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The electron–Proton/Ion Collider Experiment (ePIC) Collaboration
was formed to design, build, and operate the Electron–Ion Collider (EIC)
project detector. Measurements to be performed with ePIC aim to address
some of the most profound questions in Quantum Chromodynamics (QCD)
related to the emergence of nuclear properties by precisely imaging gluons
and quarks inside protons and nuclei. This paper presents an overview of
the current configuration of the ePIC detector and its physics program.
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1. Introduction

On January 9th 2020, the U.S. Department of Energy announced the
selection of Brookhaven National Laboratory (BNL) as the site for the long-
planned Electron–Ion Collider (EIC). It is expected that the EIC project
will help to find answers to many open questions in QCD [1]: How are the
sea quarks and gluons, and their spins, distributed in space and momentum
inside the nucleon? How do the nucleon properties, such as mass and spin,
emerge from them and their interactions? How do colour-charged quarks
and gluons, and colourless jets interact with a nuclear medium? How do
the confined hadronic states emerge from these quarks and gluons? How
do the quark–gluon interactions create nuclear binding? How does a dense
nuclear environment affect the quarks, gluons, their correlations, and their
interactions? What happens to the gluon density in nuclei? Does it saturate
at high energy, giving rise to a gluonic matter with universal properties in
all nuclei, even the proton?
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To answer those questions, a new machine is needed which will allow
for collisions of electrons with protons and light and heavy ions in a broad
range of centre-of-mass energies

√
s = 20–140 GeV, providing for high lu-

minosity (∼ 1034 cm−2s−1) and allowing for high polarization (∼ 70%) of
both the electron and proton (light-ion) beams. The EIC Conceptual Design
Report [2] provides a detailed description of the new accelerator.

To perform all considered measurements, a state-of-the-art detector with
nearly 4pi geometrical coverage, excellent particle identification capabilities,
and momentum resolution is needed. In July 2022, the ePIC Collabora-
tion [3] was established to build the EIC project detector.

2. The ePIC detector

The ePIC detector technologies will enable intricate measurements of
inclusive and semi-inclusive Deep Inelastic Scattering (DIS), as well as ex-
clusive processes in electron–ion collisions. The ambitious physics goals and
the constraints imposed by the challenging collider structure result in the de-
tector design, where several up-to-date and novel detector technologies have
been selected. The primary detector needs to cover the range of pseudora-
pidity |η| < 4 for the measurement of electrons, photons, hadrons, and jets.
It will need to be augmented by auxiliary detectors such as low-Q2 tagger
in the far backward region and proton (Roman pots) and neutron (ZDC)
detection in the far forward region. A precise determination of the absolute
luminosity with accuracy below 1% will use the bremsstrahlung process [4].
The up-to-date schematic view of the ePIC detector can be found in Ref. [3].

3. Physics program

The physics case for the EIC has been presented in detail in several doc-
uments including the EIC White Paper [5] and EIC Yellow Report [1]. The
main categories of processes to be studied in the e+ p(A) → e+ (p,A) +X
reaction are shown in Fig. 1 and include: inclusive Deep Inelastic Scatter-
ing (DIS), semi-inclusive DIS (SIDIS), Deeply Virtual Compton Scattering
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Fig. 1. Main categories of processes to be studied at the EIC, from left: inclusive
DIS, semi-inclusive DIS, DVCS, diffractive DIS. For simplicity, only neutral current
processes are shown. Usually, Q2 ≳ 1 GeV2 is assumed for DIS. Similar general
categories of processes can be considered for photoproduction with Q2≲1 GeV2.
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(DVCS), and diffractive-like scattering in which the target proton (or ion)
remains intact. Depending on the virtuality of the exchanged photon, the
process belongs either to the DIS class (conventionally if Q2 ≳ 1 GeV2) or
photoproduction (Q2≲1 GeV2). In addition to the neutral current (NC) di-
agrams shown in Fig. 1 in which photon (or Z boson) is exchanged, one can
also consider charged current (CC) diagrams in which W boson is exchanged
and the initial electron converts to the neutrino.

Below we briefly discuss the key measurements to be performed at the
EIC, though, the EIC science case is ever-evolving.

3.1. Proton spin

Spin and mass are among the most important quantities that characterize
any hadron. The spin of the nucleon can be decomposed to [6, 7]

1

2
=

1

2

1∫
0

dx∆Σ
(
x,Q2

)
+

1∫
0

dx∆G
(
x,Q2

)
+

1∫
0

dx (Lq + Lg) , (1)

where 1
2∆Σ (∆G) are contributions from quark plus anti-quark (gluon)

spins, and Lq (Lg) are contributions from quark (gluon) orbital angular
momenta. Presently available results suggest that ∼ 25% of the nucleon
spin is carried by the spins of the quarks and anti-quarks, and ∆G is non-
zero. However, their values still have very large uncertainties, especially at
x ≲ 0.01. Through measurements of polarized DIS, the EIC will provide
unprecedented detail of the parton helicity distributions down to x∼ 10−4.
In Fig. 4 (left), the existing and expected from the EIC measurements of the
spin structure function g1(x,Q

2) are shown. This will not only result in a
much better understanding of both ∆Σ and ∆G, but also further constrain
the sum Lq +Lg in Eq. (1). The expected reduction of statistical uncertain-
ties on the helicity distributions of sea quarks and gluons is shown in Fig. 2.
A recent overview of spin physics at the EIC can be found in Ref. [11].

between the net quark and gluon spin contribution and the
actual proton spin 1=2, could precisely be the contribution
from the orbital angular momentum. This is represented in
Fig. 13. In the horizontal axis we show the difference
between 1=2 and the contribution from the spin of quarks
and gluons for a momentum fraction down to x ¼ 0.001.
This would be the room left to the orbital angular
momentum if the net spin contribution from partons with
smaller momentum fractions is very small or even zero. But
as the latter could actually be non-negligible, and is
currently very uncertain, we represent in the vertical axis
their potential contribution. The colored areas show the
constraints on these values coming from present data, in
light cyan, and those that one would expect from the
projected EIC measurements. The diagonal lines represent
the combinations of low and high x contributions for which

the resulting orbital angular momentum would be as large
as the proton spin and parallel to it, vanishing, or exactly
opposite. The EIC data would be able to discard at least one
of these extreme scenarios and perhaps, two of them.

B. Impact of semi-inclusive deep inelastic
scattering data

In the following we discuss the impact that the EIC
measurements of the semi-inclusive production of charged
pions and kaons in collisions between longitudinally
polarized electrons and protons will have in constraining
helicity of quarks.
We restrict the analysis to transverse-momentum

integrated final-state hadrons produced in the current-
fragmentation region. Even though the QCD framework
to describe transverse-momentum dependent final-state
hadron production is known at NLO accuracy [35], as
well as hadron production in the target fragmentation
region in terms of fracture functions [36,37] in the
unpolarized case, the helicity dependent framework is still
in development.
As we have already shown in Sec. II B, charged pion and

kaon SIDIS spin asymmetries have the potential to pin
down sea quark helicities, complementing inclusive DIS
measurements, that at least in the electromagnetic case, are
unable to disentangle quark and antiquark helicities. Even
though the NLO framework for longitudinally polarized
DIS processes mediated by weak vector bosons is well
known [38], it has not been explored yet, leaving pion and
kaon SIDIS as the main tools to probe sea quark polari-
zation as a function of the parton momentum fraction. The
EIC allows to extend the kinematical reach of those
measurements and improve dramatically their precision.
In Fig. 14 we show the impact of the projected SIDIS

measurements on the sea quark helicity distributions. The
light cyan bands in the left-hand, center, and right-hand side

FIG. 13. Room left for potential orbital angular momentum
contributions to the proton spin at Q2 ¼ 10 GeV2, according to
present data and future EIC measurements.

FIG. 14. Impact of the projected EIC SIDIS data on the sea-quark helicity distributions as functions of x at Q2 ¼ 10 GeV2. Together
with the DSSV14 estimate, we show the uncertainty bands resulting from the fit that includes the

ffiffiffi
s

p ¼ 44.7 GeV DIS pseudodata and
the reweighting with SIDIS pseudodata at

ffiffiffi
s

p ¼ 44.7 and
ffiffiffi
s

p ¼ 141.4 GeV, respectively.
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points and the logarithms of their correspondingQ2 values.
Therefore, for each bin in x it is necessary to have at least
two pseudodata values for g1 in different bins of Q2. These
approximations are used just to visualize the correlation. In
the analysis we use always the full NLO evolution.
Similarly to Fig. 6, we present the expectations derived
from EIC pseudodata for the two values of

ffiffiffi
s

p
, as well as

the impact (in terms of the uncertainty bands) that those
data points would have through the new replicas and their
reweighting.
Let us make some remarks at this point. In the first place,

and as expected, the uncertainty in the scaling violation
grows dramatically in the DSSV14 estimate for lower
values of x due to the lack of data and, therefore, constraints
to the gluon helicity for x≲ 10−2. Second, the EIC
pseudodata reduce considerably the range of variation
allowed in the slope of g1 and, consequently, the value
for Δg. Finally, the difference in the x-range covered by the
data for different c.m.s. energies is significantly different
and, therefore, critical since the most important constraints
on the gluon distribution are expected to come from the
region, where the scaling violations are measured, as will
be discussed below.
In terms of the helicity gluon distribution itself, the

impact of the projected EIC data is even more graphic.
In Fig. 8 we show the gluon helicity distribution and its

uncertainty bands as a function of x for Q2 ¼ 10 GeV2.
The uncertainty estimates correspond to the standard
deviation of the DSSV14 replicas (in light cyan), that of
the replicas obtained combining the DSSV14 dataset and

FIG. 7. Estimates for the logarithmic scaling violation of g1ðx;Q2Þ and the corresponding uncertainties, computed with the DSSV14
helicity parton densities, and the impact of including the DIS EIC pseudodatasets at

ffiffiffi
s

p ¼ 44.7 GeV and
ffiffiffi
s

p ¼ 141.4 GeV,
respectively.

FIG. 8. Impact of the projected EIC DIS pseudodata on the gluon
helicity distribution as a function of x at Q2 ¼ 10 GeV2. Together
with the DSSV14 estimate, we show the uncertainty bands
resulting from the fit that includes the

ffiffiffi
s

p ¼ 44.7 DIS pseudodata
and the reweighting with

ffiffiffi
s

p ¼ 141.4 GeV pseudodata.
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Fig. 2. Expected impact of the EIC SIDIS data on the sea-quark and gluon helic-
ity distributions as functions of x at Q2 = 10 GeV2. Together with the DSSV14
estimate [9] shown are the uncertainty bands resulting from including the EIC
simulated data mentioned in the legend. Plots from Refs. [1, 10].
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3.2. Multi-dimensional imaging of nucleons and nuclei

The most general information on the partonic structure of hadrons is
contained in the generalized parton distributions (GPDs) and the transverse
momentum-dependent parton distributions (TMDs) [12]. These two types of
parton distributions provide a complementary 3-dimensional picture of the
nucleon, either in a mixed position-momentum representation for the GPDs
or in a pure momentum space for the TMDs. They contain also important
information on the orbital motion of partons inside the nucleon [13]. While
TMDs can be measured in the SIDIS or the Drell–Yan process, GPDs appear
in the QCD description of hard exclusive reactions such as DVCS or deeply
virtual meson production (DVMP).

Impact parameter distributions (IPDs) can be obtained by taking a
Fourier transform of the GPDs in the variable t (at ξ = 0) [1]. IPDs rep-
resent densities of partons with a given momentum fraction x as a function
of the impact parameter, bT. Figure 3 (left) shows the precision that the
EIC can provide for imaging of quarks using the Fourier transform of the
unpolarized DVCS cross section as a function of t [14].
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framework. In this framework, the transition from large to 
small x contains important information that allows one to 
deduce how the dynamical degrees of freedom transition 
from Reggeon exchanges to so-called Pomeron exchanges, 
or—in parton language—from quark to gluon exchanges, 
where the latter carries the quantum numbers of the QCD 
vacuum. The evo lution over a large range in Q2 can teach 
us how the the string tension evolves from this nonperturba-
tive stringy picture to that of QCD bremsstrahlung. One can 
thus study with unprecedented precision how the dynamics 
changes when going upwards from the lower right corner in 
figure 1.

In figure 16, an inelasticity of y � 0.6 was chosen; this is 
important to ensure that the DVCS cross-section is not domi-
nated by the Bethe-Heitler background; details of the analysis 
are given in [51]. As a result, the values of x do not go below 
x = 10−3. The analysis of data with higher y and lower x is 
possible but more involved. These considerations are also 
valid at lower 

√
s . Therefore, at lower energies there is limited 

reach beyond the Reggeon exchange dominated region.
Another important exclusive channel is that of J/ψ pro-

duction, which provides unique access to the unpolarized 
gluon GPD through the dominant photon–gluon fusion pro-
duction mechanism; this mechanism is discussed further in 
section  3.4 and illustrated in figure  19. Transverse spatial 
images obtained from Fourier transforming the t-dependent 
γ∗p → J/ψ + p′ J/ψ cross-section for 

√
s = 140 GeV show 

that gluon distributions can be accessed across the entire 
transverse plane with fine resolution at small x.

Incoherent exclusive scattering is characterized by the 
breakup of the proton. These processes are unique in that they 
are sensitive to the color charge fluctuations in the proto n. This 
is discussed later on page 3.5.1. A combined study of the coher-
ent processes discussed here (where the proton stays intact), 
with incoherent exclusive reactions, may allow one to recon-
struct how gluon saturation sets in through the progressive 

Figure 14. Diagrams depicting deeply virtual Compton scattering (left) and exclusive vector meson production (right) in terms of GPDs, 
represented by the yellow blobs. The upper filled oval in the right figure represents the meson wave function. The symbol ξ reflects the 
asymmetry in the longitudinal momentum fraction of the struck parton in the initial and final state.

Figure 15. The projected precision of the transverse spatial distribution of partons obtained from the Fourier transform of the measurement 
of the unpolarized DVCS cross-sections as a function of |t| at an EIC for a targeted luminosity of 10 fb−1 at each center-of-mass energy. 
bT  is the distance from the center of the proton, known also as ‘impact parameter’. Left plots show the evolution in x at a fixed Q2 
(10 < Q2 < 17.8 GeV2). Right plot shows the evolution in Q2 at a fixed x (1.6 × 10−3 < x < 2.5 × 103). See text for more details.

Figure 16. The average value of the mean squared parton radius 
of the proton, extracted from the DVCS cross-section, plotted as a 
function of Bjorken x. Results are shown for three different values 
of Q2. Plot from the EIC White Paper [1].

Rep. Prog. Phys. 82 (2019) 024301
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ments will also play a key role in the study of the flavor structure of TMDs, which
is currently almost unconstrained [489], making it difficult to estimate the impact
of the EIC.

Quark Sivers and Collins measurements

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

Sivers function measurements: The determination of the quark Sivers functions,
f⊥q
1T (x, kT), is one of the major goals for TMD physics. It can be extracted most di-

rectly from the transverse SSA proportional to the sin(φh − φS) modulation of the
SIDIS cross section, which is expressed through the structure function Fsin(φh−φS)

UT
(see Eq. (7.27)). The Sivers function is a T-odd TMD [490], that turns into the Qiu-
Sterman matrix element [212, 491] in the regime of small b [492, 493]. The extrac-
tion of the Sivers TMD was performed by many groups [494–506]. However, the

Fig. 3. (Colour on-line) Left: Expected precision of the transverse spatial distribu-
tion of partons obtained from the DVCS cross section measured as a function of |t|
at the EIC. Shown is the evolution in Q2 at a fixed x. Taken from Ref. [14]. Right:
Expected impact on up quark Sivers distributions as a function of the transverse
momentum kT for different values of x, obtained from SIDIS pion and kaon EIC
pseudo-data, at the scale of 2 GeV. The green-shaded/light grey areas represent
the current uncertainty, while the blue-shaded/dark grey areas are the uncertainties
when including the EIC pseudo-data. Taken from [1].

At the EIC, the main access to TMDs comes from SIDIS, where in addi-
tion to the standard DIS variables x,Q2, and y, one also identifies final-state
hadrons with fractional energy z and transverse momentum PT relative to
the direction of the virtual photon. As shown in Fig. 3 (right), the uncer-
tainty bands can be reduced by more than an order of magnitude, for all
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flavours [1]. Measuring the PT dependence of the cross section for a given
(x, z,Q) bin allows for the determination of the kT shape of the Sivers func-
tion, which is currently hardly constrained at all by experimental data.

3.3. Study of the nucleus and gluon saturation

The EIC will be the world’s first dedicated electron–nucleus collider and
it will address a broad program of fundamental physics with light and heavy
nuclei. For a quantitative estimate of the kinematical range accessible in
electron–ion collisions, a collection of simulated e + Au DIS reduced cross
sections at three different

√
s is shown if Fig. 4 (right). The projected un-

certainties include those implemented in the EPPS16 model [15]. For com-
parison, the current world data on DIS off heavy ions are also shown. 5
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FIG. 2: [color online] Projected EIC data for the structure
function g1(x,Q

2) for three different combinations of electron
and proton energies. Constants are added to g1 to separate
the different x bins. The solid lines are the result of the
DSSV+ best fit, and the shaded bands illustrate the current
uncertainty estimate. Multiple data points at a given x,Q2

are displaced horizontally to make them more easily visible.
The hatched triangular area indicates the region covered by
present data.

III. IMPACT OF DIS AND SIDIS DATA

Figure 2 illustrates our simulated data sets for inclusive
polarized DIS at an EIC for the three different choices
of c.m.s. energies listed in Tab. I. The error bars were
determined as outlined in the previous Section and re-
flect the expected statistical accuracy for a modest inte-
grated luminosity of 10 fb−1. As indicated by the hatched
area, existing fixed target DIS data (see Fig. 1) populate
only the lower left corner of the kinematic plane but con-
nect well or overlap with the lowest Q2 values accessible
with the 5×100GeV data set. Relaxing our conservative
constraint on the depolarization factor (2), D(y) > 0.1,
would significantly increase the overlap to even lower val-
ues of Q2. We note in passing that if one can control
systematic uncertainties very well at an EIC, which is
definitely the goal, one might try to aim for polarized
cross section rather than asymmetry measurements in
the future. This would have the added benefit of being

independent of the ratio R of the longitudinal to trans-
verse virtual photon cross sections. The shaded bands
in Fig. 2 correspond to the current uncertainties as esti-
mated in the DSSV analysis based on the Lagrangemulti-
plier method. At low x, outside the range constrained by
present data, these bands essentially reflect the flexibility
of the chosen functional form and are a mere extrapola-
tion.
As is already obvious from Tab. I, DIS measurements

for 20×250GeV collisions are crucial to reach x values of
around 10−4 while still maintaining at least some lever-
arm inQ2. With energies of up to 5×250GeV, envisioned
in the first stage of eRHIC, one can still cover x values
down to 5 × 10−4 for Q2 & 2.5GeV2. Having available
an as large as possible range in Q2 for any given fixed
value of x is of outmost importance for studying scal-
ing violations which are a key prediction of pQCD. Even
though the DIS structure function g1 probes mainly the
sum of quark and antiquark PDFs, its scaling violations
at small enough values of x are approximately related to
the polarized gluon density,

dg1(x,Q
2)

d lnQ2
≈ −∆g(x,Q2) , (5)

which underlines the importance of precisely measuring
them. In very much the same way, unpolarized DIS data
from the DESY-HERA experiments H1 and ZEUS [34]
provide the best constraint on the gluon density at small
momentum fractions in all global QCD analyses thanks
to their vast range in x and Q2 only accessible at collider
energies. It is fair to say, that with presently available
polarized DIS data one can hardly utilize the relation
(5) to determine ∆g because of the much too limited
kinematic coverage.
The prospects for measuring dg1(x,Q

2)/d lnQ2 at an
EIC are summarized in Fig. 3. The projected scaling vi-
olations are obtained from the DIS pseudo-data shown
in Fig. 2. For a given bin in x, one needs, of course, at
least measurements of g1(x,Q

2) at two different values
of Q2 which are precise enough to reliably determine the
derivative dg1(x,Q

2)/d lnQ2 from a difference quotient.
For the binning in x and Q2 adopted in our analysis and
the assumed integrated luminosity of 10 fb−1, a measure-
ment of dg1(x,Q

2)/d lnQ2 down to about x ≃ 1 × 10−4

appears to be conceivable assuming 20 × 250GeV col-
lisions. Likewise, a first stage option of an EIC with
5× 250GeV will have sensitivity down to x ≃ 5× 10−4.
This also roughly delineates the range in x where one
can expect to put a sensible constraint on ∆g(x,Q2) with
an inclusive DIS measurement at an EIC assuming that
(5) is a good approximation. The smallness of the pro-
jected statistical errors indicates that all inclusive and
semi-inclusive DIS measurements discussed here are sys-
tematics limited. Precision measurements will require
a percent-level control of the many different sources of
systematic uncertainties such as the luminosity and po-
larization measurements but also of the resolution and
calibration of the required detector elements and in the
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multiplied by the corresponding nuclear correction factor 
from EPPS16. The uncertainty bands reflect the combined 
uncertainties from both distributions. In contrast to the e+p 
case shown in figure 3 of section 2.4, the DGLAP evolution 
generates gluon distributions to good accuracy only for high 
values of x. At x ∼ 10−2 the limited lever arm in Q2 compli-
cates the precise extraction of the gluon density at 

√
s = 40 

GeV. It is only when increasing the energy by a factor of two 
or more that one can access the higher Q2 where the gluon 
density can be reliably determined. Furthermore, the reach of 
the insufficiently explored low-x domain is feasible only at √

s = 90 GeV center-of-mass energy. We will show later that 
the uncertainties from current world data on nuclear gluon 
distributions will be significantly reduced by EIC data.

Therefore, an EIC with a wide lever arm in x and Q2 is crit-
ical for unambiguous determination of the parton structure of 
nuclei. Such a determination is an important first step towards 
a deeper examination of outstanding questions regarding (i) 
how color is confined in a nucleus as opposed to a proton, 
(ii) the nature of the residual color forces that bind nucleons 
together at short distances, and (iii) the response of the nuclear 
medium to colored probes.

In DIS processes, the fully inclusive reduced cross-section 
can be written in terms of the structure functions F2 and FL as

σreduced = F2(x, Q2)− y2

1 + (1 − y)2 FL(x, Q2), (5)

where F2 is sensitive to the sum of the quark and anti-quark 
momentum distributions and FL is sensitive to the gluon dis-
tribution. For EIC kinematics, up to 10%–15% of the inclu-
sive cross-section is from production of charm quarks–the 
charm structure function can be measured in nuclei for the 
first time. Since the dominant process is the production of 

 charm-anticharm pairs through photon–gluon fusion (illus-
trated in figure 19) the measurement of this cross-section allows 
for an independent extraction of the gluon distribution in nuclei.

Simultaneous measurements of the F2, FL, and Fcc̄
L  struc-

ture functions are key to uniquely constrain PDFs. The current 
theoretical description, even in the case of proton PDFs, has 
an ambiguity when the heavy quark production thresholds are 
crossed [73]. This ambiguity, usually called a ‘mass scheme’, 
has a significant impact on the PDFs extracted and can be 
resolved by determining the heavy quark structure function 
Fcc̄

L . Such measurements provide precise values of heavy 
quark masses.

For a quantitative estimate of what can be achieved, col-
lisions at three different 

√
s  were simulated with PYTHIA  

6.4 generator [74] including nuclear modifications [75]. A 
collection of all the simulated measurements of DIS reduced 
cross-sections at an EIC, together with the EPPS16 uncer-
tainties, are shown in figure 21 for inclusive (left) and charm 
(right) production. In both cases, the points are shifted by 
−log10(x) for visibility. The statistical and systematic uncer-
tainties are added in quadrature. This study corresponds to 
a combined integrated luminosity of 10 fb−1. For the corre-
sponding statistics, the experimental uncertainties are domi-
nated by systematic errors, as shown in figure 20.

Figure 21 (left) depicts in the shaded region, for comparis-
ion, the current world data from DIS off heavy-ions. There are 
no charm measurements in e+Au collisions. The dashed line 
in both plots corresponds to the kinematic limit at the lower 
40 GeV center-of-mass energy. We observe that the current 
extrapolated uncertainties, depicted by the grey bands [65, 76],  
become substantially larger beyond this dashed line. Thus 
data from the higher center-of-mass energy will significantly 
constrain these uncertainties, and thereby, QCD evolution of 
PDFs to smaller x.

Figure 21. Inclusive (left) and charm (right) reduced cross-sections plotted as functions of Q2 and x for both EIC pseudo-data and the 
EPPS16 model (gray-shaded curves) [65, 76]. The uncertainties represent statistical and systematics added in quadrature. Also shown on 
the left plot is the region covered by currently available data.

Rep. Prog. Phys. 82 (2019) 024301

Fig. 4. Left: Projected EIC pseudo-data for the spin structure function of the
proton g1(x,Q

2) for three different combinations of electron and proton energies.
Taken from [8]. Right: Reduced cross sections plotted as a function of Q2 and x for
inclusive EIC pseudo-data from e+Au collisions at several centre-of-mass energies
and the EPPS16 model [15]. Taken from [14].

Due to the rapid rise with the energy of the gluon density in hadrons,
gluons play a key role in our understanding of DIS and hadronic collisions at
high energies. DIS experiments on heavy nuclei at high energies are ideally
suited for the study of non-linear gluon dynamics. The projectile interacts
coherently with a large number of stacked nucleons. This probes very strong
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colour fields at high energy, which is expected to lead to gluon saturation,
described by an effective theory known as the Colour Glass Condensate
(CGC) [16].

Thanks to e + A collisions with large nuclei, the EIC will reach the
saturation regime faster than with ep collisions at similar

√
s. As shown

in Fig. 5 (left), the saturation scale Qs is expected to scale with the ion-
mass number A as Q2

s ∼ A1/3x−λ. The EIC will investigate the onset of
saturation, explore its properties and reveal its dynamical behaviour.

To directly probe the Weizsäcker–Williams (WW) gluon distribution and
gluon saturation effects at low x, one can measure the azimuthal angle dif-
ference, ∆ϕ, between two back-to-back charged hadrons (or jets)

C(∆ϕ) =
dσ(γ⋆+A → h1+h2+X)

dz1 dz2 d∆ϕ

/dσ(γ⋆+A → h1+X)

dz1 d∆ϕ
. (2)

These correlations are sensitive to the transverse momentum dependence
of the gluon distribution. Due to saturation, the WW gluon TMD can
provide additional transverse momentum broadening to the back-to-back
correlation causing the disappearance of the away-side peak when saturation
is overwhelming. In Fig. 5 (right), the ratios of the correlation functions in
e + Au over those in ep are shown for three energies. The suppression
increases with energy. The precise measurement of dihadron correlations
will allow us not only to determine whether the saturation regime has been
reached but also to study the non-linear evolution of spatial multi-gluon
correlations.

Can EIC discover a new state of matter?
3/17/23 31

EIC provides an absolutely unique opportunity
to have very high gluon densities
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3.6. Gluon saturation in nuclei

A key goal of the EIC is to access the high parton density 
regime of the QCD landscape depicted in figure 1. The motiv-
ations for accessing the physics of this intrinsically nonlinear 
regime of QCD were discussed in the introductory sections 2.2 
and 2.3, as well as in the case study presented in section 2.6. 
A strong hint in the theory that such a novel regime must exist 
follows from the unitarity bound on QCD cross-sections. 
This fundamental bound would be violated if the observed 
rapid rise of gluon distributions with decreasing x persists at 
even lower x. Remarkably, there exist weakly coupled albeit 
strongly interacting many-body interactions in the theory that 
cause gluons at small x to recombine into harder gluons at the 
same rate at which they like to shed softer gluons. As noted 
previously, this gives rise to an saturation scale Q2

s (x), which 
controls the behavior of all final states at high energies. A 
deeper understanding of this emergent effect, and the wider 
framework in which such phenomena are embedded, has the 
potential to radically transform the study of the intrinsically 
nonlinear dynamics of infrared (soft) physics in QCD.

Although there is a significant body of data at small x from 
HERA, RHIC and the LHC that can be described in satur-
ation models with energy dependent saturation scales, there 
are important caveats that stand in the way of a discovery 
claim. While saturation models do an excellent job describing 
a wide variety of HERA data [91], the corresponding satur-
ation scales, as shown in figure 6, are very small. A key motiv-
ation to access saturation in heavy nuclei is the fact that the 
saturation scale Q2

s , characterizing the QCD dynamics in this 
regime, scales as A1/3. Larger (nuclear) saturation scales are 
accessed in proton–nucleus and nucleus–nucleus collisions 
at RHIC and the LHC, but interpretation of data in terms of 
the evolving parton dynamics of the nuclear wavefunction is 
complicated by strong final state effects that occur after the 
collision.

Both of these concerns are mitigated in e+A collisions 
at the EIC. Figure  6 clearly shows the significant increase 
in Q2

s  relative to HERA, and final state effects can be con-
trolled fully. Further, as discussed qualitatively in section 2.6, 
experimental observables have a strong nonlinear depend ence 
on Q2

s , which is greatly enhanced with increasing Q2
s . In the 

following, we shall illustrate quantitatively the center-of-mass 
energy requirements for two observables that are especially 

sensitive to saturation effects. We will first discuss in sec-
tion 3.6.1 the evolution of the back-to-back correlation of the 
two produced hadrons in double inclusive scattering. Here, 
the available 

√
sNN  range directly determines the magnitude 

of the saturation scale that is accessed. In section 3.6.2, we 
will return to diffractive scattering that was briefly mentioned 
in the case study in section  2.6 and later in the context of 
imaging in section  3.2. Diffractive measurements have fun-
damentally impacted physics over the centuries. 21st century 
diffraction measurements at the EIC hold similar potential for 
discovery. We will demonstrate in a simple saturation model, 
the likelihood that novel physics will first manifest itself in 
these processes.

3.6.1. Dihadron suppression. Multiparton correlations allow 
us to reconstruct the internal structure of protons far more than 
single parton distributions alone permit. A key measurement 
of multiparton correlations in e+A is the distribution of the 
azimuthal angle between two hadrons h1 and h2 in the pro-
cess e + A → e′ + h1 + h2 + X . This process was discussed 
previously in the EIC White Paper [1]. These correlations 

Figure 26. Comparison of dihadron correlation functions from a saturation model prediction for e+Au collisions (red curve) with e+p 
collisions (black curve) and calculations from a conventional non-saturated model (hollow data points) for three different center-of-mass 
energies ranging from 

√
s = 40 to 90 GeV. For details see text.

Figure 27. Ratio of the dihadron correlation functions in e+Au 
collisions over those in e+p for the three center-of-mass energies.

Rep. Prog. Phys. 82 (2019) 024301

Fig. 5. Left: The kinematic reach in x and Q2 of the EIC for different electron beam
energies, given by the regions to the right of the diagonal black lines, compared with
predictions of the saturation scale, Q2

s , for different heavy-ion species. Right: The
ratio of the dihadron correlation functions in e+Au and ep for three centre-of-mass
energies. Taken from [14].
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The ep DIS experiments provided detailed information on the proton
structure allowing extraction of very accurate parton distribution functions
(PDFs) inside the proton. It is expected that the structure of nucleons inside
nuclei is modified. These nuclear PDFs (nPDFs) will be measured in e+ A
DIS experiments at the EIC in a broad kinematical range and with much
better precision than currently available. It will be possible to obtain a direct
constraint of the gluon density by measuring heavy flavour pairs which at
LO are produced through the photon–gluon fusion process.

3.4. Diffraction at the EIC

Diffractive interactions result when the electron probe in DIS interacts
with a proton or nucleus by exchanging several partons with zero net colour,
referred to as Pomeron. At the EIC energy regime, diffractive processes are
expected to share a large (> 30%) fraction of the total cross section and
nuclear diffractive structure functions will be a sensitive saturation mea-
surement [17]. Diffractive processes are most sensitive to the underlying
gluon distribution and give access to the spatial distribution of gluons in nu-
clei. The reason for this sensitivity is that the diffractive structure functions
depend, in a wide kinematic range, quadratically on the gluon momentum
distribution and not linearly as in DIS. Diffractive events are characterized
by a rapidity gap, i.e. an angular region in the direction of the scattered
proton or nucleus without particle flow. Detecting events with rapidity gaps
requires a largely hermetic detector.

The production of vector mesons (VM) in diffractive processes, e+A →
e + A + V , where V = J/Ψ, ϕ, ρ is a unique process, for it allows the mea-
surement of the momentum transfer, t, at the hadronic vertex where four
momentum of the outgoing nuclei cannot be measured [1, 18]. Since only
one new final-state particle is produced, the process is experimentally clean
and can be unambiguously identified by the presence of a rapidity gap. The
study of various VM in the final state allows for a systematic exploration
of the saturation regime. The J/Ψ is the vector meson least sensitive to
saturation effects due to the small size of its wave function. Larger mesons
such as ϕ or ρ are considerably more sensitive to saturation effects.

Figure 6 shows the differential cross section as a function of t for J/Ψ
and ϕ mesons production. The coherent distribution depends on the shape
of the source while the incoherent distribution provides valuable information
on the fluctuations of the source [19]. As the J/Ψ is smaller than the ϕ, one
sees little difference between the saturation and no-saturation scenarios for
exclusive J/Ψ production but a pronounced effect for the ϕ. The coherent
distributions can be used to obtain information about the gluon distribution
in impact parameter space F (b) through a two-dimensional Fourier trans-
form:
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F (b) =

∞∫
0

dq q

2π
J0(qb)

√
dσcoherent

dt
. (3)

The EIC will be able to obtain the nuclear spatial gluon distribution from
the measured coherent t spectrum from exclusive J/Ψ and ϕ production in
e+A collisions, in a model-independent way.
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Fig. 6. Differential cross sections for the exclusive production of J/Ψ (left) and ϕ

(right) mesons production in coherent and incoherent events in diffractive e + Au

collisions. Predictions from saturation and non-saturation models are also shown.
Taken from [5].

4. Summary and the future perspective

The EIC will be the world’s first electron–nucleus and polarized electron–
polarized proton (light ion) collider. The lepton–proton/ion scattering pro-
vides information on nucleon structure complementary to hadron–hadron
collisions. The upcoming EIC will significantly deepen our knowledge of
several aspects of the nucleon structure by allowing for performing new mea-
surements in a broad range of x and Q2 and significantly reduce uncertainties
in the existing measurements. The EIC scientific case is still evolving and
new ideas have been proposed, see e.g. [20–22].

The ongoing studies related to the ePIC detector are expected to be
finalized with a TDR at the beginning of 2025. Work on constructing the new
accelerator and detector will begin in 2026, after the experiments at RHIC
finish data-taking in late 2025. The first data from the ePIC experiment are
expected in 2032.

It is worth mentioning that studies of a polarized Electron-ion collider
in China (EicC) are also ongoing [23]. It is expected that EicC will be
complementary to the EIC-US and operate at lower centre-of-mass energies.
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