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Nuclear partonic structure  
Nuclear PDFs, Cronin effect, 

 SRC, Neutron skin… 

Multiple scattering in medium 
Multiparton quantum correlation,  

parton energy loss, … 

e
−

e
−

• NPDFs can be accessed in pA and eA collisions, key input for event 
generators (PYTHIA, HIJING…) 


• Nuclear structure is a critical intersection point between low-energy 
and high energy nuclear physics

What is nuclear partonic structure?
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✦ One-dimensional nuclear partonic structure

RA
i =

fi/A(x,Q
2)

fi/p(x,Q2)
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Long standing problems of nuclear partonic structure 

For recent review: Ann. Rev. Nucl. Part. Sci. 2024. 74:1–41
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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

Long standing problems of nuclear partonic structure 
✦ Three-dimensional nuclear partonic structure
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Less than 10% gluon EMC effect

NPL QCD Collaboration


 PRD 96, 094512（2017）

Efforts from lattice QCD
✦ Limited to light nuclei  and unphysical pion masses A ≤ 3

No significant EMC effect for u-d

NPL QCD Collaboration


 PRL 126, 202001（2021）

No definitive conclusion

CLQCD Collaboration


 PRD 111, 074506（2025）
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Promising future from quantum computing?
✦ Progress on hadron PDFs (QuNu)

fq/h(x) = ∫
∞

−∞

dy−

2π
eixp+y−⟨h | ψ̄(0)

γ+

2
𝒲(0,y−)ψ(y−) |h⟩

• PDF in NJL: PRD (letter, 2022)
• LCDA in NJL: SCPMA (2023)
• Scattering amplitude: PRD (2023)
• GPD in Schwinger: 2606.22602
• DIS in SU(2): 2606.17003
• Review in SCPMA (2025)

fq/A(x) = ∫
∞

−∞

dy−

2π
eixp+y−⟨A | ψ̄(0)

γ+

2
𝒲(0,y−)ψ(y−) |A⟩
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✦ 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

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)

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

How to reliably probe the nuclear partonic structure?
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✦ Generalized QCD factorization - twist expansion

How to reliably probe the nuclear partonic structure?

perturbative	expansion

Multiple	 scattering
expansion

�h
phys =

h
↵0
sC

(0)
2 + ↵1

sC
(1)
2 + ↵2

sC
(2)
2 + . . .

i
⌦ T2(x)

+
1

Q

h
↵0
sC

(0)
3 + ↵1

sC
(1)
3 + ↵2

sC
(2)
3 + . . .

i
⌦ T3(x)

+
1

Q2

h
↵0
sC

(0)
4 + ↵1

sC
(1)
4 + ↵2

sC
(2)
4 + . . .

i
⌦ T4(x)

+ . . .

✦ The power suppressed high twist correction is enhanced by nuclear size

1
Q2

→
A1/3

Q2

Parton	density	increases

Parton	density	increases

   J. Qiu, G. Sterman, NPB 1990

   J. Qiu, X. Luo, PRD 1998
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✦ Generalized QCD factorization - twist expansion

How to reliably probe the nuclear partonic structure?

perturbative	expansion

Multiple	 scattering
expansion

�h
phys =

h
↵0
sC

(0)
2 + ↵1

sC
(1)
2 + ↵2

sC
(2)
2 + . . .

i
⌦ T2(x)

+
1

Q

h
↵0
sC

(0)
3 + ↵1

sC
(1)
3 + ↵2

sC
(2)
3 + . . .

i
⌦ T3(x)

+
1

Q2

h
↵0
sC

(0)
4 + ↵1

sC
(1)
4 + ↵2

sC
(2)
4 + . . .

i
⌦ T4(x)

+ . . .

✦ “standard” treatment in HEP: consider only leading twist nuclear partonic 
structure, assume the same hard scattering



PDFs Evolution 

Coefficient functions  

Generation of Theory Data

Experimental Data

  Construction χ2
n

PDF Parametrization 

MC Sampling of parameter space: new parameters introduced 

Minimization of χ2
global

Construction of  from χ2
global χ2

n

Hessian Matrix 
Constructed sampling the   function
χ2

global

Best  fit

Uncertainties
PDF eigen vectors set  
using Hessian Method

Fitting Framework

Methodology for global extraction of PDFs

理论
+
计算

+
实验



Recent efforts from NPC collaboration

✦ Nonperturbative Physics Collaboration, start from 2023

SJTU（高俊）+ IMP（沈晓民、赵宇翔、周一雨）+ SCNU（邢宏喜）

✦ Parton fragmentation in vacuum at  and  (PRL 24, 25, PRD 24, 25)NLO N2LO

✦ Parton distribution and fragmentation in nuclear medium (2607.08669)
✦ Proton spin structure (on going)
✦ Parton fragmentation in  at  (杨通智等，PRL 25)e+e− N3LO



Recent efforts from NPC collaboration

✦ Nuclear modified parton fragmentation

NPC, 2607.08699



Recent efforts from NPC collaboration

✦ Nuclear modified parton fragmentation NPC, 2607.08699
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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 

Global analysis of nuclear TMD
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✦From collinear (1D) to TMD (3D)

Global analysis of nuclear TMD
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Reasonable	good	overall	description	on	world	data	from	HERMES,	FNAL,	RHIC,	LHC

Alrashed, Anderle, Kang, Terry, HX, PRL 2022

Global analysis of nuclear TMD
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• First time quantitative determination of nuclear TMDs 
• Identification of transverse momentum broadening in nuclei

Three-dimension imaging in nuclei

Alrashed, Anderle, Kang, Terry, HX, PRL 2022

Alrashed, Kang, Terry, HX, Zhang, 2312.09226

Zhou, Kang, HX, 2609.xxxxx
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✦ Generalized QCD factorization - twist expansion

How to reliably probe the nuclear partonic structure?

perturbative	expansion

Multiple	 scattering
expansion

�h
phys =

h
↵0
sC

(0)
2 + ↵1

sC
(1)
2 + ↵2

sC
(2)
2 + . . .

i
⌦ T2(x)

+
1

Q

h
↵0
sC

(0)
3 + ↵1

sC
(1)
3 + ↵2

sC
(2)
3 + . . .

i
⌦ T3(x)

+
1

Q2

h
↵0
sC

(0)
4 + ↵1

sC
(1)
4 + ↵2

sC
(2)
4 + . . .

i
⌦ T4(x)

+ . . .

✦ The power suppressed high twist correction is enhanced by nuclear size

1
Q2

→
A1/3

Q2

Parton	density	increases

Parton	density	increases

NLO QCD factorization at twist-4: 
Kang, Wang, Wang, HX, PRL 2014

Kang, Qiu, Wang, HX, PRD 2016
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l
+

l
−

e
−

e
−

SIDIS off nucleus DY in pA Heavy quarkonium in pA

High twist in nuclear medium
✦ Transverse momentum broadening in nucleus

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 parameter:
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 in CNM is not a constant and order of magnitude smaller than QGP!̂q

Global analysis of jet transport parameter in CNM
Ru, Kang, Wang, HX and Zhang, PRD 2021; CPC 2026
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Global analysis of jet transport parameter in CNM
Ru, Kang, Wang, HX and Zhang, PRD 2021; CPC 2026

Jet transport at CEP?  Holography QCD by M. Huang and D. Hou
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High twist in nuclear medium
✦ What’s the meaning of high-twist matrix element?

Quark-gluon quantum correlation in nucleus
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no
n-

pe
rtu

rb
at

ive
 re

gi
on

Y = ln 1
x

ln Q2

dense region

relatively dense region

dilute region

Dilute region: 

Probing length 

x ∼ 𝒪(1)
λ ∼ 1/xp ≪ L ∼ A1/3

Relatively dense region: 

Probing length 

x ≲ 𝒪(1)
λ ∼ 1/xp ≲ L ∼ A1/3

Dense region: 

Probing length 

x ≪ 𝒪(1)
λ ∼ 1/xp ≫ L ∼ A1/3

QCD “phase diagram” for nuclei
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no
n-
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rtu

rb
at

ive
 re

gi
on

Y = ln 1
x

ln Q2

dense region

relatively dense region

dilute region

Leading twist collinear factorization

PDF, DGLAP evolution

Collins, Soper, 1981

High-twist formalism

Multi-parton correlation, DGLAP-type evolution

Qiu, Stermann, 1991

Kang, Wang, Wang, Xing, 2014

Color Glass Condensate (CGC)

Wilson lines, nonlinear BK/JIMWLK evolution

See review: Gelis, Iancu, Venugopalan, 2003

QCD factorization from dilute to dense region
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CGC evidence from STAR?
✦ Dihadron correlation in pA collisions

STAR, PRL 2022
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CGC evidence from STAR?
✦ Dihadron correlation in pA collisions

• Both CGC and high-twist expansion can describe the backward 
suppression and broadening, which one is correct?

high-twist interpretation

STAR, PRL 2022 Kang, Vitev, Xing, PRD 2012

0.01
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shadowing+e-loss

shadowing

central

C
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(∆
φ

)
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∆φ (rad)
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no
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on

Y = ln 1
x

ln Q2

dense region

relatively dense region

dilute region

✦ Photon production in pA collisions

Parton	density	increases

Fu, Kang, Salazar, Wang, HX, PRL 2025

Fu, Kang, Salazar, Wang, HX, PRD 2025

A unified factorization from dilute to dense region

leading twist twist-4
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From partonic structure to nucleon structure

How to link the nuclear structure in two different scales? 
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proton

neutron

✦ Woods-Saxon nuclear distribution

skin effect

Neutron skin
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proton

neutron

e
e

✦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

Neutron skin from elastic scattering
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proton

neutron

e

e

ω→

✦  A new proposal in deep inelastic scattering at EIC

Linking physics phenomena at both low and high collision energies

proton

neutron

e
e

Zhang (张善良), Wang, Wang, HX, 2506.10694

Neutron skin from deep inelastic scattering
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✦  Jet charge in deep inelastic scattering

• TMD factorization

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

proton

neutron

e

e

ω→

Neutron skin from deep inelastic scattering
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✦  Using PDFs to tag flavor information of nucleon

• Correlation between struck nucleon and PDFs using isospin symmetry

u-quark -> proton

d-quark -> neutronisospin

Neutron skin from deep inelastic scattering
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✦  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

Neutron skin from deep inelastic scattering



35

✦  Centrality-dependent nuclear modification: double ratio

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


• Stay tuned for hard probes in HICs

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, Wang, HX, 2506.10694

Neutron skin from deep inelastic scattering
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Rutherford	scattering

1911

Electron-Ion Collider (EIC) 

!  A giant “Microscope” 

!  A sharpest “CT” 

To “see” quarks and gluons 

To “cat-scan” nucleons and nuclei 

Electron-Ion Collider (EIC) 

!  A giant “Microscope” 

!  A sharpest “CT” 

To “see” quarks and gluons 

To “cat-scan” nucleons and nuclei 

Electron-Ion Collider (EIC) 

!  A giant “Microscope” 

!  A sharpest “CT” 

To “see” quarks and gluons 

To “cat-scan” nucleons and nuclei 

Eα ≈ 5MeV

Summary

Probing nuclear structure at different scales in high energy scatterings



Thanks for your attention!
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✦  Woods-Saxon parameters

✦  Nuclear PDFs

Backup

Thickness function:
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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


