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Scientific goals at EIC worldwide

Higgs  
mechanism

QCD  
dynamics

The energy momentum 
distribution of partons in 
nucleon/nuclei

The origin of proton spin The origin of 
proton mass nuclear effects
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“Old” and long standing problems of nuclear partonic structure 

✦ One-dimensional nuclear partonic structure
RA

i =
fi/A(x,Q

2)

fi/p(x,Q2)
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EMC Collaboration, 1983
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“Old” and long standing problems of nuclear partonic structure 

✦ Three-dimensional nuclear partonic structure
Cronin effect

E100 Collaboration, PRD 11, 3105（1975）

Fi/p(x, kT) = fi/p(x)
e−k2

T /⟨k2
T⟩

π⟨k2
T⟩

, ⟨k2
T⟩A → ⟨k2

T⟩p + ⟨ 2μ2L
λ ⟩ ξ2

• Naive Gaussian model
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How to probe the nucleon/nuclear partonic structure?
✦ Indispensable joint efforts from experiments and QCD theory

34

Emergent Properties of Dense Gluons

² What are the emergent properties of dense systems of gluons, 
when the occupation number is ~ O(1)?

QS: Matter of Definition and Frame (II)

7

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

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?

m
ax

. d
en

sit
y

Qs kT

~ 1/kT

k T
 φ

(x
, k

T2 )

• At Qs:   gluon emission balanced by recombination

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

QS: Matter of Definition and Frame (II)

7
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• At Qs:   gluon emission balanced by recombination

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

vs.

q Another HERA discovery:

q Impact of color entanglement enhanced at small-x:

e p
bT

kT
xp

bT

kT
xpDIS

tots ! Ä + + …xP, kT

<latexit sha1_base64="wCh8xRlmwM3OMgxKUPnSKkR/aiQ=">AAAB/HicbVBNT8JAEJ3iF+JXlaOXjcQEL9gSoh5JvHgTEvlIoJDtssCG7bbZ3ZqQBv+KFw8a49Uf4s1/4wI9KPiSSV7em8nMPD/iTGnH+bYyG5tb2zvZ3dze/sHhkX180lRhLAltkJCHsu1jRTkTtKGZ5rQdSYoDn9OWP7md+61HKhULxYOeRtQL8EiwISNYG6lv55MuwRzdz4r1vuqJy3pPXPTtglNyFkDrxE1JAVLU+vZXdxCSOKBCE46V6rhOpL0ES80Ip7NcN1Y0wmSCR7RjqMABVV6yOH6Gzo0yQMNQmhIaLdTfEwkOlJoGvukMsB6rVW8u/ud1Yj288RImolhTQZaLhjFHOkTzJNCASUo0nxqCiWTmVkTGWGKiTV45E4K7+vI6aZZL7lWpXK8UqpU0jiycwhkUwYVrqMId1KABBKbwDK/wZj1ZL9a79bFszVjpTB7+wPr8AVYMk+E=</latexit>

O(Qn
s /Q

n)=
X

f

Ĉf ⌦ �f +O
�
Q2

s/Q
2
�
+O

�
Q4

s/Q
4
�
+ ...

Color entangled or correlated 
between two active partons

Q2
s / parton density

Saturation is a part of QCD, 
where to find it?Saturation of gluons

= Color Glass Condensate (CGC)

q Saturation:
When                    , every term is equally important, and
counting single parton is meaningless

<latexit sha1_base64="yXKLZm7mE1RHr2lhKAzLgBUb5tE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB4DXjwmYBIxWcLsZDYZMo9lZlYIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrSjgz1ve/vcLG5tb2TnG3tLd/cHhUPj7pGJVqQttEcaUfImwoZ5K2LbOcPiSaYhFx2o0mt3O/+0S1YUre22lCQ4FHksWMYOukx9bAoL5hArUG5Ypf9RdA6yTISQVyNAflr/5QkVRQaQnHxvQCP7FhhrVlhNNZqZ8ammAywSPac1RiQU2YLS6eoQunDFGstCtp0UL9PZFhYcxURK5TYDs2q95c/M/rpTa+CTMmk9RSSZaL4pQjq9D8fTRkmhLLp45gopm7FZEx1phYF1LJhRCsvrxOOrVqcFWtteqVRj2PowhncA6XEMA1NOAOmtAGAhKe4RXePOO9eO/ex7K14OUzp/AH3ucPnXqQMA==</latexit>

Qs ⇠ Q

Need new and coherent degree of freedom
More of the wave nature of the glue!

Part of QCD

QCD factorization theorem

Experimental 
measurements

Hard part 
controlled by pQCD theory Nucleon partonic structure
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TMDs: explore the flavor-spin-motion correlation

Nucleon partonic structure - 3D imaging
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17

Figure 6: Left: The transverse momentum profile of the Sivers TMD for up quarks for
five x values accessible at the EIC, and corresponding statisistical uncertainties. Right:
Transverse momentum snapshots of a transversely polarized nucleon (polarization
direction indicated in blue) for three values in x. The color coding of the three panels
indicates the probability of finding the up quark.

The EIC will allow to study GPD in various processes in the few-body, many-body and
collective regime. The flavor decomposition of GPDs and their dependence on the
polarization can be studied for valence and sea quarks in measurements of electro-
production of S+, K+/-, U, and K*. Measurements of deeply virtual Compton scattering [9]
and the exclusive production of J/<, U and M mesons will allow to constrain transverse
position distributions of sea quarks and gluons and their spin-orbit correlations.
An unique opportunity of the EIC is to study GPDs and TMDs in nuclei and learn about
their nuclear dependence.

Machine Requirements for Nucleons and Nuclei in 3-Dimensions:
Measurements of GPDs and TMDs require longitudinally polarized electrons off
longitudinally and transversely polarized light hadron beams (proton, Deuterium and/or
He-3) with high polarization values (> 70%). High luminosity (1033-34 cm-2s-1) is
required for a multidimensional analysis taking all the kinematic correlations into
account. Versatile beam energies are required to probe the few-body, many-body and
collective regime and for a broad coverage in Q2.

2.1.5 Physics at high Parton Densities

DIS experiments with nuclei have established that PDFs (or structure functions) in
nuclei compared to the ones of a free proton exhibit various nuclear effects, not
surprisingly most prominent for gluons: a strong suppression of the gluon distribution
function in nuclei compared to that in nucleons for � < 0.01 (shadowing), and slight
enhancement around � ~ 0.1 (anti-shadowing), followed again by a suppression (EMC
effect [3]) at large �. In sharp contrast to the proton, the gluonic structure of nuclei is
not known for � < 0.01. Measurements of the inclusive cross section with and without

Transversely	polarized	quark	distribution	is	distorted!	

Unpolarized proton Transversely polarized proton

Nucleon partonic structure - 3D imaging

By	Andrea	Signori

Tianbo Liu, Aug. 7
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What if the nucleon is bounded in nucleus?

Nuclear partonic structure Parton propagating in nuclear medium

e
−

e
−

Two mechanisms leading to nontrivial nuclear effects !
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Observable 1: nuclear modification with one hard scale (mass)

l
+

l
−

e
−

e
−

SIDIS off nucleus

P1: FLI/fgo P2: FhN/fgm QC: FhN/Anil T1: FhN

October 7, 1999 14:54 Annual Reviews AR094-06

?
242 McGAUGHEY ■ MOSS ■ PENG

Figure 15 1hp2t i ¥ hp2t i(A) ° hp2t i(2H) versus A for the DY process from E772
(123; PL McGaughey, JMMoss, JC Peng, unpublished data). Solid curve corresponds
to 0.027((A/2)1/3 ° 1).

4. QUARKONIUM PRODUCTION

4.1 Quarkonium Production in Hadronic Collisions
Much of this section focuses on aspects of the nuclear dependence of quarkonium
production. However, it is important to appreciate the impact of the experimental
results from the Tevatron Collider on the theory of quarkonium production in
hadronic collisions. Braaten et al (3) have recently reviewed this subject.
In 1995, the CDF collaboration published cross sections (127) for vertex-

identified (i.e. not arising from b-quark decay) J/√ and √ 0 production at very
large pt—a particularly advantageous region for comparison with theory. The re-
sult was that the time-honored color-singlet production model underpredicted the
cross section by factors as large as 30.Motivated by this spectacular failure, intense
theoretical activity has focused onmore general productionmechanisms, including
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DY in pA, E772 1991

Centrality dependence of J/y and y(2S) production in p–Pb collisions ALICE Collaboration

〉 
coll

N 〈
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)2 c/2
 (G
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pp〉 T2 p 〈 − 
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7 -µ+µ → ψALICE, Inclusive J/
 = 8.16 TeVNNsPb −p
c < 16 GeV/

T
p

2.96− < cmsy4.46 < −
 < 3.53cmsy2.03 < 

 = 5.02 TeVNNsPb −p
c < 15 GeV/

T
p

2.96− < cmsy4.46 < −
 < 3.53cmsy2.03 < 

 = 8.16 TeVNNsPb −p
)eEnergy loss (Arleo and Peign

2.96− < cmsy4.46 < −
 < 3.53cmsy2.03 < 

Figure 3: pT broadening of J/y , Dhp
2
Ti, as a function of hNcolli at backward (blue circles) and forward (red

squares) rapidity in p–Pb collisions at
p

sNN = 8.16 TeV compared to the results at
p

sNN = 5.02 TeV [29] and
to energy loss model calculations [20]. The vertical error bars represent the statistical uncertainties and the boxes
around the data points the systematic uncertainties.

pp collisions. For the most peripheral collisions, corresponding to hNcolli ⇠ 2.5, the Dhp
2
Ti measured at

backward y is compatible, within uncertainties, with that at forward y. In both backward and forward
rapidity ranges the pT broadening increases with increasing centrality. However, the increase of Dhp

2
Ti

is stronger in the p-going direction than in the Pb-going direction. Thus, nuclear effects appear to in-
crease with the centrality of the collision and to be stronger in the p-going than in the Pb-going direction.
Here, it is worth noting that under the naive assumption of a 2 ! 1 production process (gg ! y(nS)),
the sampled x ranges of the lead nuclei correspond to the shadowing and anti-shadowing regions for
the p-going and lead-going direction measurements, respectively. Also shown in Fig. 3 are the results
at

p
sNN = 5.02 TeV [29]. The same trend of Dhp

2
Ti as a function of hNcolli is seen at both collision

energies in the two rapidity ranges. Overall, Dhp
2
Ti slightly increases with the collision energy. The

Dhp
2
Ti as function of hNcolli is also compared in Fig. 3 to the results of an energy loss model, which is

based on a parameterisation of the prompt J/y pp cross section and includes coherent energy loss effects
from the incoming and outgoing partons [20]. The band in this model represents the uncertainty on the
parton transport coefficient and the parameterisation used for the pp reference cross section. The model
describes the centrality dependence of Dhp

2
Ti at forward rapidity reasonably well, but it underestimates

the data at backward rapidity.

4.3 Centrality dependence of the inclusive J/y nuclear modification factor

Figure 4 shows the pT-integrated QpPb of J/y as a function of hNcolli in p–Pb collisions at
p

sNN = 8.16
TeV at backward and forward rapidity. At forward y, the production of inclusive J/y in p–Pb collisions
is suppressed with respect to expectations from pp collisions for all centrality classes. Furthermore, QpPb
decreases with increasing collision centrality from a value of 0.85±0.02(stat.)±0.03(syst.) for the 80–
90% centrality class to 0.69± 0.01(stat.)± 0.04(syst.) for the 2–10% centrality class. At backward y,
on the contrary, a significant suppression is seen for the most peripheral collisions (Q80�90%

pPb = 0.80±
0.02(stat.)±0.03(syst.)) with QpPb increasing with increasing centrality and reaching values above unity
for the most central collisions (Q2�10%

pPb = 1.16± 0.01(stat.)± 0.07(syst.)). The QpPb as a function of
hNcolli is compared with the results at

p
sNN = 5.02 TeV [29]. No strong dependence with the energy of

the collision is observed in the two rapidity intervals.

Three model calculations are also shown in Fig. 4 for comparison. First, a next-to-leading order (NLO)
Colour Evaporation Model (CEM) [75] using the EPS09 parameterisation of the nuclear modification of
the gluon PDF at NLO is shown and denoted as “EPS09s NLO + CEM". The band represents the system-
atic uncertainty of the calculation, which is dominated by the uncertainty of the EPS09 parameterisation.

11

Heavy quarkonium in pA

ALICE 2020

transverse momentum broadening in nucleus
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Generalized factorization formalism

• Only one hard scale: 


• High twist collinear factorization - nuclear modification from multiple scattering

• SIDIS: A direct probe of the nuclear quark-gluon quantum correlation 

Q2

1

Q2
! A1/3

Q2

• Nuclear enhanced power correction

    J. Qiu, G. Sterman, NPB 1990

    J. Qiu, X. Luo, PRD 1998

    Kang, Wang, Wang, HX, PRL 2014

• Twist-4 matrix element:
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Ru, Kang, Wang, HX and Zhang, PRD 2021; 2302.02329

Global extraction of nuclear partonic structure -  ̂q

QCD Evolution of Jet transport parameter q̂

Hongxi Xing1, ∗

1Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA
(Dated: May 6, 2014)

This is a note on the global fitting of transverse momentum broadening for SIDIS, DY, J/Ψ and
Y (upsilon). Here we emphasis the QCD evolution effect and scaling violation behavior of twist-4
matrix element, or jet transport parameter q̂.

I. TRANSVERSE MOMENTUM BROADENING AND QCD EVOLUTION OF TWIST-4 MATRIX
ELEMENT

Within high twist factorization formalism, we already derived the nuclear enhancement of transverse momentum
broadening in SIDIS at LO [1],

∆⟨ℓ2hT ⟩ =

(

4π2αsz2h
Nc

)

∑

q e
2
qTqg(xB , 0, 0, µ2)Dh/q(zh, µ

2)
∑

q e
2
qfq(xB , µ2)Dh/q(zh, µ2)

. (1)

Where µ is the factorization scale, and the twist-4 quark-gluon correlation function satisfies the following QCD
evolution equation:

µ2 ∂

∂µ2
Tqg(xB , 0, 0, µ

2
f) =

αs

2π

∫ 1

xB

dx

x

[

Pqq(x̂)Tqg(x, 0, 0, µ
2) +∆P qg→qg(x̂)⊗ Tqg + Pqg(x̂)Tgg(x, 0, 0, µ

2)

]

, (2)

with Pqq(x̂) and Pqg(x̂) the normal splitting functions, and the new splitting kernel (medium part) is

∫ 1

xB

dx

x
∆P qg→qg(x̂)⊗ Tqg ≡

CA

2

∫ 1

xB

dx

x

{

4

(1− x̂)+
Tqg(xB , x− xB, 0)−

1 + x̂

(1 − x̂)+
×
[

Tqg(x, 0, xB − x)

+Tqg(xB, x− xB , x− xB)
]

}

. (3)

where x̂ is defined as x̂ = xB/x. In a loosely bounded nuclear medium, we can ”factorize” the nuclear quark-gluon
correlation function in terms of quark and gluon density in the nuclear medium, where the gluon density can be in
turn converted to the jet transport parameter q̂,

Tqg(xB , 0, 0, µ
2) ≈

Nc

4π2αs
fq/A(xB , µ

2)

∫

dy−q̂(µ2, y−). (4)

II. LARGE-x REGIME - SCALING BEHAVIOR OF q̂

In the limit of of x̂ → 1 (x → xB), we can expand the splitting function and the twist-4 matrix element in the
medium modified part around x̂ = 1, then we immediately realize

∫ 1

xB

dx

x
∆P qg→qg(x̂)⊗ Tqg

x̂→1
= 0. (5)

This is also explained as LPM effect. Thus we are left with the following evolution equation,

µ2 ∂

∂µ2
Tqg(xB , 0, 0, µ

2
f)

x̂→1
=

αs

2π

∫ 1

xB

dx

x

[

Pqq(x̂)Tqg(x, 0, 0, µ
2) + Pqg(x̂)Tgg(x, 0, 0, µ

2)

]

, (6)

∗Electronic address: hxing@lanl.gov

: jet transport parameter̂q
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✦ Transverse momentum dependent PDFs (TMDs)

• Probing nucleon 3D structure requires two momentum scales


• Hard scale  localizes the probes (particle nature 
of quarks/gluons)


• Soft scale  accesses the transverse motion of 
quarks/gluons

Q1 ≫ 1/fm

Q2 ∼ 1/fm

!  Cross sections with two-momentum scales observed: 
Q1 � Q2 ⇠ 1/R ⇠ ⇤QCD

" Hard scale:           localizes the probe  
                                      particle nature of  quarks/gluons 

Q1

"  “Soft” scale:         could be more sensitive to the  
                                      structure, e.g., confined motion 

Q2

Hadron’s 3D partonic structure 

!  Two-scale observables at the EIC: 

Parton’s confined motion  
encoded into TMDs   

SIDIS:  Q>>PT 

"  Semi-inclusive DIS: 

+ … 

"  Exclusive DIS: 

+ … 

DVCS: Q2 >> |t| 

Parton’s spatial imaging from Fourier 
transform of  GPDs’ t-dependence 

!  Cross sections with two-momentum scales observed: 
Q1 � Q2 ⇠ 1/R ⇠ ⇤QCD

" Hard scale:           localizes the probe  
                                      particle nature of  quarks/gluons 

Q1

"  “Soft” scale:         could be more sensitive to the  
                                      structure, e.g., confined motion 

Q2

Hadron’s 3D partonic structure 

!  Two-scale observables at the EIC: 

Parton’s confined motion  
encoded into TMDs   

SIDIS:  Q>>PT 

"  Semi-inclusive DIS: 

+ … 

"  Exclusive DIS: 

+ … 

DVCS: Q2 >> |t| 

Parton’s spatial imaging from Fourier 
transform of  GPDs’ t-dependence 

Observable 2: nuclear modification with two scales
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✦TMD factorization for cross section

✦ TMDs

Nuclear partonic structure - 3D imaging
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✦TMDs

Non-perturbative parametrization

Nuclear partonic structure - 3D

EPPS, EPJC 2017

Zurita, 2021



16

✦From collinear (1D) to TMD (3D)

Nuclear partonic structure - 3D
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Reasonable	good	overall	description	on	world	data	from	HERMES,	FNAL,	RHIC,	LHC

nuclear 3D imaging - global extraction from world data
Alrashed, Anderle, Kang, Terry, HX, PRL 2022
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Three-dimension imaging in nuclei

• First time quantitative determination of 
nuclear TMDs


• Identification of transverse momentum 
broadening in nuclei

0.2 0.4 0.6

Ph? (GeV)

0.5

0.6

0.7

0.8

0.9

R
º

+

A

EIC, Q2 = 100 GeV2, x = 0.05, A = Au

EIC , Q2 = 4 GeV2, x = 0.05, A = Au

JLab, Q2 = 2.5 GeV2, x = 0.4, A = Pb
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Impact from JLab measurements
Alrashed, Kang, Terry, HX, Zhang, arXiv: 2312.09226

• Additional constrain power on the scale 
dependence from JLab measurements
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proton

neutron

Neutron skin

✦ Woods-Saxon nuclear distribution

skin effect
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proton

neutron

e
e

Neutron skin from elastic scattering
✦Current knowledge on neutron skin ΔRnp = Rn − Rp

crucial for constraining the fundamental properties of cold nuclear 
matter and the equation of state of neutron star
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Neutron skin from heavy ion collisions
✦New idea using heavy ion collisions Giacalone, Nijs, Schee, PRL 2023

Extract neutron skin thickness of Pb using soft probe + hydrodynamic model at LHC 
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✦  A new proposal in deep inelastic scattering at EIC

Neutron skin from deep inelastic scattering

Linking physics phenomena at both low and high collision energies

proton

neutron

e
e

Zhang, Wang, HX, arXiv: 2408.xxxxx
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✦  Jet charge in deep inelastic scattering

Neutron skin from deep inelastic scattering

• TMD factorization

Intrinsic correlation between final-state jet charge distribution and 
initial-state partonic distributions in nucleons

proton

neutron

e

e

⇡�
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✦  Using PDFs to tag flavor information of nucleon

Neutron skin from deep inelastic scattering

• Correlation between struck nucleon and PDFs using isospin symmetry

u-quark -> proton

d-quark -> neutron
isospin
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Neutron skin from deep inelastic scattering
✦  Centrality-dependent nuclear modification

• Positive (negative) jet charge suppression (enhancement) in e+Pb collision 

• A proxy for the spatial position of the struck nucleon within the nucleus

hit on surface

hit on center
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Neutron skin from deep inelastic scattering
✦  Centrality-dependent nuclear modification: double ratio

• Jet charge distribution in eA DIS: a novel probe for high precision 
determination of neutron skin thickness

ℝ ≡
RC(x, QJ ≤ − Qc)
RC(x, QJ ≥ Qc)

=
dσC/dxdQJ |QJ≤−Qc

dσC/dxdQJ |QJ≥Qc

dσMB/dxdQJ |QJ≥Qc

dσMB/dxdQJ |QJ≤−Qc

Zhang, Wang, HX, arXiv: 2408.xxxxx
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Summary

• Focus on nuclear partonic structure in high energy nuclear collisions.


• For one scale observables, we use high-twist factorization formalism 
to extract the twist-4 quark-gluon correlation in nucleus.


• For two scale observables with distinct difference, we use TMD 
factorization formalism to extract for the first time the 3D partonic 
structure of nuclei.


• New proposal to probe neutron skin thickness using jet charge 
measurements in eA DIS at EIC.
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Summary

• Focus on nuclear partonic structure in high energy nuclear collisions.


• For one scale observables, we use high-twist factorization formalism 
to extract the twist-4 quark-gluon correlation in nucleus.


• For two scale observables with distinct difference, we use TMD 
factorization formalism to extract for the first time the 3D partonic 
structure of nuclei.


• New proposal to probe neutron skin thickness using jet charge 
measurements in eA DIS at EIC.

Thanks for your attention!
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✦  Woods-Saxon parameters

✦  Nuclear PDFs

Backup

Thickness function:


