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Atomic nuclei are at the heart of the visible universe

• >98% of visible matter composed of quarks & gluons 

• Most of this matter consists of protons & neutrons 
bound in atomic nuclei

Quantum chromodynamics (QCD) Nucleon spin?

Nucleon mass?

Nuclear structure?
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Quarks probed with deep inelastic scattering (DIS)
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If we want to study partons, why not maximize number of 
partons with  collisions?AA

Pb-Pb 5.36 TeV

LHC22s period

18th November 2022 

16:52:47.893
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Studying the internal structure of watermelon…

Heavy ion collisions

Electron scattering
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DIS cross section proportional to parton distributions
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• Quark-parton model 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  dependence (scaling violation)

→ x

→ Q2

e e′�

A X
γγ(q)

e−(k) e−(k′￼)

p(P)
X parton 

distribution 
functions

F2 = x∑
q

e2
q (q + q)



10�4 10�3 10�2

x

0

0.2

0.4

0.6

0.8

1

x
f
(x

,Q
2 )

Q2 = 10 GeV2

CJ15

0.1 0.3 0.5 0.7 0.9

u

d

d̄ + ū
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HERA taught us most of what we know about the proton

• First (and to date, only)  collider operated 1992-2007e±p

•  up to 320 GeV  fixed-target equivalent to tens of TeV electron beams →

• High precision, systematic study of proton structure

But, HERA had… 
…limited luminosity 
…no polarized proton collisions 
…no  collisionseA
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The electron-ion collider (EIC)

• Next-generation QCD facility to be constructed at 
Brookhaven National Lab

• Fully polarized , and  collisionsep eA

• 20 <  < 140 GeVs

• High luminosity 
 surpass total HERA dataset in first year of running →

Electron storage ring

Ion storage 
ring
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The electron-ion collider (EIC)

• Next-generation QCD facility to be constructed at 
Brookhaven National Lab

• Fully polarized , and  collisionsep eA

• 20 <  < 140 GeVs

• High luminosity 
 surpass total HERA dataset in first year of running →

• ePIC detector under development 
 “Day 1” detector designed to deliver full EIC  

     science program
→

Electron storage ring

Ion storage 
ring
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The             collaboration (founded 2022)

>1100 members 
181 institutions in 25 countries 
CERN-recognized experiment

Frascati 2025 

JLab 2025 

Warsaw 2023

Goal: carry out EIC science mission 
through realization of the ePIC detector
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EIC physics missions

Origin of nucleon 
mass & spin
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EIC physics missions

xP

k⊥

b⊥

Origin of nucleon 
mass & spin

3D nucleon structure 

Distribution in  
space & momentum

How do quarks and 
gluons interact in the 

nuclear medium?

Properties of dense 
gluon systems… 

How many gluons 
fit in the proton? 
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Physics-driven detector requirements 
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• Low-mass, high-resolution tracking
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5D binning in  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• High pT (tracking) resolution 
• Extensive PID coverage for hadron ID  
• Hadronic calorimetry for neutral hadron, 

muon ID 
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Exclusive processes 
4D binning in  

x, Q2, t, φh

• Small-angle acceptance and beam line 
instrumentation  

• Excellent vertex resolution 
• EM calorimetry for γ/π separation 
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ePIC detector: a schematic view
• Central detector |η| < 3.5: tracking, PID, 

electromagnetic + hadronic calorimetry  

• Asymmetric design reflecting different 
beam species, energies 
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ePIC detector: a schematic view
• Central detector |η| < 3.5: tracking, PID, 

electromagnetic + hadronic calorimetry  

• Asymmetric design reflecting different 
beam species, energies 

• Extensively instrumented 
forward/backward beam line 

• Full detector ~90 m long 
 careful integration with 

     IR, accelerator 
→



13

ePIC detector capabilities

Magnet 
• 1.7 T superconducting 

solenoid 

Tracking detectors 
• Si MAPS (vertex, barrel, disks) 
• MPGDs (μRWELL, micromegas) (barrel, disks) 
• δp/p [%] = 0.05  p  0.5 at mid-η 
• Low material budget (X/X0 = 0.05 at mid-η)

× ⊕
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PID 
• hpDIRC (barrel) 
• Dual RICH (forward) 
• pfRICH (backward) 
• TOF (barrel and forward)

hpDIRC

Dual RICH

pfRICH

TOF

• 3σ separation of π/K/p 
across wide phase space 

• Critical support to eID at 
low momentum

3.2. THE EPIC DETECTOR 103
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Figure 3.90: The histogram shows the relative yield of charged hadrons from Pythia simu-
lations for 18 → 275 GeV ep collisions as a function of momenta and pseudorapidity, η. The
contours indicate the 3σ separation region of the different ePIC PID subsystems for ε/K (a),
K/p (b), and e/ε (c), respectively.

• A proximity-focusing aerogel RICH (pfRICH) to cover the electron endcap region. This design
features minimal material budget and provides additionally excellent ToF through its novel
HRPPD photosensors.

Figures 3.90 illustrates the achieved coverage in the η vs. p plane of the various PID subsystems. The
contours indicate the 3σ range for e/ε, ε/K, and K/p-separation, respectively. This unprecedented
wide coverage of PID in momentum and over a wide range of η makes ePIC a truly unique collider

ePIC detector capabilities
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Electromagnetic calorimetry 
• PbWO4 crystals (backward): σE/E = (2-3)%/√E  (1-2)% 
• Imaging EMCAL (barrel): σE/E = 10%/√E  (2-3)% 
• W/SciFi (forward): σE/E = 12%/√E  2%

⊕
⊕

⊕

ePIC detector capabilities
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Electromagnetic calorimetry 
• PbWO4 crystals (backward): σE/E = (2-3)%/√E  (1-2)% 
• Imaging EMCAL (barrel): σE/E = 10%/√E  (2-3)% 
• W/SciFi (forward): σE/E = 12%/√E  2%

⊕
⊕

⊕

Hadronic calorimetry 
• Reuse sPHENIX Steel/Sci (barrel) 
• Steel/Sci (backward) 
• Segmented Steel/Sci (forward) with 

high-granularity insert at large η 
• Critical to neutral jets, kinematic 

reconstruction, μ ID

ePIC detector capabilities
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Let’s do physics!

Disclaimer: this will cover some of the highlights, but due to 
time constraints can not cover full science program!
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Why do we need more inclusive proton data?

 = 9.9 MeV 
 = 4.4 MeV

δtot
δPDF

 = 0.0009 
 = 0.0005

δtot
δPDF

arXiv:2309.12986 arXiv.2412.13872 

https://doi.org/10.48550/arXiv.2309.12986
https://doi.org/10.48550/arXiv.2412.13872
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Inclusive NC cross sections

11

o Reconstruct inclusive kinematics using various methods 
• Color of point indicates best method for y 

(inelasticity)
• Size of point indicates y resolution 

o < 30% y reso. across * − ,& plane

ePIC performance: DIS kinematics with ePIC 
Kinematic Resolutions

1 10 210 310 410
]2 [GeV2Q

4−10

3−10

2−10

1−10

1

10

210

310

410

510i
 2×

 
re

d
σ

ePIC Full Simulation

Statistical Error (ePIC Full Simulation)

HERAPDF 2.0 Prediction

)-1 (10.0 fb241 GeV×ePIC ep 5

x=7.9e-01, i=0

x=5.0e-01, i=1

x=3.2e-01, i=2
x=2.0e-01, i=3

x=1.3e-01, i=4
x=7.9e-02, i=5

x=5.0e-02, i=6
x=3.2e-02, i=7

x=2.0e-02, i=8
x=1.3e-02, i=9

x=7.9e-03, i=10
x=5.0e-03, i=11

x=3.2e-03, i=12

1 10 210 310 410 510
]2 [GeV2Q

4−10

3−10

2−10

1−10

1

10

210

310

410

510

610i
 2×

 
re

d
σ

ePIC Full Simulation

Statistical Error (ePIC Full Simulation)

HERAPDF 2.0 Prediction

)-1 (10.0 fb2100 GeV×ePIC ep 10

x=7.9e-01, i=0

x=5.0e-01, i=1

x=3.2e-01, i=2
x=2.0e-01, i=3

x=1.3e-01, i=4
x=7.9e-02, i=5

x=5.0e-02, i=6
x=3.2e-02, i=7

x=2.0e-02, i=8
x=1.3e-02, i=9

x=7.9e-03, i=10
x=5.0e-03, i=11

x=3.2e-03, i=12
x=2.0e-03, i=13x=1.3e-03, i=14x=7.9e-04, i=15

1 10 210 310 410 510
]2 [GeV2Q

4−10

3−10

2−10

1−10

1

10

210

310

410

510

610i
 2×

 
re

d
σ

ePIC Full Simulation

Statistical Error (ePIC Full Simulation)

HERAPDF 2.0 Prediction

)-1 (10.0 fb2275 GeV×ePIC ep 18

x=7.9e-01, i=0

x=5.0e-01, i=1

x=3.2e-01, i=2
x=2.0e-01, i=3
x=1.3e-01, i=4
x=7.9e-02, i=5

x=5.0e-02, i=6
x=3.2e-02, i=7

x=2.0e-02, i=8
x=1.3e-02, i=9

x=7.9e-03, i=10
x=5.0e-03, i=11

x=3.2e-03, i=12
x=2.0e-03, i=13

x=1.3e-03, i=14
x=7.9e-04, i=15

x=5.0e-04, i=16
x=3.2e-04, i=17

x=2.0e-04, i=18x=1.3e-04, i=19
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• Size of point indicates y resolution 
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Neutral Current cross sections

• <30% resolution in y across x-Q2 acceptance  
• Precision determination of cross sections 

• Systematics-limited at nearly all kinematics
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Projected impact on proton PDFs

up-valence, down-valence, gluon and total sea-quark
densities. The uncertainty bands show the symmetrized
total uncertainty, including experimental, model and
parametrization contributions,5 as discussed in detail in
[1]. The experimental uncertainties are generally dominant
in regions where there is data. A significant reduction
in uncertainties for all parton species is observed when
adding the EIC pseudodata, as discussed in detail in the
following.
Since the high x regime is of particular interest, the

potential improvements are most readily visualized on a
linear x scale, as shown in Fig. 3 at the starting scale for
DGLAP evolution, Q2 ¼ 1.9 GeV2. The EIC impact is
most striking in the very large x region x≳ 0.7, particularly

dramatic for the u valence quark.6 The improved constraints
are traceable to the large integrated luminosity of the EIC
pseudodata and the correspondingly improved data pre-
cision in the high-x region compared with HERA. The
charge-squared weighting of the photon couplings result in
stronger sensitivity to the up than to the down quark
density. Figure 4 shows the same information as that in
Fig. 3, but as a logarithmic function of x and at the
electroweak scale, Q2 ¼ m2

Z GeV2. At low and intermedi-
ate x, where our current knowledge of proton collinear
structure is dominated by HERA data, the EIC pseudodata
continue to have a sizeable impact on the quark densities.
While this is in part due to the large EIC luminosity and
extended phase-space, the very low x constraints on the
valence quarks come primarily from the valence quark

 x
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FIG. 3. Impact of simulated EIC data on the NNLO collinear parton distributions of the proton. The bands show relative total
uncertainties as a function of x for the up-valence, down-valence, gluon and total sea distributions, for Q2 ¼ 1.9 GeV2. The
HERAPDF2.0NNLO total uncertainties (using HERA data alone) are compared with results in which simulated EIC data are also
included in the HERAPDF2.0NNLO fitting framework.

5For technical reasons, the number of model and parametriza-
tion uncertainties differs between the HERAPDF2.0 baseline and
the version with added EIC pseudodata. However, this is expected
to cause only comparatively minor differences.

6Near to the starting scale for QCD evolution, the PDFs are
dominated by the valence quark densities for typically x ≳ 0.2,
with the gluon density becoming dominant at lower x values.

NÉSTOR ARMESTO et al. PHYS. REV. D 109, 054019 (2024)

054019-4

number sum rules, and thus derive indirectly from the
improved precision at large x. The gluon density, which is
most strongly constrained by the scaling violations of the
neutral current cross sections, is not impacted so strongly,
but there is still a notable improvement at intermediate x,
where the EIC pseudodata improve the precision at low and
intermediate Q2.
The lowest x and Q2 HERA data show evidence for

lnð1=xÞ (BFKL) resummation corrections [44]. To inves-
tigate whether precise EIC data in the low x region might
enhance the overall sensitivity to such effects, modified
EIC pseudodata are generated with central values obtained
from the NNPDF31sx_nnlo_nllx_as_0118 PDF set [44],
which includes the lnð1=xÞ resummation effects. Fits at
NNLO using the modified pseudodata are compared with
and without the addition of next-to-leading lnð1=xÞ resum-
mation, implemented using the HELL [45,46] code. The
change in the overall χ2 of the fit between the two cases is

negligible, indicating that the EIC data are not sensitive to
the BFKL effects. The same conclusion is reached when
using a more flexible PDF parametrization [47], designed
to give a better description in the small-x region without
introducing too many new parameters. While this con-
clusion could be expected from the smaller access to small
x at the EIC compared to HERA, here this conclusion is set
on firm grounds for the first time.

B. Comparison with global PDFs

Several groups worldwide are engaged in “global” fits
that constrain the proton PDFs using a range of input data
from fixed target DIS experiments, HERA and hadron-
hadron colliders, most notably the LHC [48]. Within this
global dataset, HERA inclusive DIS data remain a key
constraint, in particular at low and intermediate x. However,
other datasets also play an important role. For example,
fixed target DIS data are important in constraining the

FIG. 4. Impact of simulated EIC data on the NNLO collinear parton distributions of the proton shown on a logarithmic x scale for
Q2 ¼ m2

Z GeV2. The bands show relative total uncertainties as a function of x for the up-valence, down-valence, gluon and total sea
distributions. The HERAPDF2.0NNLO total uncertainties (using HERA data alone) are compared with results in which simulated EIC
data are also included in the HERAPDF2.0NNLO fitting framework.

IMPACT OF INCLUSIVE ELECTRON ION COLLIDER DATA ON … PHYS. REV. D 109, 054019 (2024)

054019-5

PRD 109, 054019 (2024)

• Assumes 1 year of running (design luminosity) at five center of mass energies 
• Conservative systematics based on HERA experience 
• Biggest impact at large x

https://doi.org/10.1103/PhysRevD.109.054019
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Polarized PDFs describe helicity of quarks & gluons

g1 =
1
2 ∑

q

e2
q (Δq + Δq)

Δq = −

Δg = −

ΔΣ ≡ ∫ (Δq + Δq) dx

ΔG ≡ ∫ Δg dx

Contribution to spin of the nucleon:

g1 ∝
σ⇆ − σ⇉

σ⇆ + σ⇉

Extract  from double-spin asymmetryg1
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Current accounting of proton spin is incomplete 
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Impact of EIC measurements on quarkgluon helicity
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Beyond longitudinal PDFs:  
The proton’s 3D structure

Transverse momentum distributions (TMDs)
• Accessed through SIDIS processes 
• Orbital motion, spin-orbit effects
• Sensitivity to transverse polarization through 

azimuthal (Collins and Sivers) asymmetries 

20

ePIC performance: Unpolarized TMDs
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• Longitudinal momentum and transverse position
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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.

the QCD string tension in the Regge framework.
In this framework, the transition from large to
small x contains important information that al-
lows 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
nonperturbative stringy picture to that of QCD
bremsstrahlung. One can thus study with un-
precedented precision how the dynamics changes
when going upwards from the lower right corner
in Fig. 1.

In Fig. 16, an inelasticity of y  0.6 was cho-
sen; this is important to ensure that the DVCS
cross-section is not dominated by the Bethe-
Heitler background; details of the analysis are
given in Ref. [39]. 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

p
s.

Therefore, at lower energies there is limited reach
beyond the Reggeon exchange dominated region.

Another important exclusive channel is that of
J/ production, which provides unique access to
the unpolarized gluon GPD through the dominant
photon-gluon fusion production mechanism; this

mechanism is discussed further in Sec. 3.4 and il-
lustrated in Fig. 19. Transverse spatial images ob-
tained from Fourier transforming the t-dependent
�⇤p ! J/ + p0 J/ cross-section for

p
s = 140

GeV show that gluon distributions can be accessed
across the entire transverse plane with fine resolu-
tion at small x.
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Figure 16: The average value of the mean squared par-
ton radius of the proton, extracted from the DVCS
cross-section, plotted as a function of Bjorken x. Re-
sults are shown for three di↵erent values of Q2. Plot
from the EIC White Paper [1].

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

17
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Beyond longitudinal PDFs:  
The proton’s 3D structure

Transverse momentum distributions (TMDs)
• Accessed through SIDIS processes 
• Orbital motion, spin-orbit effects
• Sensitivity to transverse polarization through 

azimuthal (Collins and Sivers) asymmetries 

Generalized parton distributions (GPDs)
• Accessed through exclusive processes (DVCS & DVMP)
• Longitudinal momentum and transverse position

• EIC will significantly extend kinematic reach and 
provide unprecedented precision for sea quark,  
gluon TMDs and GPDs

• 3D structure critical to understanding parton orbital 
angular momentum
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shows the evolution in Q2 at a fixed x (1.6⇥ 10�3 < x < 2.5⇥ 103). See text for more details.

the QCD string tension in the Regge framework.
In this framework, the transition from large to
small x contains important information that al-
lows 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
nonperturbative stringy picture to that of QCD
bremsstrahlung. One can thus study with un-
precedented precision how the dynamics changes
when going upwards from the lower right corner
in Fig. 1.

In Fig. 16, an inelasticity of y  0.6 was cho-
sen; this is important to ensure that the DVCS
cross-section is not dominated by the Bethe-
Heitler background; details of the analysis are
given in Ref. [39]. 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

p
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Therefore, at lower energies there is limited reach
beyond the Reggeon exchange dominated region.

Another important exclusive channel is that of
J/ production, which provides unique access to
the unpolarized gluon GPD through the dominant
photon-gluon fusion production mechanism; this

mechanism is discussed further in Sec. 3.4 and il-
lustrated in Fig. 19. Transverse spatial images ob-
tained from Fourier transforming the t-dependent
�⇤p ! J/ + p0 J/ cross-section for

p
s = 140

GeV show that gluon distributions can be accessed
across the entire transverse plane with fine resolu-
tion at small x.
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DIS from nuclei 
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Projected impact on nPDFs
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Figure 3. The relative uncertainty of the nuclear PDFs determined in the nNNPDF2.0 fit used to
generate the pseudodata, and in the nNNPDF2.0+EIC fits, in the optimistic and pessimistic scenarios.
Uncertainties correspond to one standard deviation, and are computed as a function of x at Q2=100 GeV2.
Results are displayed for the ions with the lowest and highest atomic mass, 4He (left) and 197Au (right),
and for an intermediate atomic mass ion, 64Cu (middle column), and only for the PDF flavors that are
the most a↵ected by the EIC pseudodata: u, d̄, s and g. Note the use of a log/linear scale on the x axis.

in the pessimistic scenario.
A similar behavior is observed for the NNPDF3.1 pch fits, which are therefore not displayed.

In Figs. 3 we show the relative uncertainty of the nuclear PDFs in the nNNPDF2.0 fit used to
generate the pseudodata, and in the nNNPDF2.0+EIC fits, both in the pessimistic and in the
optimistic scenarios. Uncertainties correspond to one standard deviation, and are computed as
a function of x at Q2=100 GeV2. Results are displayed for the ions with the lowest and highest
atomic mass, 4He and 197Au, and for an intermediate atomic mass ion, 64Cu, and only for the
PDF flavors that are the most a↵ected by the EIC pseudodata: u, d̄, s and g.

From Fig. 3 we observe a reduction of nuclear PDF uncertainties, due to EIC pseudodata,
that varies with the nucleus, the x region considered, and the PDF. Overall, the heavier the
nucleus, the largest the reduction of PDF uncertainties. This is a consequence of the fact that
nuclear PDFs are customarily parametrized as continuous functions of the nucleon number A:
nuclear PDFs for 4He, which di↵er from the proton PDF boundary by a small correction, are
better constrained than nuclear PDFs for 197Au because proton data are more abundant than
data for nuclei. In this respect, the EIC will allow one to perform a comparatively accurate scan
of the kinematic space for each nucleus individually, and, as shown in Fig. 3, to determine the
PDFs of all ions with a similar precision. The reduction of PDF uncertainties is localized in the

7

• Assumes 10 fb-1 at three center of mass 
energies for each ion species 

• Optimistic vs. pessimistic systematics 
• Biggest impact at low, high  
• Larger improvement for heavier nuclei 

due to -dependence of nPDFs  
 EIC data will largely equalize 

     uncertainties among nuclei

x

A
→
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• Project approved and processing towards 

realization 
• Likely the only novel high-energy collider  

for the next 20 years 

• The ePIC detector is being developed with the EIC 
project to deliver the full EIC science program 

• Exciting times ahead as the construction and 
operation of EIC & ePIC quickly approaches 

• Please join us!
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