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The EIC project and the ePIC Collaboration
Necessity for a new Electron-Ion Collider, its
physics goals and detector requirements have
been discussed since the early 2000s.

January 9, 2020, Washington, D.C. – DOE
selected BNL as the site for the EIC.

December 2021: Detector Proposal Advisory
Panel (DPAP) begins review of three detector
proposals: ATHENA, CORE, and ECCE.
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A Long Range Plan
The Frontiers of Nuclear Science

March 2022: ECCE adopted as
reference design for the first
detector; ATHENA and ECCE
proto-collaborations merge.

July 2022: Collaboration

was officially established.

2023 NSAC LRP for Nuclear
Science: “We recommend the
expeditious completion of the
EIC as the highest priority for
facility construction.”
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EIC accelerator main parameters
Making use of RHIC infrastructure: ion
source, pre-accelerator chain, ion storage
ring (circum. 3.83 km).

New infrastructure: electron source,
electron accelerator (RCS), storage ring.

Beam energies: HERA

Ee = 2.5− 18 GeV 27.5 GeV
Ep = 40− 275 GeV 920 GeV
EA = (Z/A)Ep
√
sep = 20− 141 GeV 318 GeV

# of bunches per beam: 1320;
collision every ∼ 10 ns
Luminosity: 1033− 34 cm−2s−1

Beams polarization (L, T): > 70%
e, p, light ions (d, 3He) - polarized sources
+ spin rotators and “siberian snakes”

F. Willeke, EIC Polarization, Symposium for Alexander Chao , SLAC, October 25, 2019  

Beam Polarization

• Need  high polarization for hadrons and electrons  
of > 70%

• Need both polarization directions present in the 
same fill to suppress systematics

• Spin need to be longitudinal in the IP

• Electron spin need to be vertical in the arcs

21

Ion species: p - Uranium

# of interaction regions: 1− 2
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Open questions in QCD - main physics goals of the EIC

How are the sea quarks and gluons, and their
spins, distributed in space and momentum
inside the nucleon?

How do the nucleon properties like mass and
spin, emerge from them and their interactions?

How do color-charged quarks and gluons, and
colorless 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 and 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 univarsal properties in all
nuclei, even the proton?

Gluons	are	massless…yet	their	dynamics	is	responsible	for	
	(nearly	all)	the	mass	of	visible	maLer	
	
The	Higgs	“God	par3cle”	is	responsible	for	quark	masses	
	~	1-2%	of	the	proton	mass.	
	

Proton mass 

938 MeV/c 

Quarks mass

 8-12 MeV/c

 

 

 
 

2 
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A new facility is needed to investigate, with precision, the dynamics of gluons & sea 
quarks and their role in the structure of visible matter

How are the sea quarks and gluons, and their spins, distributed in 
space and momentum inside the nucleon? 
How do the nucleon properties emerge from them and their 
interactions?

How do color-charged quarks and gluons, and colorless 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?QS: Matter of Definition and Frame (II)

7

Infinite Momentum Frame:
• BFKL (linear QCD): splitting functions ⇒ gluon density grows
• BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?
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• At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)

QS: Matter of Definition and Frame (II)
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gluon 
emission

gluon 
recombination

?

How does a dense nuclear environment affect the quarks and 
gluons, their correlations, and their interactions?
What happens to the gluon density in nuclei? Does it saturate at 
high energy, giving rise to a gluonic matter with universal 
properties in all nuclei, even the proton?

=

11/13/2019 EIC Introduction @ LHC/EIC Workshop at FNAL 6
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Uniqueness of the EIC among DIS facilities and key physics
High luminosity & wide reach in

√
s.

No other facility has plans for:

polarized lepton & hadron beams,
(polarized) nuclear beams.Uniqueness of the US EIC among all DIS Facilities

All DIS facilities in the world.

However, if we ask for: 

• high luminosity & wide reach in √s

No other facility has or plans for
• polarized lepton & hadron beams
• nuclear beams

EIC stands out as a truly unique facility …
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ep Facilities & Experiments:

Past Colliders

Collider Concepts

Past Fixed Target

Ongoing Fixed Target

EIC Project

EIC Collaboration Meeting 2017

EIC: key physics and measurements

E.C. Aschenauer

Inclusive DIS
measure scattered 
electron with high 
precision

Semi-inclusive DIS
detect the scattered 
lepton and final state
(jets, hadrons, 
correlations in final state)

Exclusive processes
all particles in the 
event identified
(diffraction)

 5

Inclusive DIS - precisely measure
scattered electron - (x,Q2)

EIC Collaboration Meeting 2017

EIC: key physics and measurements

E.C. Aschenauer

Inclusive DIS
measure scattered 
electron with high 
precision

Semi-inclusive DIS
detect the scattered 
lepton and final state
(jets, hadrons, 
correlations in final state)

Exclusive processes
all particles in the 
event identified
(diffraction)

 5

Semi-inclusive DIS - detect the
scattered lepton in coincidence
with identified hadrons, jets, ...

EIC Collaboration Meeting 2017

EIC: key physics and measurements

E.C. Aschenauer

Inclusive DIS
measure scattered 
electron with high 
precision

Semi-inclusive DIS
detect the scattered 
lepton and final state
(jets, hadrons, 
correlations in final state)

Exclusive processes
all particles in the 
event identified
(diffraction)

 5

Exclusive processes (diffraction)
- all particles are identified
(need for hermetic detector
including far-forward region).
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electron-Proton/Ion Collider (ePIC) Detector
electron-Proton/Ion Collider (ePIC) Detector

protons/ions electrons

5
.3

m

Magnet & Tracking

New 1.7 T SC solenoid, �2.8 m
Si MAPS (vertex, barrel,
forward, backward disks)
Gaseus MPGDs
(µRWELL/µMegas) (barrel,
forward, backward disks)

EM Calorimetry

Imaging EMCAL (barrel)
W-powder/ScFi (forward)
PbWO4 crystals (backward)

Particle Identification

hpDIRC (barrel)
Dual RICH (forward)
Proximity focusing RICH
(aerogel) (backward)
TOF (∼30ps): AC-LGAD
(barrel and forward)

Hadronic Calorimetry

Fe/Scint reuse from
sPHENIX (barrel)
Steel/Scint - W/Scint
(backwards/forward)

DAQ streaming readout

Physics à Detector requirements (II)

1025/08/2023 - HEP-EPS/Hamburg P. Antonioli - The ePIC experiment

EIC Yellow Report: Nucl. Phys. A 1026 (2022) 122447, arXiv:2103.05419 
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Interaction Region and Far Forward detection systems

40 20 0 20 40
z (m)

0.5

0.0

0.5

1.0

1.5

2.0

x 
(m

)

B2
eR

D1
EF

_5

Q3
ER

Q2
eR

Q1
eR

Q0
EF

_5

Q1
EF

_5 Q2
EF

_5

Q3
EF

_5

B0
pF B0

Ap
F

B1
pF

B1
Ap

F

B2
Ap

F

Q1
Ap

F
Q1

Bp
F

Q2
pF

Q3
Ap

F
Q3

Bp
F

B2
AP

R

Q1
Ap

R
Q1

Bp
RQ2

pR

Q3
pR

Q3
Cp

R

Off-momentum detectors 1 
Roman Pots 

Off-momentum detectors 2 

Forward spectrometer 
(in B0) ZDC

Ta
gg

er
 1

Ta
gg

er
 2

Exit window 
Collimator 

Magnet 
Lum. detectors 

Detector

Hadrons Electrons

Digression: particle beams 

26

• Angular divergence
• Angular “spread” of the beam 

away from the central trajectory.
• Gives some small initial transverse 

momentum to the beam particles.
• Crab cavity rotation

• Can perform rotations of the beam 
bunches in 2D.

• Used to account for the luminosity 
drop due to the crossing angle –
allows for head-on collisions to still 
take place.

25 mrad

These effects introduce smearing in our momentum reconstruction.

M. Żurek – Longitudinal Spin StructureM. Żurek - Proton Spin at EIC 21

Detector Acceptance

Zero-Degree Calorimeter (ZDC) 𝜽 < 5.5 mrad (𝜂 > 6)

Roman Pots (2 stations) 0.0 < 𝜽 < 5.0 mrad (𝜂 > 6)

Off-Momentum Detectors (2 stations) 𝜽 < 5.0 mrad (𝜂 > 6)

B0 Detector 5.5 < 𝜽 < 20.0 mrad (4.6 < 𝜂 < 5.9)

Far-Forward Detectors

The impact parameter information 
is encoded in  t = (p’ - p)2 

● Require accurate 
measurement of t across a 
wide range in ep collisions

● Scattered protons measured 
at Roman Pot (low t) 
detectors and B0 (higher t)

Zero Degree Calorimeter (ZDC):
photons, neutrons; θ < 5.5 mrad.

RP stations (two): protons, light
nuclei; θ(10σ) < θ < 5 mrad.

Off-momentum detectors (two):
charged particles; 0 < θ < 5 mrad.

B0 detector: charged particles,
tagged photons; 5.5 < θ < 20 mrad.
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Far Backward detectors and luminosity measurement
Luminosity measurement using ep
Bremsstrahlung process. The photon
spectrum will be measured using two
methods: convertion to e+e− pairs and
direct photons.

Precise luminosity measurement at the
EIC, with δL/L<1%, and of 10−4 for

Ee

E′

e

Eγ

Q2

Ep E′

p

relative measurements from bunch to bunch, is both crucial to achieve its main physics
goals and very challenging (ep: ≈ 10 hard bremsstrahlung photons every 10 ns; e+Au:
more than hundred of such photons).

Forward electron detectors will also suffer from event pileup (ep: ≈ 3 bremsstrahlung
electrons every 10 ns, assuming its
acceptance range 0.65 < E′/E < 0.85.
For e+A collisions the event pileup will
scale approx. with Z2/A).

Low-Q2 taggers will allow to measure
clean photoproduction signal over a
limited region 10−3 < Q2 < 10−1 GeV2

Far-backward Region

Low Q2-tagger
clean photo-production signal for
10−3 < Q2 < 10−1

Double-layer AC-LGAD
tracker at 24 & 37m from IP

PbWO4 ECal
(20cm x 2cm2 crystals)

This area is designed to measure scattered
electrons at small, far-backward angles
Strong technology synergies with central
detector systems

Luminosity Monitor
e + p → e γ p
e + Au → e γ Au
AC-LGAD and PbWO4 ECal to provide δL/L ∼ 1% or
rel. L determination exceeding 10−4 precision

[EIC YR] [ECCE prop]

F. Bock (ORNL) ePIC detector March 30, 2023 15 / 25

Far-backward region

9/28/2023 30

Local 
Polarimeter

Lumi.

Luminosity measurement

Clean photoproduction (Quasi-real, 
Pythia6) signal can be taken over a limited 
region of 10−3 < 𝑄2 < 10−1 GeV2.

Low Q2 taggers

Measure luminosity with 
an absolute precision 
better than 1% and a 
relative precision better 
than 10-4.
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Deep Inelastic electron-proton(nucleon) Scattering (DIS)
Virtuality of the probe - measure of resolution power:

Q2 ≡ −q2 = −(k − k′)2 λ ∝ 1√
Q2

Q2 = 2EeE
′
e(1− cos θe)

Relative lepton energy loss (inelasticity):

y =
p·q
p·k = 1−

E′e
Ee
cos2
(
θe

2

)
Momentum fraction of struck quark:

x =
Q2

2 p·q =
Q2

sy
≈ Q2

W 2 +Q2

CMS energies squared in ep and γp frames:

s = (k + p)2 = 4EeEp W 2 = (q + p)2

How to Answer these Questions?
• Electrons scatter off the proton/ion and 

kick-out their building blocks, the quarks 

• Quarks hadronize into particles 

• From measuring the scattered electrons 
and the debris of the collision we can learn 
about the inner working and dynamics in 
the target (proton or nuclei) and ultimately 
about quarks and gluons

5

Electron-Ion Collider is high-resolution giant electron 
microscope (≤ 0.01 fm) to understand hadronic and 
nuclear matter and their properties 

e(k)

⎧
⎨
⎩ ⎧

⎨
⎩

electron

proton/
nucleus

eʹ(kʹ)

p/A(p) x⋅p
W

qγ∗

θe

Deep inelastic Scattering
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Kinematic coverage for the EIC

EIC will allow to explore the QCD landscape over a wide range in x and Q2 often
complementary to other collider and fixed target experiments.

Access to low-x regime will allow to study high-density gluon matter and modifications
of gluons in nuclear environment complementing heavy ion programs at RHIC and LHC.
Polarized beams will allow to study spin-dependent structure functions and precisely
understand the sizes of different contributions to the nucleon spin.

e+A DIS will allow to directly measure modifications to the nucleon structure when
immersed in a nucleus. This study will be performed for different nuclei species.
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Report on Progress

6

nearly two orders of magnitude for polarized e+p scattering 
and a factor of 50 for e+A collisions. Thus, a region that is 
currently terra incognita for the extraction of gluon distribu-
tions and for the study of gluon saturation will become avail-
able for precision measurements at the EIC.

Even though gluons, unlike quarks, do not couple directly 
to electromagnetic probes, we can learn about their properties 
from ‘scaling violations’. These in particular describe changes 
in quark distributions with Q2 and Bjorken x. The evolution 
of gluon distributions with Q2 extracted from these scaling 
violations is described by the DGLAP renormalization group 
equations  (RGE) [9–11] of perturbative QCD (pQCD). The 
renormalization group flow of information is towards smaller 
x and larger Q2. A wide lever arm in Q2 is essential for the 
extraction of parton distributions while a wide coverage in x 
is mandatory to access a broad dynamical regime.

We see from figure 2 that the difference between the high 
and low energy ranges shown corresponds to a factor of five 
increase in x reach for a fixed Q2, and likewise, a factor of 
five increase in Q2 reach for fixed x. DIS measurements with 
data collected in this additional area can further significantly 
constrain nuclear gluon distributions and their extrapolations 
(via DGLAP evolution) to small x.

An example of lessons from electron–proton collisions at 
HERA for the EIC is depicted in figure 3. The gluon distri-
bution is parametrized at a low momentum resolution scale 
using the HERA electron–proton inclusive reduced cross-
section (see equation (5)) data and evolved, using the DGLAP 
RGE, from this low Q2 scale towards higher Q2 at fixed x. We 
see that the next-to-next-to leading order (NNLO) DGLAP 
evolution performed by the CTEQ collaboration [8] generates 
gluon distributions to good accuracy for x = 0.1 and x = 0.01 
in the entire Q2 range plotted. However, at the smaller 
x = 10−3 and x = 10−4 values, the gluon distribution shows 
larger uncertainties, especially at the small Q2 where high 
quality data exist. The precision of low Q2 data in this case is 
ineffectual due to the lack of data at the larger Q2 where the 

DGLAP RGE is initialized and evolved from. In contrast, the 
gluon distribution at larger x values is well constrained over 
the range shown by virtue of the larger Q2 lever arm. This 
example illustrates why a greater EIC energy will not only 
improve our knowledge of the gluon distribution over a wider 
Q2 range but also more precisely in the range that is already 
accessible at lower energies.

The lesson drawn, of the importance of expanded reach in 
x and Q2, is starker and more pertinent for e+A collisions at 
the EIC. In this case, the parametrization of the data at the 
initial scale will not have the x-Q2 reach of e+p collisions at 
HERA. To illustrate this, figure  4 (left) shows the structure 
function F2 extracted for the x-Q2 reach of the fixed target 
E665 data at 

√
s = 31 GeV. Though it is for e+p data, it holds 

an important lesson for the lower e+A center-of-mass energy 
of 40 GeV. Scaling violations, the variation of F p

2 (x, Q2) with 
Q2, are clearly visible only for x � 0.01. The small x and large 

Figure 2.  Left: the range in x versus Q2, accessible with an EIC in polarized e+p collisions compared to past (CERN, DESY, SLAC) and 
existing (JLAB) facilities as well as to polarized p+p collisions at RHIC. Two different energy ranges from 22–63 GeV (hatched) and from 
45–141 GeV (beige) are indicated. Right: the kinematic acceptance in x versus Q2 of completed lepton-nucleus (DIS) and Drell–Yan (DY) 
experiments, as well as JLAB-12 (all fixed target) compared to the EIC acceptance in two energy ranges, 15–40 GeV (hatched) and from 
32–90 GeV (beige).

Figure 3.  Proton PDFs of gluons as functions of Q2 for various 
x values as derived by the CTEQ collaboration in NNLO [8].The 
bands indicate the uncertainties in our knowledge of gluon PDFs. 
They are colored in the range where the relevant DIS data (HERA) 
is available.

Rep. Prog. Phys. 82 (2019) 024301
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Multi-dimensional nucleon tomography
Wigner distributions encode all quantum information of how partons are distributed
inside hadrons (PRL 91, 062001 (2003))

Saturation Physics
Low-x Physics in pA collisions

Small-x physics in the era of EIC

3D Tomography of Proton

Wigner distributions ingeniously encode all quantum information of how partons are
distributed inside hadrons. [Ji, 03; Belitsky, Ji, Yuan, 03]

bT

kT
xp

Figure 2.2: Connections between di↵erent quantities describing the distribution of partons
inside the proton. The functions given here are for unpolarized partons in an unpolarized proton;
analogous relations hold for polarized quantities.

tum, and specific TMDs and GPDs quan-
tify the orbital angular momentum carried
by partons in di↵erent ways.

The theoretical framework we have
sketched is valid over a wide range of mo-
mentum fractions x, connecting in particular
the region of valence quarks with the one of
gluons and the quark sea. While the present
chapter is focused on the nucleon, the con-
cept of parton distributions is well adapted
to study the dynamics of partons in nuclei, as
we will see in Sec. 3.3. For the regime of small
x, which is probed in collisions at the highest
energies, a di↵erent theoretical description is
at our disposal. Rather than parton distribu-
tions, a basic quantity in this approach is the
amplitude for the scattering of a color dipole
on a proton or a nucleus. The joint distri-
bution of gluons in x and in kT or bT can
be derived from this dipole amplitude. This
high-energy approach is essential for address-
ing the physics of high parton densities and
of parton saturation, as discussed in Sec. 3.2.
On the other hand, in a regime of moder-
ate x, around 10�3 for the proton and higher

for heavy nuclei, the theoretical descriptions
based on either parton distributions or color
dipoles are both applicable and can be re-
lated to each other. This will provide us with
valuable flexibility for interpreting data in a
wide kinematic regime.

The following sections highlight the
physics opportunities in measuring PDFs,
TMDs and GPDs to map out the quark-
gluon structure of the proton at the EIC.
An essential feature throughout will be the
broad reach of the EIC in the kinematic
plane of the Bjorken variable x (see the Side-
bar on page 18) and the invariant momentum
transfer Q2 to the electron. While x deter-
mines the momentum fraction of the partons
probed, Q2 specifies the scale at which the
partons are resolved. Wide coverage in x
is hence essential for going from the valence
quark regime deep into the region of gluons
and sea quarks, whereas a large lever arm in
Q2 is the key for unraveling the information
contained in the scale evolution of parton dis-
tributions.

17

Small-x gluon distributions⇔ gluon Wigner distributions? [Ji, 03]
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Diffractive physics in eA
à Measure spatial gluon distribution in nuclei
à Reaction: 
à Momentum transfer t = |pAu-pAuʹ|2 

e + Au → e′ + Au′ + J/ψ, φ, ρ

|t | (GeV2) |t | (GeV2)
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
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 +
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→
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u 
σd

J/ψ φ

∫Ldt = 10 fb-1/A
1 < Q2 < 10 GeV2
x < 0.01
|η(edecay)| < 4
p(edecay) > 1 GeV/c
δt/t = 5%

∫Ldt = 10 fb-1/A
1 < Q2 < 10 GeV2
x < 0.01
|η(Kdecay)| < 4
p(Kdecay) > 1 GeV/c
δt/t = 5%
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suppress 
by detecting 

break-up
neutrons

Physics requires forward scattered nucleus 
needs to stay intact
à Veto breakup through neutron detection
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Generalised Parton Distributions and OAM

GPDs can be understood as a Bjorken-x decomposition of form factors. GPDs provide
information about the longitudinal momentum and the transverse position of partons
(see e.g. M. Diehl, Phys. Rep. 388 (2003) 41-277).

4 chiral-even and 4 chiral-odd
(or transversity) GPDs at leading
twist for a spin-½ hadron.

Can be accessed via hard
exclusive processes: cross
section and asymmetries
in DVCS and DVMP.
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The 2D FT of the GPD Hq(x, 0, t) yields the distribution q(x, b⃗⊥) in impact parameter
space for unpolarized quarks and target:

q(x, b⃗⊥) =

∫
d2∆⃗⊥
(2π)2

Hq(x, 0,−∆2⊥)e−i⃗b⊥·∆⃗⊥ , ∆⃗⊥ = p⃗
′
⊥ − p⃗⊥

E(x, 0, t) describes the transverse deformation of quark distributions in a transversely
polarized target and allows e.g. to relate the average transverse deformation to the
contribution from the corresponding quark flavor to the anomalous magnetic moment.

Access to quark OAM via Jq ≡
1
2
∆q + Lq =

1
2

∫ 1
0

dxx [Hq(x, 0, 0) + Eq(x, 0, 0)]
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Transverse Momentum Dependent distributions
TMDs represent the intrinsic (confined) motion of partons inside
the nucleon (in momentum space: x, kT).

TMDs can be accesed in SIDIS processes with single hadron or in
other semi-inclusive processes (di-hadrons, jets) in the final state.
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TMDs provide information on partons’ orbital
motion, spin-orbit correlations and color gauge
invarinace (differences between processes).

Sivers function (right): deformation of up and
down quarks TMDs - unpolarized quarks with
x = 0.1 in polarized (along y-axis) nucleon.
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Nucleon 3D Imaging Program with SoLID at Jefferson Lab Zhiwen Zhao

Figure 1: Eight leading-twist (twist-two) quark TMD PDFs for a nucleon.
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Figure 2: The experimental layout of the SoLID SIDIS setup with the 3He (left) or NH3 (right) target.
The scattered electrons are detected by both forward-angle and large-angle detectors. The leading pions are
detected by the forward-angle detector only.

single/double spin asymmetries through the SIDIS (e,e′π±) process using the SoLID spectrometer
for coincident detections of the scattered electron and the produced charged pion.

The layout of the SoLID setup for SIDIS experiments is shown in Fig. 2. It consists of two
sub-groups of detectors: at forward angle and at the large angle. The polar angular coverage is
8◦ - 15◦ for the forward-angle detector and 15◦ - 24◦ for the large-angle detector. Both of them
have a full 2π azimuthal coverage. The scattered electrons are detected by either the forward-
angle or the large-angle detectors and the produced charged pions are detected by the forward-
angle detector only. Two electromagnetic calorimeters made of Shashlyk type modules with good
resolution and high radiation tolerance are used for electron/pion separation. A 2 m long light gas

2
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Spacial imaging of quarks and gluons at the EIC

EIC will enable parton “femtoscopy” - correlating
information on parton contributions to the proton’s spin
with their transverse momentum (TMDs) and spacial
(GPDs) distributions.

The 3D parton structure (GPDs) is uncovered in DIS by
measurements of exclusive final states, wherein the proton
remains intact, e.g. DVCS and DVMP (J/ψ, φ, π, K).

Measurements at EIC will provide significant constraints at
low-x and enable extraction of as-yet unknown GPDs.
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Figure 15. Least-squares fit extraction of sea quark GPD Hsea (left) and gluon GPD HG (middle)

from a dipole ansatz (gray area surrounded by dashed curves) and an exponential ansatz (gray area

surrounded by dashed-dotted curves) using only the HERA collider data. The results of a combined

HERA/EIC fit including pseudo data for the unpolarized DVCS cross section, cf. figure 13, and the

transverse target spin asymmetry A
sin(φ−φS)
UT , cf. figure 14, using an exponential ansatz are shown

as light orange area (surrounded by solid curves). In addition for the first time the sea quark GPD

Esea could be extracted (right panel).

larger than for GPD Hsea. The uncertainties for the t-slope parameters are only about 40%

larger than for GPD Hsea and are still reasonably small. For EG already the “pomeron”

intercept parameter has a very large uncertainty, which will induce a huge normalization

uncertainty. Note also the t-slope parameters have big uncertainties, and they are also

correlated with the remaining ones. In general we found that with our conservative fitting

strategy it is impossible to access the gluonic component of GPD E from the employed set

of DVCS pseudo data. It is a standard procedure to reduce the set of parameters to those

that are not strongly correlated. This will also reduce the size of uncertainties, however,

certainly one should bear in mind that this procedure increases the theoretical bias.

In figure 15 we compare the resulting GPDs from fits to the HERA data alone and to

the combined HERA+EIC data at Q2 = 4 GeV2, xB = 10−3, and variable −t (covering

the HERA region). In the right panel one realizes that the uncertainty of the sea quark

GPD Hsea, which is to certain extent constrained by HERA data, can be strongly improved

in particular at smaller −t values. The gluon GPD HG, displayed in the middle panel,

is extracted by means of the Q2 evolution and it is rather weakly constrained by HERA

DVCS data only. Here the inclusion of stage II EIC data yields a large improvement, even

if the used lever arm in Q2, compared to HERA kinematics, is still rather limited. As em-

phasized above, information on the GPD E can only be obtained from a new lepton-proton

scattering experiment with a transversely polarized proton beam. In the right panel it is

clearly demonstrated that the sea quark component of this GPD can be extracted with

relatively small uncertainties. As explained above, from the utilized pseudo DVCS data the

gluonic component of GPD E (not shown) cannot be reliably accessed using our flexible

GPD models.

5.2 Transverse spatial imaging

One of the main goals of GPD phenomenology is to provide the transverse spatial dis-

tributions of partons as function of the momentum fraction x. The simplest proposal to

obtain a rough idea of such parton distributions is based on the Fourier transform of the
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surrounded by dashed-dotted curves) using only the HERA collider data. The results of a combined

HERA/EIC fit including pseudo data for the unpolarized DVCS cross section, cf. figure 13, and the

transverse target spin asymmetry A
sin(φ−φS)
UT , cf. figure 14, using an exponential ansatz are shown

as light orange area (surrounded by solid curves). In addition for the first time the sea quark GPD

Esea could be extracted (right panel).
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uncertainty. Note also the t-slope parameters have big uncertainties, and they are also

correlated with the remaining ones. In general we found that with our conservative fitting

strategy it is impossible to access the gluonic component of GPD E from the employed set

of DVCS pseudo data. It is a standard procedure to reduce the set of parameters to those

that are not strongly correlated. This will also reduce the size of uncertainties, however,

certainly one should bear in mind that this procedure increases the theoretical bias.

In figure 15 we compare the resulting GPDs from fits to the HERA data alone and to

the combined HERA+EIC data at Q2 = 4 GeV2, xB = 10−3, and variable −t (covering

the HERA region). In the right panel one realizes that the uncertainty of the sea quark

GPD Hsea, which is to certain extent constrained by HERA data, can be strongly improved

in particular at smaller −t values. The gluon GPD HG, displayed in the middle panel,

is extracted by means of the Q2 evolution and it is rather weakly constrained by HERA

DVCS data only. Here the inclusion of stage II EIC data yields a large improvement, even

if the used lever arm in Q2, compared to HERA kinematics, is still rather limited. As em-

phasized above, information on the GPD E can only be obtained from a new lepton-proton

scattering experiment with a transversely polarized proton beam. In the right panel it is

clearly demonstrated that the sea quark component of this GPD can be extracted with

relatively small uncertainties. As explained above, from the utilized pseudo DVCS data the

gluonic component of GPD E (not shown) cannot be reliably accessed using our flexible

GPD models.

5.2 Transverse spatial imaging

One of the main goals of GPD phenomenology is to provide the transverse spatial dis-

tributions of partons as function of the momentum fraction x. The simplest proposal to

obtain a rough idea of such parton distributions is based on the Fourier transform of the
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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 evolution 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 proton. 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].
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Transverse Momentum Dependent distributions at the EIC44

EIC √s
 = 140 GeV, 0.01 ≤ y

 ≤ 0
.95

EIC √s
 = 20 GeV, 0.01 ≤ y

 ≤ 0
.95

Current data for Collins and Sivers asymmetry:

COMPASS h±: PhT < 1.6 GeV/c
HERMES π0,±, K±: PhT < 1 GeV/c
JLab Hall-A π±: PhT < 0.45 GeV/c

JLab 12

STAR W bosons

STAR 500 GeV -1 < η < 1 Collins
STAR 200 GeV -1 < η < 1 Collins
STAR 500 GeV 1 < η < 4 Collins
STAR 200 GeV 1 < η < 4 Collins
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Figure 6.3: The kinematic coverage of the EIC for the Sivers and Collins effects in semi-
inclusive DIS compared to other experiments for two exemplary energy configurations.

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

q(x, bT) =
∫ d2∆T

(2π)2 Hq(x, ξ = 0, ∆2
T) e−i ∆T · bT , (6.4)

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

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

1 (x, kT) is used, with kT indicating the transverse quark momentum.

Significant extension of kinematic reach
at EIC for Collins and Sivers asymmetries.

Access to TMDs primarily through SIDIS
for single hadrons, as well as other semi-
inclusive processes with di-hadrons and jets.

EIC has large potentail in significantly
reduce uncertainties in TMDs for valence
quarks and provide new measurements for
sea quarks and gluons.

126 7.2. MULTI-DIMENSIONAL IMAGING OF NUCLEONS, NUCLEI, AND MESONS

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
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Spin of the nucleon
Spin (or an intrinsic angular momentum) is a fundamental property of all elementary
particles: matter particles (quarks and leptons) have a spin of 1/2 (in ℏ units), and
force carriers (like photons and gluons) have spin 1.

Spins of atoms or nuclei are well understood within the QM as the sums of the spins
and the orbital motions of their constituent objects.

We know that the spin of the nucleon is 1/2, but we do not understand how are quarks
and gluons, and their intrinsic spins distributed in space & momentum inside the nucleon.

From the current fixed target experiments, it is known that the total spin carried by
quarks and gluons does not amount to 1/2, one needs orbital angular momentum:

1
2
=
1
2

∫ 1
0
dx∆Σ(x,Q2) +

∫ 1
0
dx∆G(x,Q2) +

∫ 1
0
dx(Lq + Lg)

Physics motivations : Spin and 3D nucleon structure

9

q Advance our understanding of the dynamics and spin of quarks and gluons inside (un)polarised nucleons

Ø From the spin crisis to the spin puzzle
Ø For longitudinally polarised nucleon, with helicity +1/2:

1
2
=
1
2
ΔΣ+ΔG + ℓg + ℓq

Spin of quarks and 
antiquarks

Spin of gluons
Orbital angular
momentum of 

quarks and gluons

Ø First hint by COMPASS that
Ø Access information on the orbital motion of the partons inside bound hadrons via 

Single Spin Asymmetries (Sivers effect)
• Sivers effects : correlation between the parton transverse momentum kT and the 

proton spin
- Gluon Sivers effect at large xF with gluon sensitive probes
- Quark Sivers effect at large xF with Drell-Yan

Ø Test TMD factorization formalism à sign change of AN between SIDIS and DY

ℓg ≠ 0
M. Anselmo, Feb. 2013(Courtesy U. d’Alessio)Current status:

∆Σ ∼ 25−30%, ∆G ∼ 25−30%, Lq ?, Lg ?
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nearly two orders of magnitude for polarized e+p scattering 
and a factor of 50 for e+A collisions. Thus, a region that is 
currently terra incognita for the extraction of gluon distribu-
tions and for the study of gluon saturation will become avail-
able for precision measurements at the EIC.

Even though gluons, unlike quarks, do not couple directly 
to electromagnetic probes, we can learn about their properties 
from ‘scaling violations’. These in particular describe changes 
in quark distributions with Q2 and Bjorken x. The evolution 
of gluon distributions with Q2 extracted from these scaling 
violations is described by the DGLAP renormalization group 
equations  (RGE) [9–11] of perturbative QCD (pQCD). The 
renormalization group flow of information is towards smaller 
x and larger Q2. A wide lever arm in Q2 is essential for the 
extraction of parton distributions while a wide coverage in x 
is mandatory to access a broad dynamical regime.

We see from figure 2 that the difference between the high 
and low energy ranges shown corresponds to a factor of five 
increase in x reach for a fixed Q2, and likewise, a factor of 
five increase in Q2 reach for fixed x. DIS measurements with 
data collected in this additional area can further significantly 
constrain nuclear gluon distributions and their extrapolations 
(via DGLAP evolution) to small x.

An example of lessons from electron–proton collisions at 
HERA for the EIC is depicted in figure 3. The gluon distri-
bution is parametrized at a low momentum resolution scale 
using the HERA electron–proton inclusive reduced cross-
section (see equation (5)) data and evolved, using the DGLAP 
RGE, from this low Q2 scale towards higher Q2 at fixed x. We 
see that the next-to-next-to leading order (NNLO) DGLAP 
evolution performed by the CTEQ collaboration [8] generates 
gluon distributions to good accuracy for x = 0.1 and x = 0.01 
in the entire Q2 range plotted. However, at the smaller 
x = 10−3 and x = 10−4 values, the gluon distribution shows 
larger uncertainties, especially at the small Q2 where high 
quality data exist. The precision of low Q2 data in this case is 
ineffectual due to the lack of data at the larger Q2 where the 

DGLAP RGE is initialized and evolved from. In contrast, the 
gluon distribution at larger x values is well constrained over 
the range shown by virtue of the larger Q2 lever arm. This 
example illustrates why a greater EIC energy will not only 
improve our knowledge of the gluon distribution over a wider 
Q2 range but also more precisely in the range that is already 
accessible at lower energies.

The lesson drawn, of the importance of expanded reach in 
x and Q2, is starker and more pertinent for e+A collisions at 
the EIC. In this case, the parametrization of the data at the 
initial scale will not have the x-Q2 reach of e+p collisions at 
HERA. To illustrate this, figure  4 (left) shows the structure 
function F2 extracted for the x-Q2 reach of the fixed target 
E665 data at 

√
s = 31 GeV. Though it is for e+p data, it holds 

an important lesson for the lower e+A center-of-mass energy 
of 40 GeV. Scaling violations, the variation of F p

2 (x, Q2) with 
Q2, are clearly visible only for x � 0.01. The small x and large 

Figure 2.  Left: the range in x versus Q2, accessible with an EIC in polarized e+p collisions compared to past (CERN, DESY, SLAC) and 
existing (JLAB) facilities as well as to polarized p+p collisions at RHIC. Two different energy ranges from 22–63 GeV (hatched) and from 
45–141 GeV (beige) are indicated. Right: the kinematic acceptance in x versus Q2 of completed lepton-nucleus (DIS) and Drell–Yan (DY) 
experiments, as well as JLAB-12 (all fixed target) compared to the EIC acceptance in two energy ranges, 15–40 GeV (hatched) and from 
32–90 GeV (beige).

Figure 3.  Proton PDFs of gluons as functions of Q2 for various 
x values as derived by the CTEQ collaboration in NNLO [8].The 
bands indicate the uncertainties in our knowledge of gluon PDFs. 
They are colored in the range where the relevant DIS data (HERA) 
is available.
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Polarized DIS - spin structure functions
Unpolarized structure functions F1(x,Q2) and F2(x,Q2):
d2σ

dE′dΩ
( + ) =

8α2 cos2 (θ/2)
Q4

[ 1
ν
F2(x,Q

2) +
2
M
tg2 (θ/2)F1(x,Q

2)
]

Polarized structure functions g1(x,Q2) and g2(x,Q2):

L :
d2σ

dE′dΩ
( − ) =

4α2

MQ2
E′

νE

[
(E + E′ cos θ)g1(x,Q

2)− Q2

ν
g2(x,Q

2)

]
T :

d2σ

dE′dΩ
( − ) =

4α2 sin θ
MQ2

E′ 2

ν2E

[
νg1(x,Q

2) + 2Eg2(x,Q
2)
]

g1 ∝ − q+ quark spin ↑↑ proton mom.
q− quark spin ↑↓ proton mom.

g1(x) ≡
1
2

∑
q
e2q
(
q+(x)− q−(x)

)︸ ︷︷ ︸ = 12∑q
e2q∆q(x) ∆q(x) - quark helicity

distribution

Inclusive asymmetry: A1(x,Q
2) =

σ↑↓ − σ↑↑
σ↑↓ + σ↑↑

≈
∑
q
e2q∆q(x,Q

2)∑
q
e2qq(x,Q2)

=
g1(x,Q2)
F1(x,Q2)

Semi-inclusive asymmetry: Ah1 (x, z,Q
2) =

σh↑↓ − σh↑↑
σh↑↓ + σ

h
↑↑
≈
∑
q
e2q∆q(x,Q

2)Dhq (z,Q
2)∑

q
e2qq(x,Q2)Dhq (z,Q2)
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Spin of the nucleon from g1(x,Q2) structure function
Current polarized DIS data:

down to x ≈ 0.005, Q2 ≈ 1− 100 GeV2
5

x=5.2×10-5 (+52)

8.2×10-5 (+43)

1.3×10-4 (+36)

2.1×10-4 (+31)

3.3×10-4 (+27)

5.2×10-4 (+24)

8.2×10-4 (+21)

1.3×10-3 (+19)
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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

EIC will allow for measurement of g1
with greatly improved precision, and
in significantly extended phase space:
x ≈ 10−4 and Q2 ≈ 1− 103 GeV2

To estimate its impact on g1, EIC
pseudodata at

√
s = 45 GeV have

been included in new global DSSV fit.

ΔqNS3 ≡ ðΔuþ ΔūÞ − ðΔdþ Δd̄Þ
ΔqNS8 ≡ ðΔuþ ΔūÞ þ ðΔdþ Δd̄Þ − 2ðΔsþ Δs̄Þ
ΔΣ≡ ðΔuþ ΔūÞ þ ðΔdþ Δd̄Þ þ ðΔsþ Δs̄Þ; ð16Þ

and the� sign in Eq. (15) corresponds to scattering either a
proton or a neutron, respectively. The first 2 nonsinglet
distributions, ΔqNS3 and ΔqNS8 , evolve independently in Q2,
whereas the gluon and the singlet distribution ΔΣ are
coupled by the evolution equations.
It is worth noting that whereas ΔqNS3 could be obtained

directly from data on a linear combination of the proton and
the neutron (helium or deuterium) spin dependent structure
functions, the remaining combinations in Eq. (15) and Δg
have to be obtained indirectly, through their different scale
dependencies. The extended range both in x and Q2 of the
data results that a much more precise determination of all
the distributions can be achieved. However, it should be
kept in mind that even with an unbounded set of inclusive
data of unlimited precision, it would be impossible to
disentangle Δq from Δq̄. The latter requires data from
processes that weight quark and antiquarks differently, such
as weak interactions or processes including hadronizations,
like those probed by SIDIS, where the flavor content of the
hadron observed in the final state can discriminate between
quark and antiquark contributions.
In Fig. 6 we show the structure function g1ðx;Q2Þ as a

function of x and for a fixed value of Q2 ¼ 10 GeV2,
computed at NLO accuracy using the Monte Carlo variant
of the DSSV14 set of helicity distributions [12], which may
be taken as representative of our present knowledge. The
light cyan band represents its uncertainty for the 68% C.L.
limit. The world data on g1 is actually restricted to x >

0.004 and, consequently, below that threshold the DSSV14
expectation is just an extrapolation assuming that Δq and
Δg vanish smoothly as x → 0. The lack of data is reflected
in the very rapid growth of the uncertainty band. Overlaid
with the expectation for g1, we also show some represen-
tative EIC pseudodata points, generated for both values of
the c.m.s. energy analyzed in this study. The points are
plotted just as a reference for the corresponding ranges in x
and for the size of the expected uncertainties. Notice that
the pseudodata points occur at different values of Q2;
the selected points shown in the plot are those closest
to Q2 ¼ 10 GeV2.
The light blue band in Fig. 6 shows the uncertainty in the

structure function estimate when the inclusive DIS elec-
tron-proton pseudodata at

ffiffiffi
s

p ¼ 44.7 GeV are combined
with the DSSV14 dataset and represent the comparative
impact of the projected measurement. The darker blue band
shows the effect of reweighting the replicas with DIS
inclusive electron-proton pseudodata at

ffiffiffi
s

p ¼ 141.4 GeV
and accounts for the combined effect of both pseudodata-
sets. The reweighting yields a number of effective replicas
Neff ¼ 82 to be compared with a total of 950, which means
a very significant impact. Finally, it is worth noticing that at
very small values of x the uncertainty estimate coming from
the DSSV14 replicas happens to be smaller than those
obtained with the new replicas and their reweighting. As it
has been already pointed out above and in Ref. [12], the
world data on g1 that drive the behavior of the DSSV14
replicas is actually limited to x > 0.004 and, consequently,
below that threshold the DSSV14 expectation could be
artificially restricted by the functional form assumed to
extrapolate in the unmeasured region. On the other hand,
the new replicas are based on a much more flexible
parametrization, and their behavior is driven by pseudodata
in a much more extended kinematical region.
Even though the exact scale dependence of g1 is related

to the size and evolution the whole set of helicity distri-
butions in an extremely convoluted way, at small enough
values of x, it is linked to the gluon helicity through the
approximate relation:

∂g1ðx;Q2Þ
∂ lnQ2

≈ −Δgðx;Q2Þ; ð17Þ

it simply states that for a given value of x the larger is
the gluon helicity, the steeper is the Q2-dependence of
g1ðx;Q2Þ, and it gives a more intuitive picture of how an
improved knowledge of g1 at different scales constrains the
gluon helicity.
In Fig. 7 we present the estimate for the logarithmic

derivative of g1 and the corresponding 68% C.L. limit
uncertainty bands as a function ofQ2 for different values of
x. The values for the logarithmic derivative of g1 in Fig. 7
were estimated approximating the derivative as a ratio
between the differences of two consecutive pseudodata

FIG. 6. Helicity structure function g1ðx;Q2Þ and its 68% C.L.
band as a function of x at Q2 ¼ 10 GeV2, calculated with the
Monte Carlo variant of DSSV14. We include some the pseudo-
data points of g1 for the two c.m.s. energies and their expected
experimental uncertainties.
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Polarized d / 3He will allow for
measurement of g1 in neutron.
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Spin of the nucleon at EIC

Estimation of quark contribution to proton spin requires integration of g1(x) from 0 to 1

g1 is also sensitive to gluon contribution ∆g at higher orders via scaling violations:

the
ffiffiffi
s

p ¼ 44.7 GeV pseudodataset (light blue) and, after
reweighting, the latter with the

ffiffiffi
s

p ¼ 141.4 GeV set
(darker blue). As anticipated, the impact on the gluon
helicity uncertainty is very significant, not only at very low
values of momentum fraction where the DSSV14 is
basically unconstrained, but also at intermediate values,
where in spite of the availability of inclusive DIS data in the
DSSV14 data, the gluons are still largely unconstrained.
The impact of the combined high and low c.m.s. energy
configurations is a reduction in the uncertainty roughly by a
factor between three and four and pushes the growth of the
uncertainty bands one decade lower in x, which eventually
happens when the pseudodata become scarce or have less
span in Q2.
Similar considerations are in order regarding the impact

of DIS pseudodata on the singlet quark helicity distribution

ΔΣ, which is shown in Fig. 9. In this case, however, the
distribution is already much better constrained by fixed-
target DIS experiments integrated in the DSSV14 analysis.
Nevertheless, the impact of the much more precise EIC
pseudodata is very significant. Notice that the increased
flexibility implemented in the new replica set yield wider
bands than those obtained with the DSSV14 set of Ref. [12]
at very low-x.
For completeness in Fig. 10 we show the helicity

distributions Δuþ Δū, Δdþ Δd̄ and Δsþ Δs̄. As in
the case of ΔΣ, there is a significant improvement com-
pared to the DSSV14 analysis in the region of x where both
data and pseudodata overlap (x > 0.001). This region
combines the precision of EIC pseudodata with the flavor
discriminating power of the original DSSV14 dataset.
Again, the difference between the two c.m.s. energy
configurations is not as relevant as in the case of the gluon
helicity because the flavor separation has already been
achieved, except at very low-x. As usual, the Δuþ Δū
distribution is much better constrained than those for the
other flavors. This feature can be simply traced back to the
electric charge factor for u quarks in the proton structure
function g1, which is four times larger than those for d and s
quarks. On the other hand, the latter show rather similar
uncertainties at very small-x. It is noted that both in
DSSV14 and in the variants enhanced with EIC pseudodata
we assume Δs ¼ Δs̄.
Rather than the total quark helicities, the quark flavor

singlet combination ΔΣ, or the gluon helicity distribution
Δg, and their moments, i.e., their integrals over the parton
momentum fraction, have a much more simple and intuitive
interpretation: the net contribution of quarks and gluons to
the proton spin. It is very instructive then to check how well
determined are these quantities and how their values and
corresponding uncertainty estimates depend on the range of

FIG. 9. The same as Fig. 8 but for the singlet quark helicity ΔΣ
and its uncertainty bands.

FIG. 10. Impact of the projected EIC DIS data on the total quark helicity distributions Δuþ Δd̄, Δdþ Δd̄ and Δsþ Δs̄, respectively.
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 data at

ffiffiffi
s

p ¼ 141.4 GeV.
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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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∆g ∝ ∂g1(x,Q2)
∂ logQ2

Sensitivity to sea quarks helicities via SIDIS
measurements with pions and kaons through
measurements of semi-inclusive asymmetries
Aπ

−
1 (∆ū), A

π+

1 (∆d̄), A
K
1 (∆s)

Improved constraints on the spin of quarks/gluons
will further constrain contribution of orbital angular
momentum (OAM) of partons to the proton spin.

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.

BORSA, LUCERO, SASSOT, ASCHENAUER, and NUNES PHYS. REV. D 102, 094018 (2020)

094018-14

M. Przybycień (AGH University) ePIC Experiment Physics Program Krakow, 8 -12.01.2024 18 / 27



Parton distribution functions (PDFs) in the proton
Gluon density at low-x is strongly rising - what tames this rise?
Black disk limit for scattering on a sphere: σtot ¬ πR2

In QCD - Froissart-Martin unitarity bound: σtot ∝ ln2 s
From BFKL growth of gluon density: σtot ∝ sλ
clearly violates F-M bound at high energy.
Saturation scale Q2S(x): scale at which gluon emission and recombination become
comparable (BK-JIMWLK evolution, non linear).

Gluons start to overlap (MV model):
αs
Q2

xG(x,Q2) = πR2p ⇒ lnQ2S(Y ) = λY

is characterised by new effects such as Q2 dependences which differ fundamentally from the
usual logarithmic variations and diffractive cross sections approaching 50% of the total [14].
Applying the black body bound to the inelastic cross section for the interaction of a colour
dipole, formed from a → qq̄ splitting, leads to an approximate constraint on the gluon
density xg(x,Q2) < Q2/αs [15], comparable to expectations for the gluon at the lo est LHeC
x values. “Parton saturation” effects are therefore expected in the lo x region at the LHeC.

Although no conclusive saturation signals have been observed in parton density fits to ex-
isting HERA data, hints have been obtained by fitting the data to dipole models [16–20], which
are applicable at very lo Q2 values, beyond the range in which quarks and gluons can be
considered to be good degrees of freedom. The typical conclusion [19] is that HERA data in
the perturbative regime do not exhibit any evidence for saturation. Ho ever, when data in the
Q2 < 1 GeV2 region are included, only models which include saturation effects are successful.
Similar conclusions have been reached by studying the change in fit quality in the NNPDF NLO
QCD PDF fit framework as lo x and Q2 data are progressively omitted [21].

(a) (b)

Figure 2: (a) Geometric scaling plot for protons and for nuclei (see text for details). (b)
Illustration of the DIS kinematic plane, showing the transition to the saturation region.

The ‘geometric scaling’ [22] feature of the data reveals that to good approximation the
lo x cross section is a function a single variable τ = Q2/Q2

s(x), where Q2

s = Q2

0
x−λ is an x

dependent ‘saturation scale’. This parameterisation orks ell for scattering from both protons
and heavy ions, as shown in Figure 2a [23]. An interpretation of this feature is that the cross
section is invariant along lines of constant ‘gluon occupancy’ or ‘blackness’. As illustrated in
Figure 2b, such lines are diagonals in the ln 1/x v lnQ2 kinematic plane, due to t o competing
effects in the growth of the blackness: increasing parton densities as x decreases and dilution of
the system as Q2 grows and the resolution improves. When viewed in detail, there is a change
in behaviour in the geometric scaling plot, Figure 2a, near τ = 1, which has been interpreted
as a transition to the saturation region shown in Figure 2b. Ho ever, data with τ < 1 exist
only at very lo non-perturbative, Q2 values to date, precluding a partonic interpretation.

Whether or not the lo Q2 HERA saturation signal is confirmed, a central aim of the LHeC
programme is to observe ho unitarisation impacts on the proton structure. Understanding
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High energy limit of QCD - Color Glass Condensate (CGC)
What happens to the gluon density at high energy? Does gluon recombination leads to
saturation in to a gluonic form of matter of universal properties?

Non-linear evolution equation (BK):

∂N(x, rT )
∂ ln (1/x)

= αsKBFKL ⊗N(x, rT ) − αs [N(x, rT )]2
splitting recombination

many new
smaller partons
are produced

Proton

(x, Q2)

Proton

(x0, Q2)

x0 >> x

Low Energy High Energy

parton

“Color Glass Condensate” 
αs << 1αs ∼ 1 ΛQCD

know how to 

do physics here?

m
a

x
. 
d

e
n

s
it
y

Qs

kT

~ 1/kT

k
T
 φ

(x
, 

k
T2
)

Color gluons have color,
Glass created from “frozen” random color source, that evolves slowly compared to

natural time scale,

Condensate High density! occupation number ∼ 1/αs at saturation.
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Access to gluon saturation via electron-ion collisions
Gluon density per unit of transverse area:

n ∝ xg(x,Q2)
/
πR2

Cross section for gluon recombination: σ ∝ αs
/
Q2

Boost

R ∝ A1/3

Saturation: 1 < nσ ⇒ Q2 < Q2S(x) ∝ A1/3
(
1
x

)λ
where λ = 0.2− 0.3.
Saturation regime is accessible at much lower
energy in e+A collisions than ep collisions. Report on Progress

8

explanation of this effect is that the multiple scattering of par-
tons depletes the lower pT  part of the spectrum and shifts their 
average momenta to higher pT .

At RHIC, for 
√

sNN = 200 GeV, RCP ∼ 0.2—a decrease of 
a factor of 5 from unity. The observation of this large suppres-
sion indicated that high pT  partons were suffering significant 
energy loss in their interactions with the medium and thereby 
provided strong evidence that a QGP had been created. More 
differential measurements, fortified by more refined theory 
computations of jet quenching, have subsequently reinforced 
the early role played by RCP and RAA  as the key measure-
ments in the discovery of the strongly interacting QGP.

While jet quenching is unambiguous at 
√

sNN = 200 GeV, 
it is also noteworthy in retrospect that quenching is seen mar-
ginally at 

√
sNN = 39 GeV and more clearly at 

√
sNN = 62.4 

GeV. However, the evidence for this result requires significant 
pT  reach; quenching is seen clearly only above pT = 3 GeV. 
Since physics at higher pT  is luminosity hungry, it took over 
a decade of further running and a beam energy scan to obtain 
the beautiful systematic behavior established by figure 5.

Increasing the energy of the ion beams beyond the original 
design values is prohibitively expensive. Consequently, it was 
important that RHIC’s design energy enabled a ‘day one’ dis-
covery. Note that the suppression of RCP shown in figure 5 is 
maximal at the highest RHIC energy and is not exceeded by 
data from the LHC, as also shown in the figure. The fact that 
the highest RHIC energy saturates jet quenching is remark-
able and was not anticipated in early models of jet quenching.

Continual luminosity upgrades, resulting from experience 
with the RHIC accelerator, have led over time to more than a 
forty-fold increase in luminosity over its design value. This 
experience appears to be a generic feature of high energy col-
liders. In addition, the RHIC collider has shown tremendous 
versatility in running at a variety of energies, employing ion 
species from the lightest ions to Uranium. This versatility, and 
the implementation of electron cooling of heavy-ion beams to 
further increase the luminosity in RHIC’s BES II phase, is key 
to sustaining its future discovery potential.

RHIC was the world’s first heavy-ion collider; the EIC will 
be the world’s first electron–nucleus and polarized electron-
polarized proton collider. A key lesson from RHIC’s success 
and future potential in exploring the ‘hot and dense QCD’ 
phase diagram is that the discovery of similarly novel many-
body dynamics in the QCD landscape sketched in figure  1 

requires a significant energy range and reach well beyond 
those of prior fixed-target DIS machines.

In a DIS collider, the kinematic equivalent of varying 
the center-of-mass energy in heavy-ion collisions is the 
expanded range in the Bjorken variable x for fixed Q2. In 
polarized electron-polarized proton collisions, for fixed 
Q2, the reach in x at the highest proposed EIC energy is two 
orders of magnitude greater than at fixed-target DIS experi-
ments. For DIS collisions off heavy nuclei, at fixed Q2, the 
range in x is a factor of 50 greater than available at fixed-
target machines. This extended reach and range is compa-
rable to that of RHIC relative to prior fixed-target heavy-ion 
experiments. We shall now demonstrate, with a simple case 
study, the utmost importance of energy range and reach for 
the physics of gluon saturation.

2.6.  Case study: accessing the saturation regime

In figure 6, the saturation scales Q2
s  for e+A collisions at an 

EIC, with two different maximal 
√

s , are compared to the val-
ues achievable in e+p collisions at HERA. The first point to 
note is that the projected saturation scales in e+A collisions 
at both EIC energies are significantly larger than those in e+p 
collisions, even though the HERA 

√
s  value is approximately 

eight times greater than the lower EIC energy. This enhance-
ment of Q2

s  in nuclei is a striking consequence of the high 
energy DIS probe interacting simultaneously with partons in 
different nucleons along its path through the nucleus.

We also observe that the maximal Q2
s  in e+A collisions at 

the EIC is approximately 50% larger for the higher energy of √
smax = 90 GeV, compared to 

√
smax = 40 GeV. The dif-

ference in Q2
s  may appear relatively mild but we will dem-

onstrate in the following that this difference is sufficient to 
generate a dramatic change in DIS observables with increased 
center-of-mass energy. This is analogous to the message from 
figure 5 where we clearly observe the dramatic effect of jet 
quenching once 

√
sNN  is increased from 39 GeV to 62.4 GeV 

and beyond.
To compute observables in DIS events at high energy, it 

is advantageous to study the scattering process in the rest 
frame of the target proton or nucleus. In this frame, the scat-
tering process has two stages. The virtual photon first splis 
into a quark–antiquark pair (the color dipole), which subse-
quently interacts with the target [22–26]. This is illustrated 

Figure 6.  Accessible values of the saturation scale Q2
s  at an EIC in e+A collisions assuming two different maximal center-of-mass 

energies. The reach in Q2
s  for e+p collisions at HERA is shown for comparison.
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Measurement of saturation at the EIC

Observables: di-hadrons, di-jets in ep and e+A,
photon+jet/di-jet, also in diffraction, ...

To directly probe the Weizsäcker-Williams (WW)
gluon distribution and gluon saturation effects at low
x, one can measure the azimuthal angle difference
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

dσ(γ⋆+A→h1+h2+X)
dz1 dz2 d2pT,1 d

2pT,2
∝ F(xg, qT)⊗

H(zq, kT,1, kT,2)⊗Dq(z1/zq, pT,1)⊗Dq(z2/zq, pT,2)

Due to saturation, the WW gluon TMD can provide
additional transverse momentum broadening to the
back-to-back correlation and cause disappearance of
the away-side peak when saturation is overwhelming.

Clear differences between the ep and eA: suppression
of the correlation peak in eA due to saturation effects.

EIC will allow to unambiguously map the transition
from a non-saturated to saturated regime.

CHAPTER 2. THE SCIENCE CASE 19

√
s = 90 GeV

ptrigT > 2 GeV

ptrigT > passocT > 1 GeV

0.2 < ztrigh , zassoch < 0.4
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Figure 2.9: A saturation model prediction of the hadron-hadron correlation function C(∆ϕ)
to be measured in e+p and e+A collisions at EIC plotted versus the azimuthal angle ∆ϕ [8]:
the away side peak at ∆ϕ = π decreases as one goes from e+p to e+A due to the increase
in the saturation scale with A. The ranges of transverse momenta (pT ) and longitudinal
momentum fractions (zh) of the trigger and associate hadrons are specified in the plot.

The angle between the two hadrons h1 and h2 in the azimuthal plane, ∆ϕ, is sensitive to the
transverse momentum of gluons to and their self-interaction — the mechanism that leads
to saturation. The experimental signature of saturation is a progressive suppression of the
away-side (∆ϕ = π) correlations of hadrons with increasing atomic number A at a fixed
value of x, as demonstrated in Fig. 2.9. Diffraction and diffractive particle production in
e+A scattering is another promising avenue to establish the existence of saturation and to
study the underlying dynamics. Diffraction entails the exchange of a color-neutral object
between the virtual photon and the proton remnant. As a consequence, there is a rapidity
gap between the scattered target and the diffractively produced system. At HERA, these
types of diffractive events made up a large fraction of the total e+p cross-section (10–
15%). Saturation models predict that at the EIC, more than 20% of the cross-section
will be diffractive. In simplified terms, since diffractive cross-sections are proportional to
the square of the nuclear gluon distribution, σ ∝ g(x,Q2)2, they are very sensitive to the
onset of non-linear dynamics in QCD. An early measurement of coherent diffraction in e+A
collisions at the EIC would provide the first unambiguous evidence for gluon saturation.

2.4.2 Quarks and Gluons in the Nucleus

Propagation of a Fast Moving Color Charge in QCD Matter

The EIC will address not only many outstanding questions about hadron structure, in-
cluding the qualitatively new constraints on parton dynamics in saturation, as described
earlier, but also will make substantial progress in our understanding of hadron formation,
including parton propagation through nuclear matter. In the standard regime of pertur-

Report on Progress
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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 dependence 
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
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Nuclear shadowing
How quarks and gluon distributions in the proton
get modified in nuclei?

Measure the ratio of cross section on a nucleus to
the proton (scaled by mass number A):

RAF2(x,Q
2) =

FA2 (x,Q
2)

A · F nucleon2 (x,Q2)

General features of RAF2(x,Q
2) behaviour:

R368 Topical Review

k

k’

q

l

l

A
XAp

Ap’

Figure 1. Diagram of leptoproduction on a nucleus through virtual photon exchange.

x

A
2FR

0.1      0.3 0.8

1

shadowing

antishadowing
EMC

Fermi
motion

Figure 2. Schematic behaviour of RA
F2

(x, Q2) as a function of x for a given fixed Q2.

data exist):

l(k) + A(Ap) −→ l(k′) + X(Ap′),

q = k − k′, W 2 = (q + p)2, x = −q2

2p · q
= −q2

W 2 − q2 − m2
nucleon

,
(2)

see figure 1. The variable x has the meaning of the momentum fraction of the nucleon in the
nucleus carried by the parton with which the photon has interacted. Q2 = −q2 > 0 represents
the squared inverse resolution of the photon as a probe of the nuclear content. And W 2

is the centre-of-mass-system energy of the virtual photon–nucleon collision (lepton masses
have been neglected and mnucleon is the nucleon mass), see e.g. [3] for full explanations.
The nucleon structure function is usually defined through measurements on deuterium,
F nucleon

2 = F deuterium
2

/
2, assuming nuclear effects in deuterium to be negligible.

The behaviour of RA
F2

(x,Q2) as a function of x for a given fixed Q2 is shown schematically
in figure 2. It can be divided into four regions2:

• RA
F2

> 1 for x � 0.8: the Fermi motion region.

• RA
F2

< 1 for 0.25–0.3 � x � 0.8: the EMC region (EMC stands for European Muon
Collaboration).

• RA
F2

> 1 for 0.1 � x � 0.25–0.3: the antishadowing region.

• RA
F2

< 1 for x � 0.1: the shadowing region.

2 Note that the deviation of the nuclear F2-ratios from one in all four regions of x is sometimes referred to as the
EMC effect. I use this notation only for the depletion observed for 0.25–0.3 � x � 0.8.

Fermi motion: for x ≳ 0.8 - due to motion of bound nucleons inside the nucleus.
EMC region (EMC effect): for 0.3 ≲ x ≲ 0.8 - discovered by the EMC Collaboration.

Possible explanation: Short range correlations
between nucleons, most nucleons are not
modified but some experiencing SRC are
modified (about 20%).

Antishadowing: RAF2 > 1 for 0.1 ≲ x ≲ 0.3
- momentum sum rule (?)

Shadowing: RAF2 < 1 for x ≲ 0.1
Shadowing inreases with increasing A and with
decreasing x.
Shadowing decreases with increasing Q2.

the CGC [2] describing both the bremsstrahlung limit of
linear small x evolution as well as nonlinear renormaliza-
tion group evolution at high parton densities, combined
with a realistic b dependence, is better captured in the
bCGC model [11,12]. Both the IPsat model and the
bCGC model provide excellent fits to a wide range of
HERA data for x � 0:01 [12,13]. We now discuss the
possibility that DIS off nuclei can distinguish, respectively,
between these ‘‘classical CGC’’ and ‘‘quantum CGC’’
motivated models.

A straightforward generalization of the dipole formal-
ism to nuclei is to introduce the coordinates of the individ-
ual nucleons fb?ig. One obtains in the IPsat model,

 

d�Adip

d2b?
� 2

�
1� e�r

2F�x;r�
P

A
i�1

Tp�b?�b?i�
�
; (4)

where F is defined in Eq. (3). The positions of the nucleons
fb?ig are distributed according to the Woods-Saxon distri-
bution TA�b?i�. We denote the average of an observable O
over fb?ig by hOiN �

RQA
i�1 d

2b?iTA�b?i�O�fb?ig�. The
average differential dipole cross section is well approxi-
mated by [9]

 

�d�Adip

d2b?

�
N

 2

�
1�

�
1�

TA�b?�
2

�pdip

�
A
�
; (5)

where, for large A, the expression in parentheses can be
replaced by exp�� ATA�b?�

2 �pdip� [14]. All parameters of the
model come from either fits of the model to ep data or from
the Woods-Saxon distributions; no additional parameters
are introduced for eA collisions. The same exercise is
repeated for the bCGC model.

In Fig. 1 (left), we compare the prediction of the IPsat
and bCGC models with the experimental data [15] on
nuclear DIS from the New Muon Collaboration (NMC)
[16]. Figure 1 (right) shows that the x dependence of
shadowing for fixed Q2 in the IPsat model is very flat.

This is because the best fit to ep data in DGLAP-based
dipole models [8,9] is given by a very weak x dependence
at the initial scale �2

0. A stronger x dependence also for
large dipoles, such as in the GBW or bCGC models, gives a
stronger x dependence of shadowing at fixedQ2. As shown
in Fig. 1 (center), both the IPsat and bCGC models predict
strong Q2 dependence (at fixed x) for shadowing. It is this
latter effect which is primarily responsible for the shadow-
ing effect seen in the NMC data. Precision measurements
of FA2 =AF

p
2 would shed more light on the relative impor-

tance of Q2 and x evolution in this regime.
We now turn to a discussion of the A and x dependence

of the saturation scale. In a simple GBW-type model,
inserting a �-function impact parameter dependence

into Eq. (5) yields the estimate Q2
s;A 
 A1=3 R

2
pA2=3

R2
A
Q2
s;p 


0:26A1=3Q2
s;p for 2�R2

p 
 20 mb and RA 
 1:1A1=3 fm.
The smallness of Q2

s;A=Q
2
s;p, due to the constant factor

�0:26 has sometimes been interpreted [9,17,18] as a
weak nuclear enhancement of Qs. We argue here that de-
tailed considerations of QCD evolution and the b depen-
dence of the dipole cross section result in a significantly
larger nuclear enhancement of Qs.

The effect of QCD evolution onQs;A in the IPsat nuclear
dipole cross section is from the DGLAP-like growth of the
gluon distribution. The increase in the gluon density with
increasing Q2 and decreasing (dominant) dipole radius r
causes Qs to grow even faster as a function of A. This is
seen qualitatively for two different nuclei, A and B (with
A> B), in a ‘‘smooth nucleus’’ approximation of Eq. (4)
whereby

PA
i�1 Tp�b? � b?i� is replaced by ATA�b?�. We

obtain

 

Q2
s;A

Q2
s;B

�
A
B
TA�b?�
TB�b?�

F�x;Q2
s;A�

F�x;Q2
s;B�
�
A1=3

B1=3

F�x;Q2
s;A�

F�x;Q2
s;B�

: (6)

The scaling violations in F imply that, as observed in
Refs. [9,19], the growth of Qs is faster than A1=3. Also,
because the increase of F with Q2 is faster for smaller x,
the A dependence of Qs is stronger for higher energies. In
contrast, the dipole cross section in the bCGC model
depends only on the ‘‘geometrical scaling’’ combination
[20] rQs�x� without DGLAP scaling violations and there-
fore does not have this particular nuclear enhancement
[22]. Precise extraction of the A dependence of Qs will
play an important role in distinguishing between ‘‘classi-
cal’’ and ‘‘quantum’’ evolution in the CGC.

A careful evaluation shows that because the density
profile in a nucleus is more uniform than that of the proton,
the saturation scales in nuclei decrease more slowly with b
than in the proton. The dependence of the saturation scale
on the impact parameter is plotted in Fig. 2. The saturation
scale in gold nuclei at the median impact parameter for the
total cross section bmed: is about 70% of the value at b � 0;
in contrast,Q2

s;p�bmed:� is only�35% of the value at b � 0.
The A dependence of the saturation scale for various x is

shown in Fig. 3, for the IPsat model on the left and the
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Nuclear structure - impact of the EIC

Precise measurement of nPDFs for
wide range of nuclei and wide
kinematic range with negligible stat.
uncertainties and syst. uncertainties
of few percent.

σr(x,Q2) =
= F2(x,Q2)− y2

1+(1−y)2FL(x,Q
2) Report on Progress
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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.
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Significant impact of the charm cross section
on the gluon nPDF at high-x.
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Figure 17.  Left: kinematic reach in x and Q2 for three EIC center-of-mass energies with 0.01 � y � 0.95. The filled circles represent the 
projected CC DIS coverage for 

√
s = 141 GeV and the shaded region gives the extent of HERA CC data. Right: integrated unpolarized CC 

DIS cross-section for electron–proton and electron–neutron (dashed line) scattering at NLO accuracy as a function of center-of-mass energy 
for Q2 > Q2

min and 0.01 � y � 0.95.

Figure 19.  Charm pair production via photon–gluon fusion.

Figure 18.  Nuclear parton distribution functions of gluons as functions of Q2 for various x values obtained by multiplying the gluon 
distribution in the proton extracted by the CTEQ collaboration to NLO [8] with the nuclear modification ratio for gluons extracted by 
EPPS16 [65]. The PDFs are cut off at the kinematic limits imposed by the indicated energies of 

√
s = 40 GeV (left) and 90 GeV (right), 

proposed for e+A collisions at an EIC. We will show later in figure 24 that these uncertainties will be greatly constrained by EIC data. For 
instance, at x = 10−3 they are reduced by a factor of ∼5.

Figure 20.  Fraction of statistical uncertainty over total uncertainty 
in measuring the reduced cross-section at 

√
s = 89.4 GeV in bins of 

x and Q2. The assumed systematic uncertainty is 1.6%.

Rep. Prog. Phys. 82 (2019) 024301
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EIC - best place to study diffraction in 21th century
Diffraction in the ep or e+A collisions proceeds via
exchange of a color neutral object called Pomeron
(two gluons in the lowest pQCD order).

Define additional (to DIS) kinematic variables:

xIP =
q · (p− p′)

q · p ≈ Q2 +M2X
Q2 +W 2

β =
Q2

2q · (p− p′) =
x

xIP
≈ Q2

W 2 +M2X

Diffractive processes are most sensitive to the
underlying gluon distribution and give access to
the spacial distribution of gluons in nuclei.

Production of (heavy) VM sensitive to saturation
effects in nuclei.

Special detection techniques required (Roman Pot
detectors for scattered protons and ZDC for
excited nuclei).

Prediction for EIC: TeV electron hits a nucleus
with binding energy of ∼ 8 MeV/nucleon - nucleus
remains intact in at least 1 in 5 events!

k

k'

p'
p

q

gap

Mx

1 10
0

0.5

1

1.5

2

2.5

3

R
a

tio
 o

f 
d

iff
ra

ct
iv

e
-t

o
-t

o
ta

l c
ro

ss
-

se
ct

io
n

 f
o

r 
e

A
u

 o
ve

r 
th

a
t 

in
 e

p

non-saturation model (LTS)

saturation model

stat. errors & syst. uncertainties enlarged (× 10)

Q2 = 5 GeV2

x = 3.3×10-3

eAu stage-I

Mx
2 (GeV

2
)

∫Ldt = 10 fb-1/A 

M. Przybycień (AGH University) ePIC Experiment Physics Program Krakow, 8 -12.01.2024 25 / 27



Diffraction at the EIC
Exclusive VM production as a probe of saturation:

e
e′

γ⋆

ρ, φ, J/ψ~r

1−z

z

(1−z)~r

p,A p′,A′

t

~b
lcoh ≈ 1

2mNx

for x≈10−3 get

lcoh≈100 fm

Coherent collisions (nucleus stays intact) depend on
the shape of the source (provide average distribution).

Incoherent collisions (nucleus breaks up) provide
information on the fluctuations of the source.

Coherent distributions can be used to obtain
information about the gluon distribution in the
impact parameter space:

F (b) =

∫ ∞
0

dq q

2π
J0(qb)

√
dσcoherent

dt

J/ψ is smaller, less sensitive to saturation effects.

φ meson is larger, more sensitive to saturation effects.
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Summary

The EIC will be the first high-luminosity e+ p/A collider with polarized both
projectile and target and with a large kinematic coverage.

The EIC project is on schedule - the ePIC Collaboration was formed to build the
first EIC detector and implement the science potential of the EIC.

The ePIC detector design is mature and uses innovative technologies.
A Technical Design Report (TDR) is planned to be ready in this year.

EIC will be a superb “stereoscopic camera”, which allows us to depict the 3D
internal structure of protons and heavy nuclei with unprecedented precision and
significantly advance our knowledge of hadron structure.

Main physics topics to be explored at the EIC are nucleon structure - full 3D
momentum and spatial structure, as well as its spin structure, the origin of
hadron mass, and study of dense partonic systems in nuclei, diffraction,
saturation, hadronization, and many more.

EIC science program will profoundly impact our understanding of the most
fundamental inner structure of the matter.

More details on EIC science and detector requirements in EIC Yellow Report

Thank you for your attention!
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Physics opportunities beyond the EIC’s core science
Snowmass 2021 White Paper: Electron Ion Collider for High Energy Physics
New Studies with proton or neutron target:
Impact of precision measurements of unpolarized PDFs at high x/Q2, on
LHC-upgrade results(?)

Precision calculation of αs: higher order pQCD calculations, twist-3.

Heavy quark and quarkonia (c, b quarks) studies with 100-1000 times lumi of HERA
and with polarization.

Polarized light nuclei in the EIC.

Physics with nucleons and nuclear targets:
Quark Exotica: 4,5,6 quark systems...? Much interest after recent LHCb results.
Physics of and with jets with EIC as a precision QCD machine:
Jets as probe of nuclear matter & internal structure of jets: novel new observables, energy
variability.

Entanglement, entropy, connections to fragmentation, hadronization and confinement.

Precision electroweak and BSM physics:
Electroweak physics & searches beyond the SM: parity, charge symmetry, lepton
flavor violation.

LHC-EIC synergies & complementarity.

Study of universality: e+p/A vs. p+A, d+A, A+A at RHIC and LHC.
M. Przybycień (AGH University) ePIC Experiment Physics Program Krakow, 8 -12.01.2024 29 / 27
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Schedule of the EIC project
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Schedule for the ePIC project-detector
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The legacy of HERA

H1 and ZEUS Coll., EPJ C75 (2015) 580

Reduced cross section:
σr(x,Q

2) = F2(x,Q
2)−

− y2

1 + (1− y)2FL(x,Q
2)

Covers five orders of
magnitude in x and Q2.

Consistency with old
fixed-target data.

Scaling with Q2 at x ∼ 0.1
& scaling violation elsewhere.

Splitting at high Q2 results
from γ−Z interference term.
Crucial input to PDF fits:
any parton at given (x, Q2)
can be source of partons
at x′ < x and (Q′)2 > Q2.

PDFs are universal -
factorization of long and
short distance physics.
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Picture of the proton in pQCD

Proton structure is embedded
in the quark and gluon PDFs.

Gluons dominate for x ≲ 0.1

So far we have only the
longitudinal information.

Need transverse information
to understand the full structure
of the proton at high energies.

Eur. Phys. J. C (2015) 75 :580 Page 63 of 98 580
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Fig. 80 The combined HERA data for inclusive CC e+ p and e− p
reduced cross sections at

√
s = 318 GeV with overlaid predictions of

HERAPDF2.0 NNLO. The bands represent the total uncertainty on the
predictions
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Fig. 81 The combined HERA data for the inclusive NC e+ p and e− p
reduced cross sections together with fixed-target data [107,108] and
the predictions of HERAPDF2.0 NLO. The bands represent the total
uncertainties on the predictions. Dashed lines indicate extrapolation
into kinematic regions not included in the fit
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Fig. 82 The combined HERA data for the inclusive NC e+ p and e− p
reduced cross sections together with fixed-target data [107,108] and
the predictions of HERAPDF2.0 NNLO. The bands represent the total
uncertainties on the predictions. Dashed lines indicate extrapolation
into kinematic regions not included in the fit
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Scattered electron reconstruction
Example: scattered electron reconstruction

9/28/2023 10

𝜂 = −3.13

𝜂 = −1.32

𝜂 = 0

𝑄2 = 𝑠𝑥𝑦

Low y

Reconstruction of xB using the scattered electron
becomes impossible (due to 1/y dependence).
The detector needs to use information from the
hadronic final state to reconstruct xB . This
requires good energy and pT resolution in the
hadronic endcap.

High y

Large photoproduction bkgr.
to DIS electron and large QED
radiative corrections.
Detector needs very good
electron identification at
low/moderate momenta, and
the ability to reconstruct the
total E − pz for the event.
Intermediate y / lower Q2

Scattered electron goes into
endcap - i.e. it has small
scattering angle w.r.t. electron
beam, and large momentum.
Detector needs very good
tracking and EMCal resolution
in the endcap, allowing tracker
momentum and calorimeter
energy to complement each
other.
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Cutaway view of the ePIC detector
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General requirements for the ePIC detector
Large rapidity coverage of central detector + specialized FF & FB detection systems.

Hermetic coverage of tracking, electromagnetic & hadronic calorimetry.

High precision low mass tracking and high performance PID for π, K, and p, separation.

High control of systematics (luminosity monitors, electron & hadron polarimetry).
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ePIC tracking system and particle identification
MPGD and AC-LGAD TOF detectors provide
additional hit points for track reconstruction,
fast timing (∼ 20 ps) hits for background rejection.Tracking performance

9/28/2023 20

Tracking performance

9/28/2023 20
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ePIC detector design – tracking

Inner Barrel (IB)
o Two curved silicon vertex layers
o One curved dual-purpose layer
o 0.05% X/X0 per layer

Outer Barrel (OB)
o One stave-based sagitta layer
o One stave-based outer layer
o 0.55% X/X0 per layer

Electron/Hadron Endcaps (EE, HE)
o Five disks on either side of the Interaction Region
o 0.24% X/X0 per layer

Full tracking system: Silicon Vertex Tracker 
(SVT) + MPGDs + AC-LGAD TOFs detectors

SVT

65 nm MAPS technology (ALICE ITS3)
O(20x20 μm2) pixel size
Total active area of 8.5 m2

MPGDs and AC-LGADs provide
o additional hit points for track reconstruction
o fast timing hits for background rejection (~10-20 ns)

Silicon Vertex Tracker (SVT)
Inner Barrel (IB) Outer Barrel (OB)

2 curved silicon vertex layers 1 stave-based sagitta layer
1 curved dual-purpose layer 1 stave-based outer layer
Electron/Hadron Endcaps (EE, HE) - 5 disks on each side of IP

High-Performance DIRC (hpDIRC)
Quartz bar radiator; MCP-PMTs sensors.
π/K separation up to 6 GeV/c.
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ePIC detector design – PID

Proximity Focused (pfRICH)
o Long Proximity gap  (~40 cm)
o Sensors: HRPPDs (also provides timing)
o π/K separation up to 10 GeV/c
o e/π separation up to 2.5 GeV/c

AC-LGAD TOF
o t = ~30 psec / s = 30 μm
o Accurate space point for tracking
o forward disk and central barrel

Dual-Radiator RICH (dRICH)
o C2F6 Gas Volume and Aerogel
o Sensors: SiPMs tiled on spheres
o π/K separation up to 50 GeV/c

High-Performance DIRC
o Quartz bar radiator (reuse BaBAR 

bars)
o Sensors: MCP-PMTs
o π/K separation up to 6 GeV/c
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ePIC detector design – PID

Proximity Focused (pfRICH)
o Long Proximity gap  (~40 cm)
o Sensors: HRPPDs (also provides timing)
o π/K separation up to 10 GeV/c
o e/π separation up to 2.5 GeV/c

AC-LGAD TOF
o t = ~30 psec / s = 30 μm
o Accurate space point for tracking
o forward disk and central barrel

Dual-Radiator RICH (dRICH)
o C2F6 Gas Volume and Aerogel
o Sensors: SiPMs tiled on spheres
o π/K separation up to 50 GeV/c

High-Performance DIRC
o Quartz bar radiator (reuse BaBAR 

bars)
o Sensors: MCP-PMTs
o π/K separation up to 6 GeV/c

Proximity Focused (pfRICH)
Long Proximity gap (∼ 40 cm)
Sensors: HRPPDs (also provides timing)
e/π (< 2.5 GeV/c), π/K (< 10 GeV/c)

Dual-Radiator RICH (dRICH)
C2F6 Gas Volume and Aerogel.
Sensors: SiPMs tiled on spheres.
π/K separation up to 50 GeV/c
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ePIC electromagnetic calorimetry

9/28/2023 24

ePIC detector design – electromagnetic calorimetry

Electron Endcap EMCal
PbWO4 crystals 

All calorimeters read with SiPMs

Hadron Endcap EMCal

High granularity W-powder/SciFi EMCalBarrel Imaging EMCal
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ePIC hadronic calorimetry

Introduction - backward HCal

Requirements: https://eic.jlab.org/Requirements/

A future backward HCal shall provide functionality of a tail catcher for the high
resolution e/m calorimeter in electron identification, as well as for jet kinematics
measurement at small Bjorken x

ons:
High efficiency for low energy neutron detection
Good spatial resolution to distinguish neutral/charged hadrons

Follow similar solutions as Forward HCal instead of STAR EEMC megatiles
Due to required quick dissasembly of STAR - the EEMC megatiles are no longer an
option
Can make adjustments to Forward HCal (LFHCAL) design, but no need to reinvent the
wheel

15.11.2023 L. Kosarzewski OSU 4

Steel/Sci (10 l.) 
Reuse of STAR 
scint. tiles 

  Electron Endcap HCal 

9/28/2023 26

ePIC detector design – hadronic calorimetry

All calorimeters read with SiPMs

Barrel HCal

sPHENIX barrel 
calorimeter with 
new SiPMs

Electron Endcap HCal Hadron Endcap HCal

High-granularity insert at 
most forward η to aid in 
reconstruction of HFS

Steel/Scint. Sandwich (10 layers)
Reuse of STAR Scint. tiles

Longitudinally separated HCAL 
Steel/Scint. & W/Scint. sandwich

SiPM-on-tile 
readout

0 0.2 0.4 0.6 0.8 1
 (GeV)E1 / 

0

50

100

 (
%

)
E

 / σ

 simulationePIC
HCal standalone

-πsingle 

YR Requirement OHCAL
 14.5⊕ E =  75.0/E/σOHCAL TB: 

 17.2⊕ E =  71.3/E /gσOHCAL: 
YR Requirement LFHCAL

 5.5⊕ E =  44.3/E /gσLFHCAL: 

9/28/2023 26

ePIC detector design – hadronic calorimetry

All calorimeters read with SiPMs

Electron Endcap HCal Hadron Endcap HCal

High-granularity insert at 
most forward η to aid in 
reconstruction of HFS

Steel/Scint. Sandwich (10 layers)
Reuse of STAR Scint. tiles

Longitudinally separated HCAL 
Steel/Scint. & W/Scint. sandwich

SiPM-on-tile 
readout

Barrel HCal 

 sPHENIX BHCal
with new SiPMTs 

9/28/2023

ePIC detector design – hadronic calorimetry

All calorimeters read with SiPMs

Barrel HCal

sPHENIX barrel 
calorimeter with 
new SiPMs

Electron Endcap HCal Hadron Endcap HCal

Steel/Scint. Sandwich (10 layers)
Reuse of STAR Scint. tiles

Longitudinally separated HCAL 
Steel/Scint. & W/Scint. sandwich

SiPM-on-tile 
readout

 
High-granularity insert at most 
forward pseudorapidity
to aid in reconstructio of HFS 

 

M. Przybycień (AGH University) ePIC Experiment Physics Program Krakow, 8 -12.01.2024 38 / 27



DAQ - streaming readout architectureStreaming readout architecture and electronics

25/08/2023 - HEP-EPS/Hamburg P. Antonioli - The ePIC experiment 18

• Triggerless streaming architecture gives much more flexibility to do physics
• on-going ASIC developments for several detectors: SALSA (MPGD), ALCOR (dRICH), EICROC (AC-LGAD), CalSIPM (H2GCROC), 

HRPPD (HGCROC) 
• Integrate AI/ML as close as possible to subdetectors à cognizant detector

Rates quoted are at
output of each stage

Triggerless streaming architecture gives much more flexibility to do physics.

No external trigger - event selection can be based on full data from all detectors.

All collision data digitized, but zero suppressed at FEB.

Low/zero deadtime.

Collision data flow is independent and unidirectional - no global latency required.

Data volume is reduced as much as possible at each stage ensuring that biases are
controlled.
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