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Penn State University

detector at IP6 
included in the 

EIC project
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The Electron-Ion Collider

World’s first Polarized electron-proton/light ion 
and electron-Nucleus collider

üAdd a 5 to 18 GeV electron storage ring 
ü Two interaction regions, IP6 and IP8
üHigh Luminosity: 1033 -1034 cm-2s-1 (~102-103 * HERA)
ü Flexible √s = 29-141 GeV (per nucleon)
üHighly polarized (~70%) #↑, %↑, &↑, '#↑, flexible spin 

pattern
üWide variety of nuclear beams: (D to U)

A DOE approved project!
Could be the only new collider 

in the coming ~20-30 years
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What is  structure of matter ?

2

Looking through more and more 
powerful microscope one can explore 
Universe at femtoscales
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1 fm = 10�15 m

Big question: what is structure of matter ? 

How is the visible matter formed from the 
smallest elementary building blocks: quarks 
and gluons ? 



Anna Staśto, Physics at the EIC, Konwersatorium, Wydział Fizyki UW, Warszawa, January 19  2026

Exploring structure of matter: scattering experiments
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Geiger-Marsden experiment 1909 
Scattering of alpha particles off the gold foil.  

Observation of large angle scattering.

Rutherford model 1911 
Atomic structure: positively charged 

small nucleus

Can explore structure of matter by performing scattering experiments
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Nucleon size
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Hofstadter experiments in 1950-1957  
Electron scattering off nuclei, determining the charge and shape of nuclei, 

and measuring the finite size of protons. 

Rp = 0.87 fm

“It would be of great scientific interest if it were 
possible to have a supply of electrons … of which the 
individual energy of motion is greater even than that 
of the alpha particle.”    
[Ernest Rutherford, Royal Society, London, (as PRS) 30 Nov 1927] 

1950s 
Hoffstadter 

First 
observation 
of finite proton size 
using 2 MeV e beam   

Energy of electrons 188 MeV

Current experimental value 
(measured with electrons):

1 fm = 10�13 cm
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First observation of proton structure
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proton neutron 

… and so on … 

20 GeV electron beam scattering off protons

�(q)

e(k) e(k0)

Q2 = �q2
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First observation of proton structure
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proton neutron 

… and so on … 

20 GeV electron beam scattering off protons

�(q)

e(k) e(k0)

Q2 = �q2
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Deep Inelastic Scattering
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Inelastic scattering off proton Elastic scattering off parton

(quark)

q(⇠Pµ)

e(kµ)
e(kµ1 )

�(qµ)
p(Pµ)
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Deep Inelastic Scattering
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Inelastic scattering off proton Elastic scattering off parton

(quark)

q(⇠Pµ)

e(kµ)
e(kµ1 )

�(qµ)
p(Pµ)

Photon virtuality : 
resolving power

Bjorken x

Q2
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Deep Inelastic Scattering

6

Inelastic scattering off proton Elastic scattering off parton

(quark)

q(⇠Pµ)

e(kµ)
e(kµ1 )

�(qµ)
p(Pµ)

has the interpretation of the longitudinal momentum fraction of the proton 
carried by the struck quark (in the frame where proton is fast)

x

Photon virtuality : 
resolving power

Bjorken x

Q2
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has the interpretation of the longitudinal momentum fraction of the proton 
carried by the struck quark (in the frame where proton is fast)
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Deep Inelastic Scattering 
of leptons off the protons

High energy                     low x
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Revealing proton structure 

7

Measured cross section

Momentum distribution of 
partons inside the proton
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Ecm = 320 GeV

e (27.5 GeV) 

P (920 GeV) 

Equivalent to a 50 TeV beam on 
a fixed target proton 
~2500 times more than SLAC! 

Around 500 pb-1 per experiment 

HERA (1992-2007) 

… the only ever 
collider of electron 
beams with proton 
beams 

ZEUS 

e (27.5 GeV) 

P (920 GeV) 

Exploring proton structure at high energy

8

DESY - Hamburg 
HERA Collider 

1992-2007

The only electron(positron)-proton 
collider ever built

equivalent to 50 TeV electron beam on a fixed proton 
target...about 2500 times more than at SLAC

Center of mass energy:



Anna Staśto, Physics at the EIC, Konwersatorium, Wydział Fizyki UW, Warszawa, January 19  2026

Measurements of proton structure function

9

low energy high  energy
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Measurements of proton structure function
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low energy high  energy
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Measurements of proton structure function

9

Cross section increases:

•  with decreasing x  
•  with increasing scale Q

low energy high  energy
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Measurements of proton structure function

9

Cross section increases:

•  with decreasing x  
•  with increasing scale Q

Where does this rise come from?

Answer:  
Quantum Chromodynamics 

 (QCD) radiation

low energy high  energy
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Proton probed at increasing energy

10

As energy is increased more quarks are resolved due to the parton splitting 

Proton: very complex system of quarks and gluons (carriers of strong force) 

At higher energies  gluon density dominates

Energy ( or 1/x )
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Cross section vs parton density

11
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12

Gluon density increases rapidly 
with x and with Q 

Gluons dominate over the 
quark density
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Electron-nucleus collisions as probe of nuclear structure

13

Electron-proton/nucleus experiments best way to explore proton and nuclear 
structure and many aspects of strong interactions
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Electron Ion Collider (EIC)

14
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Use existing RHIC complex at Brookhaven National 
Laboratory  for hadron beams and add the electron 
ring. Partnership between BNL and Jefferson Lab.
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Electron Ion Collider (EIC)

15

EIC main features:

➤ High luminosity  
(100-1000 times more than HERA) allowing 
for high statistics 

➤ Variable center of mass energies 20 -140 GeV 

➤ Beams with different A: from light nuclei 
(proton) to the heaviest nuclei (uranium) 

➤ Polarized electron and proton beams. 
Possibility of polarized light ions. 

➤ Up to two interaction regions

1033 − 1034cm−2s−1

detector at IP6 
included in the 

EIC project

5

The Electron-Ion Collider

World’s first Polarized electron-proton/light ion 
and electron-Nucleus collider

üAdd a 5 to 18 GeV electron storage ring 
ü Two interaction regions, IP6 and IP8
üHigh Luminosity: 1033 -1034 cm-2s-1 (~102-103 * HERA)
ü Flexible √s = 29-141 GeV (per nucleon)
üHighly polarized (~70%) #↑, %↑, &↑, '#↑, flexible spin 

pattern
üWide variety of nuclear beams: (D to U)

A DOE approved project!
Could be the only new collider 

in the coming ~20-30 years

World’s first polarized electron-proton/light ion and electron-nucleus collider
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EIC project history

16

4

> 20 years long pathway! 

NSAC LRP 2023:

We recommend the 
expeditious completion 
of the EIC as the highest 
priority for facility 
construction

2023

Slide from Salvatore Fazio
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Physics Questions to be explored at EIC

17

Does gluon density in a nucleus saturate at high energies ?

How do the quark-gluon interactions create nuclear 
binding?

How are partons inside the nucleon distributed ?

How quark and gluon spins and their orbital angular 
momentum combine in the proton spin ?

How does visible  mass emerge from partons and their 
underlying interactions?
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Nuclear structure

18

How quarks and gluon distributions get modified in nuclei?  

How this interaction creates nuclear binding?

free proton bound proton in a nucleus
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Nuclear structure
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Nuclear ratio:

Nuclear shadowing 2

1. Introduction

The fact that nuclear structure functions in nuclei are different from the superposition

of those of their constituents nucleons is a well known phenomenon since the early

seventies, see references in the reviews [1, 2]. For example, for F2 the nuclear ratio is
defined as the nuclear structure function per nucleon divided by the nucleon structure

function,

RA
F2

(x, Q2) =
F A

2 (x, Q2)

A F nucleon
2 (x, Q2)

. (1)

Here‡, A is the nuclear mass number (number of nucleons in the nucleus). The variables
x and Q2 are defined as usually in leptoproduction or deep inelastic scattering (DIS)

experiments: in the scattering of a lepton with four-momentum k on a nucleus with four-

momentum Ap mediated by photon exchange (the dominant process at Q2 ≪ m2
Z0 , m2

W

where most nuclear 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 Fig. 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 center-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 Fig. 2. It can be divided into four regions§:

• 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.

This review will be focused in the small x region i.e. that of shadowing, see [1, 2]

for discussions on the other regions∥. The most recent experimental data [4, 5, 6, 7, 8, 9]

‡ Sometimes the ratio of nuclear ratios is used e.g. R(A/B) = RA
F2

/RB
F2

.
§ 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.
∥ The region of Fermi motion is explained by the Fermi motion of the nucleons. For the EMC region
there exist several explanations: nuclear binding, pion exchange, a change in the nucleon radius,. . . The
antishadowing region is usually discussed as coming from the application of sum rules for momentum,
baryon number,. . .

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

RA 6= 1Nuclear effects:
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see Fig. 1. The variable x has the meaning of the momentum fraction of the nucleon in
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represents the squared inverse resolution of the photon as a probe of the nuclear content.
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(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 Fig. 2. It can be divided into four regions§:
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> 1 for x ! 0.8: the Fermi motion region.
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< 1 for 0.25 ÷ 0.3 " x " 0.8: the EMC region (EMC stands for European

Muon Collaboration).
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> 1 for 0.1 " x " 0.25 ÷ 0.3: the antishadowing region.
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F2

< 1 for x " 0.1: the shadowing region.

This review will be focused in the small x region i.e. that of shadowing, see [1, 2]

for discussions on the other regions∥. The most recent experimental data [4, 5, 6, 7, 8, 9]

‡ Sometimes the ratio of nuclear ratios is used e.g. R(A/B) = RA
F2

/RB
F2

.
§ 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.
∥ The region of Fermi motion is explained by the Fermi motion of the nucleons. For the EMC region
there exist several explanations: nuclear binding, pion exchange, a change in the nucleon radius,. . . The
antishadowing region is usually discussed as coming from the application of sum rules for momentum,
baryon number,. . .

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

RA 6= 1Nuclear effects:

Nuclear shadowing 3

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.

(see [1, 2, 10, 11, 12] for previous experimental results), confined to a limited region of
not very low x and small or moderate Q2 (and with a strong kinematical correlation

between small x and small Q2, see Fig. 3), indicate that: i) shadowing increases with

decreasing x, though at the smallest available values of x the behaviour is compatible

with either a saturation or a mild decrease [8]; ii) shadowing increases with the mass

number of the nucleus [6]; and iii) shadowing decreases with increasing Q2 [7]. On

the other hand, the existing experimental data do not allow a determination of the
dependence of shadowing on the centrality of the collision.

In the region of small x, partonic distributions are dominated by sea quarks and

gluons. Thus isospin effects, partially corrected in practice by the use of deuterium as

Schematic picture

High energy
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for discussions on the other regions∥. The most recent experimental data [4, 5, 6, 7, 8, 9]

‡ Sometimes the ratio of nuclear ratios is used e.g. R(A/B) = RA
F2

/RB
F2

.
§ 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.
∥ The region of Fermi motion is explained by the Fermi motion of the nucleons. For the EMC region
there exist several explanations: nuclear binding, pion exchange, a change in the nucleon radius,. . . The
antishadowing region is usually discussed as coming from the application of sum rules for momentum,
baryon number,. . .

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

RA 6= 1Nuclear effects:
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Figure 1. Diagram of leptoproduction on a nucleus through virtual photon exchange.
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Figure 2. Schematic behaviour of RA
F2

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

(see [1, 2, 10, 11, 12] for previous experimental results), confined to a limited region of
not very low x and small or moderate Q2 (and with a strong kinematical correlation

between small x and small Q2, see Fig. 3), indicate that: i) shadowing increases with

decreasing x, though at the smallest available values of x the behaviour is compatible

with either a saturation or a mild decrease [8]; ii) shadowing increases with the mass

number of the nucleus [6]; and iii) shadowing decreases with increasing Q2 [7]. On

the other hand, the existing experimental data do not allow a determination of the
dependence of shadowing on the centrality of the collision.

In the region of small x, partonic distributions are dominated by sea quarks and

gluons. Thus isospin effects, partially corrected in practice by the use of deuterium as
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Fig. 3.1. The structure function ratio FA
2 /F d

2 for 40Ca and 56Fe. The data are taken from NMC
[71], SLAC [72], and BCDMS [73].

Figure 3.1 presents a compilation of data for the structure function ratio FA
2 /F d

2 over
the range 0 ≤ x ≤ 1. Here FA

2 is the structure function per nucleon of a nucleus with
mass number A, and F d

2 refers to deuterium. In the absence of nuclear effects the ratios
FA

2 /F d
2 are thus normalized to one. Neglecting small nuclear effects in the deuteron, F d

2 can
approximately stand for the isospin averaged nucleon structure function, FN

2 . However, the
more detailed analysis must include two-nucleon effects in the deuteron. Several distinct
regions with characteristic nuclear effects can be identified: at x < 0.1 one observes a
systematic reduction of FA

2 /F d
2 , the so-called nuclear shadowing. A small enhancement is

seen at 0.1 < x < 0.2. The dip at 0.3 < x < 0.8 is often referred to as the traditional
“EMC effect”. For x > 0.8 the observed enhancement of the nuclear structure function is
associated with nuclear Fermi motion. Finally, note again that nuclear structure functions
can extend beyond x = 1, the kinematic limit for scattering from free nucleons.

• Shadowing region
Measurements of E665 [76,77,78] at Fermilab and NMC [71,75,79,80,81,82] at CERN
provide detailed and systematic information about the x- and A-dependence of the
structure function ratios FA

2 /F d
2 . Nuclear targets ranging from He to Pb have been

used. A sample of data for several nuclei is shown in Fig.3.2. While most experiments
cover the region x > 10−4, the E665 collaboration provides data for FXe

2 /F d
2 [76] down

to x ≃ 2 · 10−5. Given the kinematic constraints in fixed target experiments, the small
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“EMC effect”. For x > 0.8 the observed enhancement of the nuclear structure function is
associated with nuclear Fermi motion. Finally, note again that nuclear structure functions
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2 is the structure function per nucleon of a nucleus with
mass number A, and F d
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2 can
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2 . However, the
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regions with characteristic nuclear effects can be identified: at x < 0.1 one observes a
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2 , the so-called nuclear shadowing. A small enhancement is

seen at 0.1 < x < 0.2. The dip at 0.3 < x < 0.8 is often referred to as the traditional
“EMC effect”. For x > 0.8 the observed enhancement of the nuclear structure function is
associated with nuclear Fermi motion. Finally, note again that nuclear structure functions
can extend beyond x = 1, the kinematic limit for scattering from free nucleons.
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Figure 3.1 presents a compilation of data for the structure function ratio FA
2 /F d

2 over
the range 0 ≤ x ≤ 1. Here FA

2 is the structure function per nucleon of a nucleus with
mass number A, and F d

2 refers to deuterium. In the absence of nuclear effects the ratios
FA
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2 are thus normalized to one. Neglecting small nuclear effects in the deuteron, F d

2 can
approximately stand for the isospin averaged nucleon structure function, FN

2 . However, the
more detailed analysis must include two-nucleon effects in the deuteron. Several distinct
regions with characteristic nuclear effects can be identified: at x < 0.1 one observes a
systematic reduction of FA
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2 , the so-called nuclear shadowing. A small enhancement is

seen at 0.1 < x < 0.2. The dip at 0.3 < x < 0.8 is often referred to as the traditional
“EMC effect”. For x > 0.8 the observed enhancement of the nuclear structure function is
associated with nuclear Fermi motion. Finally, note again that nuclear structure functions
can extend beyond x = 1, the kinematic limit for scattering from free nucleons.
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provide detailed and systematic information about the x- and A-dependence of the
structure function ratios FA

2 /F d
2 . Nuclear targets ranging from He to Pb have been

used. A sample of data for several nuclei is shown in Fig.3.2. While most experiments
cover the region x > 10−4, the E665 collaboration provides data for FXe
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Figure 12: Comparison of the average valence and sea quark, and gluon modifications at
Q2 = 1.69GeV2 for Pb nucleus from LO global DGLAP analyses EKS98 [1, 2], EKPS [3],
nDS [6], HKN07 [5], and this work EPS09LO.

4 Application

In this section we apply the obtained EPS09NLO parametrization — the central set
and 30 error sets — to a cross-section that was not included in the fit. Through this
example we also want to demonstrate how our parametrization should be applied in
practice.

We consider here inclusive negative hadron h− production at forward (pseudo) ra-
pidities η = 2.2 and η = 3.2, in p+p and d+Au collisions, measured by the BRAHMS
collaboration [37] at RHIC. In our previous article [4] we discussed how the suppres-
sion observed in the nuclear modification RdAu obtained from these data would strongly
favour very deep gluon shadowing, and we searched for the strongest possible one that
would still not contradict the available DIS and DY data. The analysis [4] was per-
formed in a LO framework and we were forced to use fragmentation functions for
average hadrons h+ + h− instead of charge-separated ones for h− only5. In the cur-
rent NLO setup we relax such simplification and employ the charge-separated NLO
fragmentation functions by Sassot et al. [33].

We first investigate how well the NLO pQCD calculation can reproduce the shape
and magnitude of the differential h− yields measured by BRAHMS in p+p and d+Au
collisions from which the nuclear modification RdAu is computed. The inclusive yields
are linked to the cross-sections by

d2Npp

dpTdy
min.bias
=

1

σinelastic
NN

d2σpp

dpTdy
;

d2NdAu

dpTdy
min.bias
=

⟨Ncoll⟩
σinelastic
NN

1
2Ad

2σdAu

dpTdy
, (14)

where σinelastic
NN is the total inelastic nucleon-nucleon cross-section and ⟨Ncoll⟩ is the

5The extraction of the charge separated fragmentation functions from p+p data is reliable only at
NLO due to significant perturbative O

(

α2
s

)

corrections.
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Afp(x,Q2)
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Nuclear ratio for parton densities

Large uncertainties, particularly at low x: need more accurate data

RA 6= 1Nuclear effects:
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FIG. 4. The reduced cross section (left) in e+Au collisions at EIC is plotted as a function of Q2 and x, the kinematic space
covered by currently available experimental data is marked on the plot by the the green area. The measured reduced cross
section points are shifted by �log10(x) for visibility. Two examples of the �r (right) at Q2 values of 4.4 GeV2 and 139 GeV2 are
plotted versus x, with the ratio between the widths of the experimental and theoretical uncertainties shown in the bottom panel.
In both plots the statistical and systematic uncertainties are added in quadrature and compared to the theory uncertainty (gray
bands) from CT14NLO+EPPS16. The overall 1.4% systematic uncertainty on the luminosity determination in not shown on
the plots. Points that correspond to di↵erent energy configurations are horizontally o↵set in Q2 for visibility.
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FIG. 5. Left: The distribution of the momentum of a decay K from cc̄ production events versus pseudo-rapidity. Right: The
vertex position of K in inclusive DIS (blue line) compared to cc̄ production events (red line).

significantly exceed 2%.

C. QED Corrections

Cross section measuremeants with a precission as an-
ticipated from an EIC need to account for all processes,
which could alter the relation of measured to true event

kinematics. The radiation of photons and the corre-
sponding virtual corrections (QED corrections) from the
incoming and outgoing lepton can cause significant e↵ects
on the reconstruction of the reduced cross-section. The
correction of these radiative e↵ects can be either done
through Monte-Carlo techniques or including the QED
e↵ects directly in the PDF analysis.

For neutral-current l + A scattering, there exists a

Global nuclear structure: structure functions

23

➤ Large extension of the 
previously covered kinematical 
region 

➤ Precision measurements of the 
reduced cross section  

➤ Errors much smaller than the 
uncertainties of theoretical 
predictions

Aschenauer, Fazio, Lamont, Paukkunen, Zurita

Simulated(projected) data
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160 7.3. THE NUCLEUS: A LABORATORY FOR QCD

at the EIC has been studied in dedicated efforts [26, 795, 796] by tagging, from
the simulated DIS sample, the K and/or p decay products from the D mesons
produced in the charm fragmentation. The reconstruction methods used in this
analysis [795] demonstrate the key role that particle identification (PID) will play.
It was shown that the charm reconstruction is significantly increased [797] when
PID capabilities are included.

In Ref. [26] a full fit using the EIC pseudodata for the inclusive (s) and the charm
cross-section (scharm) has found a significant impact on the reduction of the gluon
uncertainty band at high-x. This is illustrated in the left panel of Fig. 7.69, where
the blue band is the original EPPS16* fit, the green band incorporates s pseudo-
data and the orange one adds also scharm. A similar dedicated study using PDF
reweighting with structure function Fcharm

2A was done in [96]. In the right panel of
Fig. 7.69 the impact of Fe pseudodata on the EPPS16 NLO gluon density [25] is
shown by the red band. The charm pseudodata substantially reduces the uncer-
tainty at x > 0.1, providing sensitivity to the presence of a gluonic EMC effect.
Comparing the red band (only charm pseudodata) with the results of Fig. 7.68
one can see that the high-x region can be equally studied considering inclusive or
charm pseudodata. It is by combining both observables that a striking reduction
is achieved (orange band, left panel of Fig. 7.69). Moreover, the measurement will
be complemented by jet studies that have already shown promising constraining
power for gluons in p+Pb collisions [793].

0.01 0.1 x

0.6

0.8

1.0

1.2

1.4

�g
/g

µ2 = 2 GeV2

A = 56

EPPS16

EPPS16 + EIC

Figure 7.69: Left: Relative uncertainty bands of the gluon for Au at Q2 = 1.69 GeV2 for
EPPS16* (light blue), EPPS16*+EIC s (green) and EPPS16*+EIC scharm (orange). Right: same
as left panel but for Fe at Q2 = 2 GeV2 for EPPS16 (yellow) and EPPS16+EIC scharm (red).

Investigating the A dependence of nPDFs

The EIC will have the capability to operate with a large variety of ion beams from
protons to Pb in order to scrutinize the A-dependence of nuclear PDFs. The dif-
ferent nuclei used in the nPDFs fits are usually connected through parameters for

Large reduction of uncertainties for the gluon distributions in nuclei from EIC

Au Fe

Relative uncertainty of the gluon distribution: before and after including EIC 
projections
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QCD at high energy (low x) and/or high 
density target (large nucleus, A) 
predicts saturation of gluons: taming of 
the growth due to the recombination. 
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Saturation of partons in nuclei

25

QCD at high energy (low x) and/or high 
density target (large nucleus, A) 
predicts saturation of gluons: taming of 
the growth due to the recombination. 
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Image credit: David Zaslavsky

Saturation 
scale

Qs(x,A)
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QCD at high energy (low x) and/or high 
density target (large nucleus, A) 
predicts saturation of gluons: taming of 
the growth due to the recombination. 
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Question: when (at what x) does this happen ? 
EIC can test this prediction in nuclei. Image credit: David Zaslavsky

Saturation 
scale

Qs(x,A)
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QCD at high energy (low x) and/or high 
density target (large nucleus, A) 
predicts saturation of gluons: taming of 
the growth due to the recombination. 
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Fundamental quantum property of particles: intrinsic angular momentum 
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Hypothesis: two quarks spin parallel, one quark spin anti-parallel

Fundamental quantum property of particles: intrinsic angular momentum 

Quarks: spin 1/2



Anna Staśto, Physics at the EIC, Konwersatorium, Wydział Fizyki UW, Warszawa, January 19  2026

Spin

26

Proton: spin 1/2

Proton has complex structure. How does its spin emerge?

d
u

up d
u

up
Does the proton spin come from spin of quarks?
Hypothesis: two quarks spin parallel, one quark spin anti-parallel

Problem solved….Is it ? Not so fast…

Fundamental quantum property of particles: intrinsic angular momentum 

Quarks: spin 1/2
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Polarized muon - proton scattering

Measuring asymmetry (difference between cross sections of parallel and 
antiparallel orientations of projectile and target spins divided by the sum)

A =
�"# � �""

�"# + �""
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Polarized muon - proton scattering

Measuring asymmetry (difference between cross sections of parallel and 
antiparallel orientations of projectile and target spins divided by the sum)

A =
�"# � �""

�"# + �""
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EIC kinematic plane vs current polarized data

➤ precision  measurement of structure function g1 
➤  gluon contribution to proton spin 
➤  quark contribution 
➤  strange quark contribution also accessible 
➤  polarized deuterons allow for measurement of g1 in a neutron

EIC extends range in (x,Q2) by 
1-2 orders of magnitude for 
polarized measurements. 

Possibilities:
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2.2 The Longitudinal Spin of the Nucleon

Conveners: Ernst Sichtermann and Werner Vogelsang

2.2.1 Introduction

Deep-inelastic processes, when carried out with longitudinally polarized nucleons, probe the
helicity parton distribution functions of the nucleon. For each flavor f = u, d, s, ū, d̄, s̄, g

these are defined by
�f(x,Q2) ⌘ f

+(x,Q2) � f
�(x,Q2) , (2.6)

with f
+ (f�) denoting the number density of partons with the same (opposite) helicity as

the nucleons, as a function of the momentum fraction x and the resolution scale Q. Similar
to the unpolarized quark and gluon densities, the Q

2-dependences of �q(x,Q2), �q̄(x,Q2)
and the gluon helicity distribution �g(x,Q2) are related by QCD radiative processes that
are calculable [10, 11, 12, 13, 14, 15, 16].

When integrated over all momentum fractions and appropriately summed over flavors,
the �f distributions give the quark and gluon spin contributions Sq, Sg to the proton spin
which appear in the fundamental proton helicity sum rule [17, 18, 19, 20] (see [21] for a
brief review and additional references):

1

2
= Sq + Lq + Sg + Lg . (2.7)

Here, we have

Sq(Q
2) =

1

2

Z 1

0
�⌃(x,Q2)dx ⌘

1

2

Z 1

0

�
�u+�ū+�d+�d̄+�s+�s̄

�
(x,Q2)dx ,

Sg(Q
2) =

Z 1

0
�g(x,Q2)dx , (2.8)

where the factor 1/2 in the first equation is the spin of each quark and anti-quark. The �f

distributions are thus key ingredients to solving the proton spin problem.
As discussed in the Sidebar on page 19, experimental access to the �f in lepton-

scattering is obtained through the spin-dependent structure function g1(x,Q2), which ap-
pears in the polarization di↵erence of cross sections when the lepton and the nucleon collide
with their spins anti-aligned or aligned:

1

2


d2�

! 

dx dQ2
�

d2�
!!

dx dQ2

�
'

4⇡ ↵
2

Q4
y (2� y) g1(x,Q

2) . (2.9)

The expression above assumes photon exchange between the lepton and the nucleon. At
high energies, also W or Z exchange contribute and lead to additional structure functions.
These have thus far not been accessible in polarized deep-inelastic scattering experiments
and would be a unique opportunity at an EIC. We will briefly address them below.

In leading order in the strong coupling constant, the structure function g1(x,Q2) of the
proton can be written as (see the Sidebar on page 19)

g1(x,Q
2) =

1

2

X
e
2
q

⇥
�q(x,Q2) +�q̄(x,Q2)

⇤
, (2.10)
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Current uncertainties for g1 as a 
function of x for fixed Q2  

EIC projections leads to greatly reduced 
uncertainties

8

and enhanced the parameter sampling strategy to guar-
antee that no significant bias is introduced in the region
constrained by the data, and that uniform probability
distributions are obtained in the unmeasured region.

The DSSV analyses [4, 10, 11] adopt the most tradi-
tional fitting approach at NLO accuracy assuming a flex-
ible functional form to parameterize the helicity PDFs
as functions of the parton momentum fraction x at an
initial scale of µ0 = 1GeV,

x�fi(x, µ0) = Ni x
↵i(1 � x)�i(1 + �i

p
x + ⌘ix

i) , (9)

where the label i denotes di↵erent flavor combinations
�u + �ū, �d + �d̄, �ū, �d̄, �s̄ ⌘ �s, and the gluon
density �g. As usual, �fi represents the di↵erence of
densities with parton spins aligned and anti-aligned with
the spin of the parent proton. The optimization of the
fit to data is carried out by varying the set of fit param-
eters {ai} = {Ni, ↵i, �i, �i, ⌘i, i} iteratively as long as
a minimum in the e↵ective �

2 function is reached. In
each iteration the PDFs are evolved to the scale µ > µ0

relevant in the experiment and used to compute the cor-
responding observables and the e↵ective �

2 function to
be minimized. Equivalently, Eq.(9) can be rewritten to

x�fi(x, µ0) =
3X

j=1

Nij x
↵ij (1 � x)�ij , (10)

specially suited for working in the Mellin representation
[29], since each term is the integrand of an Euler inte-
gral of the first kind, and the corresponding moments
are standard beta functions. Of course, some of the pa-
rameters in Eq.(10) are no longer independent. This pa-
rameterizations have been found to be flexible enough
to describe the DSSV14 data set in the sense that us-
ing more complex functional forms lead to equally good
fits to data and also to statistically equivalent replicas of
the data. Actually, the currently available data do not
even fully constrain the values for the fit parameters and
some restrictions on the parameter space have to be im-
posed, reducing them to typically five free paramenters
per flavor or even less in the case of antiquarks, such
that a unique and stable minimum in �

2 can be found.
In spite of this flexibility in the region supported by the
data, the values for the parameters that optimize the
fit to data, determine the extrapolation into the unmea-
sured region, mostly x < 0.001 and constrain artificially
the range of variation of the distributions. To avoid this
problem, additional terms in Eq.(10) are added. The new
parameters are chosen that they only modify the unmea-
sured low-x domain, but leave the region constrained by
the data una↵ected, but it is required that the integra-
bility of the parton densities and their convenient prop-
erties under mellin transformations are preserved. Dif-
ferent to Ref.[12], that focused mainly on studying the
already measured region x > 0.001 and only one of these
additional terms was included for the gluon helicity dis-
tribution, for the new replicas we allow three additional

low-x terms per flavor (j = 6), allowing roughly a sim-
ilar degree of flexibility in the so far unmeasured region
x < 0.001 as for the values of momentum fraction covered
by the present data. In this way we allow that even after
the addition of the extremely precise EIC pseudo data at
much lower values of x, the replicas are allowed to vary
in the new unmeasured region that is shifted about two
decades in x.

In the following section we present the results of the
new fit, and the corresponding replica set, obtained com-
bining the data set of the DSSV14 analysis with the in-
clusive DIS electron-proton pseudo-data at

p
s = 44.7

GeV. In order to assess the impact of the remaining EIC
pseudo data sets, such as the SIDIS measurements at
p

s = 44.7 GeV, and inclusive DIS electron-proton and
electron-helium at

p
s = 141.4 and

p
s = 115.2 GeV re-

spectively, we then reweight the newly produced set of
replicas. The outcome of these reweighting represents
the combined impact of the first stage of the EIC to-
gether with the SIDIS measurements, with a second en-
ergy stage and including the results of electron-helium
collisions, respectively.

IV. RESULTS

A. Impact of Deep Inelastic Scattering Data

Our results focusing on the impact of the inclusive
DIS measurements to the gluon helicity through the cor-
responding constraints on the spin dependent structure
function g1(x, Q

2) and its Q
2 dependence are described

in the following. The totally inclusive photon mediated
DIS cross section between longitudinally polarized lep-

DSSV 14

+EIC
p

s = 45 GeV

+EIC
p

s = 45 � 140 GeV

EIC 45 GeV

EIC 140 GeV
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,Q
2
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FIG. 6: Helicity structure function g1(x, Q2) and its 68% C.L.
band as a function of x, at Q2 = 10 GeV, 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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What is the origin of mass ?
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Standard model of particle physics: leptons, quarks, bosons

Source: Wikipedia
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Higgs mechanism
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Higgs, Brout, Englert

Higgs mechanism with spontaneous symmetry breaking responsible for the 
masses of W, Z, electron, muon, tau, quarks

Generation of  elementary masses via interactions with Higgs field. 

Coupling of Higgs vs mass
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mp = 938.272 MeV/c2
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Mass of proton Masses of quarks in the proton

Sum of masses of quarks is only about 1% of the mass of the proton. Higgs mechanism 
is not a dominant mechanism for the generation of the mass of the proton.
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Mass of the proton

33

mp = 938.272 MeV/c2
<latexit sha1_base64="OglHJlA7LRsi8w/WEm3Q9JS+gk8=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVU2i0IoIRTduhAr2AU0Mk+m0HTqThJmJUEI3bvwVNy4Uces/uPNvnLZZaOuBC4dz7uXee4KYUaks69vILSwuLa/kVwtr6xubW+b2TkNGicCkjiMWiVaAJGE0JHVFFSOtWBDEA0aaweBq7DcfiJA0Cu/UMCYeR72QdilGSku+uc/9GF7As5NKySk70D2HruDwhjSO8b3jm0WrZE0A54mdkSLIUPPNL7cT4YSTUGGGpGzbVqy8FAlFMSOjgptIEiM8QD3S1jREnEgvnXwxgoda6cBuJHSFCk7U3xMp4lIOeaA7OVJ9OeuNxf+8dqK6FS+lYZwoEuLpom7CoIrgOBLYoYJgxYaaICyovhXiPhIIKx1cQYdgz748TxpOybZK9u1psXqZxZEHe+AAHAEblEEVXIMaqAMMHsEzeAVvxpPxYrwbH9PWnJHN7II/MD5/AFSylUU=</latexit><latexit sha1_base64="OglHJlA7LRsi8w/WEm3Q9JS+gk8=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVU2i0IoIRTduhAr2AU0Mk+m0HTqThJmJUEI3bvwVNy4Uces/uPNvnLZZaOuBC4dz7uXee4KYUaks69vILSwuLa/kVwtr6xubW+b2TkNGicCkjiMWiVaAJGE0JHVFFSOtWBDEA0aaweBq7DcfiJA0Cu/UMCYeR72QdilGSku+uc/9GF7As5NKySk70D2HruDwhjSO8b3jm0WrZE0A54mdkSLIUPPNL7cT4YSTUGGGpGzbVqy8FAlFMSOjgptIEiM8QD3S1jREnEgvnXwxgoda6cBuJHSFCk7U3xMp4lIOeaA7OVJ9OeuNxf+8dqK6FS+lYZwoEuLpom7CoIrgOBLYoYJgxYaaICyovhXiPhIIKx1cQYdgz748TxpOybZK9u1psXqZxZEHe+AAHAEblEEVXIMaqAMMHsEzeAVvxpPxYrwbH9PWnJHN7II/MD5/AFSylUU=</latexit><latexit sha1_base64="OglHJlA7LRsi8w/WEm3Q9JS+gk8=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVU2i0IoIRTduhAr2AU0Mk+m0HTqThJmJUEI3bvwVNy4Uces/uPNvnLZZaOuBC4dz7uXee4KYUaks69vILSwuLa/kVwtr6xubW+b2TkNGicCkjiMWiVaAJGE0JHVFFSOtWBDEA0aaweBq7DcfiJA0Cu/UMCYeR72QdilGSku+uc/9GF7As5NKySk70D2HruDwhjSO8b3jm0WrZE0A54mdkSLIUPPNL7cT4YSTUGGGpGzbVqy8FAlFMSOjgptIEiM8QD3S1jREnEgvnXwxgoda6cBuJHSFCk7U3xMp4lIOeaA7OVJ9OeuNxf+8dqK6FS+lYZwoEuLpom7CoIrgOBLYoYJgxYaaICyovhXiPhIIKx1cQYdgz748TxpOybZK9u1psXqZxZEHe+AAHAEblEEVXIMaqAMMHsEzeAVvxpPxYrwbH9PWnJHN7II/MD5/AFSylUU=</latexit><latexit sha1_base64="OglHJlA7LRsi8w/WEm3Q9JS+gk8=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVU2i0IoIRTduhAr2AU0Mk+m0HTqThJmJUEI3bvwVNy4Uces/uPNvnLZZaOuBC4dz7uXee4KYUaks69vILSwuLa/kVwtr6xubW+b2TkNGicCkjiMWiVaAJGE0JHVFFSOtWBDEA0aaweBq7DcfiJA0Cu/UMCYeR72QdilGSku+uc/9GF7As5NKySk70D2HruDwhjSO8b3jm0WrZE0A54mdkSLIUPPNL7cT4YSTUGGGpGzbVqy8FAlFMSOjgptIEiM8QD3S1jREnEgvnXwxgoda6cBuJHSFCk7U3xMp4lIOeaA7OVJ9OeuNxf+8dqK6FS+lYZwoEuLpom7CoIrgOBLYoYJgxYaaICyovhXiPhIIKx1cQYdgz748TxpOybZK9u1psXqZxZEHe+AAHAEblEEVXIMaqAMMHsEzeAVvxpPxYrwbH9PWnJHN7II/MD5/AFSylUU=</latexit>

mu +mu +md ' 10 MeV/c2
<latexit sha1_base64="S9iRNKUZgpyv19qpKxQCzO0iQ4o=">AAACDXicbVBNS8NAEN3Ur1q/qh69LFZBEGpSBAUvRS9ehAr2A5oYNptpu3Q3ibsboZT+AS/+FS8eFPHq3Zv/xm2bg1YfDDzem2FmXpBwprRtf1m5ufmFxaX8cmFldW19o7i51VBxKinUacxj2QqIAs4iqGumObQSCUQEHJpB/2LsN+9BKhZHN3qQgCdIN2IdRok2kl/cE356OK0Qu4oJuMOOjd0z7EqBr6BxRG8rfrFkl+0J8F/iZKSEMtT84qcbxjQVEGnKiVJtx060NyRSM8phVHBTBQmhfdKFtqEREaC84eSbEd43Sog7sTQVaTxRf04MiVBqIALTKYjuqVlvLP7ntVPdOfWGLEpSDRGdLuqkHOsYj6PBIZNANR8YQqhk5lZMe0QSqk2ABROCM/vyX9KolB277Fwfl6rnWRx5tIN20QFy0AmqoktUQ3VE0QN6Qi/o1Xq0nq03633amrOymW30C9bHN/3rmZM=</latexit><latexit sha1_base64="S9iRNKUZgpyv19qpKxQCzO0iQ4o=">AAACDXicbVBNS8NAEN3Ur1q/qh69LFZBEGpSBAUvRS9ehAr2A5oYNptpu3Q3ibsboZT+AS/+FS8eFPHq3Zv/xm2bg1YfDDzem2FmXpBwprRtf1m5ufmFxaX8cmFldW19o7i51VBxKinUacxj2QqIAs4iqGumObQSCUQEHJpB/2LsN+9BKhZHN3qQgCdIN2IdRok2kl/cE356OK0Qu4oJuMOOjd0z7EqBr6BxRG8rfrFkl+0J8F/iZKSEMtT84qcbxjQVEGnKiVJtx060NyRSM8phVHBTBQmhfdKFtqEREaC84eSbEd43Sog7sTQVaTxRf04MiVBqIALTKYjuqVlvLP7ntVPdOfWGLEpSDRGdLuqkHOsYj6PBIZNANR8YQqhk5lZMe0QSqk2ABROCM/vyX9KolB277Fwfl6rnWRx5tIN20QFy0AmqoktUQ3VE0QN6Qi/o1Xq0nq03633amrOymW30C9bHN/3rmZM=</latexit><latexit sha1_base64="S9iRNKUZgpyv19qpKxQCzO0iQ4o=">AAACDXicbVBNS8NAEN3Ur1q/qh69LFZBEGpSBAUvRS9ehAr2A5oYNptpu3Q3ibsboZT+AS/+FS8eFPHq3Zv/xm2bg1YfDDzem2FmXpBwprRtf1m5ufmFxaX8cmFldW19o7i51VBxKinUacxj2QqIAs4iqGumObQSCUQEHJpB/2LsN+9BKhZHN3qQgCdIN2IdRok2kl/cE356OK0Qu4oJuMOOjd0z7EqBr6BxRG8rfrFkl+0J8F/iZKSEMtT84qcbxjQVEGnKiVJtx060NyRSM8phVHBTBQmhfdKFtqEREaC84eSbEd43Sog7sTQVaTxRf04MiVBqIALTKYjuqVlvLP7ntVPdOfWGLEpSDRGdLuqkHOsYj6PBIZNANR8YQqhk5lZMe0QSqk2ABROCM/vyX9KolB277Fwfl6rnWRx5tIN20QFy0AmqoktUQ3VE0QN6Qi/o1Xq0nq03633amrOymW30C9bHN/3rmZM=</latexit><latexit sha1_base64="S9iRNKUZgpyv19qpKxQCzO0iQ4o=">AAACDXicbVBNS8NAEN3Ur1q/qh69LFZBEGpSBAUvRS9ehAr2A5oYNptpu3Q3ibsboZT+AS/+FS8eFPHq3Zv/xm2bg1YfDDzem2FmXpBwprRtf1m5ufmFxaX8cmFldW19o7i51VBxKinUacxj2QqIAs4iqGumObQSCUQEHJpB/2LsN+9BKhZHN3qQgCdIN2IdRok2kl/cE356OK0Qu4oJuMOOjd0z7EqBr6BxRG8rfrFkl+0J8F/iZKSEMtT84qcbxjQVEGnKiVJtx060NyRSM8phVHBTBQmhfdKFtqEREaC84eSbEd43Sog7sTQVaTxRf04MiVBqIALTKYjuqVlvLP7ntVPdOfWGLEpSDRGdLuqkHOsYj6PBIZNANR8YQqhk5lZMe0QSqk2ABROCM/vyX9KolB277Fwfl6rnWRx5tIN20QFy0AmqoktUQ3VE0QN6Qi/o1Xq0nq03633amrOymW30C9bHN/3rmZM=</latexit>

Mass of proton Masses of quarks in the proton

Sum of masses of quarks is only about 1% of the mass of the proton. Higgs mechanism 
is not a dominant mechanism for the generation of the mass of the proton.

Proton and neutron mass, and hence most (in 99%, or so)  of the visible mass in the 
Universe is generated by strong force, by QCD interaction.
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How EIC will explore mass generation?

34

d-

u u s-π
+

K
+

Pions: Higgs mechanism not 
contributing much since only 
down and up quarks

Kaons: Higgs mechanism 
contributing more to the mass, 
since strange quark is heavier

Comparing pion and kaon structure functions and form factors in 
wide range of scales

Example:
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How EIC will explore mass generation?

34

d-

u u s-π
+

K
+

Pions: Higgs mechanism not 
contributing much since only 
down and up quarks

Kaons: Higgs mechanism 
contributing more to the mass, 
since strange quark is heavier

Comparing pion and kaon structure functions and form factors in 
wide range of scales

Precise measurements of  the J/ψ production in ep

Example:
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Imaging with EIC: nucleon / nuclear tomography

35
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Parton distributions tell us about the integrated 
densities of partons in the hadron. 

They only have information about x distribution
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Imaging with EIC: nucleon / nuclear tomography

35

0.2

0.4

0.6

0.8

1

-410 -310 -210 -110 1

0.2

0.4

0.6

0.8

1

 HERAPDF1.0 
 exp. uncert.

 model uncert.
 parametrization uncert.
 

x

xf 2 = 10 GeV2Q

vxu

vxd
 0.05)×xS (

 0.05)×xg (

                H1 and ZEUS

0.2

0.4

0.6

0.8

1

Parton distributions tell us about the integrated 
densities of partons in the hadron. 

They only have information about x distribution

What about the spatial  distribution?
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Imaging with EIC: nucleon / nuclear tomography
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Parton distributions tell us about the integrated 
densities of partons in the hadron. 

They only have information about x distribution

What about the spatial  distribution?

Process that can tell us more shape: diffraction
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Diffraction

Diffraction : occurs when a wave (for example light) encounters an obstacle or an opening.

Water waves passing through small entrance

Source: Wikipedia

Author: Verbcatcher

36
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Diffraction patterns

Circular aperture Rectangular aperture

The diffraction pattern (far away from obstacle)  is a Fourier transform of the 
apertured field.

Source: Wikipedia

Author: Wisky

Source: Wikipedia

Author: Epzcaw
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Diffraction pattern

38

Diffraction : occurs when a wave (for example light) encounters an obstacle or an opening.

Diffraction pattern (far away from obstacle)  is a Fourier transform of the apertured field.
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Diffraction pattern

38

Photo 51 Gosling-Franklin 

Source: Wikipedia


Watson-Crick 

Source: Offi


Diffraction : occurs when a wave (for example light) encounters an obstacle or an opening.

Diffraction pattern (far away from obstacle)  is a Fourier transform of the apertured field.
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Diffraction pattern

38

Diffraction can provide very detailed information about the structure of an object. 

The object cannot be destroyed in this process.

Photo 51 Gosling-Franklin 

Source: Wikipedia


Watson-Crick 

Source: Offi


Diffraction : occurs when a wave (for example light) encounters an obstacle or an opening.

Diffraction pattern (far away from obstacle)  is a Fourier transform of the apertured field.
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Inclusive DIS vs diffraction

39
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Inclusive DIS vs diffraction

39

Electron - hadron(nucleus) scattering (like at EIC) e p
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Inclusive DIS vs diffraction

39

Electron - hadron(nucleus) scattering (like at EIC)

Proton is fragmented (inelastic process)

e p

e
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Inclusive DIS vs diffraction

39

lepton proton

Electron - hadron(nucleus) scattering (like at EIC)

Proton is fragmented (inelastic process)

e p

e

Image from HERA
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Diffractive event

40
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Diffractive event

40

Electron - hadron(nucleus) scattering (like at EIC) e p

e

p
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Diffractive event

40

Electron - hadron(nucleus) scattering (like at EIC) e p

e

p

Target (proton) is intact despite 
undergoing violent collision 
Possible hadronic activity in central region
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Diffractive event

40

Electron - hadron(nucleus) scattering (like at EIC) e p

e

p

Target (proton) is intact despite 
undergoing violent collision 
Possible hadronic activity in central region

At HERA collider about 10% events were diffractive

Image from HERA
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Diffractive exclusive production at EIC: proton imaging

41

Diffractive exclusive vector meson production, for example J/ 
<latexit sha1_base64="ILuEUF/BT3kni/8zw67B7cggYmg=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU9zE0NZb0Yt4qmBroQ1ls920azfZsLsRSuh/8OJBEa/+H2/+GzdtBRV9MPB4b4aZeUHCmdIIfViFpeWV1bXiemljc2t7p7y711YilYS2iOBCdgKsKGcxbWmmOe0kkuIo4PQ2GF/k/u09lYqJ+EZPEupHeBizkBGsjdS+OuklivXLFWSf1auuV4XIRqjmuE5O3Jp36kHHKDkqYIFmv/zeGwiSRjTWhGOlug5KtJ9hqRnhdFrqpYommIzxkHYNjXFElZ/Nrp3CI6MMYCikqVjDmfp9IsORUpMoMJ0R1iP128vFv7xuqsO6n7E4STWNyXxRmHKoBcxfhwMmKdF8YggmkplbIRlhiYk2AZVMCF+fwv9J27UdZDvXXqVxvoijCA7AITgGDqiBBrgETdACBNyBB/AEni1hPVov1uu8tWAtZvbBD1hvn4fFjxk=</latexit><latexit sha1_base64="ILuEUF/BT3kni/8zw67B7cggYmg=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU9zE0NZb0Yt4qmBroQ1ls920azfZsLsRSuh/8OJBEa/+H2/+GzdtBRV9MPB4b4aZeUHCmdIIfViFpeWV1bXiemljc2t7p7y711YilYS2iOBCdgKsKGcxbWmmOe0kkuIo4PQ2GF/k/u09lYqJ+EZPEupHeBizkBGsjdS+OuklivXLFWSf1auuV4XIRqjmuE5O3Jp36kHHKDkqYIFmv/zeGwiSRjTWhGOlug5KtJ9hqRnhdFrqpYommIzxkHYNjXFElZ/Nrp3CI6MMYCikqVjDmfp9IsORUpMoMJ0R1iP128vFv7xuqsO6n7E4STWNyXxRmHKoBcxfhwMmKdF8YggmkplbIRlhiYk2AZVMCF+fwv9J27UdZDvXXqVxvoijCA7AITgGDqiBBrgETdACBNyBB/AEni1hPVov1uu8tWAtZvbBD1hvn4fFjxk=</latexit><latexit sha1_base64="ILuEUF/BT3kni/8zw67B7cggYmg=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU9zE0NZb0Yt4qmBroQ1ls920azfZsLsRSuh/8OJBEa/+H2/+GzdtBRV9MPB4b4aZeUHCmdIIfViFpeWV1bXiemljc2t7p7y711YilYS2iOBCdgKsKGcxbWmmOe0kkuIo4PQ2GF/k/u09lYqJ+EZPEupHeBizkBGsjdS+OuklivXLFWSf1auuV4XIRqjmuE5O3Jp36kHHKDkqYIFmv/zeGwiSRjTWhGOlug5KtJ9hqRnhdFrqpYommIzxkHYNjXFElZ/Nrp3CI6MMYCikqVjDmfp9IsORUpMoMJ0R1iP128vFv7xuqsO6n7E4STWNyXxRmHKoBcxfhwMmKdF8YggmkplbIRlhiYk2AZVMCF+fwv9J27UdZDvXXqVxvoijCA7AITgGDqiBBrgETdACBNyBB/AEni1hPVov1uu8tWAtZvbBD1hvn4fFjxk=</latexit><latexit sha1_base64="ILuEUF/BT3kni/8zw67B7cggYmg=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU9zE0NZb0Yt4qmBroQ1ls920azfZsLsRSuh/8OJBEa/+H2/+GzdtBRV9MPB4b4aZeUHCmdIIfViFpeWV1bXiemljc2t7p7y711YilYS2iOBCdgKsKGcxbWmmOe0kkuIo4PQ2GF/k/u09lYqJ+EZPEupHeBizkBGsjdS+OuklivXLFWSf1auuV4XIRqjmuE5O3Jp36kHHKDkqYIFmv/zeGwiSRjTWhGOlug5KtJ9hqRnhdFrqpYommIzxkHYNjXFElZ/Nrp3CI6MMYCikqVjDmfp9IsORUpMoMJ0R1iP128vFv7xuqsO6n7E4STWNyXxRmHKoBcxfhwMmKdF8YggmkplbIRlhiYk2AZVMCF+fwv9J27UdZDvXXqVxvoijCA7AITgGDqiBBrgETdACBNyBB/AEni1hPVov1uu8tWAtZvbBD1hvn4fFjxk=</latexit>



Anna Staśto, Physics at the EIC, Konwersatorium, Wydział Fizyki UW, Warszawa, January 19  2026

Diffractive exclusive production at EIC: proton imaging

41

Diffractive exclusive vector meson production, for example J/ 
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Figure 2.26: Top: cross-section for �
⇤
p ! J/ p in two bins of xV and Q

2. Bottom: the
distribution of gluons in impact parameter bT obtained from the J/ production cross section.
The bands have the same meaning as in Figure 2.21.

ics such as shadowing, anti-shadowing or the
EMC e↵ect. An overview and references can
be found in Sec. 5.9.1 of [2]. Coherent ex-
clusive reactions such as J/ production on
heavy nuclear targets have the potential to
map out the geometry of the nucleus in high-
energy processes and thus to quantify the ini-
tial conditions of heavy-ion collisions. As dis-
cussed in Sec. 3.2.2, they may o↵er detailed
information about parton saturation by ex-
hibiting the bT dependence of the amplitude
N(x, rT , bT ) for scattering a color dipole of
size rT at a transverse distance bT from the
center of the nucleus.

Scattering processes at high Q
2 in which

two or more nucleons are simultaneously
knocked out of a nucleus provide an oppor-

tunity to study short-range correlations be-
tween nucleons in a nucleus. Fixed-target ex-
periments [138, 139] have obtained intriguing
results, which not only provide detailed in-
sight into the nucleon-nucleon interaction at
short distances but also have astrophysical
implications [140]. At the EIC, one will have
the unique opportunity to study the role of
gluon degrees of freedom in these short-range
correlations. For instance, in exclusive J/ 
production o↵ light nuclei accompanied by
knockout nucleons, see Sec. 5.12 of [2]. Such
studies have the potential to greatly increase
our understanding of nuclear forces in the
transition region between hadronic and par-
tonic degrees of freedom.
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scattering angle of the 
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Figure 2.26: Top: cross-section for �
⇤
p ! J/ p in two bins of xV and Q

2. Bottom: the
distribution of gluons in impact parameter bT obtained from the J/ production cross section.
The bands have the same meaning as in Figure 2.21.

ics such as shadowing, anti-shadowing or the
EMC e↵ect. An overview and references can
be found in Sec. 5.9.1 of [2]. Coherent ex-
clusive reactions such as J/ production on
heavy nuclear targets have the potential to
map out the geometry of the nucleus in high-
energy processes and thus to quantify the ini-
tial conditions of heavy-ion collisions. As dis-
cussed in Sec. 3.2.2, they may o↵er detailed
information about parton saturation by ex-
hibiting the bT dependence of the amplitude
N(x, rT , bT ) for scattering a color dipole of
size rT at a transverse distance bT from the
center of the nucleus.

Scattering processes at high Q
2 in which

two or more nucleons are simultaneously
knocked out of a nucleus provide an oppor-

tunity to study short-range correlations be-
tween nucleons in a nucleus. Fixed-target ex-
periments [138, 139] have obtained intriguing
results, which not only provide detailed in-
sight into the nucleon-nucleon interaction at
short distances but also have astrophysical
implications [140]. At the EIC, one will have
the unique opportunity to study the role of
gluon degrees of freedom in these short-range
correlations. For instance, in exclusive J/ 
production o↵ light nuclei accompanied by
knockout nucleons, see Sec. 5.12 of [2]. Such
studies have the potential to greatly increase
our understanding of nuclear forces in the
transition region between hadronic and par-
tonic degrees of freedom.
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Figure 2.26: Top: cross-section for �
⇤
p ! J/ p in two bins of xV and Q

2. Bottom: the
distribution of gluons in impact parameter bT obtained from the J/ production cross section.
The bands have the same meaning as in Figure 2.21.

ics such as shadowing, anti-shadowing or the
EMC e↵ect. An overview and references can
be found in Sec. 5.9.1 of [2]. Coherent ex-
clusive reactions such as J/ production on
heavy nuclear targets have the potential to
map out the geometry of the nucleus in high-
energy processes and thus to quantify the ini-
tial conditions of heavy-ion collisions. As dis-
cussed in Sec. 3.2.2, they may o↵er detailed
information about parton saturation by ex-
hibiting the bT dependence of the amplitude
N(x, rT , bT ) for scattering a color dipole of
size rT at a transverse distance bT from the
center of the nucleus.

Scattering processes at high Q
2 in which

two or more nucleons are simultaneously
knocked out of a nucleus provide an oppor-

tunity to study short-range correlations be-
tween nucleons in a nucleus. Fixed-target ex-
periments [138, 139] have obtained intriguing
results, which not only provide detailed in-
sight into the nucleon-nucleon interaction at
short distances but also have astrophysical
implications [140]. At the EIC, one will have
the unique opportunity to study the role of
gluon degrees of freedom in these short-range
correlations. For instance, in exclusive J/ 
production o↵ light nuclei accompanied by
knockout nucleons, see Sec. 5.12 of [2]. Such
studies have the potential to greatly increase
our understanding of nuclear forces in the
transition region between hadronic and par-
tonic degrees of freedom.
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Figure 2.26: Top: cross-section for �
⇤
p ! J/ p in two bins of xV and Q

2. Bottom: the
distribution of gluons in impact parameter bT obtained from the J/ production cross section.
The bands have the same meaning as in Figure 2.21.

ics such as shadowing, anti-shadowing or the
EMC e↵ect. An overview and references can
be found in Sec. 5.9.1 of [2]. Coherent ex-
clusive reactions such as J/ production on
heavy nuclear targets have the potential to
map out the geometry of the nucleus in high-
energy processes and thus to quantify the ini-
tial conditions of heavy-ion collisions. As dis-
cussed in Sec. 3.2.2, they may o↵er detailed
information about parton saturation by ex-
hibiting the bT dependence of the amplitude
N(x, rT , bT ) for scattering a color dipole of
size rT at a transverse distance bT from the
center of the nucleus.

Scattering processes at high Q
2 in which

two or more nucleons are simultaneously
knocked out of a nucleus provide an oppor-

tunity to study short-range correlations be-
tween nucleons in a nucleus. Fixed-target ex-
periments [138, 139] have obtained intriguing
results, which not only provide detailed in-
sight into the nucleon-nucleon interaction at
short distances but also have astrophysical
implications [140]. At the EIC, one will have
the unique opportunity to study the role of
gluon degrees of freedom in these short-range
correlations. For instance, in exclusive J/ 
production o↵ light nuclei accompanied by
knockout nucleons, see Sec. 5.12 of [2]. Such
studies have the potential to greatly increase
our understanding of nuclear forces in the
transition region between hadronic and par-
tonic degrees of freedom.
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Figure 7.47: Top: Projected EIC uncertainties for the gluon IPD obtained from a Fourier
transform of the differential cross section for J/y production for 15.8 GeV2 < Q2 + M2

V <

25.1 GeV2, assuming a collection of 10 fb�1 (from Ref. [2]). Bottom: Projected uncertainties
for the gluon IPD multiplied with b2

T , extracted by a Fourier transform of the differential
cross section for Y production for 89.5 GeV2 < Q2 + M2

V < 91 GeV2, assuming 100 fb�1

(from Ref. [416]).

Breit frame [22, 418], and has been discussed recently in other frames as well [174,
419]. Working in the Breit frame, the D(t) form factor can be related to the spatial
distribution of shear forces s(r) and pressure p(r).

The relation for the shear forces holds also for quarks and gluons separately, while
it is defined only for the total system in the case of pressure. In this way, D(t)
provides the key to mechanical properties of the nucleon and reflects the internal
dynamics of the system through the distribution of forces. Requiring mechanical
stability of the system, the corresponding force must be directed outwards so that
one expects the local criterion 2s(r) + p(r) > 0 to hold, which implies that the
total D-term for any stable system must be negative, D < 0, as confirmed for
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Evolution of the spatial distribution of gluons with x
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Figure 3.23: d�/dt distributions for exclusive J/ (left) and � (right) production in coherent and
incoherent events in di↵ractive e+Au collisions. Predictions from saturation and non-saturation
models are shown.

[209], an e+A event generator specialized
for di↵ractive exclusive vector meson produc-
tion based on the bSat [208] dipole model.
We limit the calculation to 1 < Q

2
< 10

GeV2 and x < 0.01 to stay within the va-
lidity range of saturation and non-saturation
models. The produced events were passed
through an experimental filter and scaled to
reflect an integrated luminosity of 10 fb�1/A.
The basic experimental cuts are listed in the
legends of the panels in Fig. 3.22. As ex-
pected, the di↵erence between the satura-
tion and non-saturation curves is small for
the smaller-sized J/ (< 20%), which is less
sensitive to saturation e↵ects, but is substan-
tial for the larger �, which is more sensitive
to the saturation region. In both cases, the
di↵erence is larger than the statistical errors.
In fact, the small errors for di↵ractive � pro-
duction indicate that this measurement can
already provide substantial insight into the
saturation mechanism after a few weeks of
EIC running. Although this measurement
could be already feasible at an EIC with
low collision energies, the saturation e↵ects
would be less pronounced due to the larger
values of x. For large Q

2, the two ratios
asymptotically approach unity.

As explained earlier in Sec. 3.2.1, coher-

ent di↵ractive events allow one to learn about
the shape and the degree of “blackness” of
the black disk: this enables one to study the
spatial distribution of gluons in the nucleus.
Exclusive vector meson production in di↵rac-
tive e+A collisions is the cleanest such pro-
cess, due to the low number of particles in the
final state. This would not only provide us
with further insight into saturation physics
but also constitute a highly important con-
tribution to heavy-ion physics by providing a
quantitative understanding of the initial con-
ditions of a heavy ion collision as described
in Sec. 3.4.2. It might even shed some light
on the role of glue and thus QCD in the nu-
clear structure of light nuclei (see Sec. 3.3).
As described above, in di↵ractive DIS, the
virtual photon interacts with the nucleus via
a color-neutral exchange, which is dominated
by two gluons at the lowest order. It is pre-
cisely this two gluon exchange which yields a
di↵ractive measurement of the gluon density
in a nucleus.

Experimentally the key to the spatial
gluon distribution is the measurement of the
d�/dt distribution. As follows from the op-
tical analogy presented in Sec. 3.2.1, the
Fourier-transform of (the square root of) this
distribution is the source distribution of the

87

e+Au ! e+Au+ J/ 
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Nuclear target: Au
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Figure 3.24: The Fourier transforms obtained in [201] from the distributions in Figure 3.23 for
J/ -mesons in the upper row and �-mesons in the lower row. The results from both saturation
(right) and non-saturation (left) models are shown. The used input Woods-Saxon distribution
is shown as a reference in all four plots.

object probed, i.e., the dipole scattering am-
plitudeN(x, rT , bT ) on the nucleus with r

2
T ⇠

1/(Q2 + M
2
V ), where MV is the mass of

the vector meson [186] (see also the Sidebar
on page 42). Note that related studies can
be conducted in ultra-peripheral collisions of
nuclei, albeit with a limited kinematic reach.
This is discussed in section 3.4.2.

Figure 3.23 shows the d�/dt distribution
for J/ on the left and � mesons on the
right. The coherent distribution depends on
the shape of the source while the incoher-
ent distribution provides valuable informa-
tion on the fluctuations or “lumpiness” of
the source [199]. As discussed above, we
are able to distinguish both by detecting the
neutrons emitted by the nuclear breakup in
the incoherent case. Again, we compare to
predictions of saturation and non-saturation
models. Just as for the previous figures, the
curves were generated with the Sartre event
generator and had to pass through an ex-
perimental filter. The experimental cuts are
listed in the figures.

As the J/ is smaller than the �, one

sees little di↵erence between the saturation
and no-saturation scenarios for exclusive J/ 
production but a pronounced e↵ect for the
�, as expected. For the former, the statisti-
cal errors after the 3rd minimum become ex-
cessively large requiring substantially more
than the simulated integrated luminosity of
10 fb�1/A. The situation is more favorable
for the �, where enough statistics up to the
4th minimum are available. The ⇢ meson has
even higher rates and is also quite sensitive
to saturation e↵ects. However, it su↵ers cur-
rently from large theoretical uncertainties in
the knowledge of its wave-function, making
calculations less reliable.

The coherent distributions in Figure 3.23
can be used to obtain information about
the gluon distribution in impact parame-
ter space F (b) through a two-dimensional
Fourier transform of the square root of the
coherent elastic cross section [186, 201]

F (b) =

1Z

0

dq q

2⇡
J0(q b)

r
d�coherent

dt
(3.13)
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F (b) =

Z 1

0

q dq

2⇡
J0(qb)

r
d�coherent

dt
<latexit sha1_base64="TdAichyrWWPa+I6P5ofRoz0oPmc="></latexit><latexit sha1_base64="TdAichyrWWPa+I6P5ofRoz0oPmc="></latexit><latexit sha1_base64="TdAichyrWWPa+I6P5ofRoz0oPmc="></latexit><latexit sha1_base64="TdAichyrWWPa+I6P5ofRoz0oPmc="></latexit>

t = �q2
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EIC, White paper
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Coherent vs incoherent
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Figure 3.23: d�/dt distributions for exclusive J/ (left) and � (right) production in coherent and
incoherent events in di↵ractive e+Au collisions. Predictions from saturation and non-saturation
models are shown.

[209], an e+A event generator specialized
for di↵ractive exclusive vector meson produc-
tion based on the bSat [208] dipole model.
We limit the calculation to 1 < Q

2
< 10

GeV2 and x < 0.01 to stay within the va-
lidity range of saturation and non-saturation
models. The produced events were passed
through an experimental filter and scaled to
reflect an integrated luminosity of 10 fb�1/A.
The basic experimental cuts are listed in the
legends of the panels in Fig. 3.22. As ex-
pected, the di↵erence between the satura-
tion and non-saturation curves is small for
the smaller-sized J/ (< 20%), which is less
sensitive to saturation e↵ects, but is substan-
tial for the larger �, which is more sensitive
to the saturation region. In both cases, the
di↵erence is larger than the statistical errors.
In fact, the small errors for di↵ractive � pro-
duction indicate that this measurement can
already provide substantial insight into the
saturation mechanism after a few weeks of
EIC running. Although this measurement
could be already feasible at an EIC with
low collision energies, the saturation e↵ects
would be less pronounced due to the larger
values of x. For large Q

2, the two ratios
asymptotically approach unity.

As explained earlier in Sec. 3.2.1, coher-

ent di↵ractive events allow one to learn about
the shape and the degree of “blackness” of
the black disk: this enables one to study the
spatial distribution of gluons in the nucleus.
Exclusive vector meson production in di↵rac-
tive e+A collisions is the cleanest such pro-
cess, due to the low number of particles in the
final state. This would not only provide us
with further insight into saturation physics
but also constitute a highly important con-
tribution to heavy-ion physics by providing a
quantitative understanding of the initial con-
ditions of a heavy ion collision as described
in Sec. 3.4.2. It might even shed some light
on the role of glue and thus QCD in the nu-
clear structure of light nuclei (see Sec. 3.3).
As described above, in di↵ractive DIS, the
virtual photon interacts with the nucleus via
a color-neutral exchange, which is dominated
by two gluons at the lowest order. It is pre-
cisely this two gluon exchange which yields a
di↵ractive measurement of the gluon density
in a nucleus.

Experimentally the key to the spatial
gluon distribution is the measurement of the
d�/dt distribution. As follows from the op-
tical analogy presented in Sec. 3.2.1, the
Fourier-transform of (the square root of) this
distribution is the source distribution of the
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How to measure all of it ? Detector design
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26 subsystems over ± 40 m
to measure particle momenta, energy and 
particle type
Needs: tracking, particle identification, EM 
and hadronic calorimetry over an 
extremely wide acceptance
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Central detector: international contributions
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Central Detector Non-DOE Interest & In-Kind 

14

Dual-radiator
RICH

Tracking
Detectors

Forward Electromagnetic
Calorimeter

Superconducting
Solenoid

Barrel
Electromagnetic 

Calorimeter

Backward
Electromagnetic 

Calorimeter Time-of-Flight

In-kind contribution goal: 30% of the Detector

IJClab (Orsay)
A. Alikhanian National 
Laboratory, Armenia,
Charles University (CUNI), 
Prague

University of Regina
University of Manitoba

Yonsei University,
Gangneung-Wonju National University,
Hanyang University
Jeonbuk National University
Korea University
Kyungpook National University
University of Seoul
Pusan National University
Sungkyunkwan University
Sejong University
Hanyang University
Yonsei University

Karlsruhe Institute 
of Technology

Czech Technical 
University in Prague,
NPI The Czech Academy of 
Sciences 

University of Tokyo, University of Tsukuba, Hiroshima University
Kobe University, Nara Women's University, Nihon University, Shinshu University
National Central University, National Cheng Kung University
National Taiwan University, National Tsing Hua University

INFN Sezione di Bologna 
Università di Bologna
INFN Sezione di Ferrara,
Università di Ferrara
INFN Sezione di Trieste
Universita di Trieste University of Birmingham,

Daresbury Laboratory,
INFN Sezione di Bari,
Università di Bari,
Università di Foggia,
INFN Sezione di Padova,
Università di Padova,
INFN Sezione di Pavia,
INFN Sezione di Trieste,
Universita di Trieste,
Czech Technical University 
in Prague,
Rutherford Appleton Laboratory
University of Liverpool,
CEA-Saclay,
Seoul National University,
INFN Sezione di Roma Tor Vergata,
Universita di Roma Tor Vergata

Data-Acquisition
Electronics

Backward Hadronic 
Calorimeter

DIRC

GSI Helmholtzzentrum fuer Schwerionenforschung
GmbH

Courtesy of E-C. Aschenauer
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Far-Forward / Far-backward detector: international contributions
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Far-Forward/Far-Backward Detectors Non-DOE Interest & In-Kind

15

Luminosity System 

Low-Q2 Taggers

Zero Degree Calorimeter

B0 Magnet Spectrometer

Roman Pots and 
Off-Momentum 
Detectors 

RIKEN Nishina Center
University of Glasgow
AGH University of Krakow
Ben Gurion University of the Negev
Institute of Nuclear Physics Polish Academy of 
Sciences (IFJ PAN)
Institute of Physics, Academia Sinica
Tel-Aviv University
Warsaw University of Technology, Faculty of 
Physics
University of York

IR vacuum – crucial 
interface for detectors

Courtesy of E-C. Aschenauer

slide from Janusz Chwastowski
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Timeline
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High level schedule

Commissioning and first science in about a decade 

RHIC is scheduled to complete running in early February 2026
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EIC Users Group
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1563 members 

1038 experimentalists 

384 theorists 

124 accelerator scientists 

9 computer scientists 

5 support 

3 other 

310 institutions 

41 countries 

Status as of January 17, 2026
https://www.eicug.org/index.html

The Electron-Ion Collider User Group (EICUG) is an international affiliation of 
scientists dedicated to developing and promoting the scientific, technological, and 
educational goals and motivations for a new high energy Electron-Ion Collider.

https://www.bnl.gov/eic/


Anna Staśto, Physics at the EIC, Konwersatorium, Wydział Fizyki UW, Warszawa, January 19  2026

EIC Users Group
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EIC is international at its core 

Over 60% institutions are outside US 

In  2023, annual meeting was in Warsaw, Poland 

Strong community and still growing !

EIC members by country EIC institutions by country

Status as of January 17, 2026
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Summary
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Electron Ion Collider : high energy, high luminosity, polarized, electron-proton 
and electron-ion collider,  funded by Department of Energy, will be built in about a  
decade and start operating in 2030’s 

➤ Precision tool which will address most profound unanswered questions (nucleon and 
nuclear structure, hadron imaging, spin…) 

➤ One of the most challenging and versatile accelerator complexes ever built 

➤ EIC is a project with strong international engagement 

➤ ePIC collaboration: 1st detector collaboration formed 

➤ 2nd detector: under consideration, needs additional funding  
Please join and contribute! Everybody is welcome: engineers, designers, technicians, administrators, theorists, 
experimentalists, accelerator physicists… 

Especially early career scientists: postdocs, undergraduate and graduate students…

https://www.eicug.org/index.html

https://www.bnl.gov/eic/


