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The case for an EIC Theory Alliance: Theoretical Challenges of the EIC
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We outline the physics opportunities provided by the Electron Ion Collider (EIC). These include
the study of the parton structure of the nucleon and nuclei, the onset of gluon saturation, the
production of jets and heavy flavor, hadron spectroscopy and tests of fundamental symmetries. We
review the present status and future challenges in EIC theory that have to be addressed in order
to realize this ambitious and impactful physics program, including how to engage a diverse and



inclusive workforce. In order to address these many-fold challenges, we propose a coordinated effort
involving theory groups with differing expertise is needed. We discuss the scientific goals and scope
of such an EIC Theory Alliance.
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I. INTRODUCTION

The Electron-Ion Collider (EIC) was named the highest priority new construction project in the 2015 Long Range
Plan for Nuclear Science [1]. The main goal of the EIC is to study the structure of hadrons and nuclei, including their
3-dimensional partonic structure and gluon saturation. The EIC will be the ultimate QCD machine, of far broader
reach than other related facilities such as HERA, CEBAF, and RHIC. The EIC can make important contributions
to other areas as well, including hadron spectroscopy, nuclear structure, and tests of fundamental symmetries. There
are also synergies with high energy physics, such as the precision determination of parton densities.

The key questions at the heart of EIC physics are deeply theoretical in nature and cannot be addressed by EIC
experiments alone: it is crucial to drive a robust and synergistic theory effort alongside the experimental program.
The need for strong theory support to realize the full discovery potential of the EIC was pointed out in the National
Academy of Sciences, Engineering, and Medicine report, “An Assessment of U.S.-Based Electron-Ion Collider Science”
[2]. Due to the long time frame for EIC construction, the prospect of decades of operation, and the broad interdis-
ciplinary nature of EIC theory, it is critical to develop a strategic plan to advance the theory thrusts and meet the
associated need for a strong, diverse theory workforce.

Over the last 5 years, interest in the EIC has resulted in seven faculty hires in related theory areas. This is a
strong trend that must be sustained as the workforce develops. There is an acute need for growth at all levels,
especially as the nature of EIC theory research differs from nuclear theory of the previous decades: the EIC will
produce unprecedented amounts of data at unparalleled precision that needs to be understood, requiring researchers
equipped with new theoretical and computational tools, such as AI/ML.

To assess these needs and challenges, a CFNS workshop “Theory for the EIC in the next decade” was organized
at MIT September 20-22, 2022. The workshop was held in hybrid format, attracted 65 participants, and included
15 talks and 7 discussion sessions, see https://indico.bnl.gov/event/16740/. The workshop concluded with a
resolution session where it was determined that the optimal path forward is to create a Theory Alliance alongside the
EIC facility. The Alliance was also discussed at the Hot and Cold QCD Town Hall meeting, held at MIT September
23-25, 2022, see https://indico.mit.edu/event/538/, and gained strong support among the meeting participants.
Very recently the theory challanges of EIC have been discussed at the POETIC 2023 (Physics Opportunities at an
Electron-Ion Collider 2023) conference, May 2-6, São Paulo, Brazil, see https://www.ictp-saifr.org/poetic2023/.

The central goal of the EIC Theory Alliance (EIC-TA) is to support the mission of the EIC by maximizing the
scientific output from the experiment and deepening our understanding of QCD. To achieve these objectives, the EIC-
TA will steward the EIC theory program; develop and mould the excellent and inclusive theory workforce necessary
for the tasks at hand; and ensure that this workforce has the tools, resources, visibility, and support necessary to
advance the EIC science program.

A. Alliance structure

The formation of a Theory Alliance funded throughout the lifetime of the EIC facility – in addition to the base
theory funding – is the optimal way to advance EIC science from the theory front. This is evidenced by the successes
of the Theory Alliance formed alongside FRIB (FRIB-TA), which provides a model for the EIC-TA to build from.
Topical collaborations in nuclear theory have been and will remain valuable resources for building collaborative efforts
in various areas, including aspects of EIC-related theory; however, these collaborations address a targeted issue within
a five-year period. EIC theory is broad and interdisciplinary, and is expected to require a sustained long-term effort
given the timescales of the experiment.

Moreover, the formation of an EIC-TA opens up a unique window to establish new norms in QCD theory and
build a community that actively contributes to leadership, outreach, mentorship, and service efforts – as we strive
to grow nuclear theory and increasingly bring in talent that better reflects the demographic composition of the U.S.
as a whole. Topical collaborations are too narrowly focused and short in duration to make a system-wide impact
in nuclear theory, which substantially lags behind other subfields with severe and longstanding issues of inclusion in
physics. Organizations like the DNP are too broad in scope to address issues of climate and demographics in every
local sector of the community. The EIC-TA would encompass an appropriately-sized community to make a systemic
impact on QCD theory during an important and exciting period of growth for the field.

The EIC-TA will be a membership organization run by a member-elected executive board. EIC-TA membership
will be free and open to all students, postdocs, research staff, and faculty, from both within the US and internationally,
who wish to join. The EIC-TA will have an open and easily accessible website, advertising itself and its activities,
and explaining how new members can join.

The executive board will determine the major scientific thrusts of the theory alliance and make decisions regarding
EIC-TA sponsored fellowships and faculty bridge positions. Furthermore, the executive board will coordinate the
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organization of workshops and schools related to the research activities of the alliance. The EIC-TA will seek to
recruit executive board candidates that are diverse along axes including but not limited to gender, race/ethnicity,
topic of expertise, geographic, and type of institution. Executive members will have rotating multi-year terms to
ensure continuity in governance. The executive board will also include short-term member-at-large positions for
graduate, postdoc, and faculty representatives.

B. Scientific targets

The theoretical landscape for EIC physics is broad and compelling. The theoretical understanding of the 3-
dimensional partonic structure of hadrons, one key physics topic, has changed significantly over the last few years. In
the past, global analyses based on perturbative QCD, as well as model calculations, have been the only tools available
to obtain information about the parton distribution functions (PDFs), the generalized parton distribution functions
(GPDs), and the transverse momentum distributions (TMDs). It has become clear in the last few years that lattice
QCD (LQCD) calculations will play an important role in constraining the PDFs, GPDs and TMDs. Next-to-leading
order calculations in the color glass condensate framework also appeared recently, paving the way to quantitative
studies of gluon saturation at the EIC. With all this progress, one emerging question to be addressed is that of the
connection between TMD factorization and gluon saturation. While exploring the origin of nucleon mass and spin, the
study of 3-dimensional partonic structure of hadrons, and the study of onset of gluon saturation are at core of the EIC
physics program, there are many other exciting opportunities for studying QCD with the help of EIC. These include
the precision determination of the parton distributions of hadrons, precision studies of jets, studies of hadronization
and production of heavy flavor hadrons, resolving puzzles in hadron spectroscopy and a better understanding of the
structure of nuclei, such as the role of short range correlations. In addition, tests of fundamental symmetries can be
carried out with the help of the EIC.

In section II, we discuss in greater depth EIC-TA plans for developing an strong and diverse theory workforce. In
the remaining sections we outline the science case for the EIC-TA based on broad range of physics topics, starting
from 3-dimensional hadron structure (GPDs and TMDs) and gluon saturation at small x, which are the core topics
in QCD to be explored at EIC as explained in the NAS report. This discussion is followed by sections on precision
QCD and global analysis of hadron structure, which are important topics at intersctions of high energy and nuclear
physics. Furthermore, we discuss other theory opportunities related to EIC: the study of jets in e + p collisions, the
study of hadronization and heavy flavor production, exploring aspects of nuclear structure, and tests of fundamental
symmetries. We also elaborate on new directions such as intersections with Quantum Information Science (QIS)
and AI/ML. Connections to lattice QCD calculations is highlighted in all these sections. We conclude with a brief
summary in section XV.

II. WORKFORCE DEVELOPMENT AND DEI

The EIC presents a powerful opportunity to advance fundamental scientific knowledge and strengthen the US
nuclear theory workforce. To accomplish these goals, it is critical to ensure that EIC scientists are reaching out to and
developing scientific talent from all backgrounds. The EIC-TA plans to do its part by focusing directly on the parts the
pipeline that a research-centered alliance is best poised to address: the career stages of graduate students, postdoctoral
scholars, university faculty, and national laboratory staff scientists. Our unusual combination of a shared community
research objective, coupled with a broad nationwide and international reach across a diverse swath of institutions,
presents a unique opportunity to effect systemic improvements in how we recruit and train nuclear scientists. The
EIC-TA plans to implement both general workforce development initiatives, as well as targeted efforts to increase
participation of physicists from historically underrepresented populations, including but not limited to race/ethnicity,
gender, LGBT+, disability status, veteran, age, nontraditional and socioeconomic background.1

The EIC-TA will organize workforce development and DEI needs and activities into three categories: recruitment
and outreach; workforce development, support, and retention; as well as workplace and community climate and
culture. The EIC-TA will appoint a Workforce Development and DEI Committee to serve as an independent advisory
council on these efforts. STEM professional societies regularly convene task forces to intensively study the vast
existing peer-reviewed literature about workforce development and DEI, including workforce statistics and research

1 For example, underrepresented racial minorities (URMs) and women earned 7% and 21% of US PhDs in physics
in 2020, despite making up 39% and about half of the 25-29 year-old population, respectively [3]. Furthermore,
physics faculty are more than 12 times likely to have a parent with a Ph.D. than the general population, and about
twice as likely as other individuals who hold a Ph.D. [4].
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into best practices, with the end goal of generating detailed reports about implementing their findings within a STEM
context. The Workforce Development and DEI committee will draw from such reports and literature to improve
EIC-TA policies, practices, procedures, and initiatives.

A. Recruitment and outreach

The cornerstone of recruitment efforts in the EIC-TA will be fellowships and bridge programs for outstanding
faculty, postdoctoral scholars, and graduate students that will provide recipients with both funding and mentoring
to build careers advancing EIC science. The bridge program will follow the successful programs developed by the
RIKEN-BNL Research Center, the JLab Theory Center, and the FRIB Theory Alliance (FRIB-TA), which have
played a key role in research fields related to the CEBAF, RHIC and FRIB. The postdoctoral fellowships will likewise
emulate the highly efficacious FRIB-TA Fellow program, and will help to promote incoming talent and make EIC
theory an attractive field for hiring junior faculty at universities. The EIC-TA will seek to fund positions at a diverse
range of institutions, and will require partner institutions to commit to hiring practices that actively account for the
significant biases present in the field. Further, from its outset, the EIC-TA will seek to develop relationships with
minority-serving institutions with the goal of placing faculty on these campuses.

Each bridge position will support new tenure-track faculty and staff through a cost-sharing arrangement between
the EIC-TA and the university. At the end of the bridge period, the position will be fully supported by the university.
Recognizing possible constraints on early career faculty with families, bridge position recipients will not be expected to
spend significant time at the EIC site, but will receive additional support to make such visits as they deem appropriate
to further their research and career goals. The EIC postdoctoral fellow program will allow exceptionally qualified
candidates to spend time as a fellow at a specified partner institution. At the end of the fellowship, the fellow should
demonstrate the capability to direct their own independent research program. The EIC-TA will also periodically offer
fellowships to advanced graduate students that both faculty and students can apply for. Providing multiple mentors
is considered current best practice and partner institutions should identify two or more senior researchers willing to
provide scientific and/or career guidance to the fellow during their appointment; at least one of the faculty mentors
must work in EIC theory.

B. Workforce development, support, and retention

Members of the EIC-TA will be expected to actively help build a strong and diverse workforce through mentoring,
training, and supporting junior physicists. All senior members of the EIC-TA will also be expected to participate
in professional development as needed to become more effective and inclusive research mentors, leaders within their
community, and active contributors to EIC-TA initiatives.

The EIC-TA will host regular alliance meetings, generally in conjunction with EIC User Group meetings, as well as
topical workshops to collaborate on theory-specific topics. The annual meetings and focused workshops will provide
opportunities for theorists to share and learn about new scientific developments, build extensive networks, and better
advance EIC science. A regular summer school will also be held to train junior alliance members on techniques and
open questions in EIC theory. These schools should also include lectures introducing students to the intersections
of nuclear theory, experiment, and computational methods. These schools will be structured to help junior EIC-TA
members form extended networks of mentors who will further their growth within the field.

At each conference, workshop, and summer school, the EIC-TA will invite at least one outside speaker to run
professional development sessions aimed at the career stages of participants. These sessions will rotate through topics
of interest to the community, including but not limited to: effective leadership and management; inclusive teaching
and mentoring; conflict management and mediation; ethical conduct of research; facilitating an inclusive workplace
climate; bystander intervention; best practices in hiring and admissions; and career and application guidance for
junior members.

The EIC-TA website, along with a community-wide mailing list with open sign-up, will ensure equitable access
to important information about upcoming events, open funding opportunities, relevant job postings, and leadership
positions coming up for election. To supplement in-person scientific training and professional development events, the
EIC-TA will also dedicate part of its website to career guidance and resources for its junior members. These pages will
include information developed by the EIC-TA about practices within the field as well as helpful links to more general
websites and resources in the physics and academic communities. The EIC-TA will also create dedicated pages listing
resources and opportunities for physicists from underrepresented segments of the community.
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C. Workplace and community climate and culture

Widespread community involvement is necessary to build a strong workforce and make substantive headway on
significant, persistent, and pervasive issues of inclusion in nuclear physics. The EIC-TA aims to build a culture
that supports excellence in science and values the effective mentoring, strong leadership, and culture of service to the
community necessary to train and maintain an excellent scientific workforce. Active participation in impactful service,
leadership, DEI, and mentorship activities will be an important component in decision-making. Nominees for and
holders of EIC-TA leadership positions and funding recipients are expected to meet standards of professional conduct
and integrity as described in the EIC-TA Code of Conduct. Violations of these standards may disqualify members
from holding office or may result in removal from office or removal of funding. Such requirements mirror those already
initiated by agencies such as NSF Broader Impacts statements, DOE PIER plans, service essays in many university
faculty applications, APS policy, and more.

The EIC-TA workforce development and DEI committee will facilitate engagement in such activities, through the
creation of guidance documents for community members. In particular, the committee will advise EIC-TA members
about impactful efforts they can participate in to fulfill a DOE PIER or NSF Broader Impacts plan. Such documents
will include ideas for what type of activities are effective in helping build a stronger and more diverse workforce as
well as what types of resources and administrative offices are commonly available at universities and national labs to
assist. The EIC-TA recognizes that the most conspicuous problems and the resources available for their resolution vary
significantly by the size, type, financial resources, and communities served by a given institution. Furthermore, there
are many ways for faculty to get involved, from being an enthusiastic participant in an existing effort to overseeing
the administrative details of starting a new initiative. Due to the wide range of useful activities, service and DEI
records may look very different for different members of the alliance.

The EIC-TA is dedicated to creating and maintaining an environment where all members can feel safe and are treated
with respect and dignity. Members of the alliance are expected to behave ethically and respectfully at all times while
participating in all professional activities. The EIC-TA will develop a code of conduct that its members must agree to
follow and will appoint a conduct panel whose tasks will include investigating claims of harassment, discrimination,
microaggressions, and bullying. The panel will actively monitor the climate of the EIC-TA by maintaining a log of
claims and communicating with the Workforce Development and DEI committee about observed trends as needed.
The EIC-TA will enforce consequences for verified code of conduct violations according to severity of the current
violation and any prior history of verified violations, up to removal from alliance membership and exclusion from
alliance-supported events.

III. GENERALIZED PARTON DISTRIBUTIONS AND NUCLEON SPIN

Generalized parton distributions (GPDs) were introduced as a tool to characterize the structure of hadrons in
terms of their constituent partons [5–7]. They are generalizations of the 1-dimensional PDFs, with the initial and
final hadron states carrying different momenta (off-forward kinematic). Thus, GPDs depend on the square of the
invariant momentum transfer t and the longitudinal momentum transfer ξ, in addition to the dependence on the
fraction of the hadron momentum carried by the parton, x. Their multi-dimensionality relates them to different
facets of hadron structure (tomography), describing the distribution of partons in position and momentum space, as
well as the correlation between the spatial and momentum distributions [8–11]. There is a wealth of information that
can be accessed through GPDs [12–19] such as the spin [5, 20] and the electromagnetic and gravitational form factors.
The latter have been interpreted as a measure of the pressure and shear forces inside hadrons [21–24] as well as the
momentum-current gravitational multipoles [25]; see [26] for a recent review.

The appropriate high-energy processes to access GPDs are deeply virtual Compton scattering (DVCS) [5, 7, 27–29]
and hard exclusive meson production (DVMP) [30–32]. Currently, limited information on GPDs is accessible from
experiments. Fixed-target DVCS gives some information in the intermediate to high-x region. Low-x measurements
exist from HERA. Upcoming data from the JLab 12 GeV program will offer more information on GPDs. GPDs
are a core EIC physics topic and future measurements will provide a wealth of information. However, obtaining
data on GPDs and successfully disentangling them is very challenging experimentally. For example, there are strict
requirements in luminosity, center-of-mass energy, and hadron beam parameters [33]. Thus, synergy with theory is
essential to addressing the challenges of extracting GPDs. In particular, lattice QCD plays a complementary role to
the EIC and can provide crucial information on GPDs in different kinematic regions than the experimental data sets.

Theoretical studies of GPDs include dedicated LQCD calculations. The majority of these calculations are of Mellin
moments that describe the electromagnetic and weak probes of hadrons. The first Mellin moments, the form factors,
are the most reliably accessible. Information also exists on selected generalized form factors (GFFs) from the second
Mellin moments which can serve as reliable constraints on the large- and small-x extrapolations of the experimental
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data. See Ref. [34] for a recent review of the status of the field. First principles lattice QCD calculations now take
into account all systematic uncertainties, including continuum and infinite volume extrapolations at the physical pion
mass. Progress is ongoing on two fronts: calculations using ensembles at physical quark masses and decomposition by
quark flavor that requires the computationally-intensive evaluation of disconnected-diagram contributions. Despite
this progress, there are theoretical and computational limitations on calculating higher Mellin moments of GPDs.
Therefore, reconstruction of the GPDs is very challenging at best. Instead of accessing GPDs through their Mellin
moments, alternative methods to calculate the x-dependence of various distribution functions have been proposed over
the years [35–43]. In the last decade, the field has advanced significantly and is now being extended to calculations
of x-dependent GPDs [44–50]. See Refs. [51–54] for reviews of recent results and novel developments in the field.

The current theoretical investigations have demonstrated the strength of the field. The proposed theory alliance
has the potential to coordinate reliable extraction of the GPDs and advance our knowledge of hadron tomography.
Progress in GPD theory of will be essential for future experiments, in particular for EIC science. The theory al-
liance will facilitate and enhance progress through synergy between lattice QCD theorists, phenomenologists and
experimentalists. Below we outline some of the topics that require synergy of the theory community to advance the
field.

• First principle calculations of lattice QCD have advanced significantly and, for certain quantities such as form
factors, take into account all systematic uncertainties (e.g., continuum and infinite volume extrapolations at the
physical pion mass). Collaborative work with the global analysis community can lead to reliable constraints
on the GPDs in the large- and small-x regions. For more information, see Sec. VII. Coordination of lattice
QCD results with a phenomenological approach based on Continuum Schwinger Functional Methods can deliver
accurate predictions of the proton and neutron elastic form factors at high-Q2 [55–59]. The synergy between
discrete and continuum theoretical analyses can more easily be achieved through the EIC Theory Alliance.

• Coordinated activities are required to effectively relate LQCD matrix elements to light-cone GPDs. This neces-
sitates the development of new approaches to tackle theoretical and computational challenges. For example, the
frame dependence of GPDs inherited in some approaches leads to computationally-costly calculations. Alter-
native definitions are imperative to overcome this problem and potentially provide fast convergence on physical
quantities. A initial effort began this year [50], but a multi-component program is required.

• Joint activities with lattice practitioners are necessary to develop model-independent properties of GPDs that
can be verified by lattice QCD calculations (e.g., sum rules) and optimize the use of computational resources
(e.g., exploitation of symmetries).

• A complete description of hadron structure must include multi-parton correlations. These are encoded in
higher-twist distributions, where twist-3 is the most important. The field of twist-3 GPDs is largely unexplored
experimentally, limiting our ability to properly map hadronic structure. In addition, theoretical investigations
are restricted to the interpretation of cross- section data to the two-parton scattering approximation. First
principles information on the twist-3 contribution is vital and requires a systematic program that combines
expertise from theory and lattice QCD. Studies of twist-3 GPDs are also important for elucidating the orbital
angular momentum of quarks and gluons inside the proton [60–67]. The concept of transition distribution
amplitudes (TDAs) [68], first introduced for pion to gamma transition, extends the concept of GPDs to the near
backward scattering kinematics [69]. The TDAs are defined as twist-3 matrix elements of three-quark operators
on the light cone and are expected to factorize in the scattering amplitude of backward DVCS or backward
DVMP in proton-to-gamma transitions. Lattice studies of these objects are needed, as well as phenomenological
estimates of observables that can be studied at the EIC, based on controllable theoretical input. Proof of TDA
factorization along the lines of Ref. [70] is clearly needed.

• To execute the GPD global analysis program at the EIC, dedicated efforts are needed to develop a reliable
community-driven theory library that allows us to match experimental observables to the QCD-factorization
framework. It is therefore necessary that flexible parametrizations, including valence, sea quark and gluon
components which can be perturbatively evolved to the scale of the data, are made available. The parametric
forms build on the previously determined valence distributions, modeled at a low initial scale, Q2

0 ≈ 0.1 GeV2.
At this scale, only valence quarks are present. Gluons and sea quarks (quark-antiquark pairs) are resolved
as independent degrees of freedom at larger scales, Q2

0 ≈ 0.58 GeV2. These components subsequently undergo
perturbative evolution and generate additional gluon and sea quarks dynamically through gluon Bremsstrahlung.
The GPD dynamical framework employs an initial parametrization based on the Reggeized-spectator model [71–
77]. The coordinated efforts of the EIC theory community have the potential to deliver important improvements
such as higher-order corrections to fixed-order calculations, resummation, and includingpower corrections. For
example, the sensitivity of the gluon GPD, Eg, needed to build the Ji sum rule begins as an O(αs) correction
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to DVCS and DVMP at fixed-order perturbation theory, requiring a global analysis beyond the existing leading
order analyses.

• Alternative processes to extract the x-dependence of GPDs need to be developed. The DVCS and DVMP cross
sections are known to not be particularly sensitive to the x-distribution of the relevant GPDs because x is
integrated over in the scattering amplitude [78]. This problem can be avoided by measuring DDVCS processes.
In addition, a new class of observables involving a pair of high-transverse momentum particles (jets) in the final
state has been proposed to overcome this difficulty [70, 79–85]. A framework needs to be developed for the
phenomenological analysis of all these processes and incorporate them into global analysis.

• Coherent exclusive reactions with light ion beams available at the EIC will study light nuclei (Deuterium and
Helium) GPDs, enabling a precise determination of the interior structure of these nuclei, in particular the non-
nucleonic part of their wavefunctions. The Theory Alliance is a perfect venue to gather efforts to understand
the quark and gluon content of light nuclei, to confront various models predictions, and to propose dedicated
measurements at the EIC.

• Exclusive reactions with ion beams at the EIC will reveal new aspects of bound nucleons. The Theory Alliance
will enable discussions between groups which have studied these effects, emphasizing the consequences of short
range correlations of bound nucleons on the nuclear transparency ratios, as well as different ways to introduce
and precisely model color transparency effects on various observables.

• Investigation of pion GPDs through model calculations dates more than two decades ago [86–88]. More recent
theoretical computations of pion and kaon GPDs have produced interesting preliminary results [86, 89–91].
Recent studies [92, 93] have shown that the EIC will be able to provide significant information on the Sullivan
process. The Theory Alliance is an ideal environment to promote constructive discussions between theorists and
phenomenologists.

• Non-perturbative computations of GPDs have generally proceeded by using lattice calculations [44–50], mod-
els [94, 95] including the chiral quark soliton model where a complete tower of higher components of the
wavefunctions of the partonic constituents was added [96–98], and Schwinger functions [56]. Although the last
two are continuum approaches, they do not include ab initio studies of a complete tower of higher components of
the wavefunctions of the partonic constituents. While lattice does take these into account, a continuum method
would be desirable. Taking the infinite tower of wavefunctions into account involves studying the functional
evolution equations [99–101] which generalize and systematize the Schwinger-Dyson and Bethe-Salpeter hier-
archies. This approach presents interesting challenges and opportunities. First, it may provide an ab initio
method for non-perturbative physics. Second, it connects to deep mathematical problems. These problems
include a number of nontrivial steps, such as analysis of singularities of amplitudes in a complex domain, con-
struction of analytic forms of the multi-parton wavefunctions, number theory, and quantum chaos. Although
this research is mostly mathematical at the moment (see, however, Ref. [102]), the EIC theory alliance can bring
the mathematical and phenomenological communities together because they are studying the same object from
different angles. Research opportunities can be created for mathematically-intensive analysis that may provide
physically-founded parameterizations of GPDs.

• At the precision frontier, the NNLO coefficient functions for DVCS have been calculated [103] and work on
the three-loop evolution equations for GPDs is in progress [104, 105]. Similar precision must be achieved for
other processes to carry out a global analysis. Resummation of threshold logarithms [106] must also be pursued.
The structure of kinematic higher-twist corrections to DVCS that restores Lorentz and electromagnetic gauge
invariance of DVCS amplitudes is well understood [107–109]. Synergistic activities are required to extend this
analysis to other reactions and applied to lattice calculations of GPDs using the pseudo- or quasi-GPD approach,
where large translation invariance-breaking effects have been found [50].

• The development of phenomenological methods, tools, and GPD models fulfilling all theory-driven constraints
is necessary. The new models must be sufficiently flexible to describe data on various exclusive processes
and accommodate LQCD information. The problem of model dependence and the deconvolution of GPDs from
measured amplitudes must be carefully addressed, e.g., with the help of machine learning techniques [110]. Model
parameters need to be constrained by data through a robust and precise (in terms of perturbative and twist
expansions) description of exclusive processes. This task also requires further development of aggregate tools for
theory-related developments such PARTONS [111] and GeParD [112]. These efforts require contributions from
multiple groups to optimize the use of resources and make significant progress well before the EIC is operational.
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IV. TRANSVERSE MOMENTUM DISTRIBUTIONS

At the frontier of hadron structure studies is the three-dimensional (3D) structure of the nucleon. Both the confined
motion and the spatial distribution (see Section III) of quarks and gluons inside a bound nucleon characterize its 3D
internal structure, which is an immediate consequence of QCD dynamics. To probe such 3D internal structure one
utilizes physical observables with two-scales; a large momentum transfer Q that ensures localization of the probe and
manifestation of the particle nature of quarks and gluons, plus an additional well-measured soft momentum scale qT
associated, for instance, with the transverse motion of quarks and gluons. Such two scale measurements provide much
more sensitivity to the details of hadron’s internal structure and to details of the inner mechanism of confinement
in QCD. The distributions that encode both the longitudinal momentum fraction carried by the parton, x, and the
transverse motion, kT are called Transverse Momentum Dependent distribution (TMD PDFs) and fragmentation
functions (TMD FFs), or collectively TMDs [113–115].

Recently a great deal of progress was made in understanding the properties of TMDs from both the theoretical
advances [116–123] and phenomenological studies from global fits [124–132]. A crucial ingredient in our exploration
of hadron structure are experimental measurements provided by various facilities around the world [133], such as
Tevatron at Fermilab [134], HERMES at DESY [135], the LHC at CERN with its collider and fixed target [136, 137],
COMPASS experiments [138], RHIC at BNL [139, 140], Jefferson Lab [141], BELLE at KEK [142], Electron-ion
collider in China [143],etc. The EIC will provide essential information, with the promise to dramatically improve the
precision of various measurements, and to enable the exploration of the role of the sea quarks and the gluons in a
polarized nucleon [33, 144–146].

Guiding and understanding the future experimental measurements will require a laborious and meticulous analysis
of the data, new approaches and new methods in the theoretical treatment and in the phenomenological extraction of
TMDs. The EIC Theory Alliance will provide an essential framework for guiding and organizing the broad theoretical
and phenomenological efforts needed to tackle the challenges and opportunities provided by the future EIC. Research
directions supported by the EIC Theory Alliance will also ensure that US remains at the forefront in studies of the
inner 3D structure of matter.

Important theoretical topics for studies relevant to enabling the full potential of the EIC to be reached include:

• Rigorous theoretical exploration of bench mark TMD observables as well as new experimental observables related
to TMD physics. This exploration includes studies of leading and sub-leading contributions to Semi-Inclusive
Deep Inelastic Scattering process, individuation of the set of observables that allow precise extraction of the 3D
structure for quarks and gluons.

• Theoretical and phenomenological exploration of QCD factorization theorems and expanding the region of their
applicability, for instance by inclusion of power corrections in qT /Q. A crucial ingredient will be matching
collinear factorization (ΛQCD ≪ qT ∼ Q) and TMD factorization (ΛQCD . qT ≪ Q) in the overlap region
ΛQCD ≪ qT ≪ Q in a stable and efficient way. Such a matching is needed for our ability to describe the
measured quantities, differential in transverse momentum, in the widest possible region of phase space. In
turn, this will lead to a much more reliable understanding of both collinear and TMD related functions and
uncertainties in their determinations.

• Exploring the QCD factorization theorem and phenomenology for distributions related to TMD-like Generalized
TMDs (GTMDs). These distributions extend our understanding of multidimensional hadronization and can arise
in exclusive processes like double Drell-Yan [147–150], as well as being probed by exclusive diffractive processes
that are sensitive to small-x gluon GTMDs and gluon saturation [151–153].

• Development of theoretical methods to address various open issues is crucially needed, including: advancing
new methods for perturbative calculations, developing formalism and calculations for TMD power corrections,
the need to design new observables that can improve the comparison between theory and experiment, and a full
exploration of the best way to parameterize nonperturbative TMDs. Methods used to tackle these problems
include effective theories, nonperturbative and computational methods in QCD, and feedback from carrying out
fits to experimental data.

• Creation of extraction frameworks that include modern techniques and methods from statistics (such as Bayesian
statistical methods) and computer science (such as Artificial Intelligence and Machine Learning). Extraction
frameworks are critical for phenomenological studies of TMDs. There exist already several frameworks such
as NangaParbat2 of the MAP Collaboration, JAM Collaboration3, and arTeMiDe4. These publicly available

2 https://github.com/MapCollaboration/NangaParbat
3 https://github.com/JeffersonLab/jam3d/
4 https://github.com/VladimirovAlexey/artemide-public
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frameworks will facilitate engagements of new groups in EIC related studies.

• Supporting long terms commitments in the analysis of large data sets from the existing experiments and facilities.
Global QCD analyses of the experimental data are usually multi year efforts of relatively large collaborations.
Encouraging theory participation in such efforts is very important for the future development of new QCD
analyses, both to preserve knowledge and to utilize advanced methods.

• Encouraging calculations of higher order perturbative quantities, such as anomalous dimensions, spin-dependent
cross-sections etc, needed for an accurate and precise extraction of 3D structure and for reliable predictions of
future measurements.

• Supporting the experimental community with the development of Monte-Carlo event generators is an essential
task [33] that requires a multi-year commitment. The alliance will support studies based on the conventional
techniques that take into account radiative corrections, such as Ref. [154]; and new frameworks that incorporate
TMD and QED physics, such as Ref. [155].

• Comprehensive analysis of the nonperturbative behaviour of TMDs. As TMDs encode the consequence of con-
finement, it is very important to understand better the nonperturbative structure of the nucleon as prototype
of baryons, and of the pion as prototype of mesons [156, 157]. It can be done in model or ab-initio calculations,
such as lattice QCD, and in the global QCD analyses. The combination of model, lattice QCD, and phenomeno-
logical results will allow for a better understanding of the nature of the extracted quantities and for a better
precision of extractions in case the experimental measurements are scarce for some observables. For example, at
present gluon TMDs are phenomenologically unknown and model calculations represent a useful tool to explore
their features, confirm or falsify generally accepted assumptions, make reasonable predictions for experimental
observables, and or guide the choice of functional forms in future gluon TMD fits [158, 159]. Explore in more
detail the impact of the nonperturbative behavior of TMDs (in particular, their flavor dependence) on the
determination of some crucial Standard Model parameters like the W boson mass [160].

• Understanding the flavor dependence of quark TMDs and the gluon sector of TMDs. Both quark and gluon
TMDs present a vast field of exploration in terms of the TMDs that encode aspects of the internal structure,
such as spin correlations, flavor dependence, etc. We know that there exist highly universal functions, such as
Collins-Soper kernel [161–164] related to the properties of the vacuum of QCD, less universal non-perturbative
functions that encode flavor or hadron dependence but not less interesting as they carry the footprint of the
non-perturbative QCD interactions. Careful examination of the whole spectrum of TMDs is important for our
final goal of understanding of the underlying 3D structure of hadrons.

• Understanding nuclear TMDs with the methods developed for the nucleon. Following the methodology of
well-established nuclear collinear PDFs, Ref. [129] performed the first extraction of nuclear modified TMDs
from the world set of data in semi-inclusive electron-nucleus deep inelastic scattering and Drell-Yan production
in proton-nucleus collisions. It is important to advance and improve the methodology along this direction.
The modification of TMDs in nuclei in comparison with those in the nucleon has important connections with
the conventional transverse momentum broadening in nuclei, see e.g. [165–167] and [168–172] within differ-
ent formalisms, and is highly relevant to the jet transport coefficient q̂ in nuclei [173, 174]. In addition, the
(non)universality of gluon TMDs [175–177] will also be studied within the context of small-x physics and nuclei
structure in Sec. V and Sec. XI.

Apart from the global analyses, the lattice QCD calculation of non-perturbative TMD information has also seen
a lot of progress in recent years. The pioneering lattice efforts were made with the Lorentz-invariant method which
mainly focused on the ratios of the x-moments of TMDs for various spin and flavor structures [178–183]. Later
on, a breakthrough was made allowing to go beyond TMD ratios and compute individual TMDs, including their
x-dependence, motivated by the large-momentum effective theory (LaMET) [36, 37, 52] that has enabled tremendous
progress in the lattice calculation of collinear PDFs [34, 184]. In this approach, the TMDs in Drell-Yan and SIDIS
factorization theorems can be perturbatively matched from a quasi-TMD calculable on the Euclidean lattice [185–191]
with the subtraction of a soft factor that can be extracted from a light-meson form factor [189, 190, 192, 193], up
to power corrections suppressed by the large parton momentum. The perturbative matching kernel that relates the
quasi- and physical TMDs is diagonal in the x-space, independent of the spin structure [194, 195], and free from
mixing between quarks and gluons or quarks of different flavors [191]. Based on this matching relation, important
non-perturbative TMD information can be computed:

• The Collins-Soper kernel for TMD evolution. The Collins-Soper kernel plays an important role in the global
fitting of TMDs. It depends on kT = |kT | and becomes non-perturbative when kT ∼ ΛQCD, where it has not been
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well constrained by the global analyses [196]. In this regime, the Collins-Soper kernel can be extracted from the
momentum evolution of the quasi-TMD [187], which has been applied in several lattice QCD calculations [192,
193, 197–202]. While the systematic uncertainties need to be improved on both sides, recent global analyses [125,
131, 203] have shown interesting agreement with the lattice results [196].

• Ratios of TMDs of different spin and flavor structures. Early efforts with the Lorentz-invariant method calculated
ratios of TMD x-moments for different spin and flavor structures [178–183]. These efforts must be extended to
include the x-dependence, to which purpose also the LaMET approach can be tailored [188, 194]. Obtaining
the ratios in the full (x,kT ) space will provide rich information on the non-perturbative behavior of spin-
dependent TMDs such as the helicity, transversity, Sivers and Boer-Mulders TMDs. Thanks to the non-mixing
of the matching for quasi-TMDs, it is straightforward to separate the flavors of quasi-TMDs on the lattice and
calculate their ratios.

• Full kinematic dependence of TMDs in the (x,kT ) space. With the soft factor being calculable [192, 193], one
can perform a complete lattice QCD determination of the TMDs, which will provide direct comparison with
global analyses for all the spin and (quark and gluon [204, 205]) flavor structures.

• Accessing twist-3 PDFs from quasi-TMDs at large kT . For example, at large kT the quasi Sivers TMD can be re-
lated to the twist-3 Qiu-Sterman function through an operator product expansion [206], which is complementary
to the twist-3 quasi-PDF approach [207, 208].

• Accessing subleading power TMDs [116, 119–123, 209], which are of great interest in achieving a complete 3-D
momentum tomography of hadrons.

• Generalization to GTMD observables that quantify, e.g., parton orbital angular momentum and spin-orbit
correlations in the nucleon [210–213]. Initial studies [214–216] that include both the Jaffe-Manohar as well as
the Ji definitions of these quantities must be extended to understand their scaling properties, power corrections,
and other systematics, with the long-term perspective of complementing eventual phenomenological extractions
of GTMD observables.

The EIC Theory Alliance will be an invaluable platform for bringing together talents in both analytical theory and
lattice QCD to investigate the above TMD physics in the next two decades. The primary efforts by the EIC Theory
Alliance include:

• Deeper understanding the QCD factorization relation between lattice and physical TMDs. Factorization theo-
rems have been derived for both quark and gluon TMDs at moderate to large x, with the matching coefficients
calculated at one-loop order [186, 188, 204, 205] and resummations performed at next-to-leading logarithmic
accuracy [191]. To improve the current lattice calculations at moderate momenta, it is necessary to study
the subleading power corrections and higher-order perturbative corrections. It is also worthwhile to explore
novel lattice TMDs and their corresponding factorization, which may convergence faster to the physical TMDs.
Moreover, the small-x factorization of the lattice TMDs will require a new formalism that needs to be discovered.

• Disentangle the systematic effects during the procedure of lattice QCD calculation, which include renormaliza-
tion, operator mixing, Fourier transform, finite volume effects, and other lattice artifacts [200]. The solution
relies on a profound understanding of the short- and long-distance behaviors of the lattice TMD matrix ele-
ments, based on which one can construct proper observables to minimize lattice artifacts, develop an optimal
renormalization scheme, and derive the effective theory formulas for physical extrapolations.

• Development of lattice software to meet the requirement of calculating parton physics, especially in the era of
exa-scale computing. The key for all lattice calculation of parton physics is the large hadron momentum, which
can only be achieved with smaller lattice spacing, and which is difficult for most lattice ensembles nowadays.
This poses challenges for generating the ideal QCD gauge configurations, as well as the corresponding algorithms
for simulation on the most advanced exa-scale GPU machines such as Frontier and Aurora.

• Precision controlled lattice QCD calculation of TMD physics. By capitalizing other initiatives and awards such
as the Computational Nuclear Physics Initiative, SciDAC, INCITE and ALCC, lattice QCD will carry out
systematic calculations of TMDs to complement the EIC program. The goals include reliable predictions of
the quark Collins-Soper kernel and ratios of quark TMDs of different spin and flavor structures with a 10-20%
level precision, and a 20-40% level calculation of the full (x,kT ) dependence of TMDs, within this decade. The
calculation of the gluon Collins-Soper kernel and TMDs are expected to achieve meaningful precisions with
further advancement in computing and algorithms in the future.
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• Synergy between lattice QCD, theory and phenomenology to provide a complete 3D tomography of the nucleon.
To realize the full potential of the EIC Theory Alliance, it is also expected to develop a comprehensive program
for comparing the lattice QCD predictions and experimental results, and incorporating the non-peturbative
lattice inputs for the global analyses to reduce the model uncertainties.

Finally, to improve the knowledge and skills required in theoretical analyses, lattice QCD calculations, and phe-
nomenological extractions of TMD physics, the theory alliance will provide valuable training for students and postdocs,
who will become the major work force in this field and will also contribute to the other initiatives in Nuclear Physics.

V. GLUON SATURATION, SMALL x

With its access to high energies, electron and light ion polarization, a wide range of nuclear species, and unprece-
dented DIS luminosities [33, 145], EIC offers the exciting possibility of uncovering and establishing the properties of
gluon saturation, including its effects on proton spin and the physics of strong color fields in QCD with unprecedented
precision. Indeed, this discovery and characterization was assessed to be a principal objective of EIC science in a
National Academy of Sciences report [2].

At short distances, the proton can be viewed as a collection of weakly interacting quarks and gluons, commonly
referred to as partons, which carry each a fraction x of the proton momentum. The parton picture is expected to
break down, however, when the probe resolution becomes of order the proton size where confinement forces are at
play. On the other hand, at small enough x the proton wave function is characterized by a rapid rise of the number of
“wee” gluons up to a point where many-body recombination and screening effects become important, which leading to
saturation of the gluon distributions. This novel many-body regime of QCD characterized by strong non-linear gauge
fields can be explored in the framework of the Color Glass Condensate effective field theory (CGC) [217]. Such effects
are strongly enhanced in nuclei as reflected in the Q2

S ∝ A1/3 ≫ Λ2
QCD dependence of an emergent saturation scale

controlling the nonlinear dynamics of saturation. Likewise, there there is a powerful interplay between contributions
to the proton’s spin at small x and the physics of gluon saturation.

Ensuring that the EIC can realize its enormous promise and deliver on the discovery of gluon saturation requires
both broad and focused collaborative theoretical research. This effort includes the identification and computation
of observables that are sensitive to gluon saturation in DIS off polarized protons (e + p) and heavy nuclei (e + A),
along with observables in hadron collider experiments. This effort also requires robust end-to-end calculations that
minimize known uncertainties on each of these observables with an ambitious goal of < 10% accuracy, sufficient for
unambiguous characterization of the gluon dominated small x regime in protons and nuclei. Not least, new and
potentially transformative ideas (and their empirical consequences) connecting the physics of gluon saturation to the
intrinsically non-perturbative physics of color confinement and chiral symmetry breaking in QCD need to be explored.

The ambitious goal of precision in data-theory comparisons at small x is driven by the significant progress achieved
in recent years in a) next-to-leading order (NLO) computations of process-dependent so-called “impact factors" for
key final states, and b) advances in computing the small-x RG LL BK [218, 219] and JIMWLK equations [220, 221]
to next-to-leading logarithmic (NLL) accuracy. Combining the developments in impact factors and small x evolution
for a number of final states puts us in a position to reach the O(α2

S) accuracy for cross sections, corresponding to the
desired 10% figure of merit.

In DIS, formal expressions for NLO impact factors have been derived for key observables such as those for inclusive
structure functions [222, 223], heavy quark structure functions [224], diffractive dihadron, dijet and exclusive vector
meson production [225–228], single inclusive hadron [229], inclusive dijet, dihadron [230–234] and hard photon [235]
final states. Recently proposed observables such as coherent inelastic dijet production, photon-jet and lepton-jet
correlations, as well as nucleon energy correlators, remain to be studied at NLO accuracy [236–239]. However in
many cases, even where formal expressions exist, the impact factors have not been explicitly evaluated, primarily due
to their numerical complexity. Combining analytical progress with numerical implementation will be an important
collaborative task.

A key aspect of this it to combine advances in computing the various process dependent impact factors with the
universal small x evolution in a consistent manner. This matching still has a number of conceptual questions which
have spurred a lot of theoretical work. This issues pertain to the poor treatment of the collinear corner of phase space
and resummation of higher order terms turned out to be necessary in order to cure the problem. Similar to the linear
BFKL case [240–243], the renormalization group (RG) improved treatment of collinear logs, discussed in the context
of the CGC EFT in [244, 245], is essential for robust predictions. Unless these large logarithmic contributions are
properly accounted for, NLO level results can lead to unphysical (negative) cross sections [246]. It is only recently
that first computations that take all these elements into account in the context of back-to-back inclusive dijets have
become available [231].
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Such systematic computations indicate the importance of parton lifetime constraints on RG evolution at small x.
This is well-known to regulate the behavior of the NLL BFKL [247, 248] equation. A full understanding of its impact
on the NLL JIMWLK RG equations [249, 250] remains to be understood although there is promising work in this
direction [245]. At the heart of this is a powerful spacelike-timelike correspondence [251] first discussed in the context
of the relation of non-global logarithms in e+e− collisions to small x evolution [252], and later exploited to compute
key pieces of the next-to-next-to-leading order RG evolution equations [253]. This connection has led to a powerful
synergy between the small x and “amplitudes" communities in developing precision tools which has the potential to
significantly enhance the EIC theory alliance (EIC-TA) [254].

Sub-eikonal corrections to the eikonal approximation employed in CGC calculations will extend its applicability to
higher pt and improve its accuracy at small x [255–259]. Such sub-eikonal corrections can be calculated systematically
either at the level of propagators [260, 261] or of observables like the DIS dijet cross section [262]. In that context,
the study of the back-to-back limit will clarify the matching between the TMD formalism supplemented by higher
twist power corrections and the CGC formalism supplemented by sub-eikonal power corrections.

DGLAP-based fits of helicity PDFs are plagued by extrapolation issues into the small-x regime [146, 263]. Small-
x helicity evolution equations, the Kovchegov-Pitonyak-Sievert–Cougoulic-Tarasov-Tawabutr (KPS-CTT) equations,
involving the polarized dipole amplitude, were derived in [264–268]. The first implementation of the older KPS
equations achieved an extraction of the g1 structure function from world’s polarized DIS data [269]. The growth of
helicity PDF studies will be aided tremendously by the EIC-TA. For example, compared to previous work on fits
of DIS double-spin asymmetries [269] with the (unpolarized) denominator determined from DGLAP fits, improved
self-consistent fits should employ the small x unpolarized RG equations discussed above. Processes such as polarized
SIDIS and polarized proton-proton collisions, need to be incorporated into the framework. To distinguish individual
flavor contributions, double-log approximation large-Nc solutions [269] employed should be replaced by results in the
large-Nc&Nf limit [270]. Similarly, improved determination of helicity-dependent initial conditions should replace the
ad hoc fitting procedure in [269]. Saturation corrections to the KPS-CTT equations [271] from the unpolarized dipole
correlator are required to study their effect on parton spin. Predictions for the proton orbital angular momentum
carried by small-x quarks and gluons are feasible [272]. The polarized dipole amplitude approach lends itself to
systematic improvements within a global analysis framework. An important issue which is not addressed by the
above analyses is the role of the chiral anomaly. Work in this direction suggests that the quark helicity is proportional
to the QCD topological susceptibility [273–275]. A similar effect due to the trace anomaly has been uncovered in
deeply virtual Compton scattering (DVCS) [276]. These anomaly studies connect the small x community to researchers
working on various aspects of non-perturbative QCD that include lattice QCD and chiral perturbation theory.

Single forward emission in inclusive as well as exclusive channels gives us direct access to the unintegrated gluon
distribution (UGD) in the proton, and BFKL evolution small-x. This BFKL baseed approach to UGDs was previously
applied to forward emissions of light vector mesons at HERA [277–290], to the study of heavy quarkonia [291–293];
and forward Drell–Yan detections at LHCb [294–297]. The EIC can potentially unveil connections between UGDs and
the unpolarized and Boer–Mulders gluon TMDs [282, 298–300]. Likewise, excellent agreement is obtained between
the CGC EFT with HERA data on proton F2 and FL [301] and heavy quark structure functions [302], and for forward
single inclusive hadron production data at RHIC and the LHC [303].

The onset of gluon saturation should show distinctly different systematics from those seen in the absence of satu-
ration. Such differences could be striking in exclusive vector meson production off large nuclei [304]. In particular,
one expects scaling behavior of vector meson production cross sections in both nuclear mass number, A, and photon
virtuality, Q2, to be strongly modified due to saturation effects. Recent simulations with the Sartre [305, 306] Monte
Carlo event generator confirm this scaling in a realistic EIC kinematic setup, where the results are obtained via cross-
section pseudo-data collected by Sartre [307], and then parsed through smearing functions, that emulate proposed
EIC detector resolutions; theoretical and experimental challenges exist and are detailed in [33, 307].

An interesting signature of saturation is geometrical scaling (GS) in exclusive vector meson production inspired by
previous work on inclusive DIS [308], which was observed at HERA [309–311], both in the proton and pion structure
at small x at HERA [312], in hadronic collisions at the LHC [313, 314], and possibly also in heavy ion collisions at
RHIC and LHC [315, 316]. Based on these examples, it is anticipated that GS should exist in exclusive vector meson
production in e+A (and possibly in e+p) at the EIC [317, 318]. In this regard, one can use Sartre to generate events
and perform cross-section calculations as a function of the transverse momentum of the produced vector mesons.

Recent phenomenological studies dedicated to photo-production of vector mesons J/Ψ and Ψ(2s) in ultraperipheral
collisions at the LHC indicate that the ratio of their cross-sections can distinguish linear from non-linear low x
evolution [293]. At the EIC, a similar observation is expected by varying A. To explore the full consequences of
non-linear low x evolution, it will be beneficial to complement EIC measurements by LHC forward physics results,
which – albeit limited in precision relative to the EIC – has a wider range in x. See [319] for a recent summary of
possible measurements.

The Good-Walker paradigm relates coherent photo/electroproduction to the average nuclear configuration, with
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dσ/dt being sensitive to the transverse distribution of gluons in the nuclear target [320]. Incoherent photoproduction
is, in turn, sensitive to event-by-event fluctuations in the target, including gluonic hotspots [321]. Unfortunately, the
Good-Walker paradigm is, by nature, a lowest order formalism which fails in some cases [322]. For large (negative)
values of the Mandelstam t variable, the incoherent cross section is nevertheless proportional to the fluctuations of
the initial state target wave function. In the dense saturated kinematic regime, these fluctuations are expected to be
suppressed [323–325]. The EIC can therefore trace the onset of saturation in the suppression of the incoherent cross
section in exclusive diffraction at intermediate and large values of |t|.

Exclusive production of vector mesons, photons (including DVCS) or other final states allows for unique measure-
ments but introduces additional theoretical problems in understanding the Pomeron. To lowest order, the Pomeron
is a color singlet combination of two gluons. However recent theoretical calculations of exclusive J/ψ photoproduc-
tion found several surprises: a large contribution from quarks (partly due to a significant cancellation in the gluon
components) and a strong scale dependence [326]. Additional calculations are needed to understand the implications
of this result and to determine how to best use this data in determining nuclear PDFs.

Quantum coherence [327] and color transparency (CT) [328] is conveniently studied in diffractive photo- and electro-
production of heavy quarkonia [329] within a Green function formalism [327, 329]; this formalism has also been
applied to exclusive production of light vector mesons [327], diffractive DIS and DVCS [330]. Since both quantum
coherence and color transparency are features of the CGC formalism, it will be interesting to explore further the
connections between apparently different formalisms and and arrive a common understanding. A recent review of the
phenomenological status of gluon saturation measurements at colliders can be found in [331].

The two most widely used initial conditions for small x evolution are those of the Golec-Biernat–Wüsthoff (GBW)
[309, 310] and the McLerran–Venugopalan (MV) models [332, 333]. The former captures key features of saturation
but doesn’t match smoothly to LO perturbative QCD. The latter is more robust in this sense but its regime of validity
is strictly for large nuclei.

How to go beyond the GBW and MV models to extract reliable initial conditions for multipole correlators at
moderate x ∼ 10−2 is an outstanding question. Fluctuation driven non-Gaussian effects derived from analogy of “BK
dipole evolution" to wavefront propagation in statistical mechanics provide useful guidance in going beyond the MV
model [334, 335], which can be tested in diffractive final states at the EIC [336].

A promising first principles approach for light nuclei is to compute color charge correlators on the light front [337–
339], which can be constrained by DIS data at large x [340, 341]. Another such promising approach is to employ the
techniques of Large Momentum EFT (LaMET) [52, 342] to compute the energy dependence of transverse momentum
dependent parton distributions from Lattice QCD [200] or extract color charge correlators. Reaching down to x ∼ 10−2

is however challenging, since it will require high resolution on the lattice or new ideas to circumvent the need for very
small lattice spacing.

Small x physics and gluon saturation have interesting conceptual and practical connections to several subfields of
physics. In the high energy Regge limit at large Nc, the LL BFKL equation has a rich mathematical structure and
can be understood as dual to the XXX spin chain with negative spin which is an integrable model that is solvable by
the Bethe Ansatz. This mapping of small x dynamics is valuable for providing insight into the role of entanglement
in DIS [343]. The role of quantum entanglement and quantum information science (QIS) in DIS at small x has been
discussed recently in several works [344–347]. It has been suggested recently that gluon saturation can be understood
as a maximally occupied state whose microstates saturate the universal Bekenstein bound [348]. QIS studies are a
new direction of EIC physics appropriate for the EIC-TA and shows great promise of productive synergy with other
areas of physics.

The small x studies undertaken by the EIC-TA are also valuable for QCD studies at the LHC particularly for
understanding the role of multi-parton interaction (MPIs) in hard processes. Small x has played a key role in
understanding the initial state and the thermalization process in heavy-ion collisions [349]. Prior to the EIC, there
will be a significant amount of data sensitive to small x physics and gluon saturation from RHIC and LHC. The
EIC-TA will interact with the heavy-ion community in analyzing this data and incorporating it in global analysis.
This is a primary goal of the recently approved SURGE (Saturated Glue) DOE Topical Theory collaboration, which
will have considerable overlap with the EIC-TA.

Small x QCD also places important constraints on the astrophysics of cosmic neutrinos [350–353]. Conversely,
measurements at cosmic neutrino observatories such as ICECUBE can help distinguish between differing frameworks
for QCD evolution at small x [354].

VI. PRECISION ep PHYSICS

Scattering reactions with polarized or unpolarized electrons and protons are a core component of the physics
program at the EIC. Data for e + p cross sections and spin asymmetries at unprecedented precision and kinematic
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reach are expected from the EIC measurements. The anticipated experimental precision also sets the bar for theoretical
calculations of the corresponding observables. The need for an adequate theoretical framework to match the quality
of the EIC data has long been recognized.

A central task of QCD theory for the EIC is to provide precision computations of relevant partonic hard-scattering
cross sections and splitting functions to the highest possible orders in perturbation theory. Such computations are vital
for the success of the EIC because higher-order corrections are often sizable and strongly reduce the dependence of the
theoretical results on the factorization and renormalization scales. The past few years have seen tremendous progress
in this area. The DGLAP evolution kernels are now fully known through NNLO (or, to three loops), both for the
spin-averaged [355, 356] and helicity [357] dependent evolution. Parts of the four-loop splitting functions [358, 359]
and the lower moments of the five-loop functions [360] have become available for unpolarized evolution, elevating
evolution of PDFs to an unprecedented level of precision. Pertinent partonic cross sections of e + p scattering at
NNLO and beyond include inclusive DIS [361–365] and jet production in DIS [366–370]. The jet calculations use
modern subtraction methods to handle collinear and infrared divergences such as the “projection to Born” method or
the “N-jettiness subtraction scheme”, which are also applied to LHC calculations. Also at the e+p scattering precision
theory frontier are the recent three-loop results on off-forward evolution equations [104, 105] and NNLO computations
of the DVCS coefficient functions [103], pertaining to the study of generalized parton distributions discussed in Sec. II.
Likewise, as described in Sec. III, tremendous progress has been made on developing a framework for phenomenological
investigations of transverse-momentum dependent parton distributions (TMDs) in e + p scattering at the EIC (see,
for example, Refs. [117, 125, 127, 128, 131]).

These achievements are important first steps toward a new precision era for EIC theory of e+ p scattering. While
much work is ongoing, many tasks and challenges remain. Ideally, by the time the EIC turns on, it is hoped that the
precision of theoretical calculations should be on par with that achieved for the LHC, with next-to-next-to-leading
order (NNLO) QCD corrections available for the relevant observables, along with NNLO extractions standard for PDFs
and FFs, using numerically efficient tools. The EIC Theory Alliance would be ideal for setting up this framework and
for addressing the associated challenges.

In order to advance precision e+p theory for the EIC and to set the stage for future consolidated efforts, a dedicated
workshop series “Precision QCD predictions for ep Physics at the EIC” was started at the Center for Frontiers in Nu-
clear Science (CFNS) in Stony Brook. The first workshop was held in 2022 (https://indico.bnl.gov/event/14374/);
the next edition is planned for September 2023. The inaugural workshop brought together some of the theorists study-
ing e + p scattering and addressed higher-order perturbative calculations of EIC observables, resummation, power
corrections, and methods for extracting PDFs, TMDs and fragmentation functions. At the workshop, it was noted
that around 20 years ago, LHC theory was at a similar stage as that of the EIC now: the need for precision theory
calculations was recognized and the required higher-order theory calculations were identified. This effort culminated
in the LHC experimenter’s wish list that shaped LHC theory for the subsequent decades (see, for example, Ref. [371]).
An outcome of the first CFNS workshop was the start of a similar EIC wish list compiling calculations and studies
that need to be carried out in preparation for the EIC. We will not present the entire initial EIC wish list here but
will only present a few specific topics, grouped into classes of similar scientific scope that would likely become core
activities of the EIC Theory Alliance focused on e+ p physics:

• Computation of higher-order corrections for EIC observables where not yet available (in part at NNLO). Ex-
amples include QCD corrections to semi-inclusive deep inelastic scattering (SIDIS), electro- or photoproduction
of hadrons and jets, hadron-pair production at the EIC, Λ-baryon production cross sections and spin asymme-
tries, azimuthal transverse single-spin asymmetries. Regarding the computation of fully-differential fixed-order
corrections to (polarized) SIDIS in particular, we stress that while all ingredients are in place to construct the
integrated subtraction terms for 0-jettiness subtractions [372–374] at NNLO and qT subtractions in unpolarized
calculations [375, 376] even at N3LO [377–380], a dedicated and coordinated effort will be required to interface
these in publicly available tools with suitably efficient and precise calculations of the contributions of resolved
emission with an identified hadron.

• QCD resummation studies for the EIC. As is well known, perturbative QCD corrections typically exhibit single-
or double-logarithmic terms that may become important and even dominant in certain regions of phase space.
Examples are threshold logarithms that generically arise when the energy of the incoming particle is just sufficient
to produce the observed final state, or transverse-momentum logarithms that develop in two-scale situations
for a (small) measured transverse momentum of a produced particle in the presence of an overall hard scale.
In many instances it is necessary to resum these large logarithmic terms to all orders in strong coupling. In
the case of the EIC, such resummations are not yet fully developed, and many cases still need to be addressed.
Examples are threshold resummation studies for final states produced with large transverse momentum (such as
hadrons or jets), studies of resummation for low-qT jet production and its matching to NNLO, and resummation
for spin asymmetries. High-precision resummation of hadronic event shapes in DIS also promises to lead to new
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determinations of the strong coupling αs, universal nonperturbative hadronization effects, and nuclear dynamics
[381–385]. Resummation may also be used to derive approximate fixed-order (e.g., NNLO) corrections to
observables, as recently shown in [386, 387]. These approximate results may be used both as a cross check for
full fixed-order calculations and for obtaining phenomenological results. In addition, the domain of validity of
the threshold approximation may be extended to all collinear initial-state radiation, as demonstrated for p+ p
collisions in Ref. [388], expected to be relevant to capture the full x and spin dependence in SIDIS. Power
corrections to EIC observables are closely related to resummation, see, for example, Ref. [389].

• Phenomenology of the impact of QED corrections on extractions of (polarized) PDFs. Clearly, if NNLO accuracy
is to become the standard for QCD, QED and even electroweak corrections should also be considered. The
importance of radiative QED effects in e+ p DIS has long been recognized. Recent work [155] presented a new
formulation for QED corrections that promises to be applicable to a much broader range of e + p observables
such as SIDIS and high-pT production. Given the importance of understanding the systematics stemming from
QED radiative corrections, and given that such corrections are among the major sources of the total systematic
uncertainty for extracting TMDs from experimental observables, a recent analysis [390] has already compared
the QED radiative effects within the factorized [155] and conventional [391] approaches for unpolarized beams
on unpolarized targets. The preliminary results, obtained for three JLab kinematic bins as well as three EIC
bins, show about 10% difference between the factorized and conventional approaches for the unpolarized case.
A similar comparison for an unpolarized beam on a transversely-polarized target is under way. Much more
work will be needed to fully explore and understand the role of radiative corrections to EIC observables. (We
note that it will be important for future experimental data to not be released only after correction for QED
effects, but also at the uncorrected level.) Another key contribution of precision theory will be the application of
insights from QED radiative corrections to the construction of robust experimental lepton/photon recombination
schemes, see e.g. Ref. [117] for a similar effort in precision Drell-Yan studies.

• Monte-Carlo event generators are a cornerstone of analyses at colliders. A generator called SIDIS-RC EvGen

has been developed in Ref. [154] for generating SIDIS events and calculating cross sections for unpolarized or
longitudinally polarized beams and unpolarized, longitudinally or transversely polarized targets. The structure
and underlying physics of the generator incorporates TMDs and FFs in the Gaussian and Wandzura-Wilczek-
type approximations [392], as well as QED calculations of the lowest-order radiative effects (using a conventional
radiative correction [391]) applied to the leading order Born cross section in the SIDIS process. Thereby, one
can obtain multi-dimensional binned simulation results, which will help extract essential information about 3D
nucleon structure from SIDIS measurements. SIDIS-RC EvGen is in the second stage of its development, whereby
one can carry out high-precision studies of SIDIS cross sections, multiplicities and single-spin asymmetries at the
generator level, from medium to high lepton beam energies, including studies in EIC kinematics. In the future,
modern parametrizations of TMDs used in most recent phenomenological studies, as well as new calculations of
exclusive structure functions and hadronic vacuum polarization corrections should be employed in other updates
of SIDIS-RC EvGen to make more precise comparisons with data. The continued development and improvement
of event generators for the EIC will remain an important topic for precision theory in the upcoming decade.

• New global analyses of hadronic structure (note that Sec. VIII is also dedicated to global analyses). These
include global NNLO analyses of helicity PDFs including lepton scattering and RHIC (p + p) data; global
analysis of DVCS in terms of GPDs; determination of new sets of photon PDFs using HERA data – which
will be vitally important for studies of photoproduction at the EIC – and inclusion of threshold resumma-
tion in analyses of PDFs and FFs. In conjunction with these developments, inclusive measurements and
those involving tagged final states can place significant constraints on αs [393] itself. Theoretical improve-
ments to more accurately determine QCD parameters such as αs and heavy-quark masses in the context
of global analyses would also support e + p precision physics [394]. Experience from HERA and the LHC
has demonstrated the importance of combined community efforts to analyze PDFs. These efforts have given
rise to the widely used LHAPDF (https://lhapdf.hepforge.org/, Ref. [395]), PDF4LHC [396], and xFitter
(https://www.xfitter.org/xFitter/, Ref. [397]) platforms. A similar setup for the EIC in terms of a new
PDF4EIC collaboration would be highly beneficial and could best be formed under the auspices of the EIC
Theory Alliance.

Clearly, at such an initial stage, this list is still incomplete and will likely be extended, sharpened and further
developed over the next few years. However, the list already lays out a set of goals that are vital milestones that
could only be realized in full via the EIC Theory Alliance.
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VII. GLOBAL ANALYSIS OF HADRON STRUCTURE

The QCD global analysis program sits at the intersection between theory, experiment and data science and has
as a primary goal the extraction of quantum correlation functions (QCFs) from experimental data. These objects
synthesize the internal structure of hadrons in terms of their quark and gluon degrees of freedom and provide unique
opportunities to understand fundamental questions in nuclear particle physics, such as the origin of spin and mass,
nuclear tomography, and the origin of anti-matter asymmetry in hadronic matter, just to mention a few.

At the EIC, an unprecedented amount of data is going to be produced that has a transformational impact in our
understanding of nuclear and particle physics, and QCD global analysis will play a key role in delivering the extraction
of QCFs by matching sophisticated theoretical frameworks to observational data. To achieve this, it is necessary to
establish coordinated efforts within the EIC theory community that can integrate organically the available expertise
to build the next generation of global analysis tools and to meet the challenges of the EIC science. Specifically, we
envision that a theory alliance will involve: i) Training the next generation of scientists from diverse backgrounds
(theory, experiment, data science) in QCD theory that can contribute to the QCD global analysis efforts at the
EIC. ii) R&D of reliable and extendable open-source theory libraries using modern programming languages that can
be integrated within state-of-the art data science analysis tool kits and be tested and validated by the community
itself with standardized practices. iii) Dedicated impact studies to provide reliable projections of the physics outputs
that feedback the EIC experimental community with continuous updates from the advances in QCD theory. iv)
Coordination with the LQCD community to systematically integrate LQCD calculations into the QCD global analysis
program [34, 184].

Coordination of these efforts will consolidate effectively the link between theory and experiment by preventing
the unnecessary duplication of efforts around the community and it will deliver the most reliable community driven
analysis framework to execute the QCD global analysis program at the EIC. In what follows, we will discuss the
opportunities, challenges and needs of the QCD global analysis program within the EIC theory Alliance.

A. Opportunities

Simultaneous extraction paradigm: The high-quality measurements that will be carried out at the EIC require
matching developments from the theory side in order to extract all the relevant information from them. In particular,
the EIC will be the first ever experiment for which measurements of unpolarised and polarised lepton-nucleon scattering
measurement will be provided alongside with lepton-nucleus scattering and fragmentation function measurements. In
particular it will:

• Allow the first joint determination of the quark and gluon structure of protons, deuterons, and heavy nuclei, and
in particular illuminate the poorly known behaviour of nuclear corrections for intermediate A values [398, 399].
This determination will fully account for the correlations between experimental uncertainties provided by the
EIC measurements, a unique feature of the EIC that opens the door to many new groundbreaking analyses,
see [400] for an initial study.

• Enable to perform such joint analysis for different underlying theory frameworks for the underlying QCD pro-
cesses, from collinear factorisation to BFKL resummation [401, 402] and non-linear QCD dynamics such as those
accounted for in the Color Glass Condensate formalism.

• Incorporate the information provided by lattice QCD calculations into this universal QCD analysis of hadron
structure in ways that minimise the need of intermediate assumptions, e.g. including lattice data at the level of
matrix-element calculations alongside the actual EIC measurements.

• Carry out a joint determination of polarised and unpolarised free-nucleon structure together with that of the
hadronic fragmentation functions, which offers an unprecedented window to the mechanisms of mass and spin
generation in the proton as well as to the QCD dynamics responsible for the parton-to-hadron transition. Only
with the advent of the EIC such analysis would be possible without having to rely on the combination of very
different (possibily inconsistent) experiments.

• The extended range in x and Q2 covered by the EIC will allow us to study the scale dependence of unpolarized as
well as polarized transverse momentum dependent distribution functions (TMDs) to an unprecedented level of
precision. In turn, this will enable us to perform simultaneous extractions of collinear and transverse momentum
parton degrees of freedom, through unpolarized and transverse-spin sensitive observables, in order to provide
the most comprehensive understanding of hadron tomography. Moreover, the EIC measurements will provide
the theory community with fundamental insight on the mechanism of QCD factorization.
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Going beyond the boundaries of our current knowledge: Measurements at the EIC will traverse a critical

region of the quark-to-hadron transition, broadly sampling W 2 in ep and eA collisions with significant access to both
relatively low and very high x. The EIC will also span a range of Q2 and W 2 from relatively low values, where
power-suppressed corrections (∼ 1/Q2) are prominent, to much higher values, where a purely perturbative, twist-2
description is applicable. The wide purview of the EIC program demands a serious Theory effort to understand and
control dynamics in the transition region and to maximize the benefit to analyses of PDFs [394, 403–408] and related
quantities, including at the TeV scale. This Theory effort encompasses the development of numerical methods to better
quantify QCFs and their uncertainties in light of the expected large data sets. In addition, high luminosities at the EIC
will provide access to more exclusive processes [409] with small(er) cross sections while, at the same time, the precision
of inclusive measurements, such as reduced DIS cross sections, may be systematics-limited. Balancing among studies
of inclusive and exclusive processes is non-trivial and requires coordination between theorists with diverse expertise.
The Theory Alliance will be positioned to coordinate the development of robust and flexible factorization frameworks
for both kinds of analyses, as well as hybrids of these.

Feedback to the experimental community: An EIC Theory Alliance might stimulate the necessary studies of
precision ep processes necessary to inform possible extensions of the EIC science program, for instance, related to
luminosity upgrades. The Alliance would be a natural setting to weigh the potential of such luminosity improvements,
as well as other potential systematic extensions of the EIC program (e.g., alternative detector concepts; positron
beams). For example, in the context of studies of flavor and x dependence of the projected PDFs, the estimated
impacts based on fitting EIC pseudodata can at times be counterintuitive, with projections occasionally depending
on the chosen fitting framework, baseline data sets, or varying theory assumptions. As a Theory Alliance initiative, it
would be valuable to carry out dedicated benchmarking studies involving multiple groups with agreed-upon methods
to identify consistent impact(s) of various EIC run scenarios. Such benchmarking studies [410–415] have proven to be
valuable for understanding differences among the conclusions obtained by PDF fitters while analyzing the same data
sets.

Next generation of QCFs uncertainty quantification and modeling: Intepretability, uncertainty quantifi-
cation, and replicability are generic challenges in multivariate, complex analyses like the global analyses of QCFs.
While precise theoretical predictions and experimental measurements will be mandatory, inference from EIC data will
also depend on representative explorations [416] of various uncertainties and control of approximations in theoretical
formalisms and numerical realizations (see also [417] for a contrasting perspective). Reliable extraction of QCFs from
EIC data will require sustained investments in these issues both in traditional statistical and AI/ML approaches. This
involves gaining a systematic understanding of the PDF parameter space, including with respect to the complicated
patterns of parametric correlations in fits; prevention of sampling biases in the resulting PDF uncertainties; and
quantification of the pulls of specific experiments on the underlying QCFs.

There is also an associated need to develop numerical tools, such as the L2 [418–420] or other sensitivity meth-
ods [421] or optimized Monte-Carlo techniques [416] for PDF sampling, to understand internal aspects of PDF fitting
frameworks for EIC analyses and to stress-test ML/AI algorithms which might augment QCF fitting for the EIC.
Understanding implications of the bias-variance dilemma for global fits, which affects the flexibility of the functional
forms of QCFs in all approaches, will be central. The Theory Alliance could serve as a clearinghouse for this activity.

The EIC program will involve a complicated mix of perturbative and nonperturbative QCD. There is a strong need
for insights into nonperturbative dynamics in carrying out next-generation PDF fits of EIC data. Examples include
high-x physics, like nucleon structure beyond leading twist, or the structure and dynamics of light and heavy nuclei.
The Theory Alliance could serve as a nexus connecting theoretical developments in related areas [404].

Synergies with HEP: From the HEP vantage, the EIC may enable various PDF improvements connected to
phenomenological goals at the LHC [422] such as those related to large-x PDFs entering searches for new massive
particles [423, 424] or interpretations of high-pT tails in the framework of the SM Effective Field Theory [425, 426]"..
The EIC therefore has an important reach toward the TeV scale, but there are no formal community structures or
venues to develop this connection beyond ad hoc collaborations of individual researchers. As a special initiative focused
on the QCD program at the EIC, a Theory Alliance would be suited to bridge implications of the EIC program at the
GeV and TeV scales while exploring possible overlaps. These overlaps would also extent to commonalities between
PDFs for collider physics and the EIC with respect to Monte Carlo event generation [427] and related computation.

A formal organization would benefit theorists working on EIC science, especially given that the EIC transcends
the traditional divide between HEP and NP. A Theory Alliance could therefore ensure that developments on either
side of this line are communicated to the other, possibly following the successful mold of previous initiatives like the
recent formation of a PDFLattice community. Practically, the Alliance might also strengthen opportunities for young
researchers entering the field, providing them with a larger network beyond that more narrowly focused on specific
areas in HEP or NP.
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B. Challenges

In order to realise such ambitious program of global analysis of hadron structure at the EIC, some of the main
bottlenecks that the Theory community needs to tackle beforehand are:

• To carry out the QCD and electroweak higher-order perturbative calculations required to fully exploit the
scientific potential of the EIC for global QCD analyses, and implementing these calculations in fast interfaces
so that they can be incorporated in existing fitting frameworks.

• To develop novel analysis frameworks and techniques, based for instance in ML/AI, to reduce the need for theory
and model assumptions in the interpretation of the EIC measurements.

• In close connection with the experimental community, to design and formulate non-trivial, out of the box
measurements with improved or even optimal sensitivity on the underlying theory parameters, such as for
example unbinned multivariate measurements.

• All software development should take place under the open source paradigm and fully documented, to ensure
the reproducibility and facilitate the dissemination of the results.

• To integrate in a cohesive manner all the different software tools required for global QCD analyses at the
LHC, from theory calculations to the fit machinery, into a single "EIC Theory" framework that becomes the
battle horse for global QCD analyses in the EIC era and that is supported and maintained by a broad theory
community.

VIII. JETS AT EIC

The advent of the ElC with its high luminosity (∼ 1000 times higher than HERA) and polarized hadron beams
will produce the first-ever jets in polarized electron-hadron scattering and will unlock the full potential of jets as
novel tools to probe the structure of nucleons and nuclei. High energy jets are energetic sprays of particles that are
routinely observed in high energy particle colliders. Jet studies have played a key role in the exploration of QCD
since its inception [428]. Early jet measurements in e+e− collisions have confirmed the existence of the gluon and
established its spin. With advances in experimental techniques and theory development over time, jets have become
powerful tools to explore the fundamental properties of QCD, such as in searches for unexpected phenomena in high-
energy collisions [429–431] and in studying the transport properties of the quark-gluon plasma (QGP) in heavy ion
collisions [432–434]. Such work has pushed jet physics to the forefront of phenomenology at the LHC and RHIC.

While jets are familiar in high-energy physics analyses, and appear in many different guises, jets at the EIC can
add important pieces of the puzzle on top of insights gained at hadron-hadron machines: Jets at the EIC are naively
expected to be very “clean”, i.e. little energy not associated with the jets [435]. However, the jets themselves contain
relatively few particles and the particles have moderate energies [33]. This scenario offers unique challenges and
opportunities: every particle is precious and differences between jet algorithms or substructure methods can become
very apparent, while at the same time, underlying event contamination (that continues to be a major challenge at the
LHC) will be much smaller. Thus an assessment of jet properties at the EIC is an exciting theoretical and experimental
prospect. On top of that, non-perturbative fragmentation contributions are more pronounced at lower jet masses,
which make jets at the EIC a stress test for the universality of jet-based methods in high-energy physics. In addition,
the ability to polarize beams and its unmatched versatility, the EIC will catalyze development of new jet-based spin
observables. Thus, dedicated studies of jet substructure at the EIC are critical to realize the full potential of the EIC
in jet physics. A variety of key measurements include (but are not limited to):

• Jets for studies of flavor and spin structure of the nucleon, in particular 3D imaging of the nucleon and even 5D
Wigner distributions. Employing jets instead of final-state hadrons reduces the sensitivity to fragmentation. For
example, Refs. [151, 436] demonstrated that diffractive dijet production would access the quantum phase space
Wigner distribution of gluons. Refs. [437–439] proposed the lepton-jet correlation in deep inelastic scattering as
a unique tool for nucleon tomography at the EIC. In particular, the transverse momentum imbalance between
the lepton and the jet would probe 3D unpolarized and polarized TMDs. If one further measures the transverse
momentum distribution of hadrons inside the jet with respect to the jet axis, one would be able to probe
TMD fragmentation functions [440, 441]. In addition, Ref. [442, 443] proposed utilizing the jet charge for
flavor separation, especially critical for spin-dependent PDFs. In the same spirit, Ref. [444] proposed to use
neutrino-tagged jets for flavor separation at the EIC.
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• Transverse momentum measurements using jets to image the 3D structure of the nucleon can benefit from using
a recoil-free jet definition. In this case there is an all-order factorization theorem for the cross section [445] and all
ingredients for NNNLL resummation are known [446]. (This choice of jet definition avoids the issue of non-global
logarithms from correlated soft radiation in- and outside jets, which limits the theoretical accuracy.) With this
jet definition, the nonvanishing T-odd part of a jet could help probe the chiral-odd nucleon TMDs [447–449].
Furthermore, it is possible to consider jets defined by charged-particles only, exploiting the superior angular
resolution of the tracking system. This involves only a minimal modification [450] of the function describing the
jet, involving moments of the non-perturbative track functions [451].

• Jets for longitudinal nucleon structure. Observables such as the double longitudinal spin asymmetry in inclusive
jet production are sensitive to the collinear partonic structure of both the proton and the polarized photon [369,
452]. Jet probes of polarized gluon distributions feature different systematic errors than measurements with
inclusive DIS and therefore allow for cross checks between the two measurements. The EIC will provide the first
window into polarized photon structure through jet measurements. The computation of the hard scattering cross
sections for inclusive jet production are amenable to techniques developed for high precision LHC studies [366,
370] and therefore provide a natural bridge between the theory efforts of the EIC and LHC programs.

• Jets for study of 3D evolution equations, which go beyond the well-established DGLAP equations.

• Jets formed by heavy quarks. Charm quark jets can be produced at the EIC. They can be used to disclose
properties of heavy quark systems and light hadron structures [409, 453–455]. For example, Ref. [456–458]
proposed to use heavy flavor dijet production in polarized lepton-nucleon scattering to probe the gluon Sivers
function.

• Jet substructure (such as jet shape, jet mass, jet angularity, etc) in e + p collisions as powerful probes of QCD
dynamics. See, for example, the studies of jet angularity [385, 459] and jet charge [460].

• Jet algorithms tailored to DIS that can separate target from current fragmentation processes [461].

• Jet-based observables and event shapes (such as 1-jettiness) as precision probes of fundamental QCD parame-
ters [383, 462] such as the running of the strong coupling constant and of nuclear dynamics [381, 463, 464].

Beyond jets, the energy-energy correlator (EEC) event shape observables in e+e− annihilation, hadronic col-
lisions, and deep inelastic scattering are precision probes of perturbative and non-perturbative QCD dynam-
ics [465]. These correlators can be calculated to very high precision [380, 466] and generalized to DIS by
considering the transverse-energy correlation between the lepton and final state hadrons [467]. EECs provide
a complementary way to study TMDs that is, as yet, underexplored and presents an opportunity for the EIC
Theory Alliance. Measurements of QCD observables in DIS are often done in the Breit frame. Recently, a new
definition of EEC in the Breit frame, a natural frame for the study of TMD physics [468], was presented [469]. In
this frame, the target hadron moves along ẑ and the virtual photon moves in the opposite direction. The Born-
level process is described by lepton-parton scattering e+ qi → e+ qf , where the outgoing quark qf backscatters
in the direction opposite the proton. Hadronization of the struck quark will form a collimated spray of radiation
close to the −ẑ direction. On the other hand, initial state radiation and beam remnants are moving in the
opposite direction close to the proton direction of motion. This feature of the Breit frame, leads to the clean
separation of target and current fragmentation utilized to construct and study novel EEC observables in DIS.

In this spirit, Ref. [470] introduces the concept of nucleon energy correlators, a set of novel objects that encode
the microscopic details of a nucleon, such as the parton angular distribution in a nucleon, collinear splitting
to all orders, as well as the internal transverse dynamics of the nucleon. It was demonstrated that nucleon
energy correlators can be measured in lepton-nucleon DIS and complement the conventional nucleon/nucleus
tomography without introducing non-perturbative fragmentation functions or jet clustering algorithms.

• Modification of jets and jet substructure going from e + p to e + A collisions provides an opportunity to study
parton transport through nuclear matter. The forward proton/nucleus going direction is the optimal region
to observe large final-state modifications due to in-medium shower evolution [471, 472]. The final-state effects
on ReA are large in the relatively low pT region, whereas initial-state effects, if sizeable, are observed at high
pT . A major advantage of jet measurements relative to those of semi-inclusive hadron production is that,
by considering the ratio of cross section modifications for different jet radii, the effects of nuclear PDFs can
be strongly suppressed to cleanly probe the strong interaction between jets and cold nuclear matter. With
a judicious choice of the center-of-mass energy, rapidity interval, and jet radius R, the inclusive cross section
suppression can be nearly a factor of two – similar to what is measured to high precision in A + A relative to
p+p collisions. The modification of jet substructure is related to jet attenuation in cold nuclear matter. The jet
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charge modification of individual flavor jets can shed light on the medium-induced scaling violations in QCD,
whereas precision studies of the inclusive jet charge can be used to extract flavor information and constrain
the nuclear PDFs [471]. Last but not least, first calculations of nuclear-enhanced QED corrections, meriting
further investigation, have appeared [473].A broad collaboration among experts on jet physics, global analysis,
and nuclear matter, available through the EIC Theory Alliance, is needed to realize this ambitious program.

• Probing gluon saturation with forward dijet production. Saturation provides an additional handle on the
transverse motion of soft gluons in the target, particularly for inclusive dijet production. Diffractive dijet
production has been shown be sensitive to the Wigner function at small x. These observables will probe the
singularity of the small x gluon distribution.

• Jets are fundamental for understanding QCD factorization. Current formulas deal mostly with leading-power
terms in the perturbative QCD expansion, while investigations into the effects of next-to-leading power terms
have become a recent area of interest. Beyond perturbative QCD, higher-type functions enter scattering am-
plitudes of various jet characteristics. More research is required to apply this theory to EIC data analysis and
interpretation, in particular, to extend factorization to higher dimensional symmetric spaces (by adapting mod-
ern theory of hypergeometric functions [474], higher L-functions [475, 476] and modular forms [477]); develop
factorization for resurgent functions (See Refs. [478–480]); and extend factorization to irregular singularities
([481, 482]).

IX. HEAVY FLAVOR PRODUCTION AND HADRONIZATION

Heavy flavor production in DIS complements the science thrusts outlined in other sections of this white paper and
opens a window on new physics inaccessible with light hadrons and inclusive jets.

A. Open heavy flavor

Open heavy-flavor production at the EIC is an important probe of the partonic content of nucleons and nuclei. In
addition to constraining the gluon and sea quark PDFs, feasibility studies suggest that the prospects for constraining
unpolarized nucleon strangeness via charge current reactions that produce charm jets in the final state are rather
promising [409]. Furthermore, the existence of a nonperturbative heavy-quark content in the proton, called intrinsic
charm (IC), has long been postulated [483, 484]. A number of experimental measurements provided inconclusive
evidence of IC, however the recent LHCb Z +charm jets measurement relative to all Z + jets, is consistent with a 1%
IC component [485]. New work by the NNPDF collaboration has established the existence of IC in their analysis [486],
consistent with both the LHCb Z+charm results and the EMC F c

2 measurements. Data pertinent to IC will become
available at the EIC and will shed new light on this exciting topic [487]. In addition to open heavy flavor, quarkonia
can also be used to probe intrinsic charm [488–490].

In-jet hadron data at the EIC will prove very valuable in the future in analyses of fragmentation functions (FFs). In
particular, it can further constrain the detailed momentum dependence of gluon hadronization [491]. The framework
developed and applied in [492] can be straightforwardly generalized to incorporate in-jet data in any future global
fit of FFs once such data become available. The detailed impact of the resummation of logarithms of the jet size
parameter R can be further investigated. By making use of the results for the in-jet fragmentation of hadrons derived
within the SCET formalism [493], it is possible to extract FFs at a combined accuracy of NLO+NLLR.

The EIC will provide opportunities to study semi-inclusive c-jet and b-jet cross sections and substructure in e+A
relative to e + p collisions [472]. Heavy flavor-tagged jet production is more sensitive to the gluon and sea quark
distributions in nucleons and nuclei compared to light jets. Thus, in kinematic regions where ReA is dominated by
initial-state nPDF effects, the modification is expected to be even stronger when compared to inclusive jets. Similar to
the case of light jets, by applying the strategy of studying ratios of the nuclear modification with two different jet radii
R we can eliminate nPDF effects, primarily the anti-shadowing and the EMC effect in the forward rapidity region.
The remaining quenching of the jet spectra can be as large as a factor of two for small jet radii, for example R = 0.3,
and can clearly be attributed to final-state interactions and in-medium modification of parton showers containing
heavy quarks [494–496]. These measurements will yield valuable independent constraints on the transport properties
of cold nuclear matter.

The EIC Theory Alliance will provide the broad expertise needed to complement the calculation of semi-inclusive
jet cross sections with jet substructure. Heavy flavor tagged jets in DIS play a special role since the modifica-
tions are expected to be large based on the “dead cone effect” [497]. First calculations of the groomed, soft-drop
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momentum-sharing distribution [498] at the EIC have recently appeared [472]. These results show that the substruc-
ture modification in e+A relative to e+p reactions is on the order of 10% or smaller. Still, as in the case of heavy-ion
collisions at relatively small pT the differences in the subjet distribution are most pronounced for b-jets, followed
by c-jets. Heavy-ion collisions have also explored the interplay between the “dead cone effect” and nuclear medium
dynamics, which should be revisited in the context of the EIC using a model-agnostic framework such as that of the
JETSCAPE Collaboration [499]. In contrast to the heavy-ion case, however, there is significant difference between the
energy of the parton in the rest frame of the nucleus and the jet scale which determines the available phase space for
substructure, even for large radii, R ∼ 1. Thus the jet momentum sharing distribution at the EIC probes a different
interplay between the heavy quark mass and suppression of small-angle medium-induced radiation – a regime that
can only be accessed at the EIC and merits detailed investigation in the future. Last but not least, theoretical tools
that are becoming available can be used to study how sub-eikonal corrections to in-medium branching, such as the
effects of varying matter density [500], propagate into experimental observables.

B. Quarkonia

Recent theoretical studies of quarkonia exploit new effective field theory (EFT) capabilities that significantly boost
the theoretical precision of J/ψ and Υ analyses and propose modern observables [501–503] that can probe the quarko-
nium production mechanism. Recent research has enabled reduction of the number of long-distance matrix elements
(LDMEs) [504, 505]. Based on pNRQCD, the spin-1 S-wave quarkonia (bottomonium and charmonium) LDMEs can
be factorized in terms of wave-functions at the origin and 3 flavor-independent gluon correlators, greatly reducing the

nonperturbative unknowns, instrumental for work at the EIC. References [504, 505] constrain the LDME 〈OJ/ψ(3P
[8]
J )〉

to be positive and give a relatively small value of 〈OJ/ψ(1S
[8]
0 )〉, describing spin-1 S-wave quarkonia production and

polarization at large pT but still overshooting the J/ψ inclusive production rates at HERA and Belle at low pT . The
LHC cross section ratios predicted in Refs. [504, 505] (independent of perturbative calculations because the short
distance coefficients (SDCs) cancel in the ratios) are in good agreement with the high pT data but are in conflict with
low pT data, indicating that NRQCD factorization may fail at relatively low pT .

The EIC will provide new insights in quarkonium factorization and reduce the uncertainties on the LDMEs because,
while the predicted cross sections depend dramatically on the LDMEs, the rates are sufficiently high to be measurable
even at relatively large pT [505, 506]. At low pT recent developments have been focused on the TMD description
of quarkonium production. This includes a novel factorization formalism: a shape function description of the non-
perturbative physics. This is particularly relevant for the EIC [455, 507–509], which will further clarify shape function
LDME extraction. Conversely, in the high energy region (E ≫ mQQ), theoretical advances in understanding quarkonia

are also possible based on the picture of parton fragmentation [510, 511]. Studies of J/ψ and Υ production in jets
can better constrain the LDMEs appearing in NRQCD factorization where significant uncertainties still remain.
Another important open question that the EIC Theory Alliance can answer is whether medium-induced radiative
processes can contribute significantly to the modification of quarkonium cross sections in e + A reactions. Finally,
EIC studies of vector and pseudoscalar quarkonium emission at moderate pT will be relevant for the transition region
from short-distance (QQ̄)-pair production to the fragmentation mechanism [512–521].

As in the vacuum case, quarkonium dynamics in nuclear matter remain a multi-scale problem accessible to the EFT
approach [522]. The corresponding non-equilibrium evolution in the quark-gluon plasma has been described recently
using pNRQCD (potential NRQCD) [523] at finite temperature [524–526]. Many of these findings are independent of
the medium. Recently, it was explicitly demonstrated how NRQCD [527] can be generalized to include interactions of
non-relativistic heavy quarks with different type of nuclear media [528, 529] without loss of generality [530, 531]. This
generalization was achieved by incorporating the Glauber and Coulomb gluon exchanges of charm and bottom quarks
with different types of scattering centers in nuclear matter. The NRQCD and NRQCDG approachess can facilitate
a more robust and accurate theoretical analysis of quarkonium measurements in e + p and e + A reactions at the
EIC, presenting the opportunity to investigate modifications of the QQ̄ potential from medium interactions which are
Coulomb-like in the vacuum. In addition, interactions with the medium can induce radial excitations that can induce
transitions from one quarkonium state to another. Medium-induced transitions from and to exited states can mod-
ify the observed relative quarkonia production rates and can be incorporated into a network of rate or master equations.

Threshold photo- and electro-production of heavy quarkonia and the mass radius of the proton The mass radius is a
fundamental property of the proton that can be rigorously defined through the form factor of the energy-momentum
tensor. In the weak gravitational field approximation, it can also be defined through the form factor of the trace of
the energy-momentum tensor (EMT). The scale anomaly in QCD enables the extraction of this form factor through
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measurements of differential heavy quarkonium photoproduction cross sections near threshold [532–539]. Recent data
from the GlueX [540] and J/ψ-007 [541] Collaborations suggested that the mass radius of the proton is significantly
smaller than the rms charge radius of the proton. While this difference has been attributed to the interplay of
asymptotic freedom and spontaneous breaking of chiral symmetry in QCD [537], a quantitative QCD-based theory
of the mass distribution inside the proton has yet to be developed. Because high statistics studies of photo- and
electro-production of both charmonium and bottomonium are planned at the EIC [542], a quantitative theory of these
processes needs to be developed.

First principles lattice QCD calculations provide valuable information on the gravitational form factors of nucleons
[543, 544]. Collaborations between lattice QCD, phenomenology and experiment to uncover the gravitational and
mechanical properties of the proton will be one of research thrusts of the EIC Theory Alliance. In addition, lattice
calculations of the proton mass radius will be complemented by first principles computations in the continuum.
Such calculations begin with the study of the relevant functional differential equations and the methods of their
solution. The latter involve deep questions in complex multi-variable functional theory, singularity theory, dynamical
systems, and functional analysis. Interpreting the mass distribution inside the proton in terms of the theory of higher
transcendental functions is an immediate goal.

Hadronization To interpret the results of current and future experiments in high energy and nuclear physics, we
need a precise understanding of hadron production, especially those composed of both light and heavy quark flavors,
and often collected in jets of subatomic particles [545–549]. On general grounds, we expect that hadronization and
other non-perturbative effects result in important corrections to quantities that are calculable in perturbation theory.
In semi-inclusive deep inelastic scattering (SIDIS) e + p/A → jet/h +X , the particle production cross sections can
be expressed as dσ = φ(x) ⊗ H ⊗ D(z), where φ(x) is the quark or gluon distribution in nucleons and nuclei
and H denotes the hard interaction, calculable at high accuracy. The fragmentation function, D(z), describes how
partons assemble into an observable bound states carrying a fraction z of the energy of the hard interaction. It was
first realized in SIDIS measurements in electron-nucleus scattering by the HERMES experiment [550, 551] that not
only the magnitude and shape of D(z), but also the space-time picture of hadronization, plays a critical role in the
interpretation of the data. In addition to the picture of parton propagation and energy loss in large nuclei [552, 553], it
is possible that elementary particles themselves can be formed and absorbed inside nuclear matter [554–558]. Relative
to the HERMES experiment, the EIC kinematics are subject to a larger medium-induced energy loss, affecting the
multiplicity ratios for pions and kaons [557]. This difference further motivates development of rigorous theoretical
approaches based on renormalization group analysis [559] that provide new insights into the resummation of medium-
induced radiation and modify fragmentation in reactions with nuclei. At present, however, light particle measurements
have not provided sufficient discriminating power between those models.

Heavy quark measurements at the EIC will provide the definitive tiebreaker between competing theories of energy
loss and in-medium hadronization [560–562]. The clean environment and constrained SIDIS kinematics (in contrast
to RHIC and LHC) can lead to the first observation of the predicted significant difference in D(z). First principles
evaluations of hadronization times will be an invaluable guide to the interpretation of current and future experimental
data. The distinctly different heavy quark fragmentation functions into D and B mesons provide clear signatures of
hadronization dynamics measurable in e+A collisions at the EIC [561]. The EIC Theory Alliance will advance these
ideas and perform the first calculations of HF quenching as a function of centrality in DIS [563].

Models of hadronization are very important not only for EIC physics, but also for LHC physics. Currently, the
interpretation of LHC data relies on string models (often used in event generators), and on elaborate legacy codes
with dozens of parameters that have been evolved to fit low energy data. In-depth understanding of hadronization
requires development of non perturbative Qcd methods. Factorization formulas take into account only the regular
parts of hadronic scattering amplitudes, ignoring higher functional forms (e.g. higher resurgent terms [564, 565] are
never part of the analysis). Inclusion of these higher functional terms involves development of the corresponding
mathematical methods. These methods include studies of functional differential equations (and factorization of their
solutions for particular inclusive observables); functional symmetries and embedding collision geometry in function
spaces; and extension of resurgence theory to high dimensional symmetric spaces [566, 567].

X. HADRON SPECTROSOPY AT EIC

Since the last LRP, hadron spectroscopy has emerged as an area of nuclear and particle physics where new QCD
phenomena are regularly being discovered. For over 50 years the quark model of hadrons, much like the nuclear
shell model, was capable of explaining the observed symmetry patterns and mass hierarchies of hadrons. The newly
observed candidates for multiquark resonances have significantly broadened the hadron landscape beyond the simple
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quark-model states and into hadronic “terra incognita”. This second revolution in hadron spectroscopy5 began in 2003
with the discovery of the X(3872) particle [568], which can be interpreted as containing a large component of a bound
state of open-charm mesons, with a radius at least five times larger than that of the deuteron. Charged tetraquark
(Zc) and pentaquark (Pc) candidates had already been discovered by the time of the 2015 LPR [569–571]. A few
dozen additional exotic “XYZP ” states have since been observed [572]. Some recent examples include new structures
in the J/ψ J/ψ spectrum [573–575] and the doubly charmed tetraquark candidate T+

cc [576].
This proliferation of hadrons, especially those with heavy quarks and/or gluonic excitations, has fundamental

importance for our understanding of QCD in the nonperturbative regime. The implications range from new insights
into confinement and other deep features of strongly coupled theories (such as the existence of gravity duals) to the
interpretation of new effective degrees of freedom (such as diquarks or constituent gluons) [577, 578], and to new
applications of low-energy nonrelativistic effective field theories (EFTs) [522, 523, 527]. Furthermore, unprecedented
advances in algorithms and in theoretical finite-volume formalisms will allow lattice QCD to confirm some of the
experimental sightings in the next decade. Such progress will provide a “theory laboratory” in which to study the
underlying structure of the XY ZP ’s by examining their quark-mass dependence or their response to different external
probes.

This fundamental role of hadron spectroscopy has been highlighted in multiple recent white papers and reviews [572,
577, 579–581], including the recent summary of the Snowmass Planning Exercise white paper [582]. The production
rates for the XY ZP states at the EIC are expected to be quite high [583–585], allowing many different states and
branching ratios to be studied. However, because production likely involves Reggeon-like exchange, it is concentrated
near the energy threshold and thus at large rapidity, creating an experimental challenge. For many final states, it
may be desirable to take data at lower collision energies. The rates and rapidity distributions would benefit from
additional theoretical input.

It is worth recalling that the discovery of QCD exotics had been claimed in the past. For example, the strange
pentaquark Θ+ attracted a lot of attention in the early 2000’s after being reported by a dozen experiments, only
to disappear after dedicated experiments did not confirm the early signals a couple of years later [586]. Unlike this
case, the statistical significance of many XY ZP are high, reaffirming that structures seen in data are unlikely to be
artifacts. On the other hand, it is not always clear that the observations, often made in complicated final states, must
be interpreted as QCD resonances. Although the Argand diagrams of some of these structures exhibit a rapid phase
motion compatible with resonant behavior, this is insufficient to establish whether or not they correspond to actual
excitations of the QCD spectrum. This is why one has to extract resonance information from experimental and lattice
data using a variety of reaction amplitudes that fulfill model-independent S-matrix principles. For example, in the case
of the light hybrid meson candidate, the π1(1400) and the π1(1600) were previously considered to be different states,
decaying independently into different final states. However, a simultaneous analysis of ηπ, η′π final states based
on general S-matrix principles deduced the existence of a single state able to describe both signals [587]. Similar
cases of apparent duplication of levels might affect the XY ZP sector as well, which has immediate consequences for
the identification of their multiplets and eventually for understanding their underlying dynamics. The Joint Physics
Analysis Center (JPAC), formed when JLab12 operations were about to commence, has been developing a reaction
theory effort to improve existing methods for analysis and interpretation of spectroscopy data [588]. The Quarkonium
Working Group [589] is another example of collaborative efforts between theory and experiment.

Real and virtual photons are some of the most efficient probes for studying the internal structure of hadrons,
potentially including the XYZP states. Resonance properties are directly imprinted in the dependence of their
photoproduction observables on momentum exchange and photon virtuality. Measuring these observables to high
precision over a large kinematic range will provide valuable insights into the nature of the exotics. Remarkably,
none of these states have yet been unambiguously seen in electro- or photoproduction; such observations would
provide complementary information that can further shed light on their composition. The theoretical framework
to calculate electromagnetic transitions of conventional quarkonia is rather robust, which makes the predictions for
photoproduction observables particularly reliable, and thus serve as benchmarks for the XY ZP states [584, 585].
These studies motivate a spectroscopy program at the EIC, as well as at other future lepton-hadron facilities. In
order for the EIC spectroscopy program to succeed some of the topics that need to be undertaken include:

• A systematic approach to reaction theory for production and decay of heavy-quark resonances that implements
S-matrix principles, together with the relevant aspects of QCD interactions [580].

• Event generators are required to synergize theoretical and experimental hadron spectroscopy studies at the EIC.
Currently, most studies use elSpectro [590] which is based on the e + p exclusive amplitudes from [584]. The

5 The first revolution of 1974 was marked by the discovery of charmonia, which confirmed QCD beyond doubt as the true theory of strong

interactions.
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extension to other beam species and to semi-inclusive reactions is needed. Moreover, since measurements of
polarization observables are unique to the EIC, theoretical studies of how such observables can discriminate
among the states are needed.

• Making use of deep neural networks for interpretation of hadron data, for example using line-shape studies to
infer the microscopic nature of the states and learning trainable models of reaction dynamics [591–596].

• Further development of EFTs that exploit physical scale separation and factorization will provide systematically
improvable descriptions of exotics [597–600].

• Many of the XY ZP states appear close to two-hadron thresholds. Their dynamics can thus be strongly affected
by such nearby channels. There are studies [601–606] that explore how to “unquench” the naive quark model
to take these dynamics into account. Furthermore, other nonperturbative functional approaches, such as those
based on Dyson-Schwinger equations, can bridge the gap between quark models and QCD, providing a more
rigorous basis to such frameworks [607–609]. It would be desirable to delve into this topic with the EIC.

• The recent advances in finite-volume formalism will allow lattice QCD to calculate three-body amplitudes in
the channels where exotic candidates are observed. Resonance form factors can be calculated as well and offer
new insights into the nature of exotics [610].

• Measurements of conventional quarkonium states have shown that nuclear breakup effects are dependent on the
radius of the observed state. It is anticipated that similar suppression effects for exotic hadrons can be used to
determine their structure. This suppression has been studied in high multiplicity collisions [611–616] and could
continue in e+A collisions with different A at the EIC. Moreover, the impact of the gluon-rich environment at
small-x on the production of heavy hybrids must be explored.

XI. OPPORTUNITIES WITH NUCLEI BEYOND GLUON SATURATION

The investigation of nuclei is important for all aspects of the EIC physics program. The neutrons within nuclei,
in combination with free proton data, permit flavor separation of the partonic substructure of the nucleon. With
free neutron targets unavailable, (polarized) light nuclei function as effective neutron targets. By measuring coherent
exclusive reactions on light nuclei, we can study the tomography of bound nuclear states [617–621] and connect to their
quark and gluon degrees of freedom through the extraction of generalized parton distributions [622, 623]. Coherence
and saturation effects can be explored by studying interactions of high-energy probes with coherent quark-gluon fields
in light and heavy nuclei, see Sec. V. A wealth of nuclear PDF data (see Sec. VII) and diffractive nuclear pdfs [624, 625]
will become available from inclusive scattering on nuclei.

At the EIC, polarized (spin-1) deuteron beams will be available. Thus, new aspects of high-energy spin physics can
be explored in the 2030s. Spin structure of the spin-1 deuteron is interesting because there are additional structure
functions [626, 627] associated with its tensor structure that do not exist for spin-1/2 nucleons. These tensor structure
functions are appropriate observables for identifying physics beyond a simple bound system of nucleons (non-nucleonic
degrees of freedom). There is parton model sum rule for the leading-twist tensor-polarized structure function b1 [628],
a parametrization for tensor-polarized PDFs [629], and standard theoretical calculations based on convolution models
[630]. Hidden color components could also contribute to b1, together with pion contributions [631]. Furthermore,
transverse-momentum-dependent parton distribution functions (TMDs) and deuteron PDFs were recently obtained
up to twist 4 [632–635], making it possible to investigate spin-1 structure including higher-twist effects. Another
interesting deuteron observable is gluon transversity, which corresponds to two units of gluon spin flip [636–638].
Consequently it is absent for the nucleon and is sensitive to new non-nucleonic components in nuclei.

Nuclei are used to study the interplay of nuclear interactions and high-energy QCD phenomena. The EMC effect
denotes the medium modification of partonic distributions through residual nucleon-nucleon interactions [639–642].
The EIC will shed light on gluon and polarized EMC effects [639, 643], the Q2-dependence, and will quantify the EMC
effect in processes beyond inclusive scattering [132, 619, 642, 644, 645]. At small Bjorken-x, medium modifications
occur through nuclear shadowing effects [646–649] and coherent power corrections [650, 651]. The QCD origin of
the short-range part of the nuclear force [652, 653], non-nucleonic degrees of freedom in nuclei [654] and the role
and nature of nuclear short-range correlations [655–660] are all topics of great interest. The phenomenon of color
transparency [661] can be studied for various reactions at the EIC. A better theoretical understanding of the transition
from nuclear opacity to nuclear transparency is currently needed.

The role of nuclear structure in EIC physics is twofold. First, precision nuclear structure input is needed to
quantify and understand the role of the nuclear medium. Second, the EIC enables novel studies of nuclear structure
and dynamics [649, 652, 657, 662]. One possible framework to describe the interaction of a high-energy probe with
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a nuclear system is light-front quantization. Nuclear off-shell effects remain finite in the high-energy limit in light-
front quantization. The high-energy scattering event can be separated from the low-energy nuclear structure input
which is encoded in objects such as nuclear light-front spectral functions and momentum distributions [663–665].
The calculation of these nuclear light-front nuclear distributions provide opportunities and demonstrate the need
for involvement of the low energy nuclear structure community. State of the art many-body physics and EFT
techniques [666–668] can be applied to dedicated calculations of light-front nuclear structure. The requirement of
Poincaré covariance also places non-trivial constraints on the wave functions and interactions of light nuclei [669].
Lattice QCD calculations of nuclear structure [670–674] will provide valuable input to and constraints on non-nucleonic
components in nuclei.

Deeper understanding of nuclear properties requires computations to be directly based on first-principles QCD.
First principles QFT shows the necessity of functional differential equations such as the functional Schrodinger equa-
tion [675–677] for the description of bound states. These equations are more general and distinct from the equations
used in density functional method [678, 679]. Some of these principles on which the study of functional PDEs are
built concern the symmetry of underlying functional manifolds, see Ref. [680], while others involve insensitivity to
the structure of the function space in the form of functional homotopy principles, see Ref. [681–683]. The solution
methods for functional equations necessarily involve the development of the theory of higher transcendental functions,
extending far beyond current theories of integrable functions (see e.g. [480–482, 564, 567]). The equations typically
encountered in QCD point to a function class that exhibits a dense set of singularities in the analytic continuation of
correlation functions, see Refs. [684, 685] and [686] for the KAM case). In simple situations [687], these functions have
a number theory origin [688]. These partial results point to deep connections to transcendental number theory. Trun-
cations of functional equations lead to coupled systems of integral equations with singular kernels, see Ref. [689, 690]
for QED case. Methods of solution for such systems must focus on holomorphic aspects distinct from the current
focus on geometric methods[691]. The topics of immediate theoretical interest include first principles understanding
of the emergence of effective pionic degrees of freedom as carriers of the nuclear force, ab initio spectral calculations
beyond effective Hamiltonians, and modeling EIC data for light nuclei. It is essential for both light front quantization
and for functional PDE methods to have good control of many body wave functions at spatial infinity (coordinate
space methods). This makes it necessary to develop multidimensional versions of the theory of irregular singularities,
in particular, extending the 1-dimensional case [692–694] to multiple dimensions [695, 696]. Part of mathematical
nuclear physics can be considered as a functional analogy of spectral problems such as spectral theory of variational
differential operators. This point of view can be fruitful as it establishes contact with several research directions in
spectral theory, operator algebras, functional analysis and dynamical systems. The EIC Theory Alliance can foster
interdisciplinary research and mutual enrichment between these areas of science.

The extensive set of forward detectors at the EIC, both in the ePIC detector/interaction region (IR) and a possible
second detector/IR), enable precision measurements of specific nuclear breakup channels in the target fragmentation
region, also referred to as “spectator tagging”. In the simplest case, the spectators are treated as nucleons or nuclei.
Such measurements are much more difficult for fixed target experiments than in a collider, where the spectators still
have momenta of at least 1/A times the ion beam momentum and can be detected in forward detectors. Compared
to measurements where no nuclear fragments are detected and the measurement averages over all initial nuclear
configurations, the spectator-tagged measurements provide additional control over the initial nuclear state. It is
possible to extract free neutron structure by using the on-shell extrapolation technique [697–699] or to perform
a differential study of medium modification effects by varying the kinematics of the detected spectators. These
reactions, however, require much more theoretical input than their inclusive counterparts in the modeling of the
reaction mechanisms. The initial state input requires the calculation of specific overlaps of numerous nuclear states.
One needs to include dynamical descriptions of final-state interactions between the spectators and produced hadrons
[700, 701]. Current studies have focused on the tagged spectator DIS process (for the deuteron), but extensions
are possible for other light nuclei and for more complicated processes including tagged SIDIS, tagged coherent and
incoherent exclusive processes such as DVCS and meson production [702]).

Pre-existing non-nucleonic components in the ground state wave function of nuclei can be explored in tagged mea-
surements. The observables of interest are correlations between the rapidity of non-nucleonic components in the
target fragmentation region and rapidities and transverse momenta of high pT jets from current fragmentation [703].
Previous studies already demonstrated that it is theoretically possible to handle the final-state interactions of current
quark fragments with the residual nucleus [704]. In such processes, detected non-nucleon fragments such as ∆ reso-
nances or measuring the relative abundances of kaons and pions will probe unique phenomena such as signatures of
hidden-color components in nuclei or the onset of chiral symmetry in nuclear short-range correlations.

The study of all these topics requires a dedicated and concerted theoretical effort across many areas of expertise
(nuclear structure, the hadron/nuclear boundary, high-energy scattering, dynamics of final-state interactions). This
concerted effort is essential to increase our understanding of these phenomena, develop precision theoretical frameworks
and provide a meaningful physical interpretation of the EIC data. This of course cannot happen without the creation
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of a sizable expert workforce that can guide and support the experimental efforts in nuclear processes at the EIC
before and during its operation. The EIC Theory Alliance will play a critical role by combining expertise from low
energy nuclear physicists, QCD practicioners and mathematical physicists and training the next generation of students
and postdocs.

XII. FUNDAMENTAL SYMMETRIES AT THE EIC

Thanks to its high luminosity and versatile capabilities, the EIC also offers ample opportunities to study physics
beyond the Standard Model (BSM). Various scenarios of BSM physics and their experimental signatures at the EIC
have already been discussed in the literature, see for example, Ref. [422]. In many cases, the BSM potential of the
EIC complements the reach of high-energy physics experiments such as at the LHC, leading to a fruitful synergy
between the two programs. In particular, the unique ability of the EIC to polarize both electron and proton beams
can provide strong discriminating power for certain observables.

Charged Lepton Flavor Violation (CLFV) BSM models that explain neutrino masses typically predict new CLFV
interactions that can be tested in various experiments including the EIC [705–711]. The µ → e transitions are very
strongly constrained by µ → eγ and µ → e conversions in nuclei. The constraints on τ → e transitions, however,
are much weaker, e.g. BR(τ → eγ) < 3.3 × 10−8, compared to BR(µ → eγ) < 4.2 × 10−13. There is, therefore, a
competitive opportunity for the EIC to search for CLFV DIS events with the production of τ leptons. The original
study, Ref. [712], considered specific leptoquark models. More recently, the analysis was repeated in the framework of
the Standard Model Effective Field Theory (SMEFT) [713], which allows for a straightforward comparison between
the EIC, searches of CLFV at the LHC, and low-energy searches in τ and B meson decays. To estimate the EIC
efficiency, Ref. [713] performed preliminary simulations of e → τ conversions, with subsequent τ decays. More realistic
simulations can be found in Ref. [714]. For many SMEFT CLFV parameters, the EIC is as constraining as the LHC.
Together, they are complementary to low-energy experiments such as Belle II. In particular, the EIC will competitively
probe CLFV heavy quark couplings that are poorly constrained at low energy. For more details, see Ref. [713] and
the Snowmass White Papers [422, 715].

Complementarity of the EIC with the LHC in exploring the SMEFT. SMEFT is a powerful theoretical framework
for investigating indirect signatures of new interactions and heavy particles in low-energy SM physics. The typical
structure of the extension of the SM Lagrangian is LSMEFT =

∑
cαOα, where operators of Oα contain only SM fields.

These are typically of dimension D greater than four and thus the couplings cα (also called Wilson coefficients), which
encode the strength of the original BSM interactions, are suppressed by appropriate, D−4, powers of the energy scale
Λ of the new physics. Above Λ, ultraviolet completion of the theory becomes important and new particles beyond
the SM are active degrees of freedom. Below Λ, phenomena are described by LSMEFT + LSM . Considerable effort
has been devoted to performing global analyses of available experimental data within the SMEFT framework (for
recent examples of this effort see Refs. [716, 717]). An issue that arises in these fits is the appearance of flat directions
that occur when the available experimental measurements cannot disentangle the contributions from different Wilson
coefficients. An example occurs in the semi-leptonic four-fermion sector of the SMEFT (See Table 1 in Ref. [422]). Low-
energy data impose only weak constraints on these operators [718] while high-energy Drell-Yan data at the LHC probe
only a few combinations of the possible Wilson coefficients [719]. The EIC, with its ability to polarize both the electron
and ion beams, can remove the degeneracies in the semi-leptonic four-fermion Wilson coefficient parameter space that
are indistinguishable at the LHC [720]. A detailed analysis of the various longitudinal polarization asymmetries that
can be measured at the EIC, together with realistic estimates of experimental effects, indicates that ultraviolet scales
for semi-leptonic four-fermion Wilson coefficients reaching 4 TeV can be probed at the EIC [721]. Furthermore, the
flat directions, present after LHC results, can be removed by polarization asymmetry measurements at the EIC. This
has been demonstrated for the two Wilson coefficients Ceu, Clu of certain four-fermion SMEFT couplings [721]. While
the LHC data are most sensitive to one linear combination of these parameters, simulated EIC data from proton and
deuteron runs are sensitive to both linear combinations.

Nucleon electric dipole moment (EDM) A nonzero EDM of a hadron or a nucleus is an unambiguous signal of CP
violation necessary to explain the matter-antimatter imbalance of the universe. One of the promising sources of CP
violation in certain scenarios of BSM physics is the so-called Weinberg operator [722, 723] that can be induced in the
QCD Lagrangian and contributes to the neutron EDM. A recent study uncovered a novel connection between the
hadronic matrix element of the Weinberg operator and a part of the twist-four corrections in the g1 structure function
in polarized DIS [724]. The EIC is capable of constraining such higher twist effects through global analyses due to
its large lever arm in Q2. Another contribution to the nucleon EDM comes from the quark EDM operators whose
matrix elements are proportional to the tensor charges of the nucleon. They can be constrained by extracting the
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transversity distributions in various processes involving a transversely polarized proton [725–727]. The unprecedented
kinematic coverage of the EIC will significantly boost the accuracy of such extractions.

Probes of anomalous dipole moments at the EIC Transversely polarized electron or ion beams at the EIC will enable
measurements of the beam and target transverse single-spin asymmetries (SSAs). Inclusive DIS SSAs are predicted
to be extremely small in the Standard Model. The beam asymmetry is suppressed by a factor of αQED × me/Q
where Q the momentum transfer and me the electron mass, leading to numerical asymmetries of 10−7. The target
asymmetries are expected to be αQED ×mp/Q, with mp the proton mass, leading to asymmetries of the order 10−4.
These small SM values make the SSAs a potentially powerful probe of physics beyond the SM. An analysis of both
beam and target asymmetries within the SMEFT reveals that they are sensitive probes of the same Wilson coefficients
that contribute to electron and quark dipole moments, respectively. The EIC will probe different linear combinations
of these Wilson coefficients than measured by experimental determinations of magnetic and electric dipole moments,
making EIC measurements complementary to low-energy probes. In particular, the EIC can provide competitive
bounds on the magnetic dipole couplings of fermions to the Z-boson [728].

PDF extractions and BSM implications As discussed in the section on global analyses of hadron structure, the EIC
will yield large data sets with the potential to stringently constrain PDFs. The resulting PDF improvements, including
EIC-driven refinements in (non)perturbative QCD theory, would increase theoretical accuracy on SM predictions of
TeV-scale processes, for instance, at hadron colliders like the (HL-)LHC, unlocking a range of BSM investigations in
terms of EFT frameworks like SMEFT [426] discussed above or specific UV-complete models. PDF improvements
may underwrite enhanced discovery potential in multiple energy frontier sectors [422], including efforts to measure the
Yukawa couplings of the Higgs, probe possible BSM signatures in high-mass Drell-Yan distributions, search for heavy
BSM W ′ and Z ′ bosons [729], tails of pT spectra, or observables such as the forward-backward asymmetry, AFB [423,
730], and to extract fundamental SM parameters like MW [731], which can be sensitive to oblique corrections resulting
from BSM contributions. This sampling of BSM-sensitive observables is variously connected to the x dependence of
the PDFs and their uncertainties [404, 410], including those of the gluon at small-to-intermediate x ∼ 10−2 or the
high-x behavior of the nucleon quark sea. The EIC may also augment extractions of other fundamental SM quantities
through broadened global QCD analyses, including the strong coupling, αs, or heavy quark masses [732], mc and
mb; as these quantities are generally fitted alongside PDFs, EIC-based PDF improvements may reciprocally benefit
the precision of such QCD parameter extractions and SM tests. In addition, the EIC can also facilitate SM tests
through measurements of observables like the parity-violating helicity beam asymmetry on the proton or deuteron,
APV

p,d , which is sensitive to fundamental electron- and quark-level electroweak couplings, and would extend analogous
measurements at JLab to higher energies while probing the underlying scale dependence. In addition to electroweak
couplings, APV

p,d depends on nonperturbative information [733], such that control over PDFs (especially for the proton)

or partonic charge-symmetry violation and light-nuclear corrections (for the deuteron) would extend the constraining
power of such measurements. Finally, precision tests will require a careful and systematic treatment of QED and
QCD radiative effects, within a common, factorized framework [734].

Lattice QCD
The search for BSM physics at the EIC will greatly benefit from lattice QCD, the best theoretical method available

for obtaining the nucleon matrix elements of low-energy effective operators in SMEFT with controlled errors and
steady improvement in precision. Conversely, the EIC will pose significant challenges that motivate collaborative
efforts within and beyond the lattice QCD community. Rare processes at the EIC that are sensitive to BSM physics
often probe high-dimension and/or higher-twist operators that are still difficult to calculate using lattice QCD, es-
pecially when the operators involve gluon fields and/or mix with lower-dimensional operators under renormalization.
For example, it is extremely challenging to evaluate the contribution of the dimension-six, purely-gluonic Weinberg
operator fabcF̃

µν
a F b

µαF
c
νβ to the nucleon EDM [723, 735]. Equally challenging are dimension-four scalar, Fµν

a F a
µν , and

pseudoscalar, Fµν
a F̃ a

µν [736, 737], operators that are of interest in the context of both QCD (origin of hadron mass
and spin) and BSM physics (dark matter coupling, CP violation). Novel connections between these operators and
polarized DIS [275] and Deeply Virtual Compton Scattering [276] have been recently pointed out and can be explored
at the EIC. The quark bilinear operators q̄u,d,sΓqu,d,s with Γ = 1, γµ, γµγ5, σ

µν are easier to simulate and still relevant
to BSM physics. For example, the strangeness sigma term 〈N |s̄s|N〉 arises in lepton-number violation processes like
µ → e, and the tensor charges 〈N |q̄σµνq|N〉 are relevant to the quark EDM as mentioned above. High-precision lattice
QCD results of these matrix elements can be compared to their phenomenological extraction from the existing and
future experimental data [726, 727, 738–742]. Synergies between lattice QCD, phenomenology, and experiments are
highly valuable, in fact essential, for the development of the EIC community. The EIC Theory Alliance will encourage
and facilitate all aspects of the involvement of lattice QCD in BSM physics searches at the EIC.

In conclusion, BSM physics at the EIC is a growing subfield that can attract theorists and experimentalists from
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many areas of nuclear and particle physics at both high and low energies. Lattice QCD and SMEFT are two examples
of such cross-cutting disciplines. The EIC theory alliance can serve as a valuable platform to recruit and promote
young talents to tackle these significant challenges.

XIII. OPPORTUNITIES WITH AI/ML

The rapid advances in artificial intelligence (AI) and machine learning (ML) over the last decade have had widespread
impact in physics. Various applications of these tools now target almost all facets of QCD theory [743]. Naturally,
these approaches, and computation more generally, will play an important role in the theory mission of the EIC,
supporting goals ranging from efficient data analysis through first-principles theory calculations.

More specifically, ML is a class of tools for optimising the parameters of complex models; ML frameworks can
thus be used to describe, model or approximate data or known or unknown functions, and to identify correlations
or features in data sets that may be either experimental or simulated data but also “data" that is the output of
theory calculations. In the context of EIC theory, ML applied to data analysis tasks has found applications to global
fits of, for example, PDFs or TMDs [744], and to the classification and interpretation of jets and events with the
goal of extracting information about underlying physics from simulated or experimental data [443, 745, 746]. In the
context of first-principles theory calculations including applications to lattice QCD, perturbative QCD, EFTs, and
nuclear many-body theory, ML can be incorporated as part of more traditional algorithms in such a way that if
the ML components are poorly optimised the results are nevertheless correct, but come at a potentially significant
computational cost, whereas if the algorithm is well trained or optimised, one might achieve an acceleration which
enables otherwise intractable calculations. Examples include the acceleration of sampling processes within lattice
QCD [747] and the acceleration of multi-loop Feynman integral calculations in perturbative QCD [748], among many
others.

Several applications of AI and ML specific to EIC theory applications have already demonstrated important ad-
vantages over more traditional analysis approaches; it will be important to continue to advance and develop this
technology as preparation for the EIC continues. For example, since deeply virtual exclusive experiments are char-
acterized by a complex final state with a larger number of kinematic variables and observables, the facility of ML to
analyze and interpret these data is particularly important. In this context, it has been found that using a custom deep
neural network [749] uncovers emergent features in the data and learns an accurate approximation of the cross section,
outperforming standard baselines. Work has begun to establish frameworks for the benchmarking of both ML and
phenomenological analyses of exclusive scattering cross sections [750]. Critical to this effort is a study of the effects
of physics constraints built into ML algorithms; another important aspect is in the treatment of uncertainties [750].

As a second definite example, AI/ML algorithms show promise as a means of augmenting extractions of PDFs
or related quantum correlation functions, for example, through highly flexible parametrizations of PDFs or TMDs
themselves or via enhanced parameter exploration [744]. This approach can be applied to experimental data and also
to theory calculations; neural network reconstruction of parton distribution functions from lattice QCD correlation
functions has been implemented in Ref. [751–753]. In a recent study, machine learning techniques [754] showed a
significant advantage for the first determination of gluon helicity distribution from lattice data without relying on any
specific model of phenomenological parton distribution functions.

As such applications continue to develop, it will be critical that the AI/ML algorithms developed and implemented
for EIC physics are benchmarked and tested against classical statistical and computational methods to ensure their
proper and effective optimization. This will require an enhanced level of community coordination and support which
is well suited to the EIC Theory Alliance. In particular, the Alliance will support AI/ML for QCD by:

1. Setting community standards for the benchmarking and stress-testing of novel AI/ML methods while motivat-
ing the parallel development of numerical tools to assess the performance of AI/ML algorithms in dedicated
theory tasks relevant to the EIC. This work necessarily encompasses the challenge of improving uncertainty
quantification obtained through AI/ML methods, with an emphasis on replicability and interpretability.

2. Cultivating specialized forums devoted to the cross-disciplinary application of AI/ML in distinct areas of QCD
theory; these forums might allow expertise developed for hadron collider phenomenology (e.g.,in jet substructure
studies) to be extrapolated to EIC use cases and vice versa.

3. Developing the workforce of EIC theorists who are expert in AI/ML tools.

Ultimately, the rapid evolution and strengthening of the role of computation in theory, including the development
and exploitation of novel algorithmic tools, demands a corresponding evolution of the manner in which the theory
community collaborates. At the present time, advances at the intersection of EIC theory and ML remain to be made
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at every level of complexity and scale, spanning from the application of existing tools through to the development
of custom approaches, with computational scales running from a handful of GPU hours through to those requiring
exascale hardware. Given the rapidly changing and diverse landscape of this intersection, the strong community
coordination, collaboration, and workforce development that the EIC Theory Alliance can provide is essential to fully
develop and exploit this opportunity.

XIV. INTERSECTIONS OF QUANTUM INFORMATION SCIENCE AND EIC

The interface between nuclear theory and quantum information will be an important research thrust of the EIC
Theory Alliance. Rapid progress in quantum computing makes it possible to perform quantum simulations of real-
time processes in strongly coupled quantum field theories [755], with a promise to address the real-time dynamics of
QCD [756–763].

Examples of the tight connection between EIC physics and quantum information include the proposed relation
between structure functions and the entanglement entropy inside the nucleon [344, 764], and the link between the
evolution of parton distributions and momentum space entanglement [765, 766]. The real-time production of entan-
glement entropy in deep-inelastic scattering has been evaluated [343] by using duality between the effective action
of high energy QCD and the XXX spin chain with negative spin [767]. Recent experimental analysis of the data
from the H1 Collaboration at HERA supports the existence of a link between parton distributions and entanglement
[768–770].

Quantum computers can potentially provide access to the study of real-time phenomena that cannot be addressed
by classical computation. This is because the dimension of Hilbert space spanned by gauge theories is very large and
evolving the states in this space in real time requires a huge amount of memory unavailable even in modern super-
computers. Since the EIC will study real-time scattering processes, quantum computation can have a transformative
effect on the underlying theory. First attempts to study DIS on quantum computers can be found in [771, 772] and
a single particle strategy optimized to explore parton dynamics on quantum computers was fleshed out (for a φ4

scalar field theory) in [773]. Further, quantum computing can advance our understanding of jet evolution inside cold
nuclear matter in cases where traditional methods are too difficult to use [774–777] and address entanglement between
produced jets and the real-time dynamics of vacuum response to their propagation [778].

Realizing the potential of quantum computing in nuclear physics will, however, require a great deal of work. First,
one needs to identify an optimal way to truncate the infinite-dimensional Hilbert space of quantum field theories to a
finite-dimensional one. This requires both a lattice formulation and replacement of the continuous gauge group by a
discrete one. Second, there is a need to develop optimal algorithms for both digital and analog quantum simulations.
These algorithms will have to be rooted in the physics needs and theoretical understanding of the process under
consideration.

In particular, one needs an efficient encoding of the relevant QCD degrees of freedom to qubits. Furthermore,
protocols for preparing the initial states and for measuring the outcomes of quantum simulations have to be optimized
for the processes relevant for the EIC, such as deep-inelastic scattering and jet production. Rigorous control of errors
is necessary at each step, especially in the current era of NISC computing [779]. All of these problems will be studied
by the EIC Theory Alliance.

XV. SUMMARY

In this document, we presented the objectives and potential impact of an EIC Theory Alliance on both EIC science
and the scientific workforce. We reviewed the wide range of scientific opportunities that can be explored at the
EIC, and the opportunity that the EIC presents to grow and diversify the field of nuclear theory. We summarized
the present state of EIC-related theory and identified the theory progress and workforce development needed for
maximizing the impact of EIC science. There are many theoretical challenges that have to be addressed in the coming
decades which require close collaboration between various subfields and across many theory groups. Examples include
the need for higher-order pQCD calculations and interfacing them with phenomenology as well as lattice QCD for
exploring the parton structure of hadrons. Progress is needed to unravel the deeper connections between the TMD
and GPD distributions of protons and nuclei with the physics of saturated gluons employing novel jet and heavy flavor
observables in deep inelastic scattering. Lattice QCD calculations will play an important role in many aspects of EIC
science, including hadron structure, hadron spectroscopy and tests of fundamental symmetries. These calculations in
turm will require improvements in algorithms and the development of optimized software as well as access to leadership
class computing resources. There are also interesting opportunities at the intersection of EIC science and QIS that
should be explored. In addition, AI/ML can aid progress in several areas such as global analyses of hadron structure

28



and improved algorithms for lattice QCD. This many-faceted theory effort within the U.S. and internationally will be
greatly enhanced by the community-wide effort resulting from the creation of an EIC Theory Alliance.
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