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The electron—Proton/Ion Collider Experiment (ePIC) Collaboration
was formed to design, build, and operate the Electron-Ton 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 9*" 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 (~ 103* cm™2s71) 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 |n| < 4 for the measurement of electrons, photons, hadrons, and jets.
It will need to be augmented by auxiliary detectors such as low-Q? 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, Q% > 1 GeV? is assumed for DIS. Similar general
categories of processes can be considered for photoproduction with Q% <1 GeV?2.
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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 @* > 1 GeV?) or
photoproduction (Q? <1 GeV?). 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 1

1
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where 3AY (AG) are contributions from quark plus anti-quark (gluon)
spins, and L, (L4) 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 AG is non-
zero. However, their values still have very large uncertainties, especially at
z < 0.01. Through measurements of polarized DIS, the EIC will provide
unprecedented detail of the parton helicity distributions down to x~ 1074
In Fig. 4 (left), the existing and expected from the EIC measurements of the
spin structure function g1(x, Q?) are shown. This will not only result in a
much better understanding of both AY and AG, but also further constrain
the sum £, + L, 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].
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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 Q% =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 ¢ (at £ = 0) [1]. IPDs rep-
resent densities of partons with a given momentum fraction x as a function
of the impact parameter, by. 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 ¢ [14].
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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 |¢|
at the EIC. Shown is the evolution in Q2 at a fixed z. Taken from Ref. [14]. Right:
Expected impact on up quark Sivers distributions as a function of the transverse
momentum kr 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 z, Q2, and y, one also identifies final-state
hadrons with fractional energy z and transverse momentum Pr 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 Pp dependence of the cross section for a given
(z, 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.

3.8. 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.
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Fig.4. Left: Projected EIC pseudo-data for the spin structure function of the
proton g1 (x, Q?) 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 y/s. As shown
in Fig. 5 (left), the saturation scale Qg is expected to scale with the ion-
mass number A as Q? ~ AY33=X The EIC will investigate the onset of
saturation, explore its properties and reveal its dynamical behaviour.

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

C(A¢) =

dO'(’y*—l-A—)h1+h2+X)/d0'(’y*+A—> hi+X) 2)
le d22 dA(;5 d21 dA(ﬁ '

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.
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Fig.5. Left: The kinematic reach in z 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, 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/¥, ¢, p is a unique process, for it allows the mea-
surement of the momentum transfer, ¢, 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/¥ is the vector meson least sensitive to
saturation effects due to the small size of its wave function. Larger mesons
such as ¢ or p are considerably more sensitive to saturation effects.

Figure 6 shows the differential cross section as a function of ¢ for J/¥
and ¢ 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/¥ is smaller than the ¢, one
sees little difference between the saturation and no-saturation scenarios for
exclusive J/¥ production but a pronounced effect for the ¢. 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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The EIC will be able to obtain the nuclear spatial gluon distribution from
the measured coherent ¢ spectrum from exclusive J/¥ and ¢ 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/¥ (left) and ¢
(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 Q? 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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