is no doubt that the EIC can move
this field to the next level. Crucial in that regard will be (precision) measurements
of certain exclusive and semi-inclusive processes. Information about imaging in
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position space comes through form factors and, in particular, via generalized par-
ton distributions (GPDs), whereas transverse momentum dependent parton distri-
butions (TMDs) quantify the 3D parton structure of hadrons in momentum space.
Chapter 6 contains an introduction to those topics, while detailed discussions can
be found below in Secs. 7.2.1, 7.2.2 and 7.2.3. In what follows, a brief introduction
is provided for the two additional topics of this section.

Wigner functions can be considered the quantum-mechanical counterpart of clas-
sical phase space distributions. In non-relativistic quantum mechanics they con-
tain the same information as the wave function of a system. Interestingly, Wigner
functions can also be defined for partons in quantum field theory. A generic par-
tonic Wigner function W(x, kr,br) depends on the longitudinal and transverse
parton momenta as well as the impact parameter. Therefore, Wigner functions
not only contain all the physics encoded in TMDs and GPDs but also additional
information. For instance, they allow one to study spin-orbit correlations that are
similar to the ones known from systems like the hydrogen atom. The relation of the
parton orbital angular momentum to a specific Wigner function is one example in
that regard. For some time it was unclear if, even as a matter of principle, partonic
Wigner functions can be measured. But in the meantime some processes have been
identified which are directly sensitive to those objects in a model-independent
manner. In relation to the EIC, at present the diffractive exclusive di-jet production
is of particular interest, which holds promise to give access to Wigner functions for
gluons. More details about partonic Wigner functions and how the EIC can make
significant contributions to this field are given in Sec. 7.2.4.

High-energy lepton scattering off light (polarized) nuclei (d, *He, *He) typically
serves a dual purpose. First, both deuteron and >He targets can be used to study
the neutron, which is important for a complete picture of the nucleon. This not
only applies to PDFs, but also to GPDs and TMDs. Nuclear corrections compli-
cate the extraction of information about the neutron from light nuclei, but there
exists decades-long expertise in this field to build on. Second, obtaining informa-
tion about the light nuclei is very interesting in its own right. Topics include the
investigation of the EMC effect in position space, exploring the pressure distribu-
tions in light nuclei, and exploiting the very unique opportunities which the spin-1
deuteron target offers through its possible tensor polarization. The prospects of
this field at the EIC are summarized in Sec. 7.2.5.

7.2.1 Nucleon and meson form factors
Nucleon form factors

The electric and magnetic form factors of the nucleon are measured in elas-
tic electron-proton (ep) scattering experiments and provide a wealth of infor-
mation about the radius and distributions of charge and magnetism in the nu-
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cleon [360, 361]. The future EIC will provide a unique opportunity to reach ex-
tremely high Q? and probe the transition from hadronic to partonic degrees of
freedom. Atlow Q?, elastic scattering can serve as a straightforward reaction chan-
nel for experimentally determining luminosity by making use of the well known

low-Q? electromagnetic form factors. The cross section for the scattering process
can be written as

G2 2 G2 2
0 = Opoge X | —E (&) ;fr 1 () +271G3, <Q2> tan? <§)] ) (7.26)

where Gg(Q?) and Gy (Q?) are the charge and magnetic form factors, respectively,

Q2 is the four momentum transfer squared, and T = 4Q—]\;2 with the nucleon mass
M.

Measurements of the unpolarized ep elastic cross section — the cross section for the
process where the final state consists of only an electron and proton with soft real-
photon radiation — will require both the scattered proton and scattered electron
to be detected in order to separate these events from other processes. As shown

on the left side of Fig. 7.38, with the form factors parameterized by the form given
in Ref. [362] and using the fit parameters in Ref. [363], the EIC can potentially
make measurements of the ep elastic cross section up to Q? ~ 40 GeV>. Though
unlike fixed-target experiments, in collider kinematics, the data collected will be at
values of the virtual photon longitudinal polarization € ~ 1 where € = [1 +2(1 +
7)tan?(0/2)] 1.
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Figure 7.38: The left panel shows the expected counts from elastic ep scattering at the EIC.
The right panel shows the expected counts from elastic ed scattering. The lack of a large
change in the rates for different beam energies implies that this data cannot be used for a
Rosenbluth separation of the form factors. On the other hand, as can be seen in Eq. (7.26),
at large Q? the cross section is completely dominated by Gyy; thus at large Q? the magnetic
form factor can be extracted from the expected data.

If the central detector acceptance on the electron side extends down to = —3.5,
then the electron will enter the central acceptance at Q> below 1 GeV? (except for



108 7.2. MULTI-DIMENSIONAL IMAGING OF NUCLEONS, NUCLEI, AND MESONS

180 4
_ne:-4.0 - _r|d=3.5
E.=1 = _
8GeV E =275 Gay —n, = -35 sl
‘» 175+ E.=10 _ o
8 Gev, E =100 Gov n,=-3.0 8 L
5 & S5 5 n =40
5] ey > o 2 ¢
=X 1 Gep n =-25 a8
(0] = I o B
< 170~ 5oy @
=10, |
’ 0Gey, 1 cleon _|n =5.0
d
In =70
165 | | | | 0 d
0 0.2 0.4 0.6 0.8 1 0 5 10 15

Q* [GeV?] Q* [GeV?]

Figure 7.39: Left figure shows the electron scattering angle and the right figure the proton
scattering angle for different values of Q% and for different beam energy combinations.

the highest /s setting). In order to suppress inelastic backgrounds, it is necessary
to detect the proton as well, and far-forward detectors will be needed for lower Q>
(see Fig. 7.39).

Determination of the proton form-factor ratio at high Q? via double-spin asym-
metry measurements will most likely not be possible due to the small expected
asymmetry. However, the addition of a positron beam at the EIC would allow for

the study of hard two-photon exchange effects at high Q? [364].

Measurements of the unpolarized electron-deuteron (ed) cross section are possible
at the EIC up to Q% ~ 5 GeV? (see right panel in Fig. 7.38), and measurements of

the tensor-polarized asymmetry can be made up to Q% ~ 2.5 GeV? (see Fig. 7.40).
Here the deuteron form factors for the cross section calculation come from a refit
of the Abbott experimental data [365-368]. At low Q?, this asymmetry is experi-
mentally well known [369,370] and can be used to help determine the polarization
of a stored tensor-polarized deuteron beam. Because only lower-Q? measurements
are possible here, it is preferable to extend the electron acceptance down to n = 4
(see Fig. 7.41). It is also necessary to detect the scattered deuteron in order to sup-
press inelastic background, and far-forward detectors will be required for this. A
positive tensor polarization for the deuterium beam along the beam direction can
be achieved using high polarization in the m = +1 or m = —1 state. If the EIC is
unable to create deuterons in the m = 0 state (which has a negative tensor polar-
ization), a possible way of creating a negative tensor polarization along the beam
direction is shown in Fig. 7.40. Here, ed elastic data is simulated first assuming a
negative tensor polarization along the beam direction (blue points); then the simu-
lation is repeated with a polarization perpendicular (positive vector, positive ten-
sor) to the beam direction. The cross sections for these two cases are equivalent,
and consequently coincide in the figure.
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Figure 7.40: Shown is the tensor-polarized deuteron asymmetry for elastic ed scattering. The
case of negative tensor polarization along the beam direction produces identical results as
polarization perpendicular (positive vector, positive tensor) to the beam direction.
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Figure 7.41: Left figure shows the electron scattering angle and the right figure the deuteron
scattering angle for different values of Q% and for different beam energy combinations.

Meson form factors

Measuring meson form factors can help elucidate the interplay between emergent
hadronic mass and the Higgs mechanism — see also Sec. 7.1.4 and Tab. 7.1. The ex-
perimental determination of the 71" electric form factor (Fy) is challenging. In the
timelike region, the form factor has been measured in ete™ — 7wt~ [371]. The
best way to determine F;; in the spacelike region would be elastic err scattering.
However, the lifetime of the 7t is only 26.0 ns. Since t targets are not possi-
ble, and 7" beams with the required properties are not yet available, one must
employ high-energy exclusive electroproduction of pions, p(e,e’7t*)n. This is best
described as quasi-elastic (f-channel) scattering of the electron from the virtual 77"
cloud of the proton, where the Mandelstam variable ¢ is the momentum transfer
squared to the target nucleon, t = (p, — pn)?. As discussed in Sec. 7.1.3, scatter-
ing from the 71" cloud dominates the longitudinal photon cross section (doy /dt) at
sufficiently small —t.
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To reduce background contributions, normally one separates the components of
the cross section due to longitudinal (L) and transverse (T) virtual photons (and
the LT, TT interference contributions), via a Rosenbluth separation. However, L/T
separations are impractical at the EIC, due to the impossibility of acquiring low-€
data. Below we propose an alternate technique to access o7, via a model, vali-
dated with exclusive 77~ /7" ratios from deuterium. Once doy /dt has been deter-
mined over a range of —t, from —t,,;, to —t ~ 0.6 GeV?, the value of F(Q?) is
determined by comparing the observed doy /dt values to the best available elec-
troproduction model, incorporating off-shell pion and recoil nucleon effects. The
obtained F;; values are in principle dependent upon the model used, but one an-
ticipates this dependence to be reduced at sufficiently small —t. Measurements
over a range of —t are essential as part of the model validation process. JLab-6
experiments were instrumental in establishing the reliability of this technique up
to Q% = 2.45 GeV? [372], and extensive further tests are planned as part of the JLab
E12-19-006 [373] experiment.

Requirements for separating exclusive and SIDIS events: The exclusive 1" channel
cross section is several orders of magnitude smaller than neighboring background
from semi-inclusive DIS (SIDIS), but is distributed over a much narrower range of
kinematics, and this is essential for the separation of the exclusive events from the
background. The exclusive e+ p — ¢’ + " + n reaction is isolated by detecting the
forward-going high-momentum neutron, that is, e — 7™ — n triple coincidences.
Since the neutron energy resolution is not very good, the neutron hit is used as a
tag for exclusive events, and the neutron momentum is otherwise not used in the
event reconstruction. Thus, missing momentum is calculated as pmiss = |Pe + Pp —
ﬁ e ﬁﬂ |

The effectiveness of kinematic cuts to isolate the exclusive 7" channel was eval-
uated by comparison to a simulation of p(e,e’7t™)X SIDIS events, including both
detector acceptance and resolution smearing effects. The most effective cuts are
on the detected neutron angle (4 0.7° from the outgoing proton beam), on the re-
constructed —t < 0.5 GeV?, and the missing momentum (Q?-bin dependent cut).
The missing momentum cut ranges from pmiss > 95GeV/c at Q> = 6 GeV?, to
Pmiss > 77GeV/c at Q? =35 GeV?; i.e., all events above the cut value are re-
moved, where the value is chosen to optimize the signal/background ratio for
each Q? bin. After application of these cuts, the exclusive p(e,e’7t"n) events are
cleanly separated from the simulated SIDIS events.

Determining the longitudinal cross section dop/dt: After the exclusive 1 event
sample is identified, the next step is to separate the longitudinal cross section
dop /dt from dor/dt, needed for the extraction of the pion form factor. How-
ever, a conventional Rosenbluth separation is impractical at the EIC due to the
very low proton beam energy required to access € < 0.8. Fortunately, at the high
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Q?, W accessible at the EIC, phenomenological models predict o7 >> or at small
—t. For example, the Vrancx and Ryckebusch Regge-based model [374] predicts
R = op/or > 10 for Q> > 10 GeV? and —t < 0.06 GeV?, and R > 25 for
Q%> > 25 GeV? and —t < 0.10 GeV?. Thus, transverse cross section contribu-
tions are expected to be 1.3 — 14%. The most practical choice appears to be to use
a model to isolate the dominant doy /dt from the measured (un-separated) cross
section doyng/dt.

To control the systematic uncertainty associated with the theoretical correction to
estimate o7 from the un-separated oyns, it is very important to confirm the va-
lidity of the model used. This can also be done with EIC data, using exclusive
2H(e,e'mt*n)n and ?H(e, e/t~ p)p data for the same kinematics as the primary
p(e,e'ttn) measurement. The ratio of these cross sections is R = Z{n(“—:ﬂp)] =
p(ee'ttn))

|Ay—As|?

|[Av+As|*”
Since the pion-pole t-channel process used to determine the pion form factor is
purely isovector (due to G-parity conservation), the above ratio will be diluted if
or is not small, or if there are significant non-pole contributions to ¢;. The com-
parison of the measured 71~ /7tt ratio to model expectations, therefore, provides
an effective means of validating the model used to determine o7. The same model,
now validated, can likely also be used to extract the pion form factor from the oyns

data.

where Ay is the isovector amplitude, and Ag is the isoscalar amplitude.
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Figure 7.42: Existing data (green crosses [375,376], black circles [377] and triangles [372,378],
blue and yellow squares [372]) and projected uncertainties for future data on the pion form
factor from JLab (cyan and red diamonds [373]) and EIC (black squares), in comparison to

a variety of hadronic structure models [379-384]. The EIC projections clearly cover a much
larger Q? range than the JLab measurements.
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Conclusions for pion form factor: The EIC can allow a pion form factor measure-
ment up to Q% = 35 GeV?, as shown in Fig. 7.42. The error bars are based on the
following assumptions: integrated luminosity of 20 fb~! for 5x100 GeV measure-
ment, clean identification of exclusive p(e,e’7t"n) events by tagging the forward
neutron, cross section systematic uncertainty of 2.5% point-to-point, and 12% scale,
R = oy /or = 0.013 — 0.14 at —t,,;;,, )R = R systematic uncertainty in the model
subtraction to isolate o7, pion pole channel dominance at small —t confirmed in
2H 77— /7t ratios. Also, a —t < 0.5 GeV? cut was used.

Kt form factor: The reliability of the electroproduction method to determine
the K* form factor Fx has not been established yet. The JLab experiment E12-
09-011 [385] has acquired data for the reactions p(e,e’K*)A and p(e,e'K*)Z? at
hadronic invariant mass W = /(px + pax)? > 2.5 GeV, to search for evidence of
scattering from the proton’s “kaon cloud”. The data are still being analyzed, with
L/T-separated cross sections expected in the next ~ 2 years. If they confirm that
the scattering from the virtual K™ in the nucleon dominates at low |f| < m%, the

experiment will yield the world’s first quality data for Fx above Q> > 0.2 GeV2.
This would then open up the possibility of using exclusive reactions to determine
Fx over a wide range of Q? at higher energies. Studies are planned. While the gen-
eral technique will remain the same, the 77~ /7t" validation technique to confirm
the 07 extraction cannot be used for the K*. We are optimistic that A/X° ratios
can play a similar role, but conditions under which the clean separation of these
two channels may be possible at the EIC requires further study and would only be
possible at center-of-mass energies of ~ 29 — 50 GeV. Otherwise the hyperons de-
cay too far down the beampipe for reconstruction using the far-forward detectors
(see Sec. 8.5.2) and missing-mass resolution to separate the Y0 channel from the A
channel degrades at higher center-of-mass energies.

7.2.2 Imaging of quarks and gluons in impact-parameter space

A key challenge of nuclear physics is the tomographic imaging of the nucleon, en-
coded in the Generalized Parton Distributions (GPDs). They provide a connection
between ordinary PDFs and form factors and hence can describe the correlations
between the longitudinal momentum of quarks and gluons and their position in
the transverse spatial plane in a nucleon [117,386].

In the nucleon case, depending on the target and active-parton polarization, one
can define four chiral-even GPDs (H, E, H and E) and four chiral-odd GPDs (Hr,
Er, Hr and E7). They depend on three variables (considering the dependence on
the factorization scale Q? to be known): x, that is the average longitudinal momen-
tum of the active quark as a fraction of the average target momentum; ¢ and ¢, that
are, respectively, half the change in the fraction of longitudinal momentum carried



CHAPTER 7. EIC MEASUREMENTS AND STUDIES 113

Figure 7.43: Illustrations of three main processes which are sensitive to GPDs: (a) exclusive
electroproduction of a real photon, (b) TCS and (c) exclusive electroproduction of a meson.

by the struck parton and the squared four-momentum transferred to the target.
However, one does not have complete direct experimental access to this multidi-
mensional structure, since the dependence on x enters observables in nontrivial
convolutions with coefficient functions.

Since no single process is sufficient to determine GPDs fully, measurements of a va-
riety of processes and observables are necessary to maximally constrain them. Fits
of GPDs require educated choices of the fitting functions to incorporate the known
theoretical constraints of GPDs, that is, polynomiality, sum rules, and positivity —
see, e.g., Refs. [117,386-391] for a detailed account of the formalism and properties
of GPDs. Owing to QCD factorization theorems, a number of related processes are
complementary to disentangle the various GPDs and their flavor dependence —
see, e.g., Refs. [392-394] for recent works on the GPD phenomenology.

Phenomenology of GPDs

The cleanest way to probe GPDs is via deeply-virtual Compton scattering (DVCS),
ie., v*N — 7N/, at high photon virtuality (Q*> > 1 GeV?) and low (squared)
momentum transfer (|t| < Q?), where the scattering happens from a single par-
ton [395]. Experimentally, we access DVCS by measuring the exclusive electro-
production of a real photon (see diagram (a) in Fig. 7.43). In this process the DVCS
amplitude interfers with the so-called Bethe-Heitler (BH) process, that corresponds
to the emission of the photon by the incoming or the outgoing electron and is ex-
actly calculable in QED once the nucleon electromagnetic form factors are known.
DVCS is well described theoretically, including higher orders in a;, higher-twist
and target mass corrections — for a comprehensive review see, e.g., Ref. [392].

The DVCS cross section is parametrized in terms of Compton form factors (CFFs)
through which, however, the dependence on x is not directly accessible. CFFs
are complex functions whose real and imaginary parts are convolutions over x of
the GPDs with a hard kernel, systematically computable in perturbative QCD. At
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leading order, the imaginary part of the CFFs gives the GPDs along the diagonals
x = =£(, while the real part of the CFFs probes a convoluted integral of GPDs
over the initial longitudinal momentum of the partons. The interference between
BH and DVCS provides a way to independently access the real and imaginary
parts of the CFFs. Beam and target single-spin asymmetries are proportional to
the imaginary part of the DVCS-BH interference term. All three terms (pure BH,
pure DVCS, and interference term) contribute to the unpolarized cross section. The
DVCS and interference terms can be separated by exploiting their dependence on
the incident-beam energy, which represents a generalized Rosenbluth separation.
The real part of the DVCS amplitude also appears in double-spin asymmetries,
but these can receive significant contributions from the pure BH process, making
the extraction of the real part of the amplitude challenging. Beam-charge asym-
metries (from measurements with both electron and positron beams), on the other
hand, receive no direct contribution from the pure BH process and are also sensi-
tive to the real part of the DVCS amplitude. Therefore, an experimental program
with positron beams can have a significant impact in accessing this crucial observ-
able [364].

Timelike Compton scattering (TCS) is a related process in which a real photon
scatters off a parton to produce a virtual photon, detected through its lepton-pair
decay (see diagram (b) in Fig. 7.43) [396—402]. As such, this is an inverse process to
DVCS, sensitive to the same set of GPDs. The complementarity of the DVCS and
TCS processes relies mostly on the analyticity of the Q2 behaviour of the scattering
amplitudes [399, 400]. Confronting DVCS and TCS results together is a manda-
tory goal of the EIC to prove the consistency of the collinear QCD factorization
framework and to test the universality of GPDs. The differences in the two pro-
cesses also give experimental advantages in the extraction of CFFs — for example,
the asymmetries associated with the leptonic decay in TCS provide a more direct
access to the real part of the dominant CFF [397-399].

Additional information on GPDs can be obtained from hard exclusive meson elec-
troproduction (which is also called deeply-virtual meson production (DVMP)),
where a meson, instead of the photon, is produced as a result of the scattering
(see diagram (c) in Fig. 7.43) [393]. These processes include:

1. heavy meson (J /1, Y) electroproduction, which probes gluon GPDs and may
also provide new information on the underlying mechanism of saturation by
observing the change of the spatial gluon distribution from high to low x3 [7];

2. light vector meson (0%, o, w; ¢) electroproduction which, in addition, allows
for a flavor separation of the GPDs;

3. light pseudoscalar meson (7+, 7%, 77) electroproduction which, at high Q?,
gives access to parity-odd GPDs (H and E) and, at low Q?, in a model-
dependent way, to a group of chiral-odd GPDs that are inaccessible in DVCS
at leading twist. Some of these GPDs are related to the transversity distribu-
tions extensively studied in semi-inclusive DIS and Drell-Yan processes.
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Figure 7.44: Extraction of the GPD H for sea quarks (left) and gluons (center), and the GPD
E for sea quarks (right), at a particular x and Q2. The violet band is the uncertainty obtained
excluding the EIC pseudodata from the global fit procedure [23].

Hard exclusive production of 77 mesons has a final state similar to that of DVCS.

It consists of one scattered lepton in the DIS regime (Q? > 1 GeV?), one scattered
nucleon in a coherent state (i.e., no break-up of target particle in the interaction),
and either one or two photons for DVCS and 7° production, respectively. This
similarity suggests that a common analysis of the detector requirements for both
processes can be performed, as discussed in Sec. 8.4.1.

The information that can be extracted from a handful of DVCS measurements at
low xp from HERA collider experiments, almost entirely consisting of cross sec-
tions in loose Q? — t bins, is very limited. GPD-based experiments at larger xp
have been carried out at HERMES and COMPASS. Dedicated fixed-target experi-
ments at JLab-12 will be addressing GPDs in the kinematic region dominated by
valence quarks. More precise data mapping, with high granularity and a wider
phase space, is required to fully constrain the entire set of GPDs for gluons and sea
quarks. This will be provided by the EIC, which connects the domain typical of
tixed-target experiments with that of collider measurements. With its wide range
in energy and high luminosity, the EIC will thus offer an unprecedented opportu-
nity for a precise determination of GPDs.

Simulation studies proved that the EIC can perform accurate measurements of
DVCS cross sections and asymmetries in a very fine binning and with a very low
statistical uncertainty [23]. This pioneering assessment of the EIC capability to
constrain GPDs solely relies on global fits of DVCS measurements. Figure 7.44
shows the uncertainties of GPDs extracted from current data (violet bands) and
how they are constrained after including the EIC pseudodata into the fits (orange
bands). This study demonstrated that the EIC can significantly improve our cur-
rent knowledge of the GPD H for gluons. Moreover, a precise measurement of the
transverse target-spin asymmetry Ayt leads to an accurate extraction of the GPD
E for sea quarks, which currently remains almost unconstrained [23].

Diffractive events are known to constitute a large part of the cross section in high-
energy scattering. In Refs. [403—405], access to GPDs is suggested in a diffractive

process where a GPD-driven subprocess (PN — 7*(Q?)N’ or PN — MN’, with
P a hard Pomeron and M a meson) is triggered by a diffractive 7v*(Q?) — pP pro-
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Figure 7.45: Leading-order diagram for the diffractive production of p and a virtual photon
(left panel) and diffractive two-meson production (right panel), with a large rapidity gap
between the forward p and the remaining y* N’ or MN’ final state [403].

cess, as shown in Fig. 7.45. The kinematic domain is defined with a large rapidity
gap separating the p from the 7*N’ or MN’ final state, and a small momentum
transfer between the initial and final nucleons. Contrary to the usual DVCS and
TCS processes, the integration over the quark momentum fraction in the ampli-
tudes is restricted to a smaller domain (—¢ < x < ¢), with gluons not entering
due to C-parity conservation. The skewness parameter ¢ is not related to xp as
in DVCS, giving access to large ¢ even for high-energy processes [403,404]. In
the meson production process, as in DVMP, the nature of the meson and its po-
larization select specific GPDs (vector, axial vector, transversity). The amplitudes
are energy-independent at leading order, and would acquire a mild energy depen-
dence when high-energy evolution is turned on. Cross section projections for the
pM-production process at EIC kinematics were studied in Ref. [405]. Detailed EIC
simulations for both processes are in progress [406].

In Ref. [407—410], a new class of processes was proposed to access GPDs through
Y+ N — 9y+M+ N and v+ N — 7+ v+ N/, focusing on the regime where
Mﬁ M OrF M,ZW provides a hard scale. The connection with GPDs relies on the fact

that the subprocess v(q94) — v + M or y(qj) — v + 7 factorizes from GPDs. For
photoproduction of 7y, the hard subprocess gives access to GPDs at the special
point x = £ [408]. On the other hand, the photoproduction of a photon-meson
pair, for example 7yp, is sensitive to chiral-odd (transversity) GPDs [407]. Chirality
constraints dictate that, for yp photoproduction, only chiral-odd GPDs contribute
at leading twist (i.e., up to 1/Q? corrections) to the production of transversely-
polarized p mesons, while chiral-even GPDs enter for longitudinal meson polar-
ization.

Selecting specific polarization states via measurements of the p decay products en-
ables the separation of the chiral-even and transversity GPDs. This process also
benefits from a suppression of gluon GPDs in the amplitude, which typically in-
troduce large NLO corrections. Simulations of the process at EIC kinematics are
underway [403]. The chiral-even sector (M = 7 or py) can yield a large new set of
observables, complementing the measurements of DVCS, TCS and DVMP which
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involve the same GPDs. In addition, the case M = 7¥ provides a new way to
access GPDs of gluons.

A novel method to extract GPDs has recently been proposed, which is based on
the comparison of p- and 7r-meson production cross sections in charged-current
processes [411]. The rates of these processes are suppressed compared to photo-
production and pose significant experimental challenges, yet are within reach of
the EIC, as described in Sec. 8.4.8.

Impact parameter distributions

Impact parameter distributions (IPDs) can be obtained by taking a Fourier trans-
form of the GPDs in the variable t at { = 0. IPDs represent densities of partons
with a given momentum fraction x as a function of the position bt (impact param-
eter) from the center of momentum of the nucleon in the transverse plane [20]. A
tirst attempt to obtain this information from DVCS measurements was illustrated
in Refs. [412,413], using a model-dependent extrapolation to the point { = 0 that is
not accessible experimentally. Recently, dispersion-relation techniques have been
exploited to constrain the GPDs at ¢ = 0 from data [414]. Both these analyses con-
tirm that the width of the IPDs for unpolarized quarks in unpolarized protons has
a very peaked transverse profile in the limit of x — 1. This behaviour comes from
the fact that, in this limit, the active quark is always very close to the transverse
center of momentum [20,415]. It suggests that the higher-x valence quarks are lo-
calized closer to the center of the nucleon than the lower-x sea quarks, which have
a wider distribution in the transverse plane.

The DVCS-based EIC impact study of Ref. [23] showed how by Fourier-
transforming the GPDs constrained at the EIC, it is possible to extract the densities
of quarks and gluons in the impact parameter space, as shown in Fig. 7.46. While
this study is based only on measurements of DVCS, simulations have also shown
how the EIC can provide high-precision measurements of the |¢|-differential cross
section of heavy vector mesons [2,416]. More simulations for light and heavy
mesons, performed in the context of this Yellow Report, are discussed in Sec. 8.4.5
and Sec. 8.5.1. A Fourier transform of the |t|-differential cross section for the pro-
duction of heavy vector mesons can help to visualize the uncertainty achievable
for the gluon IPDs, though it still contains a contribution from the small but fi-
nite size of the meson, which needs to be disentangled in a full GPD analysis.
For meson production, Q% + M2, becomes the relevant resolution scale. Therefore,
xy = (Q*+ M%)/ (2P - q) replaces the standard Bjorken variable xg = Q2/(2P - q).
Figure 7.47 shows the projected gluon IPDs measurable at the EIC, enabling us to
accurately probe the spatial distribution of gluons over two orders of magnitude
in xy, up to the region where the valence quarks dominate.

The impact studies in Ref. [23] assumed a measurement of || in a very wide range,
starting with the physical minimum |fpin| ~ 0.03 GeV? up to |t| = 1.6 GeV? which,
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Figure 7.46: Impact parameter distributions at x = 0.001 and Q? = 4 GeV? for unpolarized
sea quarks in an unpolarized proton (left), a transversely polarized proton (middle), and for
unpolarized gluons in an unpolarized proton (right), obtained from a combined fit to the
HERA collider data and EIC pseudodata [23]. Top row: IPDs at fixed by = 0 as a function of
b = by. Bottom row: density plots of IPDs in the (by, b,)-plane.

in a Fourier transform, corresponds to large values of the impact parameter. Stud-
ies by the same authors show that limiting the measured |¢|-range would severely
affect the precision of the extracted partonic densities, as shown in Fig. 7.48. The
bands represent the uncertainty from different extrapolations to the regions of un-
measured (very low and very high) values of |¢|.

Form factors of the energy momentum tensor

GPDs also offer the unique and practical opportunity to access the form factors
of the energy momentum tensor (EMT), which are canonically probed through
gravity [417]. For a symmetric (Belinfante-improved) EMT, there are four form
factors, usually referred as A(t), J(t), D(t) and C(t), for each type of parton. The
first three form factors can be related to x-moments of the GPDs and, at t = 0, the
corresponding “charges” for quarks and gluons give, respectively, the fraction of
nucleon momentum carried by the partons, the quark and gluon contribution to
the total angular momentum of the nucleon [21] (see Sec. 7.1.2), and the D-term
D = D(0), which is sometimes referred to as the “last unknown global property”
of the nucleon [418]. Furthermore, the C(t) form factor is related to the EMT trace
anomaly and plays an important role in the generation of the nucleon mass (see
Sec. 7.1.4). The information encoded in the EMT form factors is revealed in the
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Figure 7.47: Top: Projected EIC uncertainties for the gluon IPD obtained from a Fourier
transform of the differential cross section for J /¢ production for 15.8 GeV? < Q2 + M} <
25.1GeV?, assuming a collection of 10 bt (from Ref. [2]). Bottom: Projected uncertainties
for the gluon IPD multiplied with b2, extracted by a Fourier transform of the differential

cross section for Y production for 89.5GeV? < Q2 + M; < 91 GeV?, assuming 100 fb~ !
(from Ref. [416]).

Breit frame [22,418], and has been discussed recently in other frames as well [174,
419]. Working in the Breit frame, the D(t) form factor can be related to the spatial
distribution of shear forces s(r) and pressure p(r).

The relation for the shear forces holds also for quarks and gluons separately, while
it is defined only for the total system in the case of pressure. In this way, D(t)
provides the key to mechanical properties of the nucleon and reflects the internal
dynamics of the system through the distribution of forces. Requiring mechanical
stability of the system, the corresponding force must be directed outwards so that
one expects the local criterion 2s(r) + p(r) > 0 to hold, which implies that the
total D-term for any stable system must be negative, D < 0, as confirmed for
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Figure 7.48: Fourier transform of the DVCS cross section as a function of the impact pa-
rameter by. The cross sections are for different || acceptance and an integrated luminosity
of 10fb~1. The bands represent the parametric errors in the fit and the uncertainty from
different extrapolations to the regions of unmeasured (very low and very high) |¢|. Left:

0.03GeV? < [t| < 1.6GeV?, middle: 0.2GeV? < [t| < 1.6GeV?, right: 0.03GeV? < |t| <
0.65GeV?.

the nucleon in models [420—422], calculations from dispersion relations [423] and
lattice QCD [424,425].

Another consequence of the EMT conservation is the condition fooo p(r)r’dr = 0,
which shows how the internal forces balance inside a composite particle. This rela-
tion implies that the pressure must have at least one node. All models studied up
to now show that the pressure is positive in the inner region and negative in the
outer region, with the positive sign meaning repulsion towards the outside and
the negative sigh meaning attraction towards the center. Recently, an analysis of
JLab data taken at 6 GeV [426,427] has provided the first experimental information
on the quark contribution to D(t) [428]. The form factor parameters fitted to the
JLab data, with the assumption of a negligible gluon contribution, were used to
obtain the radial pressure distribution. Within the uncertainties of the analysis, the
distribution satisfies the stability condition, with a zero crossing near r = 0.6 fm.
This analysis has been repeated in Ref. [429] using more flexible parametrizations
by neural networks to improve the calculation of the uncertainties. The results
show that presently available beam-spin asymmetry and cross-section measure-
ments alone do not allow one to draw reliable conclusions. An independent study
relying on neural-network-based global fits to existing DVCS data [430] also con-
firms that a reliable extraction of pressure forces from current experimental data is
not achievable [431].

The method itself, however, appears valid and may provide a conclusive extrac-
tion of the quark contribution to D(t) in the future, when used in combination
with other observables, which are more sensitive to the real part of the CFFs and
to D(t) (such as the DVCS beam-charge asymmetry or the production of lepton
pairs), and with forthcoming data from present facilities (JLab, COMPASS) and the
EIC. Similarly, exploratory studies for the prospects of measuring the other EMT
form factors at the EIC are in progress. Measuring beam-charge asymmetries, the
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Figure 7.49: The 71¥ electroproduction process in the (backward-angle) TDA collinear fac-
torization regime (large Q?, large s, fixed xp, 4 ~ tmin). The TN TDA (bottom grey oval)
corresponds to the transition distribution amplitude from a nucleon to a vector meson. The
forward-going nucleon is described by the DA (top-right oval).

most sensitive probe for D(t), requires a positron beam, which can be unpolarized.
While this is not envisioned in the EIC baseline, there seem no technical obstacles
to this upgrade in the future.

Transition distribution amplitudes

New information on the parton composition of the nucleon can be accessed
by studying hard exclusive meson production in the u-channel kinematics re-
gion (f ~ tmax and u ~ upin). This process is characterized by a nonzero
baryon number exchange in the u-channel and can be studied in terms of non-
perturbative objects known as nucleon-to-meson Transition Distribution Ampli-
tudes (TDAs) [432-435], as illustrated in Fig. 7.49. TDAs describe the underlying
physics mechanism of how the target proton makes a transition into a 77 meson
in the final state. One fundamental difference between GPDs and TDAs is that
the TDAs require three parton exchanges between the TDA and the hard part. At
leading-twist, there are 8 independent TDAs that can be classified in terms of the
light-cone helicity of the exchanged quarks [436]. This opens the way to specific
and detailed analyses of the helicity content of correlated quarks in the nucleon.
Similarly to GPDs, after the Fourier transform in the transverse plane, TDAs also
carry valuable information on the transverse location of partons and, in particular,
allow one to quantify the effect of diquark clustering in nucleons [437]. In order
to advance in the exploration of the TDA physics, measurements at the EIC and at
other facilities can play a crucial role — see Sect. 8.4.7 for kinematic studies.



122 7.2. MULTI-DIMENSIONAL IMAGING OF NUCLEONS, NUCLEI, AND MESONS

7.2.3 Imaging of quarks and gluons in momentum space

Transverse momentum dependent distribution and fragmentation functions
(TMDs) describe not only the partons’ longitudinal momentum, given by the vari-
ables x and z for distribution and fragmentation functions, respectively, but also
their transverse momentum kr. The study of partonic transverse momenta started
already in the first years after the discovery of QCD [438-440]. Polarized TMDs
were initially suggested as potential mechanisms for creating the unexpectedly
large transverse single-spin asymmetries (SSAs) in hadronic collisions [14, 39].
Nowadays, TMDs are a widely-used tool for describing the 3D spin and momen-
tum structure of the nucleon and other hadrons, and they provide access to pre-
viously elusive quantities [441-445]. At the EIC, the main access to TMDs comes
from semi-inclusive DIS (SIDIS), where in addition to the standard DIS variables
x, Q?, and y, one also identifies final-state hadrons with a fractional energy z and
transverse momentum Pr relative to the direction of the virtual photon. In sev-
eral cases the azimuthal angles of the target spin (¢s) and the fragmenting hadron
momentum (¢y,) relative to the lepton scattering plane are also measured [446].
Accounting for the transverse momentum degrees of freedom allows for the ex-
traction of TMDs and, ultimately, the reconstruction of the 3D picture of hadrons
in momentum space. A general description of SIDIS for single-hadron observables
can be found in Refs. [36,218] and their later extensions. Additional information of
the momentum space image, including the flavor substructure and gluon TMDs,
can be obtained also from other semi-inclusive processes, such as di-hadron pro-
duction and jet-based measurements.

The main theoretical tool for probing TMDs is the TMD factorization theorem. This
theorem allows one to define universal TMD parton distributions [440, 447-450]
that are functions of x and kr. Similarly, one defines also TMD fragmentation
functions that are functions of z and Pr and describe the hadronization of an out-
going parton [451]. TMD factorization has been intensively developed during the
last decades, leading also to the discovery of new domains of applicability and
deeper connections with fundamental properties of QCD. In TMD factorization,
SIDIS structure functions have the following generic form, here for the example of

FLSII?(‘PP: —¢s) [218],

Fr "™ = L ey ICv(Q)P IR(Q,mo) ® fif (x: o) @ D (z: o) (Pr) (7.27)
q

where ® indicates the convolution of transverse momenta, |Cy|? is the perturba-

tive coefficient function, R(Q, o) represents the evolution factor, while flLTq and
D are the Sivers TMD PDF and the unpolarized TMD FF, respectively. (For ease
of notation, in Eq. (7.27) the dependence of the nonperturbative functions on the
transverse parton momenta has been suppressed.) The reference scale () depends
on the details of the evolution implementation [452,453]. The factorization formula
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(7.27) takes on a simpler form in b-space [454],

in (¢, — d2b i(b- 7
Epnts) - = 2e§|cV(Q)|2/(2n)2e<bPT>/ R(Q, b, jo) fi7 (x, b; 110) D] (2, b; o), (7.28)
q

where the parameter b is defined as the Fourier conjugate to Pr/z. In b-space,
TMDs have a multiplicative evolution and simpler theoretical properties, and
therefore this representation is often used in practice [455,456].

The central feature of Eqs. (7.27,7.28) is the presence of three non-perturbative
functions: one TMD PDEF, one TMD FF and the non-perturbative part of the
evolution kernel, with the so-called Collins-Soper-kernel (CS-kernel) hidden in
R. To clearly separate these three functions, measurements that are differen-
tial in (Q, x,z) with large kinematic coverage are needed. The factorization for-
mula (7.27) receives corrections which enter in terms of powers of § ~ Pr/(zQ).
(We also refer to [457,458] where detailed investigations of power corrections
for TMD factorization were presented.) Identifying the domain of applicability
of TMD factorization is nontrivial [459]. In recent analyses, usually the choice
6 < 0.25 has been adopted, at least for high Q [460-463]. These restrictions re-
duce the significance of a large number of existing measurements. The EIC will
provide measurements in an unprecedented large domain, which ultimately helps
to pin down TMDs precisely. However, it also complicates the impact studies for
such measurements since many features of TMDs are entirely unconstrained by
current measurements, especially for Q > 5 — 10 GeV. In Fig. 7.50 we show results
of Ref. [464] where the regions of pion production in SIDIS at the EIC are studied
using results of Ref. [465]. The so-called affinity to TMD factorization region, that
is, the probability (in the range from 0% to 100%) that the data can be described
by TMD factorization, is calculated for each bin of the EIC measurements, and
indicated by color and symbol size in the figure. One can see that the bins with
relatively high z;, ~ z and Pr (and relatively large x and Q?) are particularly im-
portant for the TMD factorization description. The rest of the data (or at least part
of it) will be important for other descriptions such as collinear factorization.

Unpolarized TMDs and TMD evolution

Presently, the unpolarized case is the best-studied part of the TMD program due
to lots of measurements in many different kinematic ranges, starting from fixed-
target experiments [466—471] at low energies up to collider measurements at higher
energies [472-487]. The precision and large span in Q make unpolarized mea-
surements ideal for the determination of the CS-kernel. The latest global analyses
reach NNLO perturbative accuracy with N’LL TMD evolution, demonstrate an
excellent agreement between the theory and experiments, and provide extracted
values of unpolarized TMDs with a good precision [460—463] (named as Pavial?,
SV17, SV19, Pavial9 for brevity). Nonetheless, the current overall status of the
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Figure 7.50: The x — Q? plane with future EIC measurements at /s = 140 GeV. Each panel
displays zj, ~ z vs. Pr ranges of measurements (shown by gray lines). The colored symbols
represent the estimated affinity of the measurement to TMD factorization region. The color
code is proportional to the affinity. (See text for more details.)

data (which includes extremely precise LHC measurements at Q ~ Myz) does not
allow for an accurate reconstruction of TMDs in the b > 1 — 2 GeV~! region due
to insufficient Pr-coverage. In this region, extractions accomplished by different
groups can be very different — see, for example, the comparison in Ref. [488].
Measurements at EIC energies will be able to fill in the gap between the low-energy
tixed-target experiments and those at the LHC, and this will help pin down these
functions at higher values of b, i.e., lower values of kr. Additionally, unpolarized
structure functions and unpolarized TMDs enter the definitions of other structure
functions and spin asymmetries, and thus significantly influence the accuracy of
polarized TMDs as well.

To estimate the impact on the non-perturbative part of the CS-kernel and unpo-
larized TMDs, the SV19 fit was rerun with the inclusion of EIC pseudodata, in
5 x 41 GeV, 5 x 100 GeV, 10 x 100 GeV, 18 x 100 GeV and 18 x 275 GeV energy con-
tigurations, scaled to 10 fb~1. The pseudodata, based on PYTHIA [76] simulations,
includes expected statistical and estimated systematic uncertainties, obtained for
a hand-book detector design with moderate particle identification (PID) capabili-
ties. The estimates for the expected uncertainty bands in comparison to existing
ones are shown in Figs. 7.51 and 7.52. The main impact on the unpolarized sector
occurs in the CS-kernel, for which the uncertainty reduces by a factor ~ 10. This
is due to the unprecedented and homogeneous coverage of the (Q, x,z) domain,
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Figure 7.51: Comparison of relative uncertainty bands (i.e. uncertainties normalized by
central value) for the CS-kernel at = 2 GeV.

which can efficiently decorrelate the effects of soft-gluon evolution and internal
transverse motion. Importantly, the current estimate is based on one-parameter
models (which likely explains the node-like structures seen in the figures), which
are sufficient to describe the current data. Given the precision of the EIC measure-
ments, one can expect to obtain a fine structure of the CS-kernel, which will help
to explore properties of the QCD vacuum [488]. The unpolarized TMDs will also
be significantly constrained through EIC data. The largest impact will be in the
regions that are not covered by present data, i.e., for low x and low z, where the
size of the uncertainty bands can be reduced by a factor ~ 4. In other regions, the
reduction of uncertainties is smaller, typically by a factor ~ 2. The EIC measure-
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Figure 7.52: Comparison of relative uncertainty bands (i.e. uncertainties normalized by
central value) for up-quark unpolarized TMD PDFs (upper panel) and u — 7" pion TMD
FFs (lower panel), at different values of x and z as a function of k7, for p = 2 GeV. Lighter
band is the SV19 extraction, darker is SV19 with EIC pseudodata.
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ments will also play a key role in the study of the flavor structure of TMDs, which
is currently almost unconstrained [489], making it difficult to estimate the impact
of the EIC.

Quark Sivers and Collins measurements
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Figure 7.53: Expected impact on up and down quark Sivers distributions as a function of the
transverse momentum k7 for different values of x, obtained from SIDIS pion and kaon EIC
pseudodata, at the scale of 2 GeV. The green-shaded areas represent the current uncertainty,
while the blue-shaded areas are the uncertainties when including the EIC pseudodata.

Sivers function measurements: The determination of the quark Sivers functions,

flLTq(x, kr), is one of the major goals for TMD physics. It can be extracted most di-
rectly from the transverse SSA proportional to the sin(¢;, — ¢s) modulation of the

SIDIS cross section, which is expressed through the structure function Flsli?(%_%)

(see Eq. (7.27)). The Sivers function is a T-odd TMD [490], that turns into the Qiu-
Sterman matrix element [212,491] in the regime of small b [492,493]. The extrac-
tion of the Sivers TMD was performed by many groups [494-506]. However, the
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global pool of Sivers asymmetry data currently has only a relatively small num-
ber of data points that satisfy the TMD factorization criterion. Consequently, the
uncertainty bands on the Sivers function are very large. To determine the impact
of EIC measurements on the Sivers function we used the pseudodata generated
by PYTHIA 6 with a successive reweighing by a phenomenological model for the
Sivers and unpolarized structure functions from Ref. [498]. For the present impact
study we used pseudodata for 77+ and K* production in e + p collisions at the
highest (18 x 275 GeV) and the lowest (5 x 41 GeV) energy configurations as well
as e + 3He data at lower energies, scaled to 10 fb~!. The systematic uncertainties
were estimated as in the unpolarized case. The resulting pseudodata set has about
two orders of magnitude more points than current data. Performing the fit of pseu-
dodata with the initial setup of the Sivers function from the global analysis made
in Ref. [506] based on SIDIS [507-511] and Drell-Yan [512,513] data, we observe
a drastic reduction of uncertainties, as shown in Fig. 7.53. The uncertainty bands
can be reduced by more than an order of magnitude, for all flavors. Measuring the
Pr-dependence of the cross section for a given (x, z, Q) bin allows for the determi-
nation of the kr-shape of the Sivers function, which is currently hardly constrained
at all by experimental data.

Collins-function-based transversity measurements: The tensor charges and the
(chiral-odd) transversity distributions are the third leading-twist quantity of the
nucleon. They can only be accessed in combination with chiral-odd counter parts
such as the Collins fragmentation function [39]. Several results from fixed-target
SIDIS measurements, e*e~ annihilation and, recently, polarized proton-proton col-
lisions, were included in various global fits [514-517], but the uncertainties are still
very substantial. Using the framework of the QCD global analysis of transverse
SSAs developed in Ref. [241] (JAM20), the impact of the EIC single-hadron Collins
effect SIDIS data on the transversity distributions and the tensor charges was deter-
mined (see Fig. 7.54). Again, PYTHIA 6 was used to generate pseudodata for both
proton and 3He beams at various energies and scaled to 10 fb~!. The pseudodata
were then re-weighted using structure functions based on the extraction presented
in Ref. [514]. The Collins asymmetries are given by the sin(¢;, + ¢s) modulation
of the cross section. The JAM20 fit utilizes the connection between TMDs and
twist-3 multi-parton correlators to simultaneously fit data from SIDIS [518, 519],
eTe™ annihilation [520-525], Drell-Yan [512,513], and SSAs in proton-proton colli-
sions [208,209]. The significant reduction in the uncertainties is apparent. In partic-
ular, in going from JAM20 to JAM20+EIC(ep) to JAM20+EIC(ep+e 3He) the results
for the tensor charges are du = 0.72(19) — 0.72(6) — 0.72(2),6d = —0.15(16) —
—0.15(9) — —0.149(7),gr = 0.87(11) — 0.87(9) — 0.87(2).

The importance of the polarized *He data is also manifest, especially for the
down-quark transversity. Further details can be found in Ref. [526]. With the
EIC data, uncertainties for phenomenological extractions of the tensor charges
will become comparable to, and possibly smaller than, current lattice QCD cal-
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Figure 7.54: Top: Expected impact on the up and down quark transversity distributions
and favored and unfavored Collins function first moment when including EIC Collins effect
SIDIS pseudodata from e+p and e+He collisions [526]. Bottom left: Plot of the truncated
integral ggjf min] VS. Xpin- Also shown is the ratio Agic/Ajampo of the uncertainty in ggf( min] for
the re-fit that includes pseudodata from the EIC to that of the original JAM20 fit [241]. Note
that the results from two recent lattice QCD calculations [527,528] are for the full g7 integral
(i.e., xpi = 0) and have been offset for clarity. Bottom right: The impact on the up quark
(0u), down quark (4d), and isovector (gr) tensor charges and their comparison to the lattice

data.

culations (see, e.g., Ref. [527,528]). As such, potential discrepancies may become
relevant for searches of physics beyond the Standard Model [529,530]. We also
mention that there is a significant reduction in the uncertainty for the Collins
function (see Fig. 7.54), which will be an important test of universality with re-
sults from e*e™ annihilation. (Theoretical considerations suggest that TMD frag-
mentation functions are universal, based on the specific kinematics of the frag-
mentation process — see, for example, Refs. [448,531].) In addition, Fig. 7.54

shows ggfc minl s, Xmin, Where ggfc minl s the following truncated integral: g[;f minl - =
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f;mmdx[(hﬁ‘(x) — h¥(x)) — (h4(x) — h9(x))], as well as the reduction in the uncer-
tainty of this quantity from the baseline fit of JAM20 [241]. With the EIC the expec-
tation is that the uncertainty will go down to 10% of JAM20.

Gluon TMD measurements

Gluon TMDs encode different correlations between the momentum and spin of
the gluon and its parent nucleon. First classified in Ref. [37], they follow a TMD
evolution analogous to that of quark TMDs [532]. Apart from the unpolarized

and linearly polarized gluon TMDs inside an unpolarized nucleon, ff and hng,
respectively, of special interest for spin asymmetry measurements are the three
naive T-odd gluon TMDs for a transversely polarized nucleon: the gluon Sivers

function flLTg and two distributions of linearly polarized gluons, i3 and h#’ .

The operator structure of gluon TMDs is more involved than for quark TMDs.
Indeed, among the eight leading-twist gluon TMDs, four are naive T-odd, and
thus expected to be process-dependent. The underlying interpretation is that the
gauge-link structures involved in the definition of gluon TMDs are different in
DIS and hadronic collisions. As a result, it is predicted that these T-odd gluon
TMDs accessed in ep! — €/qgX can be related by an overall sign change to those
in p'p — 97X (or any other color-singlet final state, such as di-J /4 or /4 ).
Moreover, T-odd gluon TMDs can be cast into two types, namely the Weizséacker-
Williams (WW) type, also known as f-type, and the dipole type, also known
as d-type, depending on the gauge-link structure involved in the scattering pro-
cesses [533-539]. This issue and its impact on EIC physics are discussed in detail
in Sec. 7.3.1. The WW gluon TMDs appear exclusively in the y*¢ — g7 process
in DIS, and they are generally difficult to extract in other hadronic collisions [537].
Therefore, through the measurement of WW gluon TMDs, the EIC can provide
a unique test of the non-universality of gluon TMDs, complementary to the pro-
posed observables at hadron colliders [540-542].

Currently, almost nothing is known from experiment about unpolarized or polar-
ized gluon TMDs, except for the unpolarized gluon TMD at very small x. Open-
charm production is an ideal probe to study gluon TMDs [543-545], but this pro-
cess is statistically challenging [546] — for some more details, see the discussion
at the end of this section. One could also study charm jet pair production [547] or
measure (single, double or associated) quarkonium production [543,544,548-564].
In this case, recent theoretical developments [560, 561] point to the need of new
hadronic quantities, the TMD shape functions, which have not been experimen-
tally constrained yet.

In order to single out different azimuthal modulations of a measurement, which
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are related to different gluon TMDs, we introduce the azimuthal moments [558]

AW(@sipr) — o J 495 dpr W(gs, ¢1) do(gs, ¢r) .
? [ d¢s dor do(¢s, ¢r) ' e

where ¢s and ¢r denote the azimuthal angles of the transverse spin vector and
the measured transverse momentum, respectively. For instance, by taking W =
cos 2¢r we define A®52¢T = 2(cos2¢r). The maximum values of such observ-
ables/asymmetries in ep” — ¢] /X [558], obtained from the positivity bounds of
the TMDs, are presented in Fig. 7.55 (left) in a kinematic region accessible at the
EIC. They turn out to be measurable, but depend very strongly on the specific set
of the adopted long-distance matrix elements (LDMEs). Similar predictions are ob-
tained for Y production, and also for |/ 4 jet production [559], which by varying
the mass of the final state also allows one to test the evolution of gluon TMDs.
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Figure 7.55: Left: Maximal A}/ asymmetries with W = cos 2¢r, sin(¢s + ¢r), sin(¢ps — 3¢r),
for J/¢ production in SIDIS. These three asymmetries are sensitive to the linearly polar-
ized gluon distribution hllg (in an unpolarized nucleon), and two linearly polarized gluon
distributions (in a transversely polarized nucleon), hf and h#” , respectively. The maximal
asymmetries are calculated from the positivity bounds for the polarized gluon TMDs, and
they become identical for all three weight functions. The labels SV and CMSWZ refer to
the implemented LDME sets [565,566]. (Figure from Ref. [558].) Right: projection of SSA
(2sin(¢p; — ¢s)) modulation in the dijet channel as a function of the reconstructed parton

momentum fraction X, The following kinematic cuts are used in the selection of events

generated in the simulation at /s = 141 GeV with an integrated luminosity of 10 fb!:
001 < y < 095, 1GeV? < Q% < 20GeV?, trigger jet P%?ﬂ > 4.5 GeV and associated jet
PE? > 4 GeV.

On the other hand, dijet or high-pr charged dihadron productions [567] have also
been recently proposed to access gluon TMDs. In Fig. 7.55 (right), the projec-
tion [546] of the SSA (2sin(¢,; — ¢s)) via dijet production is shown as a func-
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tion of X6, . = (pj;tle_”jetl + pj;tze_”jetz)/ Vs for e + p' collisions at /s = 141

arton
GeV. By }(Diefining gr as the dijet momentum imbalance, we can compute the an-
gle difference ¢; — ¢s between g7 and the transverse spin vector §T of the target.
Using the anti-kt jet algorithm and the cone size R = 0.8, jets are reconstructed
from both charged and neutral particles with a minimum transverse momentum of
0.25GeV /¢ within the pseudorapidity range || < 3.5. First of all, since the gluon

Sivers function is largely unconstrained, the dependence on x3z,, of the result-

ing SSA strongly relies on the model inputs. Two different parametrizations of the
gluon Sivers function are used as inputs in this projection. One is the SIDIS1 set ex-
tracted from the RHIC Ay data fit of 779 [568], and the other is an assumption based
on 5% of the positivity bound of the gluon Sivers function. The results of these two
sets of parametrizations of the gluon Sivers function are shown as blue and black
curves in Fig. 7.55 (right), respectively. In contrast, the background asymmetry
arising from the quark Sivers function is labeled with the curve in teal. Second, the
projected statistical uncertainty band as shown in Fig. 7.55 (right) is sufficient to
resolve the signal of the gluon Sivers function down to 5% of the positivity bound
for a wide range of x. Last but not least, the red dashed curve represents the gluon
Sivers asymmetry at the parton level. As expected, the jet-level SSAs inherit sim-
ilar shapes as the parton level ones with a smaller magnitude. The dotted curves
labeled as “EIC smeared” stand for the SSAs with the EIC detector response and
smearing effects taken into account. The impact of detector responses becomes
significant only in the large-x region due to the limited statistics.

In summary, the gluon Sivers function can be probed at the EIC down to 5% of
the positivity bound, which allows to explore the little-known correlation between
the spin of the proton and the transverse orbital motion of the gluon inside. To
measure the gluon Sivers effects (and also the gluon saturation as discussed in
Sec. 7.3.1) via the dijet/dihadron process, a hermetic detector with good tracking
(momentum and angular) resolutions will be required, since dijets are produced in
the back-to-back azimuthal angle plane across a large range of rapidity, and their
momentum imbalance is measured from the vector sum of the reconstructed jet
momenta.

Chiral-odd distribution functions via di-hadron measurements

Di-hadron correlations are sensitive to parton distribution functions via their cou-
pling to di-hadron fragmentation functions (DiFFs) [224-226,229]. Due to the extra
degrees of freedom, they allow for a targeted access to the nucleon structure. One
well-known example is the existence of transverse-polarization-sensitive FFs in the
collinear framework. They have already been described in this report in their role
to extract the twist-3 PDF e(x) in Sec. 7.1.5. The partial-wave decomposition of
DiFFs is addressed in Sec. 7.4.1. Here, we focus on the access to transversity via
the DiFF H;' and to the Boer-Mulders function via the TMD DiFF H;!. Note that
here we follow the notation in Ref. [226], while a notation that unifies the di-hadron
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and single-hadron FFs was proposed in Ref. [569].

In SIDIS, transversity can be extracted from the AS™(#k+¢s) o Ly HT asymme-
tries, where ¢r is the azimuthal angle of the difference of the two hadron mo-
menta [226,569]. The FF H;' has been extracted from e*e™ data [570] by looking
at correlations between the azimuthal orientations of two hadron pairs in back-
to-back jets [571-574], and it has been used with SIDIS data [575-578] to extract
the valence components of transversity [266,579-581]. The combination 1 H;' was
predicted to be accessible also in pp collisions [582]. Using the STAR data [583],
transversity was recently extracted from a global analysis (Pavial8) including both
SIDIS and pp collision data [584]. Similarly to the case of the single-hadron Collins
effect, the impact of EIC di-hadron SIDIS data on transversity and the related
tensor charges has been estimated by producing pseudodata for proton and *He
beams using the PYTHIA 8 and DIRE MC event generators, and re-weighing the
pseudodata with structure functions based on the Pavial8 extraction, including a
conservative estimate of the scaling of the Hj® error as 2/+/Ngic, with Ngic the
number of EIC pseudodata points. In this analysis, the error on H;' is a major
source of uncertainty. However, a significant reduction is expected beyond the
current conservative estimate with future BELLE Il e*e™ data and JLAB12 SIDIS
data.

Figure 7.56 shows the impact of EIC pseudodata for the electron-ion beam en-
ergy 10 x 100 GeV using 10 fb~! integrated luminosity — see Ref. [591] for more
details. The upper left panel shows xh;(x) at Q> = 2.4 GeV? for up and down
valence quarks. The statistical error is estimated by making replicas of the pseu-
dodata and by fitting them. The displayed uncertainty bands are built by tak-
ing the central 68% of all replicas (if the statistical error has a Gaussian distribu-
tion, this is equivalent to 1o standard deviation). In the lower left panel, the ratio
of the uncertainty widths with respect to the Pavial8 extraction (pink curve) are
shown when including only the EIC proton data (light-blue curve) and the EIC
proton+*He data (blue curve). Although the projections are made with one en-
ergy configuration only and with the conservative cut 0.1 < y < 0.85, the impact
is quite evident with an average increase of precision by a factor 2. The polar-
ized *He data are particularly important for the down quark transversity. They
cause a reduction of the uncertainty width by almost an order of magnitude for
x < 0.01 with respect to the Pavial8 extraction. Moreover, they shift up the mini-
mum to higher values of x, as shown in the upper left panel. In going from Pavial8
to Pavial8+EIC(ep) to Pavial8+EIC(ep+e>He), the isovector tensor charge changes
as g7 = 0.53(25) — 0.63(9) — 0.54(2), respectively. The lower right panel of
Fig. 7.56 clearly shows that with the EIC data the uncertainties for phenomeno-
logical extractions of g1 can become comparable to, and very likely smaller than,
current lattice-QCD calculations, which are indicated by black points and labelled
by [i],i =1,...,8 (see corresponding references in the figure caption). In the upper
right panel, the comparison is performed for the up tensor charge du vs. the down
dd, involving only those lattice calculations that provide results for these flavor-
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Figure 7.56: Left upper panel: The transversity xh(x) as a function of x at Q%> = 2.4 GeV?
for up and down valence quarks. Uncertainty bands for 68% of all fitted replicas of data (see
text). Pink band for the Pavial8 global extraction of Ref. [584], light-blue and blue bands
when including EIC SIDIS di-hadron pseudodata from ep and e*He collisions, respectively,
with electron/ion beam energy 10 x 100 GeV; vertical dashed lines indicate the x-range cov-
ered by existing data. Left lower panel: ratio of the size of uncertainties with respect to
the Pavial8 extraction, with same color codes as before. Right panel: impact of EIC SIDIS
di-hadron pseudodata on the up quark (éu) vs. down quark (dd) tensor charges, and on
the isovector tensor charge g (same color codes as before), in comparison with some recent
lattice calculations, represented by black points and labeled as: [1] Ref. [528], [2] Ref. [585],
[3] Ref. [586], [4] Ref. [587], [5] Ref. [527], [6] Ref. [588], [7] Ref. [589], [8] Ref. [590]. For more
information on the EIC impact studies, see Ref. [591]

diagonal components. The vertical dashed lines in the left plot indicate the x-range
covered by current experimental data, with the mininum x = 0.0065 attained by
COMPASS [578]. It is important to note that no other existing or planned data
covers the range x < 0.0065 whose impact on the full integral giving the tensor
charge should not be neglected. Persisting potential discrepancies between phe-
nomenology and lattice-QCD simulations, as in the upper right panel, would then
become relevant for searches of physics beyond the Standard Model [529,530]. As
systematic effects are difficult to estimate from a fast simulation, consistent with
experience from previous SIDIS measurements, a 3% relative uncertainty and a 3%
scale uncertainty from the beam polarization were summed in quadrature to the
statistical uncertainties.
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Not shown here are projections for 7+ — 71° and 7= — K pairs which will allow

for improved flavor separation. The EIC will be able to make precision measure-
ments also in these channels due to its excellent capabilities in PID and electro-
magnetic calorimetry. In the kinematic region where a 3¢ separation between pion
and kaons is possible, the background contribution to the 7w — K sample will be
less than 5%. The complementarity of extracting the tensor charges via three dis-
tinct methods (single, di-hadron and hadrons-in-jets FFs) will reduce the overall
systematic uncertainties, both experimental as well as theoretical, significantly.

Like the Sivers function, the Boer-Mulders function, hlL, is naive T-odd [13], and as
such allows for the study of similar aspects of QCD as fj5. However, because it is
chiral-odd, the present information on 1~ from experimental (SIDIS) data is sparse.
In addition to complementarity, extracting i~ from di-hadron correlations, where
it couples to the TMD DiFF Hj', has the advantage that contributions from cer-
tain higher-twist contributions are expected to be significantly reduced. Another
less tangible advantage of using di-hadron asymmetries to extract modulations
of the unpolarized cross section is that acceptance effects are averaged between
the hadrons in the pair, contributing to the complementarity of the measurement
and ideally leading to lower overall systematics. DiFFs can also be measured in
jets allowing, e.g., access to the Boer-Mulders function with a collinear FF and
a separation of the intrinsic transverse momenta of initial and final states in the
measurement of TMD DiFFs analogues to in-jet measurements discussed in this
section. There is some analogy between DiFFs and in-jet fragmentation, since both
introduce an additional momentum vector, increasing the number of degrees of
freedom. It will be interesting to explore opportunities that are given by the com-
bination of these approaches.

Jet-based TMD studies: electron-jet Sivers, hadron-in-jet Collins, and TMD evolution
with substructure

Over the last few years, various studies [28, 29, 126, 517, 553, 592-607] showed
that jets offer a novel way to probe quark TMDs and TMD evolution at the
EIC — this possibility was not discussed in the INT Proceedings [544] and the
EIC White Paper [2]. Jets are excellent proxies for partons, cleanly separate cur-
rent from target fragmentation [28, 126, 592], and can deconvolve TMD PDFs
from FFs [29,592-599]. Moreover, jet substructure observables can probe TMD-
evolution effects [517,553,600-607]. Jet physics is flourishing in the LHC era [608]
and transforming the heavy-ion field [609], so is likely that the development of
tailored jet techniques will also advance the field of 3D imaging at the EIC in
synergy with traditional SIDIS studies. Studies of quark TMDs require jets close
to Born kinematics (y*q — ¢) as illustrated in the left panel of Fig. 7.57. There
are two frameworks to access TMD PDFs with jets: One uses the Breit frame,
which requires suitable jet algorithms [592], and defines the jet’s energy fraction
and transverse momentum in analogy to SIDIS [593-595]. Figure 7.57 shows a
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jet gt prediction, which probes TMD PDFs independently of TMD FFs. The sec-
ond possibility is to cluster jets with high transverse momenta in the lab frame,
which provides another hard scale, in analogy to RHIC studies [610-613]. The im-
balance between the electron and jet probes TMD PDFs independently of TMD
FFs [29,597-599]. Figure 7.58 shows a prediction for the electron-jet Sivers asym-
metry in transversely-polarized scattering. Flavor sensitivity can be achieved
by tagging u,d or strange-jets using the jet charge [596, 614], identified leading
hadrons inside the jet [596,615], or neutrino-jet correlations in charged-current DIS.

ep — ejet X

Vs =100 GeV, R=0.5, z>0.25
10 < @ <25 GeV, 0.01 <y <095

= Nonperturbative uncertainty

N3LL scale uncertainty
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Figure 7.57: Left: Lepton-jet production close to the Born configuration in the laboratory
frame. Right: predicted jet g1 spectrum in the Breit frame, adapted from Ref. [593,594]

TMD fragmentation can be studied through jet substructure measurements [517,
553,599,600,602,616,617]. For example, in the transversely polarized case, hadron-
in-jet measurements probe the quark transversity PDF and the Collins FF, as
shown in Fig. 7.58. Furthermore, novel techniques such as the winner-take-all
scheme [618] and jet grooming [619, 620] can boost the study of TMD evolu-
tion [601,603-607]. Future jet substructure studies will likely exploit the unprece-
dented combination of tracking, PID, and full calorimetry of the EIC detectors.

Event shapes

Event-shape observables have been widely used for precision QCD studies at
various lepton and hadron colliders — see also Sec. 7.1.7 above. Transverse-
energy-energy correlators (TEEC) have recently been calculated to high precision
in hadronic collisions using techniques from soft-collinear effective theory [621].
In DIS, TEEC can be generalized by considering the transverse-energy-energy cor-
relation between the lepton and hadrons in the final state,

ET ZET a
TEEC = / do — - 5(cos — Cos

ETa
= do, ———J(cos ¢, —cos ), (7.30)
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Figure 7.58: Left: Electron-jet Sivers asymmetry. Right: Hadron-in-jet Collins asymmetry.
The error bars represent the expected precision, whereas the bands represent current uncer-
tainties of the Sivers, transversity and Collins TMDs. Note that in this case the observables
are calculated in the laboratory frame where g1 corresponds to the transverse momentum
imbalance between scattered electron and jet. Figures adapted from Ref. [29,597,598].

where the sum runs over all the hadrons in the final states and ¢;, is the azimuthal
angle between the final-state lepton / and hadron 2 measured in a plane transverse
to the collision axis in the lab frame. Recently, this observable has been evaluated
to the highest resummed accuracy in DIS [622] — N3LL matched with the NLO
cross section for the production of a lepton and two jets. Figure 7.59 shows the
precision of successive orders in the nearly back-to-back TEEC limit for EIC and
HERA center-of-mass energies as a function of T = (1 + cos ¢) /2.
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Figure 7.59: Resummed TEEC distributions in the back-to-back limit as a function of
T = (14 cos¢)/2, which describes the deviation of the scattered lepton and the produced
hadrons from being back-to-back in the transverse plane. The orange, blue, and green bands
are the predictions with scale uncertainties at NLL, NNLL and N°LL, respectively. The left
and right panels are for EIC and HERA energies, respectively.

The TEEC cross section can be factorized as the convolution of a hard function,
beam function, jet function and soft function in the back-to-back limit. A close con-
nection to TMD factorization is established, as the beam function, when combined
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with part of the soft function, is identical to the conventional TMD parton distribu-
tion function, and the jet function is the second moment of the TMD fragmentation
function matching coefficient. As such, the generalization of TEEC to DIS [622]
provides a new way to precisely study TMD physics and non-perturbative effects
at the future EIC.

Recently, for DIS a new definition of energy-energy-correlations (EEC) adapted to
the Breit frame has been introduced [623]. This observable can be calculated to
the same next-to-leading order and next-to-next-to-next-to-leading logarithmic re-
summed accuracy as the TEEC. One of its important advantages is its insensitivity
to experimental pseudorapidity cuts, often imposed in the lab frame due to detec-
tor acceptance limitations.

Opportunities with heavy quarks

Charm anti-charm hadron pair production in lepton-nucleon DIS proceeds at Born
level via the photon-gluon-fusion process and thus offers attractive opportunities
to study gluon TMDs [538, 543-546]. The gluon Sivers TMD, for example, and
TMDs of linearly polarized gluons can be linked to azimuthal anisotropies of the
produced charm anti-charm hadron pair. The Sivers asymmetry can be extracted
from measurements of the transverse SSA Ayr, as a function of the azimuthal
angle of the c¢ hadron pair relative to the orientation of the proton spin. Ayr(pr) is
defined in the standard way as [o1.(pr) — or(p1)]/[0L(pT) + 0R(PT)], Where o7 (g)
are the cross sections for particle-of-interest production with spin polarized in the
direction opposite to (same as) the spin of the proton, and pr is the transverse
momentum of the heavy hadron pair. The SSA is directly related to the gluon

Sivers effect, Ayt (pr) flLTg (xg, k1) / f{ (x4, k), where xg is the gluon momentum

fraction, k7 is the transverse momentum of the incoming gluon, and flLTg and fig
are the gluon Sivers function and the unpolarized gluon TMD, respectively.

The correlation between the azimuthal angle of the c¢ pair momentum and that

of the corresponding hadron pair momentum in the case of DD’ production was
studied in PYTHIA 6.4 simulations and was found to be well-preserved during
hadronization. This is because the c¢ pair momentum, which is identical to kr at

leading order, is approximately equal to the DD’ pair momentum pr. The signal
strength, Ayt at the partonic level, can be reduced by up to 30% in the heavy-quark
production and subsequent hadronization in these simulations. The effects of de-
tector response were investigated using fast simulations that smeared the particle
tracks. The analysis included topological selections entailing cuts on the secondary

vertex fitted from the D° and D" decay daughter particles to assess signal signif-
icance and backgrounds [127]. Figure 7.60 shows uncertainty projections for Ayt
for different values of Q% and xp, in comparison with the possible signal size [546]
of this thus far poorly constrained quantity.
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Figure 7.60: Statistical uncertainty projections for Ayt in bins of azimuthal angle of the

momentum of the DD’ pair relative to the spin of the proton (¢ys), for different Q? (left)
and x (right) selections. The two curves indicate the signal strength at parton and D°D?
levels. The above results are obtained by using the same inputs for the gluon TMDs as
in Ref. [546] and assuming that the gluon Sivers function takes the magnitude of its 10%
positivity bound.

7.2.4 Wigner functions

Generalized transverse momentum dependent parton distributions (GTMDs)
G(x,kr, AT, VW) provide the most complete one-body information on the partons
inside hadrons [624-627]. They can be thought of as the mother distributions
of TMDs and GPDs, since they reduce to these lower-dimensional distributions
via appropriate projections. GTMDs contain richer physics than TMDs and GPDs
combined, as they can describe nontrivial correlations between kr and At which
are inaccessible from the studies of TMDs and GPDs separately [628,629]. This is
evident when considering Wigner distributions W(x, kt, b, VW), which represent
the counterpart of GTMDs in the phase-space of momentum (k*, kr) and posi-
tion (br) coordinates [630,631]. GTMDs and Wigner distributions are related by a
Fourier transformation in Ar <> br, at vanishing longitudinal momentum transfer
AT =0[628].

Originally introduced in the context of nucleon structure in 2003 [630, 631], the
Wigner distributions have long been thought of as purely theoretical constructs
without experimental relevance. In the EIC White Paper [2] published in 2012,
there was very little account of the Wigner distribution, let alone experimental
probes of it. However, the situation has changed dramatically over the past sev-
eral years. One of the remarkable findings is that the Wigner distribution for un-
polarized (U) partons in a longitudinally (L) polarized nucleon provides an intu-
itive, but rigorous and gauge-invariant, definition of the orbital angular momen-
tum (OAM) of quarks and gluons [628,632,633],

Lig = [ dxd?rd®br (br x kr)* WIS (x, ke, br, W) (7.31)
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Depending on the path along which the Wilson line W is running, the rela-
tion (7.31) pertains to the two commonly used definitions of the quark OAM [632,
634, 635], i.e., the (canonical) one by Jaffe and Manohar (Lj) [4], and the (ki-
netic) one by Ji (Lj;) [21], and allows for an intuitive interpretation of the difference
Ly — Ly [636]. Therefore, an experimental program to extract the Wigner distri-
butions will give the opportunity to gain information on the kinetic OAM that is
complementary to the study through Ji’s relation from GPDs. More remarkably, it
will open the way to experimentally access the canonical OAM, for which we can
obtain only indirect information from TMDs. While this is an unprecedented chal-
lenge, we believe that with sufficient theory efforts and experimental planning,
one may pursue such measurements at the EIC. The first theoretical ideas for ob-
servables can be found in [637-641], and their experimental feasibility tests have
begun at the LHC. The first preliminary results from ATLAS [642] and CMS on
dijet photoproduction [643] are now available for studies of gluon dynamics with
implications for the future EIC.

Another important development is the recognition that the gluon Wigner distri-
bution at small x is proportional to the so-called dipole S-matrix, which is a fun-
damental object in the physics of gluon saturation [644]. Almost all observables
calculated in the Color Glass Condensate (CGC) framework involve the dipole S-
matrix in one way or another. Moreover, the phase space distribution of gluons
and their correlation have long been discussed in the small-x literature, without
calling it a Wigner distribution. One can now put these efforts in a fresh context
and integrate them into the general goal of studying multi-dimensional tomogra-
phy at the EIC. This may also be a good starting point to explore the use of quark
and gluon Wigner distributions at large x.

In this Yellow Report, we consider using exclusive dijet production in ep colli-
sions to access the gluon GTMD (Wigner) distribution at small x, as suggested in
Refs. [644,645], see also [646]. This is possible because of the presence of two exter-
nal momentum vectors, the proton recoil momentum A, which is approximately
the negative total dijet momentum — (pr1 + pr2), and the dijet relative transverse
momentum Pr = (pr1 — pr2)/2 which is related to kt in the GTMD. The angu-
lar correlations between bt and kr are translated into the azimuthal modulations
of the dijet cross section in the angle between Ar and Pr, which is measurable.
First theoretical estimates in the CGC effective field theory suggest that the mod-
ulations can range from a few percents to some tens of percents, depending on
the dijet kinematics [647,648]. It is important to check whether such modulations
survive after including higher-order corrections. The complete NLO calculation
for this process in the CGC framework has already been performed [649], but its
numerical implementation is still in progress [650]. In addition, the resummation
of soft gluons in the final state should also be considered as it can strongly af-
fect the total dijet momentum p7; + pr2 [651]. The connection between the dijet
production cross section and the gluon Wigner distribution is established in the
so-called correlation limit where |Pr| > |Ar| [644]. It is also interesting to study
dijet production away from this limit, where detailed information on multi-gluon
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correlations at small x can be accessed [652].

First exploratory simulations of exclusive dijet production at EIC are presented in
Sec. 8.4.9. However, we emphasize that, despite the enormous progress in recent
years, the study of GTMDs/Wigner distributions is still at an early stage. There-
fore, it is important to keep investigating if additional interesting physics is (ex-
clusively) encoded in GTMDs, and whether GTMDs can be probed in processes
other than diffractive dijet production. A single process has been identified so far
to access information on the quark GTMDs, i.e., the exclusive pion-nucleon dou-
ble Drell-Yan process TN — (I;1{7)(I; 15 )N’ [640]. This process is in principle
sensitive to all leading-twist quark GTMDs by making use of suitable polarization
observables. However, the count rate for the double Drell-Yan reaction is small
since its cross section is proportional to a%,. A pressing question is then whether
one can identify a reaction that is sensitive to quark GTMDs, but which has a larger
cross section than the double Drell-Yan process.

GTMDs also play an important role in exclusive 7° production, ep — ¢’7t’p’ [653].
At lower energies, this process is sensitive to chiral-odd GPDs as discussed in
Sec. 7.2.2. But at the top EIC energy where physics becomes gluon-dominated,
the standard description in terms of quark GPDs ceases to be valid. Instead, the
cross section in this channel will be dominated by a particular gluon GTMD called
Fy, [624,627] which does not reduce to any known GPD upon kr-integration. Inter-
estingly, the forward limit At — 0 of F, is the gluon Sivers function, and is in fact
equivalent to the QCD odderon at small x [654], which has evaded experimental
detection for decades [655].

7.2.5 Light (polarized) nuclei
Coherent DVCS on light nuclei

In hard photon electroproduction off nuclear targets (DVCS), two different chan-
nels are usually investigated: The fully exclusive coherent one, with detection of
the recoiling nucleus, and the incoherent one, with detection of the struck proton.
An important recent achievement has been the first separation of the two channels
in DVCS off *He [656,657], which opens the way to a new series of measurements.
The ones planned at the EIC, due to the advantages offered by the collider setup
in detecting recoiling systems with respect to a fixed-target experiment, look very
promising.

We deal here mainly with the coherent channel, whose interest is described, for
example, in Ref. [658]. Here the main arguments are just listed, emphasizing the
possible role of the EIC: (i) nuclear tomography, along the lines of Ref. [35], to
obtain a pictorial representation of the EMC effect in the transverse plane. This
requires measurements at low xp in a wide range of ¢, a regime which is accessible
at the EIC; (ii) the comparison with realistic calculations using the impulse approx-



CHAPTER 7. EIC MEASUREMENTS AND STUDIES 141

imation (IA), which are possible for few-body nuclei, could expose non-nucleonic
degrees of freedom, according to an idea proposed in Ref. [659]. Indeed, the IA
predicts a narrow light-cone momentum distribution for light systems. If mea-
surements were performed in a wide enough range of t, which seems feasible at
the EIC, one could look for longitudinal momenta transferred to the struck nucleon
in the target larger than such a width, in a region forbidden by the conventional
IA description, pointing to possible contributions of non-nucleonic degrees of free-
dom, among other exotic effects; (iii) access to information on the nuclear energy
momentum tensor and the distribution of pressure and shear forces inside the nu-
cleus, and the D-term — see Ref. [22] for the initial idea, Ref. [418] for a report,
as well as Sec. 7.2.2. The necessity of accessing the real part of the nuclear Comp-
ton form factor makes this easier with an e™ beam, whose use at the EIC is under
study [364]; (iv) gluon GPDs in nuclei, exposing possible gluon degrees of freedom
in nuclei, planned already at JLab [660], will be easier to study at the EIC, due to
the accessible low values of xg. The same holds for all the low-x phenomena, such
as nuclear shadowing, for which a peculiar behavior has been predicted [661]; (V)
a specific access to the information for the free neutron, possible by using specific
nuclei and suitable polarization setups in the experiments [662].

Light nuclei play a very important role in general: Their conventional structure
is realistically known so that exotic effects in DVCS processes can be exposed. In
the following, the specific role of deuteron, *He and *He as beams at the EIC is
summarized.

The deuteron is a spin-1 system with a rich spin structure and many GPDs at lead-
ing twist [659]. Being a two-body system, its relativistic description is possible. The
deuteron GPDs have been evaluated in a light-front framework in Ref. [663] and,
for the transversity sector, in Ref. [664]. Theoretically well studied, the measure-
ments of coherent DVCS would allow the test of several predictions, concerning
the energy momentum tensor [178, 665] and the parton spin content, for which a
specific sum rule has been proposed [666]. Nuclear effects are expected to be small
and the deuteron is the obvious candidate to extract neutron information, mainly
in the unpolarized setup and in the incoherent channel, where final-state interac-
tions may be relevant but, in principle, can be evaluated realistically.

Since *He is a spin-% system, the amplitude of DVCS off >He has the same GPD
decomposition as that of the nucleon. The CFFs can be extracted measuring the
same asymmetries defined for the proton target, and the GPDs can be obtained
by performing the same analyses. Its binding energy is in between that of the
deuteron and that of “He, making it the ideal target for studying the onset of nu-
clear effects through the periodic table. Among the light nuclei, it is the only one
with nonzero isospin, so that it is unique to study isospin-flavor dependence of nu-
clear effects [667,668], more easily seen through 3H beams, whose use at the EIC is
presently under discussion. Realistic conventional effects have been studied in IA
calculations in terms of (spin-dependent) spectral functions [662,667-670] and are
under control, so that possible effects due to an exotic nuclear parton structure can
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Figure 7.61: *He azimuthal beam-spin asymmetry Ay ;(¢), for ¢ = 90°: results of Ref. [672]
(red stars) compared with data (black squares) from the CLAS Collaboration at JLab [656].

be safely exposed in forthcoming data. Even the evaluation of relativistic effects in
a light-front framework, although challenging, are under investigation along the
lines of Ref. [671].

The specific spin structure of *He has been used extensively to extract informa-
tion for the polarized neutron. Also in this exclusive process specific CFFs in (po-
larized) coherent DVCS, where final-state interactions should be negligible with
respect to the incoherent case, appear to be dominated by the neutron contribu-
tion [662, 669, 670], so that the extraction of the neutron information, complemen-
tary to that to be obtained from the deuteron, looks promising. The possible use of
(polarized) 3He (®*H) beams, along with detection far from the interaction region,
makes the EIC the ideal machine for completely new studies.

The *He nucleus is a spin-0 system and therefore the DVCS amplitude is described
in terms of one leading-twist GPD in the chiral-even sector, so that only one CFF
must be extracted in the experimental analysis, which is much easier than for the
nucleon target. From the point of view of nuclear dynamics, it is a deeply-bound
“real” nucleus and the nuclear effects are similar to those expected for heavier
nuclei. For *He, realistic (non-relativistic) descriptions are challenging but possi-
ble, making it the ideal target to disentangle (novel) medium effects. As already
said, it is the only nucleus for which data for the coherent channel have been re-
leased [656]. Some calculations are also available since a long time [673,674]. In the
most recent IA theoretical analysis [672], a semi-realistic nuclear description based
on the AV18 interaction [675] and the UIX three-body forces [676] was used, with
the Goloskokov-Kroll model to parametrize the nucleon GPDs. This framework,
which was later extended to the incoherent channel [677,678], proved successful in
reproducing the data for the beam-spin asymmetry Ay, as shown in Fig. 7.61, and
for the real and imaginary parts of the CFFs. This model is currently used in the
TOPEG event generator and applied to simulate DVCS at the EIC kinematics. The
region of low xp, naturally accessible at the EIC and very important to study glu-
ons in nuclei and expose exotic effects, is presently under investigation, for both
DVCS and for the exclusive production of vector mesons. As for any coherent
exclusive process, in DVCS off “He the collider setup makes the detection of the
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recoiling intact nucleus easy, which is very slow in a fixed-target experiment. This
is even more important in the incoherent channel, for which the detection of other
nuclear fragments could allow one to control effects from final-state interactions.

Tensor polarized deuteron

The deuteron, being a spin-1 particle, has additional spin degrees of freedom com-
pared to the nucleon. These can be probed using deuteron beams prepared in
a spin ensemble with tensor polarization. In inclusive DIS with a tensor polar-
ized target, this gives rise to 4 additional structure functions, b;_4, two of which
are leading twist (by, bp) [679]. The by structure function has a partonic density
interpretation, which is also explicitly dependent on the nuclear magnetic state
of the surrounding deuteron. This makes the observable unique because it di-
rectly probes nuclear interactions at the parton level. As such, it can unravel novel
information about nuclear structure, quark angular momentum, gluon transver-
sity and the polarization of the quark sea that is not accessible in spin-3 tar-
gets [666,680-684].

The by structure function is experimentally extracted from the tensor asymmetry

ot —o~
A =2 ) 732
. (,PZ‘U_+ er;\a+> (7.32)

where P, is the amount of tensor polarization that ranges from —2 < P,, <1, and

o+(=) is the cross section when the target is polarized along (opposite to) the beam
momentum.

Tensor-polarized deuteron is little explored in electron scattering. Elastic measure-
ments are discussed in Sec. 7.2.1, quasi-elastic measurements were carried out at
NIKHEEF [685] and MIT Bates [686], and an inclusive-DIS measurement at HER-
MES [687]. Two measurements are planned at JLab [688,689]. The JLab measure-
ments can be extended to probe QCD effects at much higher energies and lower
xp at the EIC.

Measurements of A,, in the quasi-elastic region illuminate QCD effects at short
range and high momentum that depend on whether the deuteron wavefunction
is hard or soft [99]. The discovery of short-range correlations (SRCs) in the quasi-
elastic high-x region, where all nuclear cross sections scale similarly to that of the
deuteron, has led to a renewed interest in understanding these effects — see also
Sec. 7.3.7. The tensor asymmetry A,, provides a unique tool to experimentally
constrain the ratio of the S and D wave functions at large momentum, which has
been an ongoing theoretical issue for decades.

Conventional nuclear physics models predict by and A, in inclusive DIS to be very
small. This is due to the averaging over initial deuteron configurations inherent
to inclusive measurements and b; being proportional to the (small) deuteron D



144 7.2. MULTI-DIMENSIONAL IMAGING OF NUCLEONS, NUCLEI, AND MESONS

wave. In combination with tagging of a spectator nucleon (see Sec. 7.1.2), however,
maximal A,, asymmetry values of —2 and +1 can be reached. The tagged-DIS
cross section also has several tensor-polarized structure functions which are zero
in the impulse approximation and hence offer an opportunity to study spin-orbit
effects specific to tensor polarization.

Detailed rate estimates for the A,, asymmetry at the EIC are in progress.

Medium modification of azimuthal modulations in SIDIS

Measurements of medium modifications of spin-(in)dependent azimuthal asym-
metries in semi-inclusive DIS (SIDIS) provide access to medium-modified parton
distributions, and to the relative magnitude of the transverse momentum width
of the nucleon TMDs. Orbital motion of quarks is modified in the medium [690].
That makes a variety of physics observables which are sensitive to orbital motion,
in particular several spin and azimuthal asymmetries, good candidates for pro-
viding important information on partonic distributions in bound nucleons. Mea-
surements of medium modifications of various spin and azimuthal asymmetries
using unpolarized and longitudinally polarized leptons and nucleons will provide
important information on the relative size of the transverse momentum in the pro-
ton, allowing to use nuclear targets as a microscope to study the proton in the
medium.

For SIDIS with nuclear targets, e + A — e + h + X, the quark TMDs in a nucleus
can be expressed as a product of nucleon TMDs and some functions depending on
the total transverse broadening A,r, which itself depends on the quark transport
parameter 4 [691,692],

A
TTAF

fitkr) m [ dPeper bR oo (N ),

k3. gLA(x, kr) ~ ﬂIqup /dsz o~ (kr—£1)*/ AoF (kt - £1) gLN(x,KT) , (7.33)

with A the atomic number. Using a Gaussian ansatz for the quark TMDs in a
nucleon, the integrations in the leading-twist contributions can be carried out ana-
lytically [691,692],

A 12 2
i (x, kr) = W%M FN(x) e ¥7/ (kp)a

2\ gt 1
g4 (k) & — A KD g g (7.34)

1
where (k2) 4 = (k2) 4 Agr and (k2)S = (K2)8" + Agr.
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Measuring higher-twist single-spin asymmetries (5SAs) in the medium will pro-
vide access to medium modifications of spin-orbit correlations, involving sev-
eral higher-twist TMDs which are sensitive to final-state interactions (f*, ¢*, and
fi). Those TMDs are also essential components of the 3D structure of the nucle-
ons. Detection of jets with the EIC would allow for studies of medium-modified
TMDs, with completely different (compared to hadrons) systematics, viz., without
involvement of unknown fragmentation functions, and their modification in the
medium. Understanding jet formation in the medium and the correlation between
jet momentum and its parent parton is, however, needed. For example, medium

modification of the SSA A?SCP (where here ¢ is the azimuthal angle between the

produced hadron and the leptoon plane) could be determined by the TMD g+,
modified in the medium [691],

(sing)ty () [ (K)S [ 111 1 ]
Sing)y ) \ gy ) T (<k2T>A (k%) <k2T>gL+<k2T>L)kT'
(7.35)

oqQ

where (k%.)¢ " and <k2T>f’74L are the widths of ¢~ in a free and bound nucleon, respec-
tively. Nuclear modifications of this beam SSA, for example, appear to be very
sensitive to the relative widths of the involved nucleon TMDs, and change signifi-
cantly with transverse momentum (see Fig. 7.62). The overall magnitude of the ef-
fect is governed by the same transport parameter 4, or equivalently the transverse
momentum broadening A,r, that controls nuclear suppression of hadron produc-
tion in unpolarized and polarized electron-nucleus scattering.
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7.3 The Nucleus: A Laboratory for QCD

This section is devoted to an overview of the fundamental physics with light and
heavy nuclei that will be performed at the EIC. Of course, nuclei are made of nu-
cleons, which in turn, are bound states of the fundamental constituents probed
at short distances, namely quarks and gluons. The EIC will be the world’s first
dedicated electron-nucleus e+A collider. It will explore the effect of the binding of
nucleons on nuclear parton distributions, the momentum distribution of quarks
and gluons; but also, for the first time, determine their spatial distributions in a
nucleus via diffractive or exclusive processes. In addition, the wealth of semi-
inclusive probes at the EIC provides direct and clean access to fluctuations of the
density of quarks and gluons in nuclei.

The high-energy aspects of DIS on nuclei such as the physics of non-linear color
tields and gluon saturation are covered here in Secs. 7.3.1, 7.3.2. The latter section
also discusses the unique opportunity at the EIC to measure nuclear diffractive
PDFs and to understand their connection to shadowing. Section 7.3.9 covers co-
herent and incoherent photoproduction on heavy ion targets.

Additional topics addressed in this Sec. 7 are as follows.
Collective effects

Until recently, “collective phenomena” were associated exclusively with large
tireballs formed in nuclear collisions. These event-by-event multiparticle az-
imuthal correlations, particularly a long-range pseudorapidity feature termed
“ridge” [693], were neither expected nor present in any modeling of “small” sys-
tems such as p+p or p+A collisions. This paradigm was shattered with the discov-
ery of ridge “ridge”-correlation in (high multiplicity) proton-proton and proton-
nucleus collisions [694-704]. These long-range correlations have two compelling
theoretical explanations based on orthogonal premises: one interprets the ob-
served effect in the small system data as a final-state phenomenon. The other is
the initial state effect. At the EIC, the selection of DIS-events at small-x will pro-
vides us with a unique testing ground to test and understand in detail the physics
mechanism behind the formation of these collective interactions, see Sec. 7.3.5.

Special opportunities with jets and heavy quarks

The technical capabilities of the EIC machine and detector concept under devel-
opments provide an excellent ground for extending jet and heavy quark measure-
ments beyond the inclusive cross-sections and simple semi-inclusive correlations.
There is a palpable shift in the research efforts towards the jet substructure studies,
including such studies with a required in-jet heavy flavor hadron presence, or “tag-
ging.” While the methods for exploring the jet constituent distributions began to
develop in the 1990 [705] and possibly earlier, this direction has exploded in recent
years in the HEP community [706]. At the same time, the jet substructure methods
have been successfully adopted for studies of medium-induced jet modifications
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in the QGP by the nuclear physics community.

Jet substructure observables are indispensable tools for flavor-tagging, i.e., for sta-
tistical identification of the parton originating the jet. Flavor-tagging enables an-
other dimension to explore the nuclear modification effects, of both initial and final
state origin, for different hard-scattered partons. At the EIC, the jet substructure
observables, specifically jet angularity, can image the nucleon/nuclei 3D structure
and map out the hadronization process in a vacuum and nuclear medium. Another
substructure tool that has been studied in connection with future EIC data is the
jet charge, which showed promise to discern the contributions of quark and anti-
quark jets and to, again, pinpoint their original parton flavor. A high precision jet
charge measurements at the EIC will provide an excellent way to constrain isospin
effects and the up/down quark PDFs in the nucleus. The details are supplied in
Sec. 7.3.6.

Short range correlations and the structure of light nuclei

The EIC will also provide novel insight into the physics of short range correlations
(SRC) in nuclei and how they relate to the mechanism by which QCD generates
the nuclear force. The modification of the structure of bound nucleons as manifest,
for example, in the EMC effect could be caused by short-range correlated nucleon
pairs with high internal nucleon momentum. The new collider will investigate the
underlying physics of SRC in kinematic regions that so far could not be reached.
A more detailed discussion is presented in Sec. 7.3.7.

Also, the EIC will provide polarized *He and ®H beams, possibly deuteron (*H)
beams and more. This allows to probe the spin structure of the neutron, the tensor
polarized deuteron, and measurements of the polarized EMC effect, in order to
understand the interplay between partonic QCD phenomena and nuclear interac-
tions; c.f. Sec. 7.3.8.

7.3.1 High parton densities and saturation

The study of emergent properties of the ultra-dense gluonic matter is an important
pillar of EIC physics. Since the emission of soft gluons is favored in QCD, a large
number of low-momentum gluons exist inside high energy nucleons and heavy
nuclei. These low momentum gluons are usually referred to as the low-x gluons,
where x is the longitudinal momentum fraction of the gluon with respect to the
parent hadron. As a consequence, one observes a rapid increase in the gluon den-
sity towards smaller x and a corresponding increase in the quark density coming
from sea quarks via the ¢ — g7 splitting process. On the other hand, the density of
quarks and gluons in the small-x limit will not become infinitely large due to the
gluon saturation effect. When the gluon density is sufficiently high, the recombi-
nation of gluons via the gg — ¢ process becomes important. Eventually, the gluon
density is expected to saturate, as a balance is reached between gluon radiation
and recombination.
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The “saturation” of the densely populated gluonic system in nucleons and heavy
nuclei [707,708], is most commonly described in the theoretical framework pro-
vided by the Color Glass Condensate (CGC) formalism [24, 709]. This frame-
work can be viewed as an effective theory of high energy QCD in the low-x
limit. In the small-x formalism, the emission of soft gluons is captured in the fa-
mous Balitsky-Fadin-Kuraev-Lipatov (BFKL) equation [286,287], while the gluon
recombination manifests itself as the additional non-linear term in the extended
evolution equations, which are known as the Balitsky-Kovchegov (BK) equa-
tion [710,711] and the Jalilian-Marian-lancu-McLerran-Weigert-Leonidov-Kovner
(JIMWLK) equation [712-715]. These non-linear QCD evolution equations encode
gluon saturation, which emerges at asymptotically small x as the universal stable
tixed point independent of initial conditions of color sources [716]. In practice, one
often defines the so-called saturation momentum Q?2(x) to separate the nonlinear
saturated dense regime at low transverse momentum (or virtuality) from the linear
dilute regime, and to characterize the strength of the saturation effects. Compar-
ing to the saturation momentum in the proton, the saturation momentum Q? for

a large nucleus with mass number A is enhanced by a factor of ~ A/ due to the
overlap of nucleons at a given impact parameter [40]. This nuclear enhancement
factor is also known as the “oomph” factor, which indicates that the saturation
effect in e+Acollisions is much stronger than that in ¢ 4 p collisions.

The initial condition for small-x evolution of a proton can be related [717,718] to its
light-front wave function as constrained by imaging (see sec. 7.2). This determines
the dependence of the dipole scattering amplitude on impact parameter and dipole
size, on their relative angle, and on the initial value of x where the resummation of
soft gluon emissions is started [719].

Inclusive cross sections at small x

At HERA, an extremely interesting phenomenon known as geometrical scaling
[720], has been discovered in the low-x inclusive DIS data in e 4 p collisions. In
general, the inclusive cross section is a function of two independent variables, x
and Qz. However, in the small-x regime, the inclusive cross section can be cast into
a single variable function which only depends on T = Q?/Q?(x) with Q?(x) =
Q3 (x/xo))‘. Using Qp = 1GeV and xy = 3.04 x 10~* and A = 0.288, one can show

that all the inclusive data points within the range of x < 0.01 and Q? < 450 GeV?
fall on a single curve. Later, it was demonstrated in Refs. [716] that this remarkable
geometrical scaling phenomenon can be elegantly derived from the traveling wave
type solution of the non-linear BK equation. This has been reckoned as one of the
striking pieces of evidence for the saturation formalism. At EIC, the inclusive cross
section in e+A collisions in the low-x regime will provide important information
about the nuclear shadowing effect and the saturation phenomenon.

A systematic way of calculating inclusive cross sections in the CGC formalism is
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provided by the dipole factorization picture. Here one separates the process into
an impact factor describing the fluctuation of the virtual photon into a partonic
state, at leading order a dipole and at NLO also a g7g¢ state, and the scattering am-
plitude of this state with the target. This dipole scattering amplitude generalizes
the concept of a gluon distribution to include the possibility of nonlinear interac-
tions with the target gluon field. Its dependence on x (or the collision energy W)
is described by the BK or JIMWLK equations. Depending on the polarization state
of the 7" one must consider separately transversely and longitudinally polarized
photons. Measuring both cross sections will be a central part of the physics pro-
gram at the EIC. In particular, the total virtual photon-target cross section for both
protons and heavy nuclei are important “day one” measurements.

In a set of major theoretical advances in recent years both the BK [721] and the
JIMWLK equations [722,723] are now known at NLO accuracy in the QCD cou-
pling constant. An additional resummation of transverse (“collinear”) logarithms
is required to stabilize the NLO equations, but by now robust practical methods
to achieve this resummation have been achieved [724-726]. Also, the impact fac-
tor required for calculating the cross section is now known, both in momentum
space [727,728] and, in a more practical form for use with the BK equation, in
mixed transverse coordinate-longitudinal momentum space [729-731]. Using this
theoretical machinery, a very good description of existing HERA small-x inclusive
cross section data has been achieved using the collinearly resummed BK evolu-
tion equations both with LO [732] and NLO impact factors [733]. An extension
of the NLO calculation to heavy quarks is expected to appear soon. These cal-
culations are straightforwardly generalizable from protons to nuclei without any
parameters other than the Woods-Saxon nuclear density [734]. Together with EIC
measurements of the total and longitudinal v*p and 7*A cross sections, they will
allow for a clear and precise window into the physics of gluon saturation.

Accessing low-x gluons via di-jets or di-hadrons

At the EIC, by going beyond inclusive measurements and studying SIDIS observ-
ables in the low-x regime, we can obtain deeper insights into the gluon distri-
butions. For many years, we have known that there are two gluon distributions
in the CGC formalism. On the one hand, there is the dipole unintegrated gluon
distribution (UGD), which is defined as the Fourier transform of dipole-target
cross section [735]. It often appears in the calculation of various inclusive pro-
cesses. On the other hand, the so-called Weizsadcker-Williams (WW) gluon distribu-
tion [736,737] has also been derived as the genuine number density of gluons in a
target hadron by applying the well-known WW method of virtual quanta in QCD.
In the McLerran-Venugopalan model [709] for a large nucleus, these two UGDs
are found to have distinct pr behavior. The small-x evolution of these two gluon
distributions can be taken care of by applying the JIMWLK evolution equation to
the corresponding correlators in coordinate space [738,739]. Based on the gauge
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Figure 7.63: Comparison between the dihadron azimuthal angle correlation in e+Au col-
lisions (labeled with filled red circles) and that in e + p collisions (labeled with filled teal
squares). The results with the detector smearing are shown in open markers. The solid lines
represent the results obtained from the theoretical model calculations in the CGC formalism.

link structure of the WW gluon distribution, and calculations within the CGC for-
malism, it has been proposed [537,740] that the DIS back-to-back dijet/dihadron
production at the EIC can be used to directly probe the WW distribution, which
has not been measured before.

To directly probe the WW gluon distribution and gluon saturation effects at low
x, we can measure the azimuthal angle difference (A¢) between two back-to-
back charged hadrons in e+A collisions (e+A — €’'h1hyX). This azimuthal angle
distribution can help us map the transverse momentum dependence of the in-
coming gluon distribution. The away-side peak of the dihadron azimuthal an-
gle correlation is dominated by the back-to-back dijets produced in hard scatter-
ings. Due to the saturation effect, the WW gluon TMD can provide additional
transverse momentum broadening to the back-to-back correlation and cause the
disappearance of the away-side peak when the saturation effect is overwhelm-
ing [537,741]. A comparison of the heights and widths of the coincidence proba-
bilities C(A$) = Npir(A¢)/ Nyig in e + p and e+A collisions will be a clear experi-
mental signature for the onset of the saturation effect.

Furthermore, following the prescriptions in Ref. [742], a Monte Carlo simulation
has been carried out for the azimuthal angle correlations of two charged hadrons
at /s = 90 GeV in e+pand e+Aucollisions. The results of the simulation are also
compared with the prediction from the saturation formalism. To focus on the low-x
region, the events within the range of the virtuality 1 < Q? < 2 GeV? and inelas-
ticity 0.6 < y < 0.8 are selected. Events in nearby Q? and y bins are expected
to yield similar results. The hadron pairs are required to have an energy fraction

0.2 < z!"8,z%5¢ < 0.4 within the pseudorapidity range || < 3.5 with pffrig > 2
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GeV/cand 1GeV/c < pF* < p?lg . The away-side peak of the C(A¢) distribution
is shown in Fig. 7.63. The e + p reference is displayed by the squares in teal, while
the results in e+A collisions are shown in red. The results which include the de-
tector response to this measurement are represented by the open markers. Based
on the current EIC tracking resolution design, the impact of the detector smearing
effect on this measurement is negligible. The theoretical results plotted in solid
curves include the saturation effects together with the Sudakov resummation in
the CGC formalism [743-745]. A significant suppression of the away-side peak in
e+Aucollisions compared to the e+preference can be observed, given the projected

statistical uncertainty corresponding to an integrated luminosity of 10 fb /A (the
statistical error bars are too small to be visible.).

At last, it should be pointed out that the production of di-jets/di-hadrons, and of
heavy quark pairs, allows one to also probe the linearly polarized gluon distri-

bution described by the TMD hlL 8 [746]. In the low-x regime, the WW type gluon

distribution hlL ¢ [747-750] can also be important, and generate sizable asymmetries
in azimuthal angle distributions. Detailed numerical studies of the corresponding
asymmetries at the EIC can be found in Ref. [751].

Recent Progress in Probing Gluon Saturation with Jet Observables

Jet observables provide an unprecedented opportunity to probe proton and nu-
clear structure at small Bjorken x in a more differential fashion as compared to
more inclusive observables. Several theoretical results have been obtained recently
for inclusive dijet production in the forward direction, leading in particular to the
introduction of new types of TMD distributions in the small x regime that are sen-
sitive to saturation effects [652,749,752,753]. Moreover, with e+A collisions at the
EIC, one will be able to probe the partonic content of dense nuclear targets. In par-
ticular, production of jets at moderate and low values of x will offer a possibility
to study the interplay of the Sudakov effects related to hard scales present in the
perturbative description, and the nonlinear effects due to gluon saturation phe-
nomenon predicted in QCD [743,744,752,754,755]. Also, using a variety of nuclear
targets one will have the opportunity to explore the so-called small-x Improved
TMD factorization framework (ITMD) [752,756-758].

One of the most promising tools for studying the saturation regime is the mea-
surement of multiparticle correlations in e+A, in particular, the distribution of az-
imuthal angles between two hadrons in the diffractive process e+A — ¢’ + hy +
hy + X. Furthermore, one will be able to measure similar processes with dijets.
These correlations are sensitive to the transverse momentum dependence of the
gluon distribution in a nucleus, as well as to gluon correlations, for which first
principles computations are becoming available [759]. The precise measurement
of these dihadron and /or dijet correlations at an EIC would allow one not only
to determine whether the saturation regime has been reached, but to study as well
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the nonlinear evolution of spatial multigluon correlations [7].

In addition, semi-inclusive photon + di-jet production is a highly differential mea-
sure of the many-body dynamics of gluon saturation in e+A DIS at small x. This
process can be computed systematically in the CGC effective field theory. At lead-
ing order, the cross-section is sensitive to both dipole and quadrupole correlators
of lightlike Wilson lines [760], and agrees with prior computations of the LO di-
jet cross-section in the soft photon limit [537]. This computation also allows one
to extract the LO photon+jet/hadron cross-section; this channel has been shown
recently [761] to have a clean and unique sensitivity to the saturation scale that is
complementary to that of di-jet/di-hadron correlations. In [762,763], the e+A pho-
ton+dijet cross-section was computed to next-to-leading-order. This result is suffi-
ciently differential to encompass NLO computations of inclusive photon produc-
tion, photon+jet correlations, dijet, and single jet production, as well as the fully
inclusive cross-section. When combined with the next-to-leading-log JIMWLK
evolution [722,723] for the dipole and quadrupole correlators, these NLO cross-
sections can be computed to O(a3In(1/x)) accuracy. Extracting concrete predic-
tions for the semi-inclusive channels in EIC kinematics will be crucial for the clean
and unambiguous characterization of gluon saturation.

Helicity TMDs and PDFs at small x

In recent years much progress has also been made in extending the discussion of
quark and anti-quark helicity TMDs, PDFs, etc. (see sec. 7.1.2) to the high-energy
limit of small x. This is a very interesting topic where the EIC is expected to
provide fundamental new insight. Evolution equations for these functions have

been derived [92,93,764] which resum powers of «; log2(1 /x) in the polarization-
dependent evolution, and powers of a;log(1/x) in the unpolarized evolution. In
the ladder approximation they reduce to the Bartels-Ermolaev-Ryskin (BER) evo-
lution equations [765] for the g; structure function. Initial conditions for these
evolution equations analogous to the McLerran-Venugopalan model for an unpo-
larized large nucleus, have also been constructed [766].

7.3.2 Diffraction
Inclusive diffraction with nuclei

Diffraction in e+A is a poorly studied subject, in particular inclusive diffraction,
which has never been measured. Similar considerations apply to diffraction in e+A
as to e+p collisions, Subsection 7.1.6, the main difference being that for incoherent
processes one must separately discuss processes where the nucleus breaks up into
smaller nuclei, and nucleon-dissociative processes where an individual nucleon in
the target dissociates. In terms of the typical -dependence, the former is similar to
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Figure 7.64: Left: Ratio of nuclear to proton diffractive structure functions, scaled by A, at
& = 1073 (also referred to as xp) as a function of B from dipole model calculations (Fig. 7
from Ref. [769]). Right: ratios of nuclear to proton diffractive parton distributions, scaled
by A, for sea quarks and gluons at the same ¢ (i.e. xp) from the Leading Twist Shadowing
model (Fig. 72 from Ref. [285]).

coherent diffration in e+p, and the latter to proton dissociation in e+p.

Coherent diffraction is mostly sensitive to the nuclear radius and global nuclear
profile and structure, while incoherent diffraction is sensitive to nucleon degrees
of freedom, specifically to nucleon and subnucleon fluctuations, see e.g. Refs. [767,
768] for reviews and Subsection 7.3.9.

All of these cases are characterized by a rapidity gap between the target fragments
and the photon fragment system. While detecting experimentally whether the nu-
cleus has disintegrated or not might be challenging, the overall rapidity gap cross
section that includes both coherent and incoherent processes should be more eas-
ily measurable. In spite of the presence of more physically different sources of
fluctuations in nuclei than in protons (fluctuating positions of the nucleons in the
nucleus in addition to subnucleonic fluctuations), coherent diffraction is a larger
part of the diffractive cross section in e+A than in e+p. This is due both to the fact
that coherent diffraction grows parametrically as A*/3 with the atomic mass num-
ber, and to the fact that nuclei are closer to the black disk limit, where there are no
fluctuations and thus no incoherent processes.

Diffraction is generically more sensitive to gluon saturation than inclusive cross
sections, since the diffractive cross section is proportional to the square of the gluon
density. In hard diffraction, for instance, one should be able to distinguish predic-
tions based on the strong field effects of BK (or hard pomeron based approaches
in general) from the soft pomeron physics associated with confinement [770]. The
ratio of the (coherent) diffractive cross section integrated over t and some range
Myx < Mmax to the inclusive cross section is, in the dipole picture used in the sat-
uration context, very generically enhanced in nuclei compared to protons, since in
nuclei the dipole-target scattering amplitude at a fixed impact parameter is larger
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than in the proton [2,769,771]. Some saturation models predict that hard diffrac-
tive events will constitute even up to 30-40% of the cross-section [772]. The impact
of nonlinear effects was recently investigated in Ref. [773], where predictions for
diffractive structure functions and reduced cross sections were obtained from so-
lutions of the Balitsky—Kovchegov equation with the collinearly-improved kernel,
and including impact-parameter dependence.

The gluon saturation computations can be compared with DGLAP predictions
which match soft Pomeron physics with hard perturbative physics [774]. The lat-
ter result in a much smaller fraction of the cross-section and should therefore be
easily distinguishable from CGC based “strong field” diffraction. Thus, in non-
saturation parameterizations of nuclear diffractive parton distribution functions
one observes, in contrast to saturation calculations, a nuclear suppression rather
than an enhancement. The difference can be traced back to the interplay between
multiple scattering and gap survival probability. This leads to a very striking dif-
ference in the predictions from dipole models vs. leading twist shadowing, as il-
lustrated in Fig. 7.64.

In the dipole or CGC picture, the virtual photon interacts coherently with all nucle-
ons at the same transverse coordinate. Parametrically, at large A, the amplitude for
a fixed impact parameter is proportional to the number of overlapping nucleons
~ A3 With a nuclear transverse area ~ A2/3 this leads to a diffractive (or elas-
tic) cross section that parametrically depends on the mass number as P ~ A%/3,
compared to 0™t ~ A. This growth saturates at the black disk limit, where the
diffractive cross section is half of the total cross section. At small B, i.e. for large
masses of the diffractive system, this saturation sets in much earlier because the
partonic system is not a simple g4 dipole, but a many-particle Fock state.

In the leading twist shadowing picture of Ref. [285], a diffractive interaction also
takes place coherently on all the overlapping nucleons of the nuclear target. In
contrast to the CGC dipole picture, one separates the interaction into a primary in-
teraction with one nucleon and reinteractions with the other A — 1 nucleons. The
reinteractions with target nucleons are treated in the Gribov-Glauber approach to
nuclear shadowing by including all possible diffractive intermediate states, which
results in a strong nuclear suppression (shadowing) of nuclear diffractive struc-
ture functions and parton distributions compared to the proton case. In a differ-
ent language, this suppression can be identified with the flavor-specific rapidity
gap survival probability calculated in the leading twist nuclear shadowing model.
Thus the question of nuclear suppression vs enhancement in the diffractive/total
cross section ratio is very sensitive probe of the role of coherence and saturation at

a specific x and Q2.

In the following we report on a more detailed study [775] of coherent inclusive
diffraction in the leading twist shadowing framework [285]. Here we assume that
coherent events have been distinguished from the incoherent case using forward
detectors, see Section 8.5.
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Assuming the same framework (collinear factorization for hard diffraction and
Regge factorization) described for e+pin Subsection 7.1.6 to hold for e+A, nuclear
diffractive PDFs (nDPDFs) can be extracted from the diffractive reduced cross sec-
tions, Eq. (7.9). Such nDPDFs have never been measured. The kinematic coverage
in eA at the EIC will be very similar to that shown for ep in Fig. 3 in Ref. [775].

Due to the lack of previous measurements, there are no parameterizations for nD-
PDFs but models exist for the nuclear effects on parton densities defined through
the nuclear modification factor

9 (,E,Q2)

Rlch(:B/ ¢ Q2> = Aka/(g))(ﬁ : QZ) ’
p 4 4

(7.36)

with diffractive parton densities in a nucleus A denoted as ka/(j) (B, &, Q?). We use
the model proposed in [285], where parameterizations for nuclear modification
factors are provided at the scale Q> = 4 GeV2. Then DGLAP evolution is em-
ployed to evolve the ZEUS-SJ proton diffractive PDFs multiplied by R,‘:‘ from [285]

to obtain the nuclear diffractive PDFs, at any Q2. The structure functions and re-
duced cross sections are then calculated in the same way as in the proton case, and
these results are used to obtain the modification factors, analogous to Eq. (7.36), for
these quantities. We have also repeated the calculation in the Zero-Mass Variable
Flavor Number Scheme in order to check that the resulting modification factors do
not depend on the applied scheme.

The model in [285] employs Gribov inelastic shadowing [776] which relates diffrac-
tion in e+pto nuclear shadowing for total and diffractive e+Across sections. It as-
sumes that the nuclear wave function squared can be approximated by the product
of one-nucleon densities, neglects the t-dependence of the diffractive *-nucleon
amplitude compared to the nuclear form factor, introduces a real part in the ampli-
tudes [777], and considers the colour fluctuation formalism for the inelastic inter-
mediate nucleon states [778]. There are two variants of the model, named Hand L,
corresponding to different strengths of the colour fluctuations, giving rise to larger
and smaller probabilities for diffraction in nuclei with respect to that in proton,

respectively. The corresponding nuclear modification factors, Eq. (7.36), for FZD ®)
and FLD ®) in 208Pp, are shown in Fig. 13 in Ref. [775].

Pseudodata were generated for eAu collisions at the EIC using the same method,
and taking the uncorrelated systematic error to be 5%, as described for e+pin [775].
We assumed E, = 21 GeV, Exy = 100 GeV /nucleon and an integrated luminos-
ity of 2 fb~!. The results are shown in Fig. 7.65. Studies performed for e+pat
those energies show that the expected accuracy for the extraction of DPDFs at the
EIC is comparable to that in existing DPDFs for the proton at HERA, with some
improvements at large B, see Subsection 7.1.6. Assuming a similar experimen-
tal uncertainty, integrated luminosity and kinematic coverage, the accuracy in the
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Figure 7.65: Simulated data for the diffractive reduced cross section as a function of § in
bins of & and Q2 for e 1%’ Au collisions at the EIC, in the models L (left plot) and H (right plot)
in [285]. The curves for ¢ = 0.032,0.01,0.0032, 0.001 are shifted up by 0.005, 0.01, 0.015, 0.02,
respectively. Taken from [775].

extraction of nDPDFs at the EIC would then be similar to that of existing HERA
fits, see Subsection 7.1.6. Improvements would crucially depend on a decrease of
the systematic uncertainty, including the separation of coherent from incoherent
diffraction.

Finally, the relation between diffraction and nuclear shadowing [776] could be
tested at the EIC. The relation is a rigorous theoretical result for the deuteron case,
while its extension to larger nuclei becomes model dependent [285,779]. The pos-
sibility of colliding electrons with different nuclear species, including deuterons,
will therefore be very important.

A more differential observable giving a more detailed access to the parton level
kinematics is provided by diffractive dijet measurements, since they also provide
access to the angle of the dijet with respect to the proton, which otherwise is inte-
grated over in inclusive diffraction. In the CGC picture the theoretical description
of diffractive dijet production has recently seen important theoretical advances
with the calculations advancing to NLO accuracy [780, 781]. Especially for the
proton, this angular information is used to extract the Wigner distribution, as dis-
cussed in Sec. 7.2.4. Diffractive dijet production in nuclei can also be addressed in
the collinear diffractive parton distribution framework [282], in a similar fashion
as in proton targets discussed in Sec. 7.1.6.
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7.3.3 Nuclear PDFs

Nuclear parton distribution functions (nPDFs) describe the behaviour of bound
partons in the nuclear medium. Like free-proton PDFs they are assumed to be
universal and are extracted through fits to existing data. To date, there is no com-
pelling evidence of factorization breaking or violation of universality.

The theoretical interpretation of A+A and p+A data from the LHC and RHIC also
relies on precise knowledge of nPDFs. However, in contrast to the free-proton
PDFs, the determination of nPDFs is severely limited by both the kinematic cover-
age and the precision of the available data.

The realization of the EIC will provide key constraints on nPDFs. Fig. 7.66 shows
the significant broadening of the kinematic coverage for all nuclei available at the
EIC. Note that nPDFs sets make different selections and apply extra kinematic cuts
that further reduce the explored space. In contrast with previous experiments, the
systematic uncertainties of the e + A inclusive DIS cross section measurements at
the EIC will be at most a few %, as depicted in Fig. 7.67. Additionally, the statis-
tical uncertainties will be negligible for almost the whole x coverage, gaining pre-
dominance only at the largest values of x. This broad kinematic coverage, almost
doubling the one from existing data, will revolutionize our current understanding
of partonic distributions in nuclei.
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Figure 7.66: Kinematic coverage of experimental data and EIC pseudo data used in nPDFs
fits. The coverage corresponds to all measured nuclei together. Each nPDFs set has extra
cuts that further reduce the explored space.
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Figure 7.67: Relative statistical and uncorrelated systematic uncertainties for inclusive cross
section measurements in 18x110 GeV e+A collisions expected at the EIC. Details of the sys-
tematic error estimate may be found in Section 8.1.

nPDFs via inclusive DIS

The DIS cross section can be expressed in terms of the structure functions F, and

Fr
2

2 Yy 2
o« F(x,Q%) 1+(1_y)2PL(x,Q ). (7.37)
The former is mainly sensitive to the (anti-)quark content of the nucleon and dom-
inates the cross-section at high values of x. The latter, relevant in the unexplored
low x region, has a direct contribution from the gluon density [782]. The large Q?
lever arm of the EIC will allow us to precisely extract F;, and further determine
the nuclear gluon PDF. Longitudinal and charm structure functions provide direct
access to the magnitude of nuclear effects on the gluon distribution [783].

The precision of the inclusive cross section measurements at the EIC at low values
of x (x < 1072) and Q? will significantly reduce the current theoretical uncertain-
ties. This is demonstrated in Fig. 7.68 which shows a comparison of the relative
uncertainties of three modern sets of nPDFs [26,784,785] in a gold nucleus (blue
bands) and their modification when including EIC DIS pseudodata in the fits (or-
ange bands). The overall effect is a significant reduction of the uncertainties in the
low-x region, where data is scarce or non-existent. The high-x, low Q? region is
covered by fixed target experiments and will be further explored at CLAS.
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Figure 7.68: Relative uncertainty bands for Au at Q? = 1.69 GeV? for u (first row), i (sec-
ond row), s (third row) and gluon (lower row) for three different sets of nPDFs. The blue
and orange bands correspond to before and after including the EIC pseudodata in the fit,
respectively.

Probing nuclear gluons with heavy flavor production

Heavy flavor (HF) production is a powerful observable that will complement in-
clusive DIS measurements in determining nuclear modifications of the PDFs, in
particular for the gluon distribution. Recent results from ultraperipheral A + A
collisions [786,787,787-790] as well as HF and dijet production in p 4 Pb [791-793]
at the LHC support nuclear suppression with respect to the proton gluon at
x < 0.1 (shadowing). However, little is known about gluon enhancement (anti-
shadowing) at x ~ 0.1 or a possible suppression at x > 0.3 (“gluonic EMC effect”).
At the EIC it will be possible to obtain a direct constraint of the gluon density by
measuring HF pairs which at LO are produced through the photon—gluon fusion
process. This channel probes the gluon PDFs for x > axp, where a = 1+ 4m? / Q?
and my, is the heavy quark mass. This measurement will also permit the study of
different heavy quark mass schemes and constrain the intrinsic HF components in
the nPDFs [794].

The feasibility and impact of nuclear gluon measurements with HF production
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at the EIC has been studied in dedicated efforts [26,795,796] by tagging, from
the simulated DIS sample, the K and/or 7 decay products from the D mesons
produced in the charm fragmentation. The reconstruction methods used in this
analysis [795] demonstrate the key role that particle identification (PID) will play.
It was shown that the charm reconstruction is significantly increased [797] when
PID capabilities are included.

In Ref. [26] a full fit using the EIC pseudodata for the inclusive (¢) and the charm
cross-section (c°*) has found a significant impact on the reduction of the gluon
uncertainty band at high-x. This is illustrated in the left panel of Fig. 7.69, where
the blue band is the original EPPS16* fit, the green band incorporates ¢ pseudo-
data and the orange one adds also ¢“"*™. A similar dedicated study using PDF
reweighting with structure function PZCI’Z‘W’” was done in [96]. In the right panel of
Fig. 7.69 the impact of Fe pseudodata on the EPPS16 NLO gluon density [25] is
shown by the red band. The charm pseudodata substantially reduces the uncer-
tainty at x > 0.1, providing sensitivity to the presence of a gluonic EMC effect.
Comparing the red band (only charm pseudodata) with the results of Fig. 7.68
one can see that the high-x region can be equally studied considering inclusive or
charm pseudodata. It is by combining both observables that a striking reduction
is achieved (orange band, left panel of Fig. 7.69). Moreover, the measurement will
be complemented by jet studies that have already shown promising constraining
power for gluons in p+-Pb collisions [793].
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Figure 7.69: Left: Relative uncertainty bands of the gluon for Au at Q%> = 1.69 GeV? for
EPPS16* (light blue), EPPS16*+EIC o (green) and EPPS16*+EIC grcharm (orange). Right: same
as left panel but for Fe at Q> = 2 GeV? for EPPS16 (yellow) and EPPS16+EIC ¢""™ (red).

Investigating the A dependence of nPDFs

The EIC will have the capability to operate with a large variety of ion beams from
protons to Pb in order to scrutinize the A-dependence of nuclear PDFs. The dif-
ferent nuclei used in the nPDFs fits are usually connected through parameters for
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which an A dependence is assumed. This allows one to use the whole set of avail-
able nuclei in a single fit instead of individually fitting nuclei, a task that, given the
current data, would be difficult if not impossible. The EIC, by effectively being a
nuclear HERA will provide the opportunity to perform a full scan of the kinematic
space for each nucleus individually, permitting a robust extraction of the A depen-
dence a posteriori. Studies have shown that the impact demonstrated in Fig. 7.68
is representative of the impact for all nuclei.

Finally, an EIC would allow, for the first time, a combined determination of proton,
deuteron, and nuclear PDFs within an integrated global QCD analysis. This is a
unique and invaluable benefit of this new facility, as it eliminates many of the
biases and assumptions that plague current PDF determinations.

7.3.4 Particle propagation through matter and transport properties of nuclei
Parton showers and energy loss in cold nuclear matter

Understanding particle propagation in matter and nuclear transport properties re-
main defining questions in the field. Theoretical efforts in the past decades have
been focused on understanding the energy loss of partons as they propagate in
strongly interacting environments [798-804]. Applications to DIS have yielded a
rather wide range of values for the transport coefficient of cold nuclear matter,
defined as the mean transverse momentum squared transfer from the medium
per unit length. Extracted § parameter values vary in the range of 0.02 — 0.14
GeV?2/fm [805,806], thus varying by factor of seven between the low- and high-
limits. This spread in the possible § values could be addressed at the EIC.

More recently, a much more complete understanding of parton showers in mat-
ter, beyond the soft gluon approximation, has emerged [807-811]. This allows
techniques that bridge the gap between nuclear and particle physics, such as
evolution and semi-inclusive jet functions to be applied to reactions with nu-
clei [806,812-814], see Fig. 7.70. While theoretical approaches differ in the way
they treat final-state interactions, a universal feature is the fractional parton en-
ergy loss AE/E, or more generally the contribution of medium-induced parton
showers, becomes negligible for very high parton energies v in the rest frame of
the nucleus owing to the non-abelian Landau-Pomeranchuk-Migdal effect. It is
thus advantageous to minimize the rapidity gap between the measured jet and the
target nucleus o1 = |17,/ — 1| and focus on the forward proton/nucleus going
direction.
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Figure 7.70: Illustration of the indicated jet kinematics for SIDIS in the Breit frame. The dark
box represents the medium (nucleus) and the red cone represents the jet.

Formation of hadrons in matter

The low center-of-mass energies for the HERMES collaboration measurements of
DIS on nuclei [815,816] (fixed target and 27.6 GeV electron beam) have spawned
phenomenology based upon the idea of early hadron formation and absorption in
nuclear matter. If particle formation times are smaller than the time to traverse
the nucleus, especially for small and large fragmentation fractions z = ppaq/py,
they can be destroyed or transported away from the experimental acceptance [817,
818]. This leads to suppression of hadron production cross section in e+Aversus
e+preactions.

Hadron absorption phenomenology has not yet been developed for the EIC. The
much larger /s and the anticipated detector kinematic coverage relative to the
nucleon/nucleus rapidity will provide a large boost to hadron formation times,
making it unlikely for partons to hadronize in light pions and kaons at 7y < 10 fm.
Uncertainty principle estimates [566,819] show that the formation time 7; is in-
versely proportional to the mass of the quark/meson squared. Heavy mesons,
such as the D and the B, thus provide the best opportunity to study hadron ab-
sorption physics at the EIC - something that should be investigated further in the
future.

Jet production and modification in e+A collisions

Nuclear effects on reconstructed jets in electron-nucleus collisions can be studied
through the ratio

"2 do /dndpr
Rea(R) = 1L e |e+“‘. (7.38)

— A 2
A qul da/diyde|e+p
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Figure 7.71: Left: modifications of the inclusive jet cross section in 18 x 275 GeV e+Au colli-
sions for the rapidity interval 2 < 5 < 4. The blue and green bands represent contributions
from initial-state PDFs and final-state interaction between the jet and cold nuclear matter,
while the red band is the full result. Right: ratio of jet cross section modifications for differ-
ent radii Rea(R)/Rea(R = 1.0) in 10 x 100 GeV (upper) and 18 x 275 GeV (lower) e+Au
collisions, where the smaller jet radius is R=0.3, 0.5, and 0.8, and the jet rapidity interval is
2<y <4

In the semi-inclusive jet function approach do ~ f,(x, ) ® Hu(x,z; pr, 1) @
Jo(z, 1, R). The effects of final-state in-medium parton shower that come at O(«;)
are included as follows [813,820],

Io(z 1w R) = J}*(z, 1, R) + 4 (z,w,R) , (7.39)

and J™°d(z,, R) is calculated numerically from the medium-induced splitting
functions. Predictions for the resulting jet modification are taken from Ref. [814].
In the left panel of Fig. 7.71, for jets of radius R =0.5, bands correspond to scale un-
certainties from varying the factorization scale and the jet scale by a factor of two
independently. For the chosen kinematics the Bjorken-x values corresponding to
the so-called anti-shadowing and EMC regions of nuclear PDFs. As a result, there
is an enhancement for small pr due to anti-shadowing and an suppression for
large pr due to the EMC effect, which is shown by the blue band. The green band
represents the final-state effects, which give rise to 10 - 20% suppression when
pr ~ 5 GeV. They are smaller for larger jet energy as expected, and going to back-
ward rapidities further reduces the effect of medium-induced parton showers. The
predicted full Rea (R = 0.5) for 18 GeV (e) x 275 GeV (A) collisions is given the
red band. The measurements of jet modification in future will improve our un-
derstanding of strong interactions inside nuclei and nuclear PDFs at moderate and
large x.
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To study cold nuclear matter transport properties with jets at the EIC, it is essential
to reduce the role of nPDFs and enhance the effects due to final-state interactions.
An efficient strategy is to measure the ratio of the modifications with different jet
radii, Rea(R)/Rea(R = 1), which is also an observable very sensitive to the details
of in-medium branching processes [821] and greatly discriminating with respect
to theoretical models [822]. Furthermore, it is very beneficial to explore smaller
center-of-mass energies. Our predictions for the ratio of jet cross section suppres-
sion for different radii at the EIC is presented in the right panel of Fig. 7.71, where
the upper and lower panels correspond to results for 10 GeV (e) x 100 GeV (A)
and 18 GeV (e) x 275 GeV (A) collisions, respectively. The plot in the upper panel
is truncated around pr ~ 20 GeV because of phase space constraints in the lower
energy collisions. By comparing the 18 GeV x 275 GeV e+Au collision results to
the ones in Fig. 7.71 we see that Rea(R)/Rea(R = 1) indeed eliminates initial-
state effects. The red, blue, and green bands denote ratios with R = 0.3,0.5,0.8,
respectively. Since medium-induced parton showers are broader than the ones in
the vacuum, for smaller jet radii the suppression from final-state interactions is
more significant. Even though the scale uncertainties also grow, the nuclear effect
is clear an its magnitude is further enhanced by the steeper pr spectra at lower

NG

7.3.5 Collective effects

For a long time it was believed that the collective multiparticle interactions in
“small” collision systems (collisions of protons and electrons) are qualitatively dif-
ferent from those in “large” systems, i.e. collisions of heavy nuclei. One of the most
important discoveries in nuclear physics during the last decade has been that this
is not necessarily the case. Instead, the kind of multiparticle correlations associ-
ated with hydrodynamical flow (see Sec. 7.5.4) of bulk, low pr particle in nucleus-
nucleus collisions have been observed in various systems where they were not
anticipated. Some of the first indications of this were the azimuthally near-side
structure elongated in the rapidity direction in the A¢, Ay-distribution of particles
associated with a high-pr hadron, which became to be called the “ridge” [693], or
a similar correlation on the away-side once known as the “Mach cone” [693, 823].
These correlations were surprising since they involved high-pr particles that were
not expected to form a part of the thermal medium. These discoveries were fol-
lowed by the observation of the “ridge”-correlation in (high multiplicity) proton-
proton collisions at the LHC [694-697], followed soon by similar correlations in
proton-nucleus collisions [698-704], which were surprising because a collectively
interacting medium was not expected to be present at all.

Such multiparticle correlations are now typically analyzed in terms of Fourier har-
monic coefficients of two, four, or higher multiparticle correlation functions, typi-
cally involving particles with a large rapidity separation to eliminate correlations
from resonance decays. These coefficients are referred to in the field of heavy
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ion physics as “flow coefficients,” often even when they are calculated in mod-
els where they do not originate from any hydrodynamical interactions. Indeed,
these correlations have 2 competing, “final state” and “initial state” explanations,
that are in fact not mutually exclusive and may both contribute in varying degrees
to the observed signals in different small collision systems.

The explanation in terms of final state interactions assumes that the correlations re-
sult from interactions after the primary collision translating transverse coordinate
space structures into momentum space correlations (see Sec. 7.5.4). The interac-
tions can be modeled by either hydrodynamics [824] or by kinetic theory [825-827].
Many recent results, such as the “geometry scan” of collisions of proton, deuteron-
and helium with gold ions reported by PHENIX [828] seem to favor this interpre-
tation.

On the other hand, it is clear that there are also momentum correlations already
present among the small-x gluons in the colliding systems [829-831]. Such cor-
relations can naturally manifest themselves in the particles produced in the colli-
sion. The initial stage effects can be expected to be stronger in smaller collision
systems [832,833] where they are not diluted by a large number of uncorrelated
domains elsewhere in the transverse plane. This is the opposite of the behavior of
final state effects that would generically become smaller in smaller systems due to
the shorter lifetime of the system. They could naturally explain e.g. observations
of flow-like correlations for even heavy flavor hadrons [834, 835].

A DIS-event at small-x provides us with an unique system to test and understand
in detail the physics of these collective interactions. The virtual photon interacts
as a hadronic system, whose size and lifetime can be tuned by varying x and Q2.
Recently, the ATLAS collaboration reported collective phenomenon in the photo-
nuclear ultra-peripheral A+A(this is equivalent to the 7*A collision with almost
real photons) collisions as well [836]. The CMS collaboration has also released
a preliminary study of long-range azimuthal correlations in inclusive yp interac-
tions [837]. There is an interesting and strong physical resemblance between the
high multiplicity events in photo-nuclear collisions and those in p+Acollisions.
On the other hand, in a reanalysis of HERA data a ridge-like signal was not
found [838].

The wave function of a low-virtuality photon can in some event contain many
active partons due to the rare QCD fluctuation and the dominant contribution to
the high multiplicity events comes from such a partonic structure. Therefore, one
can argue that the collective phenomenon could also be observed [839] in certain
kinematic region of the EIC where the incoming virtual photon has a sufficiently
long lifetime. EIC can offer both e+pand e+Acollisions with different values of
virtuality Q?, which allows one to change initial conditions for the target and the
system size ~ 1/Q of the collisional system. At the EIC one also expects a higher
luminosity than at HERA, which increases the possibilities to collect a large sample
of rare high multiplicity events, which has already been a condition to observe
these correlations in proton-proton collisions. The future efforts in the era of the
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EIC can help us unravel the origin of the collectivity in high multiplicity events in
small systems.

7.3.6 Special opportunities with jets and heavy quarks
Flavor-tagged jets and the jet charge

Different from inclusive jet cross sections, jet substructure measures the radiation
pattern inside a given jet and is governed by a smaller intrinsic scale. At EIC en-
ergies, the phase space for radiation inside the jet cone is restricted, which makes
it more challenging to study final-state cold nuclear effects. Even though the dif-
ferences between the substructure of jets in ep and e+Aare expected to be smaller
than in the case of heavy ion physics, the example of the jet charge [840] shows that
nuclear effects can indeed be identified. The average jet charge is defined as the

transverse momentum p}. weighted sum of the charges Q; of the jet constituents

Qxjet = @i;ﬁ* Qi (P;)" , k>0, (7.40)

Studies in proton and heavy-ion collisions [614, 841-843] have found that the jet
charge is strongly correlated with the electric charge of the parent parton and can
be used to separate quark jets from anti-quark jets and to pinpoint their flavor
origin.

Fig. 7.72 presents jet charge results at the EIC in 18 GeV x 275 GeV e+Aucollision
and for radius parameter R = 0.5. The red, blue and green bands correspond to the
jet charge parameter x = 0.3,1.0,2.0, see Eq. (7.40), respectively. The upper panel
shows the modification for the average charge of up-quark initiated jets, where the
rapidity is fixed to be 7 = 3. It is defined as <QS,AK> /{Qg%), which is independent
of the jet flavor and originates purely from final-state interactions.

Flavor separation for jets has been accomplished at the LHC [844] and should
be pursued at the EIC. For a larger «, the (x + 1)-th Mellin moment of the split-
ting function is more sensitive to soft-gluon emission, this is the z ~ 1 region in
the splitting function where medium enhancement for soft-gluon radiation is the
largest.

As shown in the upper panel of Fig. 7.72, the modification is more significant for
larger x. The modification of the average charge for inclusive jets behaves very
differently because there is a cancellation between contributions from jets initiated
by different flavor partons, in particular from up quarks and down quarks. The
lower panel of Fig. 7.72 shows the ratio of average charges for inclusive jets with
R =0.5and 2 < 5 < 4 for e+A and e+p collisions. The modification is about 30%
and the x dependence is small due to the large difference between up/down quark
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Figure 7.72: Modifications of the jet charge in e + Au collisions. The upper panel is the
modification for up-quark jet with # = 3 in the lab frame. The lower panel is the results for
inclusive jet with 2 < 7 < 41in 18 x 275 GeV e + Au collisions.

density between proton and gold PDFs. Precision measurement of the charge for
inclusive jets will be an excellent way to constrain isospin effects and the up/down
quark PDFs in the nucleus.

Light and heavy-flavor tagged jet angularities

In the clean EIC environment jet substructure studies can be extended to heavy
flavor. In experimental simulations, initial jet reconstruction has been achieved
based on true particle information. Inclusive jets are reconstructed with the anti-kr
jet algorithm with cone radius at 1.0. Then jets are tagged with fully reconstructed
heavy flavor mesons by requiring these reconstructed heavy flavor hadrons be
within the associated jet cone [845]. If there is not a reconstructed heavy flavor
hadron can be found within the jet cone, this jet is labeled as light flavor jet.

Jet substructure observables can image the nucleon/nuclei 3D structure and help
map out the hadronization process in vacuum and nuclear medium. Recent the-
oretical developments suggest the jet angularity observable has discriminating
power to distinguish quark or gluon initiated jets. We have studied the jet an-
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Figure 7.73: Jet angularity distributions for light flavor jets (black open symbols) and charm
tagged jets (blue filled symbols) with different power order a value selections are shown in
the top panel. Distributions with a = 0.5 are shown on the left, with 4 = 1 are shown in the
middle and @ = —2 are shown on the right. Bottom panel shows the ratio of the normalized
charm jet angularity distribution over the normalized light flavor jet angularity distributions
in the top panel with the corresponding a value selection. The statistical uncertainties are
projected with 10 fb~! e + p at /5 = 63 GeV.

gularity,

1 .
T =— Y pr(ARy)* ", (7.41)
PT iy

for light flavor jets and charm tagged jets with different power order a value se-
lections [845,846]. Figure 7.73 shows the jet angularity distributions of light flavor
jets and charm tagged jets and ratio distributions of their shapes in 10 fb=! e + p
at v/s = 63 GeV. Charm jets have a broader jet shape which causes increasing
trends in the jet angularity ratio distributions presented in the bottom panels of
Figure 7.73. Nuclear modification effects for different flavor jets are under study.

Jets as precision probes in electron-nucleus collisions with electron-jet correlations and
jet substructure measurements

Jets produced in deep-inelastic scattering can be calibrated by a measurement of
the scattered electron. Such “tag and probe” studies focus on Born kinematics and
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call for an approach orthogonal to most HERA jet measurements, which measured
high pr jets in the Breit frame instead. The tag-and-probe approach has been dis-
cussed in Ref. [597]. and Ref. [28]. Key observables include electron-jet momentum
balance, azimuthal correlations, and jet substructure, which can provide orthogo-
nal constraints on the parton transport coefficient in nuclei and its kinematic de-
pendence. Jet substructure of DIS jets offers a wealth of new opportunities, which
have only recently been started; a calculation for the jet groomed radius is pre-
sented in Ref. [28]. Moreover, a comparison of standard jet reconstruction and the
winner-take-all scheme for DIS jets and their correlation with the electron will help
to gauge the modification of soft and collinear fragmentation in the nucleus [28].
Ref. [28] shows kinematic reach, projections of statistical uncertainty, and a discus-
sion of detector requirements.

Energy flow and quantum number correlations in jets

An interesting opportunity is to study the correlations between energy flow and
quantum numbers such as flavor, spin, and electric charge of the produced par-
ticles. The deconstruction of energy-energy correlations at a fixed angle into the
contributions of specifically identified particles builds on classic observables such
as jet charge. We have performed exploratory studies on samples generated from
Pythia (in future we plan to extend our studies to other event generators with dif-
ferent fragmentation assumptions). The observable we investigate focuses on lead-
ing and sub leading jet particles (for example, pion-pion) and the relative cross sec-
tions when their electric charges are of the same sign (N¢c) or opposite sign (N¢).
Specifically, we consider the asymmetry observable r defined as:

r = (NCC — NCE)/(NCC + NCé) . (742)

We observe that in Pythia, opposite sign cross sections dominate. It is even more
pronounced for kaon pairs and proton-antiproton pairs. Its dependence on particle
kinematic phase space is being studied. We also propose to study the correlation
between jet and forward particles which were conventionally hidden in the beam
remnants. This direction will provide a new and essential window toward under-
standing hadronization through target fragmentation, global color neutralization
and enhancing the precision for event tagging.

7.3.7 Short-range correlations, origin of nuclear force

Diffractive J/psi production in electron-deuteron scattering at the EIC and its implica-
tion to short-range correlations

Understanding the role of Quantum Chromodynamics in generating nuclear forces
is important for uncovering the mechanism of short-ranged nuclear interactions
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and their manifestation in short range correlations (SRC). In recent years, experi-
mental data from Jefferson Lab suggested a strong link between the SRC and the
EMC effect [847-852]. Specifically, they suggest that the underlying mechanism
of nucleon modifications could be caused by short-range correlated nucleon pairs
with high internal nucleon momentum, such as a quasi-deuteron inside the nu-
cleus. However there are alternative phenomenological models that can explain
the EMC effect without involving SRCs; see Ref. [848] for a recent review.

The difficulty in drawing a definitive conclusion based on available experimental
data is primarily due to the complexity of the nuclear environment. Given the
differing structure and reaction dynamics of different nuclei, the nuclear mass (A)
dependence could in principle be attributed to other underlying physical mecha-
nisms. Nuclear effects that are driven by SRCs should be similar in light nuclei
at extreme high internal nucleon momentum and in medium and heavy nuclei
in a similar kinematic range. Therefore the observation of universal properties
across a wide range of nuclei would suggest that the effect may be independent
of the specifics of nuclear structure and reactions. A confirmation of such univer-
sal behavior would then provide a definitive explanation for the EMC puzzle. It
may also provide insight into similarly universal dynamics, independent of micro-
scopic details, in physical systems across varying energy scales.

Besides the modifications in the valence quark region in the bounded nucleon,
there are a number of other outstanding questions:

* What role do gluons play in the short-range correlations of nucleon pairs?
¢ Are gluon modifications linked to the SRC, similar to that for valence quarks?

¢ What is the relation of SRCs to gluon shadowing? Can this be related to the
phenomenon of gluon saturation?

* What are the spatial and momentum distributions of partons in such high
nucleon momentum configurations?

With regard to the last item, nucleon-nucleon elastic scattering experiments at high
momentum transfer showed that the energy dependence of such reactions is quite
sensitive to differing models of the internal spatial and momentum distributions
of partons [853].

The EIC will provide an unprecedented opportunity to systematically investigate
the underlying physics of SRC for energies and kinematic regions that are other-
wise impossible to reach. In this study, we propose to study the impact on gluon
distributions inside of nucleons that are associated with a SRC pair in electron-
deuteron (ed) scattering. Using the Monte Carlo event generator BeAGLE, we
investigate the sensitivity of observables to high internal nucleon momentum in
incoherent diffractive |/ vector meson production. In a plane wave impulse ap-
proximation, the initial state deuteron wave function can be accessed directly from
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the four-momentum of the spectator nucleon (See Fig. 7.74 for the Feynman dia-
gram). We use realistic physics estimates and a conceptual far-forward detector
simulations of the EIC to fully reveal the potential of this exclusive process. In par-
ticular, we provide the luminosity and detector requirements necessary to study
SRCs in the deuteron at an EIC.

(S

Figure 7.74: Diagram of incoherent diffractive |/ productions in electron-deuteron scat-
tering

In Fig. 7.74, kinematic variables are defined in the figure. In particular, the kine-
matic variable t is defined between the four-momentum of the incoming and
outgoing leading nucleon, while the incoming nucleon momentum inside of the
deuteron is not known directly due to the internal nucleon momentum distribu-
tion. This is different from the process of electron-proton (ep) scattering where
the incoming proton has the beam momentum. In an ep collider experiment, the
paradigmatic example thus far being the H1 and ZEUS experiments at HERA, the
t variable can in principle be reconstructed using different methods [854], includ-
ing a new method proposed in this study based on purely the spectator and the
leading nucleon. The conclusion based on this study is that the best resolution of
reconstruction of momentum transfer might come from a combination of differ-
ent methods, i.e., the spectator tagging technique can be used for identifying the
process while the method 3 in Ref. [854] can be used for the values of ¢.

In BeAGLE simulations of incoherent diffractive | /¢ meson production in ed scat-
tering, both cases where the spectator nucleon can be either a proton or a neu-
tron are considered. In the simulations, the two cases are treated identically at
the generator level, while in the reconstruction of the final state particles in the
detector simulations, the spectator proton or neutron would experience different
acceptances and detector smearing. In Fig. 7.75, the three-momentum distribu-
tions of the spectator, pm, associated with incoherent diffractive |/ production
in ed collisions, are shown for neutron (left) and proton (right) spectator, respec-
tively. In each panel, the truth level simulation from BeAGLE is shown by solid
star markers, where the open circles represent the results after the realistic simula-
tion of the detector acceptance and forward instrumentation. The results of the full
simulations (open square markers,) include acceptances, smearing effects coming
from intrinsic detector resolutions, and beam-related effects. With the capability of
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forward detectors, the access of high momentum configuration of the deuteron is
experimentally possible.

For the detector and beam-related effect simulations, one sees that the measure-
ments at low momentum would have a larger impact from detector resolutions
but with almost 100% acceptance; however, for the high momentum range, the
impact is found to be opposite.

Note even that at the generator level, proton and neutron spectator cases are iden-
tical, reflecting the assumptions on the deuteron wave function. However after
acceptance effects and detector smearing are applied in the reconstruction, the
resulting distributions are different. In the neutron spectator case, most of neu-
trons reconstructed by the ZDC are within a +£4 — 6 mrad cone varying with the
azimuthal angle. The non-uniformity of the azimuthal acceptance is due to the
aperture of magnets and the other forward instrumentation. The neutron specta-
tor acceptance is almost 100% up to 600 MeV, while about 80% for p,, ~1 GeV.
The momentum smearing effect is noticeable for momenta up to 300 MeV. For a
nominal beam momentum particle, e.g., 110 GeV, the resolution is typically 5%,
dominated by the constant energy resolution term of the ZDC.

For the proton spectator case on the other hand, the py, distributions are found
to be different from the neutron. Since the proton has better overall resolution,
the pm distribution at low-momentum exhibits less bin migration in the tagged
proton case, and a better acceptance for high nucleon momenta. Most of the proton
spectators end up within the acceptance of the OMD instead of the RP due to the
protons having less magnetic rigidity (~ 50%) compared to the deuteron beam.

In addition, by selecting different momentum range of the proton-neutron pair, the
gluon density distributions can be compared. Based on Ref. [854], a 10% different
size of proton in terms of gluon density is studied and is shown in Fig. 7.76. The
impact parameter distribution of the gluon density is based on the Fourier trans-
formation on the momentum transfer —¢ distributions, which can be measured up
to high precision at the EIC. For details, see Ref. [854]. With the assumption of a
similar statistical precision as obtained by the H1 result [855], the 10% difference
in the slope parameter of —t will result in a 3¢ significant different source distri-
bution. This difference will be dominated by the statistical uncertainty, while the
systematic uncertainty will be largely, if not fully, canceled. Overall, the signifi-
cance of the results depends on the signal strength and the statistical uncertainty.
For a quantitative prediction, rigorous theoretical calculations are needed.

Studying short-range correlations with an EIC

Understanding the modification of quarks in nucleons within nuclei (EMC effect)
is a longstanding open question in nuclear physics [856]. Recent experimental re-
sults from electron scattering at Jefferson Lab strengthen the correlation between
the EMC effect and nucleon-nucleon short-range correlated pairs (SRC) within nu-
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Figure 7.75: Distribution of the three-momentum of the spectator nucleon in events asso-
ciated with incoherent diffractive J/¢ vector meson production in ed collisions are shown
for the BeAGLE event generator. The left panel is for the neutron spectator case, where the
right panel is for the proton spectators. The simulations at the generator level, with accep-
tances effects only, and for the full simulations, are shown with solid, open circles, and open
squared markers, respectively.

clei [847-849]. That means that the EMC effect is probably driven by the high-
momentum highly-virtual nucleons of the SRC pairs. This connection can be tested
experimentally by measuring electron deep inelastic scattering (DIS) from a nu-
cleon and detecting its correlated SRC partner nucleon (tagging).

The Electron-Ion-Collider (EIC) is an ideal machine for tagging measurements due
to the unique capability of measuring recoil nucleons in a collider compared to
fixed-target experiments. Furthermore, it will reach much higher Q? values than
obtained in previous DIS measurements. The current design of the EIC detectors
allows for a full acceptance for forward-going proton, neutrons and nuclear frag-
ments besides the scattered electron. Ideally, it should be possible to measure the
struck nucleon or its target-remnant jet, the SRC-partner, any spectators that were
involved in final state interactions, and the nuclear remnant.

In the following figures 7.77 and 7.78, we show momentum distributions of the
recoil nucleons determined by the electron and leading nucleon with the current
IR design. These results were generated using the Generalized Contact Formalism
and then passed through EICROOT. Presently head-to-head comparisons are being
made between EICROOT and ESCalate’s g4e codes.

The results clearly show very good acceptance for recoil spectator nucleons over a
very large range of momentum. For neutrons the acceptance is not as good for the
lower energy setting though nearly complete at the highest energy. This is simply
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Figure 7.77: Momentum distributions for tagged recoil protons in quasi-elastic SRC breakup
in eC interactions. The black points show generated events for 10 fb~! luminosity, and the
accepted events are shown by the red-dashed histogram. (Left) Results for beam energies
5GeV e~ and 41 GeV ions. (Right) Results for beam energies 10 GeV e~ and 110 GeV ions.

the geometric effect of the size of the zero degree calorimeter along with kinematic
focusing provided by the energy.

7.3.8 Structure of light nuclei

The EIC, with its far forward detectors, provides a unique facility for studying light
ions at high center of mass energies. Light ions have several unique features that
can be used to study the interplay between partonic QCD phenomena and nuclear
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interactions.

1.

Light ions can be polarized. The EIC would allow for polarized *He and *H
beams, possibly deuteron (*H) beams and beyond. This allows to probe neu-
tron spin structure (see Sec. 7.1.2), tensor polarized deuteron (see Sec. 7.2.5)
and measurements of the polarized EMC effect.

. The far forward detectors in the hadron going direction allow for the detec-

tion of specific nuclear breakup channels. In inclusive processes scattering
can take place on protons and neutrons, partonic structure can be modified
by nuclear interactions and non-nucleonic d.o.f. play a role. These effects
can all be controlled by selecting particular break-up channels. Particularly
effective breakup channels are the measurement of the so-called spectator nu-
cleons, where one or more nucleons are detected in the target fragmentation
region of the nucleus, see Fig. 7.16 for the deuteron. This allows to select
the active nucleon in the reaction, suppress the contribution of non-nucleonic
d.o.f. and select specific intra-nucleon distance scales in the initial nucleus.

. For light ions well-developed techniques exist to compute nonrelativistic nu-

clear wave functions from first principles, starting from microscopic NN in-
teractions. This makes it possible to describe the initial nuclear state and
breakup into specific channels with high theoretical precision.

In this subsection the focus is on the use of light ions in the study of nuclear inter-
actions and their influence on medium modifications of parton distribution func-
tions. For free neutron structure, see Sec. 7.1.2; for 3D imaging of nuclear bound
states, see Sec. 7.2.5.

Nuclear interactions are effective interactions arising from QCD and describing the
low-energy structure of nuclei using interacting nucleons has proven to be highly
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successful. Several questions remain however. How exactly do the effective NN
forces arise from QCD? What are the short-distance properties of the nuclear inter-
actions? Where do non-nucleonic degrees of freedom become manifest in nuclei?
Reactions where these questions can be addressed are quasi-elastic or diffractive
knockout from nuclei (discussed in Sec. 7.3.7 in the context of nuclear short-range
correlations) and DIS in the scaling regime.

In the context of the influence of nuclear interactions on medium modifications,
the wide Qz-range available at the EIC means the Qz-dependence of the EMC ef-
fect can be investigated. DIS on polarized light ions results in measurements of the
spin-dependent EMC effect, such as planned within the 12 GeV program at Jeffer-
son Lab. The magnitude of the spin-dependent contribution remains unknown so
far. In combination with spectator tagging the relevant distances in NN interac-
tions that cause the EMC effect can be studied at the EIC. Accurate descriptions of
the reaction mechanisms are needed to disentangle the medium modification ef-
fects from nuclear final-state interactions [69,114,857]. This is especially important
for spectators with momenta of a few hundred MeV (relative to the ion rest frame).

In this way DIS on d with neutron tagging, *He with d or pn tagging and *H
with nn tagging, in combination with free proton data can be used to study pro-
ton medium modifications and help to constrain reaction mechanism frameworks.
This in turn then will help in the disentanglement of medium modifications and
final-state reactions for tagged DIS reactions on light nuclei accessing neutron
structure (d with proton tagging, *He with pp tagging and *H with d or pn tag-
ging).

For DIS at smaller values of Bjorken x, nuclear anti-shadowing and shadowing
effects in light nuclei are of interest. For the latter, light ions offer the advantage
that the multiple scattering series is limited and thus controlled, see below for ‘He.

Studying nucleon structure in A=3 nuclei using double spectators tagging

While there are highly accurate data for proton structure function, it is very hard to
measure the neutron structure function due to the fact there is no free neutron tar-
get. Neutron structure functions are determined using nuclear targets (deuterium
or *He) and often inferred using different theoretical models (see Secs. 7.1.1 and
7.1.2). Modern experiments, such as the Jefferson Lab BONuS experiment, tag the
recoil proton from deuteron [858,859], but no such tagging experiment has been
done with *He (see Fig. 7.79 for a diagram).

Simulations of DIS and SIDIS scattering from *He show that both spectator pro-
tons can be detected in the far forward region of the EIC. By ensuring that in the
ion rest frame the two spectator protons have alow momentum, the initial momen-
tum of neutron can be constrained, which can provide an effective “free neutron”
target with minimal model dependence, see Sec. 7.1.2. Taking this idea one step
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Figure 7.79: Shown are Feymann diagrams for double spectator nucleons tagging from 3He
on the left and from *H on the right.

further, by using a tritium beam one can tag two spectator neutrons. Since in this
case, the free proton’s structure function is well known, one directly tests how
well reaction mechanisms are understood (including final-state interactions with
the detected spectators) and a unique way to test the validity of the *He extrac-
tions of the neutron structure functions as well as offering a window onto nuclear
medium modifications of proton partonic structure. At higher spectator momenta
spectator tagging yields information on the influence of nuclear interactions on
DIS cross sections, both through medium modifications of partonic distributions
(EMC effect, (anti)shadowing) and nuclear final-state interactions.

The DIS and SIDIS processes for both *He and >H targets were generated using
the CLASDIS generator, a CLAS version of the PEPSI [860] generator, which is
based on LEPTO version 6.5 and JETSET version 7.410. CLASDIS was originally
intended to be used for the fixed target event generation but has been extended
for EIC kinematics. The generated events were modified to include the effects of
nuclear motion. For a given event, the momentum of each nucleon was generated
using the spectral function of Ref. [861] (for leading nucleon momentum below
0.24 GeV) and the light-front Generalized Contact Formalism [862] (for higher-
momentum leading nucleons). This provided distributions for the spectator nu-
cleon momentum, as well as allowing adjustment of electron scattering quantities
for Fermi smearing of the leading nucleon. Results are shown in Fig. 7.80 and
made use of a version of EICSMEAR which includes an approximation of the far
forward region developed with EICROOT and GEANT4 for EIC (g4e). The results
show that with the EIC one will be able to uniquely determine that the initial-state
neutron was nearly at rest; minimizing model dependence for the extraction of

quantities such as FJ from unpolarized *He and A" from polarized *He.

Tagging of spectator nucleons in these reactions means final state interactions be-
tween the detected hadrons in the final state should be considered. In Ref. [114],
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Figure 7.80: CLASDIS simulations for DIS and 7t SIDIS on *He with double proton specta-
tor tagging (top) and on *H with double neutron spectator tagging (bottom) at 5 on 41 GeV
(left) and 18 on 110 GeV (right).

polarized DIS on *He with deuteron tagging was considered. This process would
allow to study the onset of the spin-dependent EMC effect in three-body systems
and can help to constrain FSI mechanisms in the deuteron tagged reaction on >H,
used to probe neutron structure. Proper kinematical regions where the FSI effect
is minimized were identified in Ref. [114]. For spin dependent SIDIS off *He and
3H (important for the extraction of the neutron Sivers and Collins single-spin as-
symetry), a recent paper [863] has shown that both at fixed target and the EIC, the
FSI described within a generalized eikonal approximation using AV18 [675] wave
functions are theoretically under control in the experimental observables. Neutron
information can be safely extracted using the same straightforward procedure pro-
posed in a plane-wave impulse approximation analysis [864].

Coherent scattering off the lightest nuclei

The leading twist theory of the gluon shadowing predicts shadowing both for the
pdfs and for coherent production of heavy mesons like J/Y. The theory predic-
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tions for coherent J/¥ production off lead were tested in ultraperipheral collisions
at the LHC for x down to 10~3. For the most recent comparison of the leading twist
theory of nuclear shadowing with the LHC data on coherent J/¥ production of Pb
and reference to the previous studies see Ref. [790]. So far the gluon shadowing
was studied only in the case of heavy nuclei. At EIC studies of the coherent diffrac-
tion off heavy nuclei and parallel measurements of the gluon pdfs in the inclusive
hard processes would provide further stringent tests of the gluon shadowing dy-
namics. A complementary set of measurements is possible at the EIC using the
beams of the lightest nuclei. In this case one can probe separately shadowing for
scattering off two and of three nucleons. Note here that the average number of
nucleons involved in the gluon shadowing at Q% ~ few GeV?,x = 1073 is around
two, so the measurements with heavy and light nuclei would nicely complement
each other.

An important advantage of the lightest nuclei is that their wave functions are well
known and so the impulse approximation term can be reliably calculated. Also
it would be possible to test the calculation of the wave function by studying the
cross section at x < 0.03 where rescattering effects are small even for heavy nu-
clei and the impulse approximation dominates at all £. An important advantage
of *He, ®He is that the single scattering term (which is proportional to the nuclear
form factor) goes through zero at moderate t (—t ~ 0.3 GeV? for *He; see red line
in Fig. 7.81). This provides an opportunity to separate the combination of double
and triple rescattering amplitudes (interaction with all four nucleons is negligi-
ble) in a wide t range. Moreover combination of measurements off He and *He
would allow to separate double and triple scattering amplitudes in a practically
model independent way due to the difference of the strengths of double and triple
rescattering contributions in these two cases.

One can see from the result of the calculation at x = 103 the shift of the position
of the minimum is very significant and hence would be easy to measure provided

the detector has an acceptance in the discussed t-range (—t < 0.5 GeV?)

In the case of the deuteron beams the rescattering effects are pretty small even for
—t ~ 0.5GeV? due to a large contribution of the quadrupole form factor. How-
ever, if the polarized deuteron beams would become available, one would be able
to separate single and double rescattering contribution and consequently further
improve extraction of the amplitudes of scattering off two and three nucleons.

There are many other interesting coherent reactions with *He, For example photo
and electroproduction of p-mesons. In the soft regime screening should be stronger
than for J/Y so the minimum of the differential cross section would be at smaller
—t, up to Q2 ~ 10 = 15 GeV? where the t-dependence of p-meson should approach
that of J/ Y.
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Figure 7.81: Coherent J/¥ production on 3He (left panel) and *He (right panel) at x = 1073.
The cross section ratio to the t = 0 value for production on the nucleon is shown, as a
function of g4 = y/—t. Red curves do not include rescattering effects, green (blue) curves
include double (triple) rescatterings.

7.3.9 Coherent and incoherent photoproduction on heavy targets

Photoproduction and electroproduction are sensitive to the gluon content of the
target nucleus, and provide information on how quark-antiquark dipoles interact
in nuclei, providing information on the nuclear structure, as is discussed in Sec-
tion 7.3.2. This section will present the additional physics that can be probed by
studying coherent and incoherent production separately.

Exclusive production is an excellent probe of the gluon distributions in the nu-
cleus, providing information on the overall gluon content through the overall
cross-section, the spatial distribution of the gluons (through do/dt for coherent
production) and on event-by-event fluctuations in distributions, including gluon
hot spots through inelastic production [406,865,866].

High-energy photoproduction and electroproduction cross-sections on proton tar-
gets were first studied extensively at HERA, where the cross-sections were mea-
sured for a variety of mesons, from the p up to the Y [867,868]. The photopro-
duction studies were extended to include heavy nuclear targets in ultra-peripheral
collisions (UPCs) at RHIC [869] and the LHC [866,870,871]. The LHC UPC data
[872-877] had a larger energy reach than HERA. The LHC data exhibited a moder-
ate suppression of the Ji cross-section, consistent with moderate gluon shadowing
- roughly as predicted by leading order twist calculations [786-788,878]. Although
the energy reach cannot match the LHC, the EIC will allow us to extend these
measurements to large Q?, and also, through vastly improved statistics, probe the
production kinematics in detail, exploring the photon energy and Q? evolution of
the nuclear targets. As Fig. 7.82 shows, the ratio of photoproduction on light and
heavy targets, scaled by A~#/3 should be one in the absence of nuclear shadowing.
At large Q?, a Glauber calculation (implemented in the eSTARlight Monte Carlo)
predicts that the ratio should be close to one. However, at lower Q?, lighter mesons
are expected to exhibit a lower ratio, reaching 0.6 for p photoproduction. In con-
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Figure 7.82: The ratio of the coherent photoproduction cross-sections on lead and iron tar-
gets, scaled by A~*/3, for p (black) and ]/ (red), as a function of Q2. In the absence of
nuclear effects, this ratio should be 1. This ratio is roughly reached at high Q?, when the
nucleus is largely transparent, but, as the Q2 drops, shadowing reduces the relative cross-
section. From Ref. [879], but a very similar plot appears in Ref. [880].

trast, the heavier |/ is predicted to exhibit little shadowing. This plot shows the
importance of studying light mesons, and covering a range of Q? extending down
to zero.

Photoproduction and partonic structure

At high energies, photoproduction occurs primarily via photon-Pomeron fusion.
In an optical approach, the Pomeron represents the absorptive part of the nuclear
potential [881], so it has the same quantum numbers as the vacuum. Therefore, the
tinal state particles predominantly have the same quantum number as the pho-
ton, | PC — 1--, leading to vector meson dominance. In lowest order pQCD,
the Pomeron is treated as two-gluon exchange, thus the forward scattering cross-
section for a vector meson with mass My is [882]

do
dt

=2
_ rllM%/T[?’ |:065(Q ) (x,—Z)Z(l + QZ) ) (743)

5 %8 NE
-0 48 o* My,

where I'; is width for the vector meson to decay to two leptons, g(x, Q?) is the

gluon distribution and @2 = (Q?® + M2,) /4. Because the vector meson mass pro-
vides a hard scale, for heavy quarkonium pQCD should hold, even for nearly real
photons.

There are several issues with this approach. The most fundamental is the treat-
ment of this 2-gluon exchange using parton distributions which, in rigorous the-
ory, should be treated using a GPD [883]. Treatment using standard lowest-order
pQCD introduces some theoretical issues: the assumption of two gluons each car-
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rying half the virtuality, the presence of two gluons with different x values for the
two gluons (fortunately asymmetric division, x; > x; is preferred) and the choice
of the mass scale [884,885].

Similar difficulties apply in NLO pQCD. Although there is not yet a complete NLO
calculation. Ref. [886] presents a partial NLO calculation. This calculation has its
own difficulties, but, with careful choice of scale, the accuracy seems good enough
(£15% to £25%), good enough for use in determining gluon distributions [887].

Most of the interest in using vector meson production to probe gluon distributions
has involved nuclear targets, since there is little data with nuclear targets at low x.
By using proton targets as a reference, it is possible to measure shadowing, with
many of the theory uncertainties cancelling out in the ratio. This has been done
for J/¢ photoproduction at the LHC, where the data clearly indicate moderate
shadowing [786,787,888], with uncertainties that are much smaller than in current
nuclear pdf parameterizations [25]. At the EIC, a comparison of vector meson
production in e+Aand e+pcollisions able to probe gluons at Q? than other reactions,
such as open charm and dijet production.

The EIC should get large samples of the ]/ and ¢/, over a wide range of Q? and
significant samples of photoproduction of the three Y states (at small Q?). The
rapidity y of the final state vector meson depends on the photon energy k and
Bjorken-x of the struck gluon. In the lab frame, for low Q? and x < 1[889]

k= % exp (y) (7.44)
and M
— v _
X = Gy, exp (—v). (7.45)

Large Q? will shift the relationship between y and x these slightly [879]. These
equations can be used to determine the x of the struck gluons accurately, subject to
the issues that come from the second gluon.

Other calculations use a dipole approach to determine the cross-section and do/dt
[42]. They find the cross-section by integrating the interaction probability over
d?b. In this approach, it is easy to introduce modified parton densities, such as
those expected in a colored glass condensate [890].

The rates for vector meson production are very high: 40-50 billion p° for 10 fb~1/A
luminosity, for both e+pand e+A [879]. The rates for the ¢ are smaller, about
2.5 billion per 10 fb~!/A luminosity, while the J/¢ rates are about 100 million
events/year. Even the Y states are accessible, with about 140,000/60,000 events
expected for ep and e+Arespectively. The rates for electroproduction Q% > 1 GeV?
are lower, but, even for the /¢, about 5 million events events with Q? > 1 are ex-
pected per 10 fb~1/A. This statistics will permit detailed multi-dimensional stud-
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ies, including studying the nuclear shape and fluctuations in narrow bins of x and

Q.

Good-Walker and coherent photoproduction

Further information can be extracted from vector meson production using the
Good-Walker paradigm [891]. It relates the coherent cross-section to the average
wave function of the target, and the incoherent cross-section to wave function fluc-
tuations [892]. In the Good-Walker approach, coherent production occurs when
the final state nucleus remains in it’s ground state, while incoherent production is
when it is excited. The total cross-section includes all possible final states. From
the optical theorem:

Aot 1
‘;t = @<|A(Q)|z> (7.46)

The cross-section is determined by summing the amplitudes for interacting on
each nucleon. Schematically,

dUcoh . 1

= 1 (A (7.47)

Here, () is the nuclear configuration (nucleon posi