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FOREWORD

In June 2020, an international team of nuclear scientists was assembled and submitted a proposal to the Center
for Frontiers in Nuclear Science (CFNS) for an initiative to organize a series of workshops and discussions on the
science and instrumentation of the second Interaction Region for the Electron-Ion-Collider (EIC). The initial team
was composed by V. Burkert (JLab), M. Contalbrigo (INFN-Ferrara), A. Despande (Stony Brook), L. Elouadrhiri
(JLab), H. Gao (Duke), B. Jacak (LBL), R. Milner (MIT), and F. Sabatie (Saclay/CEA). It was later extended to
include J. Arrington (LBL), Y. Oh (APCTP), A. Vossen (Duke) and X. Ji (UMD).

This initiative followed DOE’s approval of “mission need” (known as CD-0) in December 2019 on a one-of-a-kind
nuclear physics research facility to be built at DOE’s Brookhaven National Laboratory on Long Island with Jefferson
Laboratory in Newport News, Virginia as a major partner. Since then the EIC has achieved Critical Decision 1 (CD-1)
approval on July 6, 2021. This milestone marks the start of the project execution phase for a next-generation nuclear
physics facility that will probe the smallest building blocks of visible matter, making the present initiative timely.

The EIC is designed to have two interaction regions that are suitable for the installation of large-scale detector
systems for high priority nuclear physics experiments. The goal of this initiative was to take a fresh look at the
changing landscape of the science underlying the need of a complementary approach towards the overall optimization
and the execution of the EIC science program, and include, where appropriate, recent scientific advancements and
challenges that go beyond the original motivation for the EIC. Several of the highly rated science programs proposed
for the EIC were selected, as well as recent developments that have opened up new directions in nuclear science. It
also included discussions on the machine requirements and performance of detection systems for the successful and
efficient execution of the EIC science program.

The organizing team held a preparatory coordination meeting on December 15–16, 2020 [1] bringing in experts
in the field to discuss the science of the EIC second interaction region, its instrumentation, and explore ways of its
implementation in order to maximize the scientific impact of the EIC. The goal of this meeting was also to define the
scientific program and the agenda for subsequent workshops.

The first workshop took place remotely on March 17-19, 2021, and was co-hosted by Argonne National Laboratory
and the CFNS. Over 400 members of the international nuclear science community registered as participants [2]. This
first workshop highlighted the science that will benefit the most from a second EIC interaction region, including
the science of deep inelastic exclusive and semi-inclusive processes, the physics with jets, heavy flavor production,
spectroscopy of exotic hadrons, and processes with light and heavy ions. This workshop was very timely as Brookhaven
National Laboratory and Jefferson Laboratory had just announced the “Call for Collaboration Proposals for Detectors
to be located at the EIC” in two interaction regions. Detector 2 could complement the project detector 1 and may focus
on optimizing particular science topics or addressing topics beyond the requirements defined in previous published
EIC documents. It also refers to possible optimization of the second interaction region towards such aims.

The second workshop [3] Precision Studies of QCD at EIC, co-hosted by Asia Pacific Center for Theoretical Physics
(APCTP) and the CFNS, took place on July 19-23, 2021. This workshop examined the science requiring high
luminosity at low to medium center of mass energies (20 to 60 GeV). The goal of this workshop was to motivate the
study of high impact science in the context of the overall machine design, EIC operation, and detector performance,
focusing on science highlights, detector concepts, and science documentation. As a result of this workshop technical
working groups were formed to develop this white paper. It identifies part of the science program in the precision
studies of QCD that require or greatly benefit from the high luminosity and low to medium center-of-mass energies,
and it documents the scientific underpinnings in support of such a program. The objective of this document is to
help define the path towards the realization of the second interaction region.
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Executive Summary

The fundamental building blocks of ordinary matter in the universe, proton and neutron, together known as1

nucleons, have been discovered during the early part of the 20th century [4, 5]. For over half a century we have2

known that these nucleons are further composed of quarks and gluons. We also know that global properties of3

nucleons and nuclei, such as their mass and spin, and interactions are the consequences of the underlying physics of4

quarks and gluons, governed by the theory of strong interaction, Quantum-Chromo-Dynamics (QCD), whose 50th5

anniversary we celebrate in 2022. Yet we still do not understand how the properties of nucleons emerge from the6

fundamental interaction. This has resulted in the development of a new science of emergent phenomena in the nuclear7

medium and the 3D nuclear structure: nuclear femtography. A signi�cant part of the science program currently at8

the Je�erson Laboratory 12 GeV CEBAF facility is aimed at this new science in the range where valence quarks9

dominate the internal structure and dynamics; the US Electron Ion Collider in its low-to-medium center-of-mass10

energy implementation enables a similar program of exploration that extends the kinematic reach much beyond the11

valence quark domain to include the sea of quarks, anti-quarks and gluons.12

These capabilities will open the door to the exploration of the three-dimensional distributions in coordinate space13

and in momentum space of the quarks and gluons over an unprecedented kinematic range that connects to the range14

currently explored at lower energies in �xed-target scattering experiments. The combined result will be an unparalleled15

exploration of the way in which the phenomena of nuclear physics, the mass, and the spin, and the mechanical16

properties emerge from the fundamental interactions of the partons, and how these properties are distributed in the17

con�ned space inside nucleons and nuclei.18

The EIC in its full range of 28 to 140 GeV center-of-mass energy and featuring high luminosity operation will19

be a powerful facility for the exploration of the most intricate secrets of the strong interaction, and the potential20

discovery of phenomena not observed before. Much of the compelling science program has been described in previous21

documents [6{8].22

FIG. 1. The EIC concept at Brookhaven National Laboratory. The electron and the ion beams are clearly identi�ed. There
are several beam intersection points, one at the 6 o'clock (IP6) location and at the 8 o'clock (IP8) location are suitable for
the installation and operation of large scale detector systems. Interaction point IP8 may be most suitable for high-luminosity
optimization at low to intermediate center-of-mass energies as well as for the installation of a secondary focus for forward
processes requiring high momentum resolution. The ion beam is circulating counter clockwise, and the new electron ring with
electrons circling clockwise. Both beams will be highly polarized with both electron and proton polarizations greater than 70%.
The EIC will bene�t from two existing large detector halls in IP6 and in IR8, both fully equipped with infrastructure.
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FIG. 2. Estimated luminosity versus center-of-mass energies for the operation of one (thick lines) or two (thin lines) interaction
regions. The blue lines show the baseline performance. The green lines show the high luminosity operation for improved beam
optics and cooling.

The EIC project scope includes the development of two interaction regions (IP6 and IP8) and a day-one detector at23

IP6. A second EIC detector would be located at IP8 that will include a second focus approximately 50 m downstream24

of the collision point at a location with a large dispersion. Such an innovative design would enable a high-impact and25

highly complementary physics program to the day-one detector. The second focus thus makes it possible to move26

tracking detectors very close to the beam at a location where scattered particles separate from the beam envelope,27

thereby providing exceptional near-beam detection. This in turn creates unique possibilities for detecting all fragments28

from breakup of nuclei, for measuring light nuclei from coherent processes down to very lowpT , and greatly improves29

the acceptance for protons in exclusive reactions - in particular at lowx. As such, a second detector at IP8 will30

signi�cantly enhance the capabilities of the EIC for di�ractive physics and open up new opportunities for physics with31

nuclear targets.32

With this document we highlight the science bene�ting from an optimized operation at instantaneous luminosity33

up to 1034 cm� 2s� 1 in a center-of-mass energy range of approximately
p

s = 20 � 60 GeV. Such luminosity has been34

estimated to be achievable with improved beam optics and internal beam dynamics, and would result in an annual35

integrated luminosity of 100fb� 1. This White Paper aims at highlighting the important bene�ts in the science reach36

of the EIC. High luminosity operation is generally desirable, as it enables producing and harvesting scienti�c results37

in a shorter time period. It becomes crucial for programs that would require many months or even years of operation38

at lower luminosity.39

We also aim at providing the justi�cation for the development of IP8 with characteristics that will provide support40

for an exciting science program at low to medium-high center-of-mass electron-ion collisions that address many of the41

high impact physics topics. In particular, the 3D-imaging of the nucleon, requiring a large amount of data in order to42

�ll the multi-dimensional kinematic space with high statistics data, including combinations of spin-polarized electrons43

and longitudinal and transverse spin-polarized protons. We also emphasize the importance of, in the future, including44

positrons for processes that can be isolated through the measurement of electrical charge di�erences in electron and45

positron induced processes. Furthermore, the availability of high spin polarization for both the electron and proton46

beam, in the longitudinal and in the transverse spin orientation, is critically important for the measurement of the47

quark angular momentum distribution in the proton.48
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Generalized Parton Distributions : The discovery of the Generalized Parton Distributions (GPDs) and the iden-49

ti�cation of processes that are accessible in high energy scattering experiments, has opened up an area of research50

with the promise to turn experimentally measured quantities into objects with 3-dimensional physical sizes at the51

femtometer scale. It requires precision measurements of exclusive processes, such as deeply virtual Compton scatter-52

ing and deeply virtual meson production (DVMP). The tunable energy of the EIC combined with an instantaneous53

luminosity of up to L = 1034cm� 2s� 1 and high spin polarization of electrons, proton, and light nuclei, makes the EIC54

a formidable instrument to advance nuclear science from the one-dimensional imaging of the past to the 3-dimensional55

imaging of the quark and gluon structure of particles. For the quark structure this is shown in Fig. 8. This science56

is one of the cornerstones of the EIC experimental program and is complemented by theoretical advances as a result57

of precise computations on the QCD lattice and through QCD-inspired pictures of the nucleon. To fully capitalize58

on these experimental and theoretical e�orts demands operation of the EIC with high luminosity at low to medium59

center of mass energies. This will enable connecting the valence quark region, which is well probed in �xed target60

experiments, to sea quarks and gluon dominated regions at medium and small values of the quark longitudinal mo-61

mentum fraction x correlating the quarks spatial distribution with its momentum. The great potential of the EIC for62

imaging is illustrated in Figure 8 with the extraction of Compton Form Factor H covering a largex range.63

Gravitational Form Factors : Knowledge of the GPDs facilitated the development of a novel technique to employ64

the correspondence of the GPDs to the gravitational form factors (GFFs) through the moments of the GPDs. The65

GFF are form factors of the nucleon matrix element of the energy-momentum tensor and are related to the mechanical66

properties of the proton. The Fourier transform over their t-dependence can be related to the distribution of forces,67

of mass, and of angular momentum. The femto-scale images obtained will provide an intuitive understanding of the68

fundamental properties of the proton, and how they arise from the underlying quarks and gluon degrees of freedom as69

described by the QCD theory of spin-1/2 quarks and spin-1 gluons. This is one of the most important goals in nuclear70

physics. The feasibility of this program has been demonstrated and expected results have been simulated. It is worth71

pointing out that through this connection, processes at the femtometer scale are expressed in units of everyday life,72

such as forces (Newton) and pressure (Pascal).
73

Mechanical Properties of Particles : In the QCD studies, it has been realized that the matrix elements, and the74

form factors of the quark and gluon energy momentum tensor (EMT), measured through DIS momentum sum rule75

and also the source for gravitational �elds of the nucleon, play important roles in understanding the spin and mass76

decomposition. The interpretation of the EMT form factor D(t) in terms of mechanical properties has most recently77

generated much interest as its relation to deeply virtual Compton scattering (DVCS) and deeply virtual meson78

production (DVMP), has been established. Moreover, the gluon form factors of the EMT are directly accessible79

through near-threshold heavy-quarkonium production as well. Furthermore, the beam charge asymmetry in DVCS80

with a future positron beam will have important impact in directly accessing the D(t) form factor [9]. Figure 1081

shows examples of estimated normal and shear force distributions inside the proton that will become accessible with82

the EIC.83

Nuclear Structure in Momentum Space : As the GPDs relate to imaging in transverse Euclidean and longitudinal84

momentum space, the nucleon's 3-dimensional momentum structure may be accessed through measurements of Trans-85

verse Momentum Dependent parton distribution functions (TMDs) employing semi-inclusive deep-inelastic scattering86

as a central part of the scienti�c mission of the EIC. This program focuses on an unprecedented investigation of the87

parton dynamics and correlations at the con�nement scale and will bene�t substantially by an increased luminosity at88

medium energies. Structure functions appearing at sub-leading twist are suppressed by a kinematic factor 1=Q, which89

makes data at relatively low and medium Q2 the natural domain for their measurement. Similarly, e�ects from the90

intrinsic transverse momentum dependence are suppressed at highQ2, when most of the observed transverse momenta91

are generated perturbatively. As a consequence, the signal of TMDs is naturally diluted at the highest energies. At92

the same time Q2 has to be high enough for the applicability of factorization theorems. A low- to medium-energy93

EIC option might therefore occupy kinematics where non-perturbative and subleading e�ects are sizeable and current94

knowledge allows the application of factorization to extract the relevant quantities [10]. The strong impact of a high95

luminosity EIC on the determination of the structure function gT is demonstrated in Figure 18 in comparison with96

the existing data.
97

Exotic Mesons in Heavy Quark Spectroscopy : The spectroscopy of excited mesons and baryons has played an98

essential role in the development of the quark model and its underlying symmetries, which led to the decoding of what99

was then called the \Particle Zoo" of hundreds of excited states. Modern electro/photo-production facilities, such as100

those operating in Je�erson Lab, have demonstrated the e�ectiveness of photons as probes of the hadron spectrum.101

However the energy ranges of these facilities are such that most states with open or hidden heavy 
avor are out of102

reach. Still, there is signi�cant discovery potential for photoproduction in this sector. Already electron scattering103
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experiments at HERA observed low-lying charmonia, demonstrating the viability of charmonium spectroscopy in104

electro-production at high-energies but were limited by luminosity. Now the EIC, with orders of magnitude higher105

luminosity, will provide a suitable facility for a dedicated photoproduction spectroscopy program extended to the heavy106


avor sectors. In particular, the study of heavy-quarkonia and quarkonium-like states in photon-induced reactions107

while complementary to the spectroscopy programs employing other production modes will provide unique clues to108

the underlying non-perturbative QCD dynamics.109

Unique science with nuclei : The Electron Ion Collider (EIC) will enable deep inelastic scattering o� of all nuclei110

with its polarized electron beam for the �rst time in a collider geometry. Lightest nuclei like deuteron or helium111

would serve as surrogates for neutrons to study 
avor dependent parton distributions in kinematic regions that112

remain unexplored to-date. EIC's high luminosity and unique far-forward detection capabilities will enable detailed113

measurements of nuclear breakup, spectator tagging, and { in the case of light ions { coherent scattering reactions,114

far beyond what is possible in the past �xed target facilities. Such measurements, would allow additional valuable115

controls over measurements and promise to understanding reaction mechanisms and to study nuclear con�gurations116

that are believed to play crucial role in the scattering process. Coherent scattering measurements in exclusive reactions117

enable 3D tomography of light ions in their quark-gluon degrees of freedom. Nuclei can be used to study the in
uence118

of nuclear interactions on non-perturbative properties of the nucleon (nuclear medium modi�cations). Precision119

measurements of theQ2 dependence of the EMC e�ect will pin down the in
uence of higher twist contributions on120

the medium modi�cations of partonic distributions. The broad Bjorken- x range covered by the EIC makes it an ideal121

machine to study the gluon EMC e�ect.122

The WP is organized in 10 sections, with section I through section V outlining an experimental science program.123

Section VI is dedicated to the increasing role Lattice QCD will play in supporting the high level experimental analysis,124

as well as opening up avenues of research that require information not (yet) available from prior experiments for the125

interpretation. Section VII discusses aspects of the science requiring special instrumentation in the far forward126

region of the hadron beam, and for the second interaction region at IP8 the option of implementing a high-resolution127

secondary spectrometer. Radiative e�ects are discussed in section VIII, which all experimental analyses have to deal128

with, and may present special challenges in part of the phase space covered by the EIC detection system, covering129

nearly the full phase space available. Section IX outlines some of the experimental and analysis aspects that o�er130

signi�cant bene�ts from developing and employing arti�cial intelligence (AI) procedures in controlling hardware and131

in guiding analysis strategies that can be widely developed before that EIC will begin operation. Section X discusses132

the two interaction regions that can house dedicated detector systems, with emphasis on their complementarity in133

performance at di�erent Center-of-Mass (CM) energies and optics parameters.134
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I. GPDS - 3D IMAGING AND MECHANICAL PROPERTIES OF THE NUCLEON135

A. Introduction & background136

The discovery of generalized parton distributions (GPDs) [11{13] has opened a window on three-dimensional imaging137

of the nucleon, going far beyond the one dimensional longitudinal structure probed in deeply inelastic scattering (DIS)138

and the transverse structure encoded in the di�erent form factors. This discovery facilitated the development of a novel139

technique that employs the remarkable correspondence of the gravitational form factors and the second x-moments140

of the generalized parton distribution functions, and relate them to the shear stress and pressure in the proton and141

the distribution of orbital angular momentum. These femto-scale images (or femtography) will provide an intuitive142

understanding of how the fundamental properties of the nucleon, such as its mass and spin, arise from the underlying143

quark and gluon degrees of freedom. And then, for the �rst time, we will have access to the forces and pressure144

distributions inside the nucleon. This science is one of the cornerstones of the EIC experimental program and is145

complemented by theoretical advances as a result of lattice QCD calculations and through QCD-inspired pictures of146

the nucleon. To fully capitalize on these experimental and theoretical e�orts demands operation of the EIC with high147

luminosity at low to medium center of mass energies.148

The standard approach of imaging is through di�ractive scattering. The deeply virtual exclusive processes (DVEP)149

allow probing entirely new structural information of the nucleon through QCD factorization (see Fig.3).150

FIG. 3. Deep exclusive processes in electron scattering, as hard scattering events to probe the 3D quark distribution (left) and
gluon distribution (right)

151

152

The golden process to study GPDs is DVCS, where a virtual photon interacts with a single quark deep in the153

hadron, and the quark returns to the hadron initial ground state by emitting a high energy photon in the �nal state.154

Experimental observables in DVCS are parameterized by Compton Form Factors (CFFs) [14]. From the analysis of155

data from DESY, as well as the results of new dedicated experiments at JLab, and at CERN, early experimental156

constraints on CFFs have been obtained from global extraction �ts [15{18]. However, data covering a su�ciently157

large kinematic range, and the di�erent required polarization observables, have not been systematically available.158

The future EIC with high luminosity at large range in CM energies will provide comprehensive information on these159

hard di�ractive processes, entering the precision era for GPD studies.160

In what follows, after a brief review of the formalism in Section I B 1, we describe state of the art analysis methods in161

Section I B 2, and the study of the extraction of gravitational form factors performed at Je�erson Lab Hall B (Section162

I C). Additional processes sensitive to GPDs complementing the main EIC focus, as well as an outlook are presented163

in I D.164

B. Generalized Parton Distributions and Nucleon Tomography165

GPDs, their theoretical properties, as well as phenomenological aspects related to their extraction from deeply166

virtual exclusive processes, have been the object of several review papers [17, 19{23] as well as of reports supporting167

the design of the upcoming EIC [6, 8]. The main properties of GPDs are outlined below while reminding the reader168

that many open questions concerning constraints on GPD models, such as the application of positivity bounds [24],169

dispersion relations [25{28] 
avor dependence [29], NLO perturbative evolution, as well as the separation of twist-2170

and twist-3 contributions in the deeply virtual exclusive cross sections, are still intensely debated. The ultimate171

answer to many of these questions will be found in the outcome of carefully designed experiments at the EIC. It is172
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therefore mandatory to de�ne analysis frameworks to extract GPDs from data. Various approaches, listed in Section173

I B 2, have been developed which represent a new step towards realizing the goal of nucleon tomographic imaging.174

1. Deeply Virtual Exclusive Processes, GPDs and Compton Form Factors175

The non-perturbative part of the handbag diagram in Fig. 3(left) is parameterized by GPDs176

P+

2�

Z
dy� eixP + y �

hp0j � q(0)
 + (1 + 
 5) (y)jpi = �U(p0; � 0)
�
H q(x; �; t )
 + + E q(x; �; t )i� + � � �

2M
177

+ eH q(x; �; t )
 + 
 5 + eE q(x; �; t )
 5 � +

2M

�
U(p; �) (1)178

where the index q refers to the quark 
avor; P = 1
2 (p + p0) is the average proton 4-momentum, while � = p0 � p is179

the 4-momentum transfer to the proton, t = � 2. The Fourier transform is performed along the light-cone (LC) with180

y+ = ~y? = 0 (Fig.4).181

FIG. 4. Correlation function for the GPDs de�ned in Eq.(1), highlighting both momentum and Fourier conjugate spatial
coordinates.182

183

The active quark carries light cone momentum fractionsx + � and x � � , respectively, in the initial and �nal states, so184

that the average quark LC momentum is, k+ = xP + and the LC momentum di�erence is, � + = p0+ � p+ = � 2�P + .185

Ordinary parton distribution functions (PDFs) can be recovered from GPDs at � = 0 ; t = 0 as,186

1
4�

Z
dy� eixp + y �

hpj � q(0)
 +  (y)jpi = H q(x; � = 0 ; t = 0) = q(x) (2)187

and similarly eH q(x; � = 0 ; t = 0) = � q(x). Furthermore, like ordinary parton distributions, all of the expressions188

considered here depend on the hard scale for the scattering process,Q2, which is omitted in the expressions for ease189

of presentation.190

Because of Lorentz invariance, the nth Mellin moment of a GPD is a polynomial in� of order (n+1) [30]. Because of191

parity and time reversal invariance, these polynomials are even for the GPDs of spin-1/2 targets such as the proton.192

The coe�cients of each power of � are functions of t, which constitute generalized form factors. For n=1 in particular,193

the moments are independent of� and give the familiar elastic form factors.194

Z 1

� 1
dx H q(x; �; t ) = F q

1 (t);
Z 1

� 1
dx E q(x; �; t ) = F q

2 (t) (3a)195

Z 1

� 1
dx eH q(x; �; t ) = Gq

A (t);
Z 1

� 1
dx eE q(x; �; t ) = Gq

P (t) (3b)196
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GPDs also encode information on the joint distributions of partons as functions of both the longitudinal momentum197

fraction x and the transverse impact parameter~b? . For a nucleon polarized along the transverseX direction they198

are given by [31],199

qIn
X (x;~b? ) =

Z
d2 ~� ?

(2� )2

�
H (x; 0; � � 2) + i

� y

2M

�
Hq(x; 0; � � 2) + Eq(x; 0; � � 2)

�
�

(4)200

Figure 5 shows one of the projected results for the 2-dimensional images of the CFFE(�; t ) and H(�; t ) Fourier201

transformed into impact parameter space (bx ; by ). The image was extracted from simulated CLAS12 measurements202

of di�erent polarization asymmetries and cross sections with the proton transversely polarized.203

FIG. 5. Images of the 2-dimensional distribution of H + E in the valence region for a spin-polarized proton with the polarization
axis parallel to bx (left graph). The polarization causes small vertical shifts. The right graph shows the e�ect of E with the
e�ect of the polarization more dramatically seen as clear spatial separation of electrical charges, i.e. u- and d-quarks in by

space, generating a 
avor-dipole.

FIG. 6. Exclusive photon electroproduction through DVCS (left) and BH processes (right).

In what follows we focus on the DVCS process shown in Fig.6 (left). DVCS can be considered the prototype for all204

deeply virtual exclusive scattering (DVES) experiments and as such it has been the most studied process. The DVCS205

matrix elements are accessed through exclusive photoproduction,206

ep ! e0p0
207

where the �nal photon is produced at the proton vertex. A competing background process given by the Bethe-Heitler208

(BH) reaction is also present, where the photon is emitted from the electron and the matrix elements measure the209

proton elastic form factors, Fig.6 (right). The cross section is a function of four independent kinematic variables besides210

the electron-proton center-of-mass energy
p

s, the scaleQ2, the skewness� , related to Bjorken xB as � � xB =(2� xB ),211

t, and the angle between the lepton and hadron planes,� . The kinematics for the two processes is shown in Figure 7.212
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FIG. 7. Kinematics setting for DVCS (left) and Bethe-Heitler (right).

The CFFs are complex quantities which at leading order in perturbative QCD, are de�ned through the convolution213214

integral,215

F (�; t ; Q2) =
Z 1

� 1
dx

�
1

� � x � i�
�

1
� + x � i�

�
F (x; �; t ; Q2); (5)216

where F = H; E; eH; eE, and � indicates helicity independent (-) or helicity dependent (+) GPDs.217

Figure 8 displays estimates ofxB ReH and xB ImH at �xed value of t.218

FIG. 8. Compton form factors Im H and ReH extracted at local xB values from simulated DVCS events at di�erent CM beam
energies,

p
s = 28 GeV (LOW) and

p
s = 140 GeV (HIGH). The dark shaded bands represent the reach and the uncertainties

at the lower CM-energy. The lighter shaded bands represent the higher CM-energy. The xB regions labeled LOW can only be
covered at the low CM-energy with reasonable uncertainties. The xB region labeled HIGH can only be reached with the high
CM-energy. The widths of the bands indicate the estimated uncertainties due to overall reconstruction e�ects, statistics and
systematic uncertainties. For each of the two CM-energies a combined integrated luminosity of 200 fb � 1 equally split between
longitudinally polarized and transversely polarized proton runs is assumed. At xB > 0:1 smaller uncertainties can be achieved
at the low CM-energy, which provides overlapping xB kinematics with the JLab 12 GeV experiments (not shown). The region
xB < 2 � 10� 3 can only be reached at the high CM-energy.

2. Analysis methods219

GPDs are projections of Wigner distributions that give access to the unknown mechanical properties of the nucleon220

involving both space and momentum correlations. Among these are the quark and gluon angular momentum, along221

with spin directed qgq interactions [17, 19{23]. An accurate knowledge of GPDs would unveil an unprecedented222

amount of information on nucleon structure and on the working of the strong interactions. Nevertheless, after two223

decades of experimental and phenomenological e�orts, it has been, so far, impossible to extract these important224

quantities directly from experiment. The problem lies at the core of their connection with observables: the cleanest225
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probe to observe GPDs is from the matrix elements for deeply virtual Compton scattering (DVCS) (Fig.6, and Sec.I B).226

In a nutshell, GPDs are multi-variable functions depending on the kinematic set of variables,x; �; t; Q 2 (see eq.[1)],227

which enter the DVCS cross section in the form of convolutions with complex kernels, calculable in perturbative228

QCD, known as Compton Form Factors (CFFs). Furthermore, because GPDs are de�ned at the amplitude level,229

they appear in bilinear forms, in all observables, including various types of asymmetries. An additional consequence230

is that all four GPDs, H , E , eH , eE, enter simultaneously any given beam/target spin con�guration. It is therefore231

necessary to consider simultaneously a large array of di�erent observables in order to extract the contribution of each232

individual GPD, even before addressing the issues of their 
avor composition, and of the sensitivity of observables to233

quark/antiquark components (for a detailed analysis of the DVCS cross section we refer the reader to [32{34]).234

For high precision femtography, which is required to obtain proton structure images, the hadron physics community235

has been developing sophisticated analyses. The success of Machine Learning (ML) methodologies in modeling complex236

phenomena make this a prime choice for GPD extraction.237

Three main frameworks using ML are currently being pursued aimed at the extraction of GPD from data, which di�er238

in the techniques, methodologies, and in the types of constraints derived from theory. In this respect, it is has become239

clear that the use of lattice QCD results will be indispensable in GPD analyses [35, 36] and e�orts in this direction240

are under way.241

The Zagreb group [15, 37, 38] addresses the extraction of CFF from experimental data on various DVCS observ-242

ables for di�erent beam and target polarizations based on a deep neural network (NN) architecture, or a multilayer243

perceptron. The recent analysis in Ref.[37] introduces variable network con�gurations depending on whether the244

model is for an un
avored or 
avored quark. The use of theoretical constraints is explored, in this case given by the245

assumption that the CFFs obey a dispersion relation [25{27]. Results of the �t highlight the existence of hidden cor-246

relations among CFFs arising from di�erent harmonics in � appearing in the cross section formulation of Refs.[14, 39].247

Comparisons with previous, unconstrained results, and with a standard least-squares model �t to the same data show248

large uncertainties and often an inversion of the trend of data as a function of� and t.249

The PARTONS group addresses two di�erent stages of the analysis, namely, the extraction of CFF from data250

[18, 40], and, most recently, the determination of GPDs [41]. CFFs are extracted in Refs.[18, 40] from global �ts251

of all available DVCS data using a standard NN augmented by a genetic algorithm. This work's purpose is to help252

benchmarking the group's future NN based analyses. The GPD e�ort is centered around the concept of \shadow253

GPDs" [42], which broadly de�ne the set of all local minima generated by regression analysis using given functional254

parametrizations. Shadow GPDs propose a practical pathway to solve the inverse problem of extracting GPDs from255

CFFs.256

More recently, the UVA group developed an analysis initially focused on the DVCS cross section [43]. The framework257

devised in Ref.[43] serves as a �rst step towards the broader scope of developing a complete analysis for the extraction258

of CFFs and GPDs from experimental data. Industry standard ML techniques are used to �t a cross section model259

based on currently available DVCS experimental data, allowing for e�cient and accurate predictions interpolating260

between experimental data points across a wide kinematic range. Estimating model uncertainty allows one to make261

informed decisions about predictions well outside of the region de�ned by data, extrapolating to unexplored kinematic262

regimes. While the results of this analysis show that, for instance, the network can e�ectively generalize int, even263

in regions with no data, the study also points out several of the practical challenges of �tting the sparse NN with264

signi�cant experimental uncertainty, as de�ned by current DVCS data availability. Another important aspect of this265

study is the handling of the uncertainties from experimental data which is ubiquitous to physics analyses but less266

commonly considered in building ML models.267

Standard least-squares based model �ts are also currently being performed at this stage to provide a baseline for268

new more exploratory approaches. The result of one of these studies are presented in Fig.8 and in SectionI C. The269

latter are equivalent to local �ts where CFFs are independently determined from measurements between di�erent270

kinematic bins. In a more recent development, the free coe�cients of a given CFF parameterization are matched271

to experimental data and the kinematic bins are no longer treated independently, allowing for interpolation between272

measurements of the same observable on neighboring kinematic bins. This method also a�ords to extrapolate outside273

the experimental data, paving the way for impact studies. However, a systematic uncertainty, known as \initial-bias",274

is introduced by the model dependence of parameterization, which could potentially impact the predictivity of the275

approach. Furthermore, while ML based approaches provide solutions to overcome the occurrence of local minima,276

standard �ts are not 
exible in this respect.277

All of the studies mentioned above are not only bene�cial to the physics community but provide an interesting overlay278

of objectives for the physics, applied math, computer science and data science communities. A future investment of279

resources to bring together all communities will allow for a precise extraction of the 3D structure of the nucleon by using280

a wide range of new methodologies: from including the simulation uncertainties directly in the training procedure, to281

developing unsupervised (or weakly supervised) procedures, improving the calibration of simulations, developing new282

inference techniques to improve the e�ciency in using simulations, and many more ongoing developments.283
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In the next section we describe a CFF extraction method based on dispersion relations [25, 26]. The foremost284

advantage of this approach is that it reduces the number of unknown parameters to be extracted, by calculating the285

Real part of the amplitude from the corresponding Imaginary part plus a subtraction constant. The key observation286

here is that the same subtraction constant (with a 
ipped sign) enters in the dispersion relations for the CFFsH287

and E, while the subtraction constants for CFFs ~H and ~E vanish. These global �ts require to be performed with288

analytical parameterizations of the CFFs dependences, since one needs to extrapolate beyond the available data to289

perform the full dispersion integral. Furthermore, it is known that dispersion relations are a�ected by a kinematic,290

t-dependent threshold dependence which partially hampers a direct connection to GPDs and a�ects the extraction291

of the subtraction term [27]. Although the precision of present data does not allow for a full evaluation of these292

systematic uncertainties, a dedicated study will be possible in the wider kinematic range of the EIC.293

C. Mechanical properties of the nucleon - beyond Tomography294

In section I B tomographic spatial imaging was discussed through access to GPDs employing the DVCS process. This295

section discusses how to obtain information about gravitational/mechanical properties of the proton. Mechanical296

properties that relate to gravitational coupling, such as the internal mass distributions, the quark pressure, and the297

angular momentum distribution inside the proton, are largely unknown. These properties are encoded in the proton's298

matrix element of the Energy Momentum Tensor (EMT) [44, 45] and are expressed through gravitational form factors299

(GFF) [12].300

hp2jT̂q;g
�� jp1i = �u(p2)

�
Aq;g(t)

P� P�

M
+ J q;g(t)

i (P� � �� + P� � �� )� �

2M
+ D q;g(t)

� � � � � g�� � 2

4M

�
u(p1) (6)301

whereAq;g(t) encodes the mass distribution,J q;g(t) the angular momentum distribution, and D q;g(t) the distribution302

of pressure inside the proton.303

The superscriptsq; g indicate that the breakdown is valid for both quarks q and gluonsg. Most of the discussion in304

this section is related to the quark contributions, and we will omit the reference to the gluon part for the remainder of305

this subsection. The GFF are also normalization scale dependent (Q2) that we omit in the formalism for simplicity.306

The GFF are the entry into the mechanical properties of the protons. However, there is not a practical, direct way307

to measure these form factors as it would require measurements employing the graviton-proton interaction, a highly308

impractical proposition due to the extreme weakness of the gravitational interaction [45]. More recent theoretical309

development showed that the GFFs may be indirectly probed in deeply virtual Compton scattering (DVCS) [46].310

DVCS allows probing the proton's quark structure expressed in the GPDs, as the basis for the exploration of its311

mechanical or gravitational properties [47].312

The handbag diagram for the DVCS amplitude 3 contains contributions from non-local operators with collinear313

twist 2, 3, and 4, where the latter two can be neglected at largeQ2. These operators can be expanded through314

the operator product expansion in terms of local operators with an in�nite tower of J P C quantum numbers. This315

includes operators with the quantum numbers of the graviton, so information about how the target would interact316

with a graviton is encoded within this tower. The GPDs H q and E q are mapped to the gravitational form factors317

D q(t), Aq(t), and J q(t) in the Ji sum rule [46], involving the second Mellin moment of the GPD H q and E q as318

Z
dx x [H q(x; �; t ) + E q(x; �; t )] = 2 J q(t); (7)319

Z
dx xH q(x; �; t ) = Aq(t) + � 2D q(t) (8)320

For more detailed discussions of the quantum numbers of the local operators and their relationship to GPDs, see: [48{321

50]. The equation(6) also contains a term �cq(t) and for the gluon contribution the term �cg(t). These two terms are322

correlated as �cq(t) + �cg(t) = 0 by virtue of energy-momentum conservation. Therefore, if we could determine both323

dq
1(t) and dg

1(t) from data at the EIC, for example using J production at threshold to study the trace anomaly, there324

would be no need of knowing �cq;g ]. For now we have the problem that �cq is not accessible in DVCS, and we have to325

use model calculations of �cq. For example, the instanton vacuum model [51] predicts that �cq is small. In the near326

future, LQCD may provide model-independent projections. For the time being we omit �cq for the remainder of this327

section.328

In the following we focus on the termD q(t) that encodes the distribution of shear and normal pressure on the quarks329

in the proton. With the assumption of �cq being negligible, the partial quark pressure distribution is determined in330

terms of D q(t).331
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This new direction of nucleon structure research has recently resulted in the �rst estimate of the pressure distribution332

inside the proton based on experimental data [52], employing CLAS DVCS-BH beam-spin asymmetry data [53] and333

di�erential cross sections [54], and constraints from parameterized data covering the full phase space.334

With the EIC as a high luminosity machine and a large energy reach these properties can be accessed covering a335

large range inxB , Q2 and � t in the exclusive DVCS process. As shown in Figure 9 the lower EIC CM energy range336

of 3� 10� 3 < x B < 0:1 will cover the valence quark and sea-quark domains, while at the high CM energies the gluon337

contributions will be accessible at 10� 4 < x B < 10� 2.338

FIG. 9. Accessible ranges inxB vs Q2 (left), and t vs azimuth angle � (right) for the DVCS process at a center-of-mass energyp
s = 28 GeV. The color code indicates the number of events per pixel for a given luminosity.

Ideally, one would determine the integrals in Eqs.(8) and (7) by measuring GPDH and E in the entire x and �339

space and in a large range oft. For the DVCS experiments, such an approach is impractical as the GPDs are not340

directly accessible in the full x; � -space, but only at the constrained kinematicsx = � � . The GPDs also do not341

directly appear in the experimental observables. For these reasons GPDs are usually replaced by Compton Form342

Factors de�ned in Eqn. (5) that depend only on the two variables � , t. where one has traded the real function of 3343

parameters H (x; �; t ) with the complex functions of 2 parameters ReH(�; t ) and ImH(�; t ) that can be related more344

directly to experimentally accessible observables. The CFF appear in experimental cross sections and in polarization345

observables. CFFH(�; t ) as well asE(�; t ) are thus accessible through a careful analysis of di�erential cross sections346

and the responses to spin polarization of the electron and the proton beam.347

As discussed in section I B 2, the extraction of the ImH(�; t ) and ReH(�; t ) CFF has been pursued by employing348

global parameterizations for the � and t dependencies [52] and using machine learning (ML) and arti�cial neural349

networks approaches [17, 18, 43]350

In order to determine the D q(t) form factor we can employ a subtracted dispersion relation that constrains the351

real and imaginary parts of the CFF H. It also contains an subtraction term � q(t) whose determination requires352

additional experimental information. The dispersion relation and its relationship to the subtraction term �( t) is given353

as354

ReH q(�; t ) = � q(t) +
1
�

P
Z 1

0
dx

�
1

� � x
�

1
� + x

�
ImH q(x; t ); (9)355

where P is the principal value of the Cauchy integral, for simplicity written without threshold e�ects [25, 27].356

After executing the DR from knowledge of ImH(�; t ) and ReH(�; t ) in the full range of � , the subtraction term �( t)357

can be determined in the measured range oft and related to D q(t) as358

D q(t) �
18
25

� q(t) (10)359

The subtraction term �( t) was shown to be related to the D-term [25, 26] through the series of Gegenbauer polyno-360

mials, where here only the �rst term in the series is retained. This causes a model-dependence as the higher order361

terms can not be isolated with DVCS measurements alone, and must currently be computed in models. The chiral362

Quark Soliton Model [57] predicts a 30% contribution of third order polynomial. One should expect that the next363

to leading order term will be accessible to LQCD computations in the future at EIC energies (see also section VI for364

more detailed discussion on LQCD contributions to GPDs and 3D imaging).365
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FIG. 10. Left: Spatial distribution of radial force, which has a positive sign everywhere. Right: Distribution of tangential force, which
exhibits a node near a distance r � 0:45fm from the center, where it also reverses sign as indicated by the direction of the arrows. The lines
represent the magnitude of force acting along the orientation of the surface. Note that pressure acts equally on both sides of a hypothetical
pressure gauge immersed in the system. A positive magnitude of pressure means that an element of the proton is being pushed on, while
a negative magnitude means it is being pulled on from both directions. [55, 56].

Using D q(t) from the DVCS process, the shearsq(r ) and normal pressurepq(r ) are separately determined for the366

quark content of the proton by inverting the integrals367

D q(t) = 4 M p

Z
d3r

j 2(r
p

� t)
t

sq(r ) (11)368

D q(t) = 12M p

Z
d3r

j 0(r
p

� t)
2t

pq(r ); (12)369

370

where M p is the proton mass, j 0 and j 2 are spherical Bessel functions of 0th and 2nd order, respectively. Using371

expression forD q(t) in (10) and the parameterization of �( t) in [58] the Fourier transforms (11) and (12) are inverted372

to extract shear sq(r ), which represents the pressure anisotropy, and the isotropic pressurepq(r ), respectively. The373

tangential pressure is then given by:374

pq
t (r ) = 4 � 2[�

1
3

sq(r ) + pq(r )] (13)375

Figure 10 shows an example of a tangential pressure distribution inside the proton using parameterizations ofH(�; t )376

and �( t). This result is obtained in the Breit-frame. Further extensions and discussions of other reference frames377

are included in [55, 59]. We stress that these results have been obtained with paramterizations of the kinematic378

observables� and t into unmeasured physical territory. The extension of these measurements into the EIC kinematics379

domain and the availability of transversely polarized protons, will enable experiments with strong sensitivity to the380

CFF E(�; t ) and H(�; t ) and unprecedented kinematic coverage.381

D. Outlook - Beyond the EIC initial complement382

Spin polarized electron and proton beams lead to single-spin dependent cross sections that are proportional to the383

imaginary part of the DVCS-BH interference amplitude. Double-spin dependent cross sections provide an access to384

the real part of the interference amplitude but su�er from strong to dominant contributions of the BH amplitude which385

makes di�cult and inaccurate the experimental determination of the real part from this observable. An indisputable386

and precise determination of this quantity is required to unravel the mechanical properties of the nucleon.387

Accessing the real part of interference amplitude is signi�cantly more challenging than the imaginary part. It388

appears in the unpolarized cross sections for which either the BH contribution is dominant, or all three terms (pure389

BH, pure DVCS, and DVCS-BH interference amplitudes) are comparable. The DVCS and interference terms can be390
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FIG. 11. Left: Handbag diagram of the TCS process. Middle: Diagram of the BH processes. Right: Relevant angles for the TCS
kinematics in CMS to isolate the Re H contribution in the interference term.

separated in the unpolarized cross-sections by exploiting their dependencies on the incident beam energy, a generalized391

Rosenbluth separation. This is an elaborated experimental procedure, which needs some theoretical hypothesis to392

�nally extract an ambiguous physics content [60, 61]. Time-like Compton scattering (TCS), 
p ! l+ l � p is another393

process which can, in principle, provide direct but luminosity challenging access to the ReH(�; t ) in a back-to-back394

con�guration [62] as displayed in Fig. 11. TCS requires zero-degree electron scattering, generatingl+ l � pairs in quasi-395

real photo-production over a continuous mass range above resonance production. A more conventional and convenient396397

access to the real part of the interference amplitude is obtained from the comparison between unpolarized electron398

and positron beams [63]. Indeed, at leading twist, the electron-positron unpolarized DVCS cross section di�erence is399

a pure interference signal, linearly dependent on the real part of the DVCS-BH interference term. As such it provides400

the cleanest access to this crucial observable, without the need for additional theoretical assumptions in the CFFs401

extraction procedure [64]. Implementation of a positron source, both polarized and unpolarized [65], at the EIC would402

thus signi�cantly enhance its capabilities in the high impact 3D imaging science program, with respect, for instance,403

to the extraction of the CFF ReH(�; t ) and of the gravitational form factor dq
1(t). As with most other high impact404

programs discussed in this White Paper, a viable program with positrons requires the highest possible luminosity at405

low to medium EIC CM energies.406

II. MASS AND SPIN STRUCTURE OF THE NUCLEON407

The most fundamental physical properties of the nucleons as well as other hadrons are their masses and spins.408

Understanding how they arise from the QCD theory of light spin-1/2 quarks and massless spin-1 gluons is one of the409

most important goals in nuclear physics [66]. The experimental study of the proton spin structure began in the 1980's410

and has continuously driven the �eld of hadronic physics for the last thirty years [67]. Despite much e�ort, a complete411

picture of the proton spin structure is still missing [23]. The origins of the proton mass have mostly been a theoretical412

interest in QCD-motivated models or e�ective approaches such as chiral perturbation theory, and its understanding413

in the QCD-based framework and related experimental tests have gained attentions only recently [68].414

In the QCD studies, it has been realized that the matrix elements/form factors of the quark and gluon energy415

momentum tensor (EMT), measured through DIS momentum sum rule and also the source for gravitational �elds of416

the nucleon, play important roles in spin and mass [12, 69]. Moreover, the interpretation of the EMT form factor417

C(Q2) in terms of mechanical properties has generated much interest [57]. Experimentally, the form factors of EMT418

can be accessed through the second-order moments of quark and gluon GPDs which can be probed through DVCS419

and DVMP as discussed in the early sections [12]. EIC is particularly important for probing the GPDs of gluons420

which are a crucial part of the nucleon [6]. It has been suggested recently that the gluon EMT form factors might be421

directly accessible through near-threshold heavy-quarkonium production [70].422

A. Nucleon mass423

Unlike non-relativistic systems in which the masses mostly arise from the fundamental constituents, masses of424

relativistic systems arise predominantly through interactions. Indeed, without the strong interactions, three current425

quarks making up the nucleon weigh about� 10 MeV (at � MS � 2 GeV), presumably from electroweak symmetry426

breaking but actually there is no way of knowing what the quark masses are in the absence of strong interactions,427

which is about 1% of the bound state mass [71]. Schematically, we can write the nucleon mass in terms of quark428
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masses and the strong interaction scale �QCD .429

M N =
X

i

� i mi + � � QCD ; (14)430

where � i and � are dimensionless coe�cients determined from the strong interaction dynamics. Note that � QCD is431

a free parameter of QCD, which in principle can take any value, and therefore, the nucleon mass can be 10 TeV or432

100 MeV, independent of the details of strong interaction physics. One cannot hope, therefore, to explain from QCD433

itself why the nucleon mass is 940 MeV, not any other value, without invoking more fundamental theories such as434

grand uni�cations which may explain why � QCD takes the value that we measured [72].435

In the nucleon models, � QCD scale has generally been replaced with some parameters with more direct physical436

interpretations. For instance, in the models emphasizing chiral symmetry breaking, �QCD is superseded by the chiral437

symmetry breaking scale and the constituent quark and/or gluon masses [73]. On the other hand, in the models438

such as the MIT bags which stress the color con�nement, �QCD has been associated with the energy density of the439

false vacuum inside a bag [74]. In the instanton liquid models, �QCD is re
ected through typical instanton size and440

density [75]. Unfortunately, the e�ective degrees of freedom in models cannot be studied directly in experiments, and441

therefore the pictures cannot be directly veri�ed without additional assumptions. In lattice QCD calculations, � QCD442

is tied with lattice spacing a which is an ultraviolet momentum cut-o� and the strong coupling associated with the443

cut-o�. As we shall discuss below, a model-independent way to introduce this scale might be through the gluonic444

composite scalar �eld which breaks the scale symmetry, a Higgs-like scale-generation mechanism [76].445

So then what are the meaningful questions one can ask about the nucleon mass, and can they be answered through446

experiments at EIC? The most discussions so far in the literature are about mass distributions into di�erent dynamical447

sources and about spatial distributions inside the nucleon. For example, what will be the proton mass if all quark448

masses where zero? This question has been studied in chiral perturbation theory in 1980's [77]. Through Lorentz449

symmetry relation, it has been found that the quark and gluon kinetic energy contributions to the nucleon mass can450

be studied through deep-inelastic scattering [69]. Moreover, it has been suggested that the trace anomaly contribution451

to the nucleon mass can be measured directly as well [78]. All of these studies are based on understandings of the452

energy sources in the strong interaction Hamiltonian,HQCD . Experimental measurements and theoretical calculations453

of these mass contributions constitute important tests on an important aspect of our understandings of the nucleon454

mass.455

The spatial distributions of mass/energy densities are an important concept in gravitational theories as they are456

sources of gravitational potentials. In the limit when the quantum mechanical 
uctuations can be neglected or the457

mass is considered heavy, the proton can have a �xed center-of-mass position with spatial pro�les of mass and other458

densities. Studies of these pro�les can be done through the EMT form factors as one has learned about the spatial459

distributions of the electric charges and currents [57]. Moreover, the trace anomaly contribution is related to the460

scalar form factor which maps out the dynamical \bag constant" [76].461

1. Masses in dynamical energy sources462

A complete picture of the mass distributions into di�erent sources starts from the QCD hamiltonian [69]. In463

relativistic theories, the hamiltonian is a spatial integral of (00)-component of the second-order EMTT �� . Despite464

that �eld theories are full of UV divergences, the full EMT is conserved and hence �nite. This second-rank tensor465

can be uniquely decomposed into a trace term proportional to the metric tensorg�� and a traceless term �T �� . They466

are separately �nite due to Lorentz symmetry. Thus the QCD hamiltonian contains two �nite pieces, the scalar and467

(second-order) tensor terms,468

H = HS + HT : (15)469

A general feature of the Lorentz-symmetric QFT in (3+1)D is that the HS contributes 1/4 of a bound state mass,470

and the tensor term HT contributes 3/4 [69], namely471

ES;T = hPjHS;T jP i ; ET = 3ES =
3
4

M ; (16)472

where the expectation value is taken in a static hadron (nucleon) statej ~P = 0 i . Again, this is independent of any473

other speci�cs of an underlying theory.474

A further decomposition of the tensor part of the Hamiltonian (energy) can be done through quark and gluon475

contributions,476

ET = ET q(� ) + ET g (� ) : (17)477
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These energy sources can be probed through the matrix elements of the corresponding parts in the EMT in terms478

of the momentum fractions of the parton distributions, ET q;g (� ) = (3 =4)M N hxi q;g(� ), where the quark and gluon479

hxi q;g(� ) can be obtained from the phenomenological PDFs [69]. Therefore, a major part of the proton mass can480

be understood in terms of quark and gluon kinetic energy contributions, although the latter separation depends on481

scheme and scale as indicated by argument� .482

The scalar energy that contributes to the 1/4 of the proton mass comes from the following matrix element,483

ES =
1

8M
hPj(1 + 
 m )m �  +

� (g)
2g

F 2jP i ; (18)484

where 
 m and � are perturbative anomalous dimension and (appropriately normalized) QCD beta function, respec-485

tively. The operator is a twist-four in high-energy scattering and its matrix element is di�cult to measure directly.486

However, the up and down quark mass contribution has been historically related to the so-called� -N � -term which487

can be extracted from experimental data [79]. The strange quark mass contribution is related the baryon-octet mass488

spectrum through chiral perturbation theory [80]. A lattice QCD calculation of various contributions to the proton489

mass is shown on the left panel in Fig. 12 [81, 82].490

The most interesting and surprising is the contribution of the gluon trace-anomaly term F 2, which sets the scale491

for other contributions. To understand the physics of this contribution, one can consider the composite scalar �eld492

� � F 2 which has a vacuum expectation value through the gluon condensate. Inside the nucleon, however, the� �eld493

is not the same. In fact, � gets a contribution through its static response to the valence quarks inside the nucleon,494

with physics similar to the MIT bag model constant B , shown as the dots and shaded area on the mid-panel in Fig.495

12. This response can also be calculated dynamically as the exchange of a series of 0++ scalar particles. If this is496

dominated by a single scalar particle like the� meson, the mechanism of mass generation is then identical to the497

Higgs mechanism.498

It has been suggested that this matrix element can be measured through the threshold heavy-quarkonium production499

of photon or electron on scattering on the proton target [78, 83]. However, due to large di�erences between the initial500

and �nal nucleon momenta, the interpretation has initially been suggested in the vector dominance model (VDM). A501

better phenomenological description might be through AdS/CFT models [84, 85]. At EIC, one may consider deeply-502

virtual J=	 production to directly measure gluon matrix elements. In the large Q2 and skewness-� limit, the twist-2503

gluon EMT form factors and twist-4 F 2 matrix (enhanced by 1=� s) elements may dominate. Shown on the right504

panel in Fig. 12 is the sensitivity of the cross section on the anomaly matrix element [86].505

An indirect approach to access to the scalar matrix element is to use the momentum-current conservation,@� T �� =506

0, from which the form factors of the tensor part is related to that of the scalar part. The full EMT form factors are507

de�ned as508

hP0jT �� jP i = �u (P0)
�
A(t)
 ( � �P � ) + B (t) �P ( � i� � ) � q� =2M + C(t)

�
q� q� � g�� q2�

=M
�
u(P) : (19)509

whereq = P0� P and t = q2. Note that C(t) here replaces D(t)/4 in 6. One of the combinations yields the (twist-four)510

scalar form factor Gs(t)�u(P0)u(P) = hP0jT �
� jP i [68]511

Gs(t) = MA (t) + B (t)
t

4M
� 3C(t)

t
M

; (20)512

which contains only the twist-two contributions from the tensor part due to the conservation law. Thus, to get the513

contribution of the trace anomaly term, either in experiments or from lattice QCD simulations, one just needs to514

measure the form factorsA, B and C from combined quark and gluon contributions. The quantum anomalous energy515

Es can be obtained by taking the limit of t ! 0,516

ES =
1
4

lim
t ! 0

Gs(t) ; (21)517

which we may be considered as an indirect measurement. The Fourier transformation of theGs(t) from lattice518

QCD [87, 88] is shown as the dotted line in the middle panel on Fig. 12. Shown also as dots in the same panel is the519

the anomaly contribution from lattice QCD [89]. The disagreement between direct and indirect calculations is due to520

errors in simulations.521
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FIG. 12. (Left panel) the proton mass decomposition, calculated from lattice QCD, into di�erent sources, including the quark
mass, quark and gluon kinetic and potential energy, and quantum anomalous energy contributions [81, 82]. (Middle panel) the
scalar density distribution in space which can be constructed from the EMT form factors [87{89]. (Right panel) Di�erential
cross sectiond�=dt in units of nb/GeV 2 for exclusive J=	 at EIC as a function of jt j at W = 4 :4 GeV, Q2 = 64 GeV 2 . The
dashed curves are forCg = 0 and the solid curves are for nonzero Cg (from lattice). The split between the two solid curves, or
two dashed curves is caused by the variation in the gluon scalar matrix element 0 < b < 1 [86].

2. Mass radius and \con�ning" scalar density522

The energy density pro�le in space requires study of the elastic form factors of the EMT as in the case of electric523

charge distribution. The relevant mass/energy (T00) form factor in the Breit frame is524

Gm (t) = MA (t) + B (t)
t

4M
� C(t)

t
M

: (22)525

As discussed extensively in the literature, when a particle has a �nite mass, the spatial resolution of a coordinate-space526

distribution is limited by its Compton wavelength. In the case of the nucleon, this is about 0.2 fm. Since the nucleon527

charge diameter is around 1.7 fm, one can talk about an approximate coordinate-space pro�le. Thus, one can de�ne528

the spatial distribution of energy as the Fourier transformation of the mass form factor [57]529

� m (r ) =
Z

d3~q
(2� )3 ei~q �~r Gm (t) : (23)530

The alternative is to interpret the nucleon form factors in the in�nite momentum frame, which yield a 2D pro�le [90].531

This is not a completely satisfying answer either as one can now only talk about the transverse coordinate-space532

distributions when the nucleon is travelling at the speed of light.533

From the spatial energy distribution, one can de�ne the Sachs-type mass radius as534

hr 2i m = 6
dGm (t)=M

dt

�
�
�
�
t =0

= 6
dA(t)

dt
� 6

C(0)
M 2 : (24)535

The recent data from J= production at threshold has motivated extracting the proton's mass radius using either536

VDM or AdS/CFT type interpretation. The preliminary results can be found in [91, 92]. A QCD factorization study537

indicates only a connection with the gluon contribution can be established, whereas the quark contribution can be538

obtained through a similar form factor. Both contributions have been calculated in lattice QCD [87, 88], from which539

one can extract the mass radius as 0.74 fm [68].540

Another interesting quantity is the scalar density,541

� s(r ) =
Z

d3~q
(2� )3 ei~q �~r Gs(t) ; (25)542

a scalar �eld distribution inside the nucleon. Gs(q) can either be deduced directly from the trace part of the EMT or543

indirectly through the form factors of the twist-2 tensor, as discussed above. This scalar �eld is analogue of the MIT544
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FIG. 13. Proton spin structure calculated from lattice QCD. (Left panel) the covariant spin decomposition [93]. (Middle panel)
the gluon helicity contribution � G calculated from large momentum e�ective theory [94]. (Right panel) parton transverse
angular momentum density j q(x) which can be measured through twist-2 GPDs E (x).

bag constant B , which is a constant inside the nucleon but zero outside, and may be considered as a con�ning scalar545

�eld. A plot of this density is shown in the middle panel of Fig. 12.546

One can de�ne the scalar or con�ning radius as ,547

hr 2i s = 6
dGs(t)=M

dt

�
�
�
�
t =0

= 6
dA(t)

dt
� 18

C(0)
M 2 ; (26)548

which can be compared with the bag radius. The di�erence between the con�ning and mass radii is549

hr 2i s � h r 2i m = � 12
C(0)
M 2 : (27)550

Therefore, a consistent physical picture that the con�ning radius is larger than the mass one would requireC(0) <551

0 [68].552

B. Nucleon Spin Structure553

The spin structure of the nucleon has been one of the most important driving forces in hadronic physics research in554

the last thirty years. Non-relativistic quark models have simple predictions about the spin structure, which have been555

shown incorrect through dedicated deep-inelastic scattering studies [67]. On the other hand, this is not unexpected556

because QCD quarks probed by high-energy scattering are di�erent from the constituent quarks used in the simple557

quark models, and a connection between them is di�cult to establish.558

1. Longitudinal-Spin Sum Rules559

The most common approach to study the proton spin is to understand the longitudinal polarization in the in�nite560

momentum frame in which the quasi-free quarks and gluons are probed in high-energy scattering [95]. In particular,561

quark and gluon helicity contributions can be measured through summing over parton helicities �� =
R

dx
P

i � q+ (x)562

and � G =
R

dx� g(x) which appear in the leading-twist scattering observables, where + indicates summing over563

quarks and antiquarks. The EIC planned at BNL will make an important study of � G through Q2 evolution and564

two-jet production [6]. A complete spin sum rule also requires measurement of the partonic orbital contributions565

lq;g =
R

dxlq;g(x)dx, where lq;g(x) are orbitial angular momentum carried by quarks and gluons with momentum566

fraction x [96], such that567

1
2

�� + � G + lq + lg = ~=2 : (28)568



23

This spin sum rule was derived from QCD angular momentum operator by Ja�e and Manohar [95]. Since the proton569

helicity does not grow as the momentum of the proton, it is a twist-three quantity in high-energy scattering. Thus, a570

measurement of partoniclq(x) and lg(x) requires experimental data on twist-three generalized parton distributions [97{571

99], which will be challenging at EIC [100, 101].572

Therefore, it appears that the longitudinal spin structure is not simple to measure and interpret in the IMF. This,573

however, is not the case if instead considering a gauge-invariant sum rule [12],574

1
2

�� + L q + Jg = ~=2 ; (29)575

which are not based on partons, whereL q and Jg are related to the EMT form factors through Jg = ( Ag(0)+ Bg(0))=2,576

Jq = �� =2 + L q = ( Ag(0) + Bg(0)). This sum rule is frame-independent, and does not have a simple partonic577

interpretation when going to the IMF. On the other hand, Jq and Jg can be extracted from twist-2 GPDs,578

Jq;g =
1
2

Z
dxx(Eq;g(x; �; t = 0) + Hq;g(x; �; t = 0)) : (30)579

In the IMF, the twist-2 L q contains both the twist-three parton orbital angular momentum lq and a contribution580

from potential orbital angular momentum. This connection between twist-2 and twist-3 observables is a re
ection of581

Lorentz symmetry, through which, one can construct the frame-independent longitudinal spin sum rule by measuring582

the twist-two GPDs [102].583

Lattice QCD calculations of the angular momentum structure of the nucleon have been investigated by a number of584

groups (see a review in [23]). In particular, the frame-independent longitudinal spin sum rule has been explored with585

gauge invariant operators on the lattice. Shown on the left panel in Fig. 13 is a calculation of the spin sum rule by586

the ETMC collaboration [93]. A more recent result from the � QCD collaboration can be found in [103]. The gluon587

helicity contribution � G has been extracted from polarized RHIC experiments and calculated in the large momentum588

e�ective �eld theory [94], shown on the middle panel in the same �gure.589

2. Transverse-Spin Sum Rules590

The spin structure of a transverse polarized proton has been less studied both theoretically and experimentally.591

However, it is not widely known that the transverse spin in the IMF is simpler to understand than the longitudinal592

one [104]. This is due to that the transverse angular momentumJ? grows with the momentum of nucleon,593

J? � 
 ! 1 (31)594

where 
 is the Lorentz boost factor [105]. J? is then a leading-twist quantity and has a simple twist-2 partonic595

interpretation.596

Introducing the parton's transverse angular momentum distribution j q(x) for quarks and j g(x) for gluon, one has597

j q;g(x) =
1
2

x
�

Eq;g(x; t = 0) + f q; gg(x)
�

: (32)598

Physically, j q;g(x) is the transverse angular momentum density of the quarks and gluons when the partons carry the599

longitudinal momentum fraction x [104]. These densities represent the total angular momentum contributions which600

cannot be separated into spin and orbital ones, as the former is sub-leading for the transverse polarization. Using the601

above, one has the simple twist-2 partonic sum rule for transverse spin602

Z 1

0
dx

 
X

q

j q(x) + j g(x)

!

= ~=2 (33)603

which is the analogy of the well-known momentum sum rule. Physically, experimental measurements ofEq;g(x; t ) are604

best performed with transversely polarized targets with leading-twist observables. An example ofj u;d (x) is shown on605

the right panel of Fig. 13, which is obtained from lattice calculation of Eq(x) and phenomenologicalq(x).606

There is another transverse spin sum rule at the twist-3 level, which is the rotated version of the Ja�e-Manohar607

sum rule for longitudinal spin [31],608

1
2

�� T + � GT + lqT + lgT = ~=2 : (34)609

The numerical values of these quantities are the same as the ones without theT subscript. However, they are610

integrated from twist-3 parton densities, e.g., �� T =
P

q

R
dx (� q+ (x)+ gq

2(x)), where g2 is a well-known transverse-611

spin distribution which integrates to zero, and similarly for others. Like the Ja�e-Manohar sum rule, the twist-3612

parton densities pose great challenges to measure experimentally.613
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C. Momentum-Current Moments and Gravitational Potentials614

Apart from contributing to the energy/mass density and scalar �eld inside the nucleon, the form factor C has615

generated much interest in relation to the mechanical properties of the nucleon [57] due to the analogy between EMT616

in QCD and stress tensor in continuous media mechanics. The stress tensor in QCD provides the momentum current617

(MC) distribution which, according to Einstein's general relativity, generates gravitational potentials or space-time618

perturbations around the nucleon. A natural way to characterize the MC distributions is the standard multipole619

expansion as in electromagnetism, or alternatively solving the linearized Einstein's equation (which has the form620

of a Laplace equation) with T ij as the gravitational source [106]. Our discussion starts from the most general MC621

distributions and then focus on the case of spin-1/2 nucleon. The linear-momentum density~T corresponds to the EMT622

components (T01; T02; T03) such that the total momentum is ~P =
R

d3~r ~T. The stress tensorT ji then corresponds623

to the current density ~j i = ( T1i ; T2i ; T3i ) of the momentum component i . The i -component momentum conservation624

implies,625

@Ti

@t
+ ~r � ~j i = 0 : (35)626

Compared with Newton's law, ~r � ~j i is the force density for i component. For a bound state system such as the627

nucleon, the momentum density is static, and the force density vanishes in any direction,628

~r � ~j i = 0 ; (36)629

which means that the momentum current densities~j i are conserved vector �elds (an example shown on the left panel630

in Fig. 14), similar to the electric current density in the nucleon. Another well-known example of the conserved vector631

�eld is the magnetic �eld. One can introduce a momentum density 
ux through a �ctitious open surface ~S,632

F i =
Z

surface
T ij dSj ; (37)633

is then the force on the surface if the momentum current is absorbed by the surface. Thus,T ij has been occasionally634

called the force or pressure distribution. However, one cannot conclude anything about the \mechanical stability"635

of a quantum system from such a \pressure" distribution, as the stability of the state is determined by quantum636

mechanics only. In particular, the analogy of the momentum current with the usual concept of pressure works only637

in the context of models of continuous media.638

Just like the electric current is a source for magnetic �eld, the momentum current can generate a special type639

of gravitational potential or space-time perturbation in Einstein's theory of general relativity. When the current640

is con�ned to a �nite spatial region, as in the case of hadrons, it is natural to introduce gravitational moments to641

characterize its distribution or the pattern of the vector �eld. This is commensurate with multipole expansions of the642

�elds generated by the sources at large distance. For a system with a static electric current distribution, the most643

important moment is the (magnetic) vector dipole, ~� = 1
2

R
~r � ~j .644

For a conserved stress tensorT ij distribution, one can de�ne three independent moment series. One is the scalar645

current T ii momentsS(J ) . The scalar monopole and dipole moments,S(0) and S(1) , vanish due to current conservation646

(sometimes called Laue condition). The scalar quadrupole momentS(2) and other higher moment are generally non-647

vanishing for a system with angular momentumJ � 1. Even in a system in which all scalar moments vanish, one can648

still have a non-vanishing scalar monopoledensity T ii (sometime called pressure distribution), and other multipole649

densities.650

One can de�ne two series of tensor multipoles, natural parity ones,T (J ) and un-natural parity ones, ~T (J ) . The651

tenor monopole momentT (0) is de�ned as652

� = �
1
10

Z
d3~r Tij (~r)

�
r i r j �

� ij

3
r 2

�
; (38)653

which is related to the so-calledD-term by � = D~2=4M . The tensor monopole density,T ij Y2ij where Y2 is the654

rank-2 spherical harmonic, has been called \shear pressure" in some literature. Similarly one can also de�ne tensor655

quadrupole moment, etc.656

According to general relativity, momentum currents will generate perturbation �hij on the space-time metric,g�� =657

� �� + h�� , and h�� can be solved from the linearized Einstein equation,658

� �h�� = �
16�G

c4 T �� ; (39)659
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FIG. 14. (Left) the conserved x-component-momentum current distribution T ix ( r ) as a vector �eld in i , with the arrows
indicating directions of the current 
ow. The x-direction points to the right in the horizontal direction. (Right) the tensor
monopole density 4�r 2 C ( r )

M as a function of r in hydrogen atom, where r is in unit of the Bohr radius a0 = ~
�mc and 4�r 2 C ( r )

M

is in unit of ~2

4m
1

a0
. It has the same SI dimension kg �m 3

s2 as that of � (r ). It is positive and �nite as r ! 0, and contributes to a
part of the gravitational potential inside the hydrogen atom.

where �h�� = h�� � � ��

2 h�
� . In a static system, the solution is similar to the electromagnetic case. Due to gauge660

symmetry, the only source that generates non-zero physical gravitational e�ect at large distance is the scalar density661

T ii . However, in general,T ij can generate local gravitational potentials around sources.662

For the spin-1/2 nucleon, all scalar multipoles vanish, and the scalar monopole density ("pressure distribution")663

will not generate any long distance potential. By solving Einstein's equation, the local gravitational potential is664

proportional to the Fourier transformation of the form factor C(q). As for tensor multipoles, only the tensor monopole665

is non-vanishing, which has been found to be negative in various nucleon models. However, the sign of it has little666

to do with mechanical stability. The tensor monopole density is also related toC(r ) due to momentum conservation667

law. Therefore, one can use both the scalar monopole densityT ii (r ) and tensor monopole moment� to characterize668

the MC distribution. In the hydrogen atom, the tensor monopole density has been calculated [106] and is positive as669

shown on the right panel in Fig 14.670

III. ACCESSING THE MOMENTUM DEPENDENT STRUCTURE OF THE NUCLEON IN671

SEMI-INCLUSIVE DEEP INELASTIC SCATTERING672

A. Overview673

Accessing the spin dependent and spin averaged nucleon structure encoded in Transverse Momentum Dependent674

parton distribution functions (TMD PDFs, or simply TMDs) as well as subleading twist parton distribution functions675

(twist3 PDFs) in semi-inclusive deep-inelastic scattering [107] is a central part of the scienti�c mission of the EIC [8].676

This program focuses on an unprecedented investigation of the parton dynamics and correlations at the con�nement677

scale and will bene�t substantially by an increased luminosity at medium energies for the following reasons.678

ˆ Structure functions appearing at sub-leading twist are suppressed by a kinematic factor 1=Q, which makes data679

at relatively low and medium Q2 the natural domain for their measurement. Similarly, e�ects from the intrinsic680

transverse momentum dependence are suppressed at highQ2, when most of the observed transverse momenta681

are generated perturbatively. As a consequence, the signal of TMDs is naturally diluted at the highest energies.682

However, at the same timeQ2 has to be high enough for the applicability of factorization theorems, which683

makes most �xed target data already challenging. A low- to medium-energy EIC option might therefore occupy684

a sweet spot at which non-perturbative and subleading e�ects are sizeable and current knowledge allows the685

application of factorization to extract the relevant quantities [10]. The Sivers asymmetry, related to one of the686

most intriguing parton dynamics which will be discussed below, is shown in Fig. 15 for di�erent EIC energy687

options, illustrating the rapid fall of the expected TMD signal as higher and higher Q2 is accessed.688

ˆ To map out the structure of the nucleon encoded in TMDs and twist3 PDFs, high precision, multi-dimensional689

measurements are needed, which requires very high statistics. For our understanding of the evolution and proper690

domain of these objects, it is essential to cover an extended kinematic phase space region connecting the future691

collider to the ongoing �xed-target precision measurements,e.g. by the JLab experiments. Figure 16 shows the692
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estimated phase space covered by the existing JLab12 program compared to the lowest and highest EIC energy693

options.694

ˆ Finally, intermediate energies have an advantage for a SIDIS program, as its foremost detector requirements are695

excellent tracking and particle identi�cation. The most signi�cant signals are expected for particles that carry696

a large momentum fraction z of the fragmenting quark, as these particles are most closely connected to the697

original quark properties. As illustrated in Fig. 17, at intermediate EIC energies, all particles that are detected698

at mid-rapidity are within the momentum acceptance range of the reference detectors. This is not necessarily699

true for the highest energies, when particle identi�cation within the typical EIC detector dimensions becomes700

challenging.701

The remainder of this section is organized as follows. Section III B will discuss the physics case for twist-3 observables,702

Sec. III will give a short overview of the TMD framework and impact studies for unpolarized and Sivers TMD, which703

were identi�ed as golden channels in the Yellow Report. This section will also brie
y discuss TMDs in medium.704

Finally, Sec. III D will introduce the case for jet physics at intermediate energies and high luminosity. Radiative705

corrections might complicate the picture, as the impact on cross-sections and asymmetries can be sizable, depending706

on the kinematic regime. Because the interplay between radiative corrections and TMD extraction is still very much707

under investigation, these e�ects are not considered for the studies shown in this section.708

FIG. 15. Left: Projected Sivers asymmetry for various EIC energy options. (Example for Athena pseudodata), 2% point-
to-point systematic uncertainties assumed. Right: projected Sivers asymmetries for 100 days of data taking vs. Q2 for
0:25 < x < 0:35 and 0:4 < z < 0:6 at the luminosity optimized EIC, JLab12 and the proposed JLab24. The drop of the
amplitude with Q2 is evident. At the same time the projected uncertainties rise, as the valence quark region is harder to access
at high Q2 . A constraint of y > 0:05 is used for this �gure.

B. Accessing Quark-Gluon Correlations at sub-leading Twist709

The interest for contributions that are suppressed by factors of (M=Q)t � 2 has recently grown with the possibility710

to access them in low-energy experiments, such as HERMES and CLAS. ModerateQ2 values at EIC will o�er711

unique opportunities for precision analyses of higher-twist distribution functions. Such PDFs are often associated712

to multi-parton correlations as, to some extent, the operator that de�nes such objects is made of quarks and gluon713

�elds. Such operators are almost unexplored by phenomenology [107{113]. As argued below, the physics of twist-714

3 distributions is broader than the already important quark-gluon-quark interaction, whose third Mellin moments715

receive an interpretation in terms of forces [114].716

A well-known example of higher-twist objects is the twist-3 contribution to the axial-vector matrix element, gT .717

The latter can be expressed in terms of a leading-twist distribution through the Wandzura-Wilczek relation, and a718

genuine twist-3 contribution. Data have shown that the genuine term is not necessarily small [109, 111]. In the Yellow719

Report for the EIC, the access togT through double-spin asymmetry ALT in inclusive DIS has been proposed as720

the golden channel towards the study of multi-parton correlations. It was shown that the impact on the uncertainty,721
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FIG. 16. Estimated coverage of JLab12, HERMES and EIC data for di�erent energy options. The need to deliver high
luminosity for the low and medium energy options to �ll in the phase space between �xed target experiments and the higher
EIC options is obvious. The data was constraint to y > 0:05

based on the previous JAM analyses, is expected to be signi�cant. Figure 18 shows the impact of the EIC data with722

high luminosity at low and medium energies ongT extraction.723

The scalar PDF, e(x), is preeminent in that it relates to diverse aspects of non-perturbative dynamics, such as the724

scalar charge of the nucleons and an explicit quark-mass term, in addition to the quark-gluon correlations. The scalar725

charge is particularly interesting in view of the mass decomposition of the proton as it constitutes a unique avenue726

towards the phenomenological extraction of the scalar condensate [110]. While there exist semi-phenomenological727

approaches to the determination of the pion-nucleon sigma-term,e.g. [115, 116], the twist-3 e(x) can provide a728

determination that is minimally biased by the underlying theoretical assumptions. Some model dependence is, based729

on our current understanding, inevitable, since the extraction of the sigma requires knowledge ofe(x) in particular730

down to x = 0, which is not experimentally accessible. The access to the scalar PDF through longitudinal beam-spin731

asymmetries in (dihadron) SIDIS [117] was proposed as a silver channel in the Yellow Report. Up to date, the scalar732

PDF has been accessed at JLab, in CLAS [118] and CLAS12 [119], for low values ofQ2 and x ranging from 0:1 � 0:5.733

While the parameterization of e(x) is still a work in progress, the impact from the EIC was shown to be signi�cant734

thanks to the broad kinematical reach. The x range will be extended towards small-x values, in the region relevant735

for the evaluation of the sum rules { such as the relation to the scalar charge. TheQ2 range, spanning a broad736

window of mid-Q2 values, will allow analyses that account for QCD evolution e�ects on each contribution. EIC thus737

represents a unique opportunity to expand the curent exploratory studies towards global QCD analyses of the rich738

phenomenology of higher-twist distribution functions.739

In Fig. 19 the theoretical predictions are shown for the contribution of ea(x) to the beam spin asymmetry in semi-740

inclusive di-hadron production in the collinear framework for two di�erent center of mass energies, showing larger741

projected asymmetries for lower energies as expected. This asymmetry receives a contribution not only fromea(x) but742

also from a term involving a twist-3 di-hadron fragmentation function together with f a
1 (x) [117]. The latter has not743

been considered here [110]. The uncertainties in Fig. 19 come from the envelope of the uncertainties on the interference744

fragmentation function [120] and two models for ea(x), the light-front constituent quark model [121] and model of745

the mass-term contribution to ea(x) with an assumed constituent quark mass of 300 MeV and the unpolarized PDF746

from MSTW08LO. All PDFs and fragmentation functions are taken at Q2 = 1 GeV2 and the projected uncertainties747

for the EIC are shown only for Q2 values smaller than 10 GeV2.748

As the leading twist analysis addressed further below, all higher-twist analyses will rely on the possibility to separate749

the contributions of the various 
avors from di�erent observables, and mostly from di�erent targets. In particular,750

deuteron and 3He nuclei will provide e�ective neutron targets to complement the proton data.751
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