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Nuclear Femtography: search for answers to the most 
fundamental structure at Fermi scale!

The mystery of our visible matter
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✦ Revolution in our view of nuclear structure

Rutherford	scattering

1911

• Atom: Dalton 1803

• Nucleus: Rutherford 1911

• Proton: Rutherford 1919

• Neutron: Chadwick 1932

• Quark model: Gell-Mann and Zweig 1964

• Parton model: Feynman 1969

•…!  A modern “Rutherford” experiment (about 50 years ago): 

Nucleon: The building unit of  
all atomic nuclei 

Prediction 

Quark 
model 

e + p   #  e + X    

1968 

Hadron structure 

Discovery 

Discovery:  "  Partons/Quarks – moving relativistically 
" Quantum fluctuation – parton number is not fixed! 

Atomic 
world: 

!  NO “still picture” for hadron’s partonic structure! 

Birth of  Quantum Chromodynamics (QCD) – gluons & color force! 
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Modern Rutherford scattering

Nucleon partonic structure
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Electron Ion Colliders -> the next generation facility specifically for nucleon structure!

slide from Yutie Liang

The existing experiments for nucleon structure



5

Future opportunities with electron-ion collisions

2025 European Particle Physics Strategy (2503.18208)
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2020

2021

Electron Ion Collider in China (EicC)

a nuclear facility proposed to be built in Huizhou, China 



7

Huizhou

Wuhan
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Higgs  
mechanis

QCD  
dynamic

Parton distribution in 
space and momentum 
inside nucleon

The origin of proton spinThe proton mass 
decomposition

Confined partonic/
hadronic states in 
nucleus

Science Pillars for EICs

‣ Binding/Mass


• Atom: 0.00000001


• Nucleus: 0.01


• Nucleon: 100 

‣ No static picture of 
proton spin


‣ Interplay between 
intrinsic property and 
interactions of 
quarks and gluons

‣ How do the nucleon 
properties emerge 
from quarks and 
gluons

‣ gluon saturation


‣ Free nucleon vs bound 
nucleon


‣ Quark-gluon 
interaction with 
medium
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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
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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)
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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
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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
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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 probe the nucleon partonic structure?

• Uncertainty principle: we can’t precisely determine the position and momentum of a parton at the 
same time 

• We can determine the probability of seeing a parton in proton with specific characteristics - PDF
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EicC

Prog. Part. Nucl. Phys. 127 (2022) 103985

Proton interior in 1-dimension

✦ There is no still picture for 
nucleon structure 

✦ The -dependence can not be 
predicted in theory, it can be only 
accessed in experiment 

✦ There is no single machine can 
map out the full partonic 
structure of proton! 

x
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✦ The origin of proton mass

Proton mass

Phys. Rev. Lett. 121 (2018) 21, 212001


• Quark energy and gluon energy constrained by PDFs


• Quark mass via  low energy scattering


• Trace anomaly via near threshold production of heavy quarkonium ?
πN

Near threshold  production

JLab & EicC & EIC

J/Ψ Near threshold  production

EicC & EIC

Υ

Ji, Phys. Rev. Lett. 74 (1995), 1071

Ji, Phys. Rev. D 52 (1995), 271

Kharzeev et al, Proc. Int. Sch. Phys. Fermi 130 (1996) 105; Eur. Phys. J. C 9 (1999) 459-462

Sun, Tong, Yuan, Phys. Lett. B 822 (2021), 136655; Phys. Rev. D 105 (2022), 054032
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1
2!= P, 12 | JQCD

z |P, 12 = 12 dx
0

1
∫ ΔΣ(x,Q2 )+ dx

0

1
∫ ΔG(x,Q2 )+ dx

0

1
∫ ( Lqz

q
∑ +Lgz )

Jaffe,	Manohar;	 Ji

The Proton Spin? 

! How does QCD generate the nucleon’s spin? 

Orbital Angular Momentum 
of  quarks and gluons 

Little known 

Gluon helicity 
Start to know 

⇠ 20%(with RHIC data)

Quark helicity  
Best known  

⇠ 30%

Spin “puzzle” 

Proton Spin 

1

2
=

1

2
�⌃+�G+ (Lq + Lg)

If  we do not understand proton spin, we do not understand QCD 
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2
�⌃+�G+ (Lq + Lg)

If  we do not understand proton spin, we do not understand QCD 

total
quark spin

gluon
spin

angular 
momentum

✦ Naive parton model —> spin crises 

✦ Proton spin decomposition 
proton spin 1/2 is consistent with naive parton model, but contradict with experiments.

Proton spin

Quark ~ 30% gluon ~ 40% Orbital angular momentum?



13

✦ Polarized structure function measurement  g1

• Leading order cross section Polarized PDFs

hadron fragmentation

Pin down the proton spin in future EICs
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✦ SIDIS for flavor decomposition Anderle, Hou, Yuan, HX, Zhao, JHEP 2021

Pin down the proton spin in EIC&EicC
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✦ Parton spin contribution to proton spin Anderle, Hou, Yuan, HX, Zhao, JHEP 2021

The power of EicC for proton spin!
We need parton 

fragmentation functions as 
an input!

Pin down the proton spin in EIC&EicC
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From nucleon structure to hadronization

✦ SIDIS at EIC as a tool to explore parton fragmentation

Figure taking from PRL 134,111902

• QCD confinement

• The first phenomenological 

indication of gluons

• A tool to probe QGP
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FF global fitting panorama
✦ Joint efforts from experiments & theory in extracting FFs

FFs Collab. NPC DSS NNFF JAM HKNS MAPFF

SIA
SIDIS

pp incl. hadron
pp hadron in jet

stat. treatment Hessian Hessian Monte Carlo Monte Carlo Hessian Monte Carlo

parametrization standard standard neural network standard standard neural network

hadron species

pQCD order NLO/NNLO NLO NNLO NLO NLO Approx. NNLO

latest update PRL 132, 261903  (2024) 
PRD 110, 114019  (2024)

PRD 95, 094019 (2017) 
PRD 105, L031502 (2022) 

EPJC 77, 516 (2017) 
EPJC  78, 651 (2018) PRD 94, 114004 (2016) PTEP 2016, 113B04 

(2016) PLB 834, 137456 (2022) 

π±, K±, p/p̄
π±, K±, p/p̄ π±, K±, p/p̄ π±, K± π±, K±, p/p̄ π±, K±

η, k0
s , Λ

NPC: the most precise and complete FFs to date!
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New efforts from NPC（SJTU & SCNU & IMP）
✦ NPC23 vs. others

• General agreement for u/d quark to pion

• Discrepancies for FFs to kaon/proton and gluon FFs

Gao, Liu, Shen, HX, Zhao, PRL & PRD Editor’s suggestion, 2024

126 Hessian error FFs are all 
available in LHAPDF
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✦ Probe the nucleon structure

What do we learn from NPC ?

• The impact of NPC FFs on the state-of-the-art PDFs at NNLO


• Preference of reduced asymmetry in the strange quark PDFs

Gao, Shen, HX, Zhao, Zhou, arXiv:2502.17837

The puzzle of strange quark asymmetry: 
 sv = s − s̄ = 0?

e
e
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Nucleon partonic structure - 3D imaging
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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 
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Nucleon partonic structure - 3D imaging
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TMDs: explore the flavor-spin-motion correlation

Nucleon partonic structure - 3D imaging
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TMDs:  Explore the Flavor-Spin-Motion Correlation
q Quantum correlation between hadron spin and parton motion:

Hadron spin influences 
parton’s transverse motion

Sivers effect – Sivers function

Polarized hadron

Observed particle

q Quantum correlation between hadron spin and parton spin:
Observed particle

Polarized hadron

Hadron spin and parton spin
influence 

parton’s transverse motion

Pretzelosity – model OAM

q Quantum correlation between parton’s spin and its hadronization:

Parton’s transverse polarization
influences its hadronization

Transversity

Observed particle

Polarized hadron

Collins effect – Collins function Fig. 2.7 NAS Report

✦ Quantum correlation between proton spin and parton motion 

✦ Quantum correlation between proton spin and parton spin 
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Sivers function : proton spin 
influences parton’s transverse motion

f⊥
1T

Pretzelosity function : proton spin and parton 
spin influence parton’s transverse motion

h⊥
1T
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Transverse momentum dependent PDFs (TMDs)

Quark TMDs

�[�+]
q h(x, b) = f1(x, b) + i✏µ⌫T bµs⌫Mf?1 (x, b)
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• There are eight TMD 
distributions in leading twist 

• TMD distributions provide a 
more detailed picture of the 
many body parton structure of 
the hadron 

• Interplay with the transverse 
momentum

q Quark TMDs with polarization:
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<latexit sha1_base64="ctUOj+gL0djBoHwQEhUukEl6wsA=">AAACEHicbVBLSwMxGMzWV62vVY9egkW6pVJ2i6jHghdPsoJ9QHdZsmm2Dc0+SLJKWfoTvPhXvHhQxKtHb/4b03YP2joQMsx8H8mMnzAqpGl+a4WV1bX1jeJmaWt7Z3dP3z9oizjlmLRwzGLe9ZEgjEakJalkpJtwgkKfkY4/upr6nXvCBY2jOzlOiBuiQUQDipFUkqdXiMGqtRvDPnXSBHEeP1ShI2Oo5EoV1oaG7Q3V3fX0slk3Z4DLxMpJGeSwPf3L6cc4DUkkMUNC9CwzkW6GuKSYkUnJSQVJEB6hAekpGqGQCDebBZrAE6X0YRBzdSIJZ+rvjQyFQoxDX02GSA7FojcV//N6qQwu3YxGSSpJhOcPBSmDKvG0HdinnGDJxoogzKn6K8RDxBGWqsOSKsFajLxM2o26dV43b8/KzUZeRxEcgWNgAAtcgCa4BjZoAQwewTN4BW/ak/aivWsf89GClu8cgj/QPn8APciZgA==</latexit>

e(l) +N(P, ") ! e(l0) + h(Ph) +X

Two planes
Leptonic plane
Hadronic plane

In photon-hadron frame:

Single Transverse-Spin
Asymmetry

Angular modulation provides the best 
way to separate TMDs
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Two planes
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Angular modulation provides the best 
way to separate TMDs

e

e

✦ SSA: transverse polarized proton + unpolarized electron

AUT(ϕh, ϕs) =
1
ST

dσ(ϕh, ϕs) − dσ(ϕh, ϕs + π)
dσ(ϕh, ϕs) + dσ(ϕh, ϕs + π)

= ACollins
UT sin(ϕh + ϕs)+ASivers

UT sin(ϕh − ϕs)+APretzelosity
UT sin(3ϕh − ϕs)

Nucleon partonic structure - 3D imaging
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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

By	Andrea	Signori

Nucleon partonic structure - 3D imaging
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Zeng, Liu, Sun, Zhao, PRD, 2023

Nucleon 3D imaging at EicC - Sivers effect

• EIC&EicC will perform high 
precision measurement of 
SSA, providing the most 
powerful probe to Sivers 
effect
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Initial state

Nuclear partonic structure

Final state

Parton propagating in nuclear medium

e
−

e
−

Two mechanisms leading to nontrivial nuclear effects

What if the nucleon is bounded in nucleus?
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• One-dimensional nuclear partonic structure

RA
i =

fi/A(x,Q
2)

fi/p(x,Q2)
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EMC Collaboration, 1983

“Old” and long standing problems of nuclear partonic structure 
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“Old” and long standing problems of nuclear partonic structure 

• One-dimensional nuclear partonic structure - impact of EIC
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• Three-dimensional nuclear partonic structure

Cronin effect （50 years）

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

“Old” and long standing problems of nuclear partonic structure 



30

• From collinear (1D) to TMD (3D)

Nuclear TMDs

• TMD factorization in nuclear medium
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Reasonable	good	overall	description	on	world	data	from	HERMES,	FNAL,	RHIC,	LHC

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

nuclear 3D imaging - global extraction from world data
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• First time quantitative determination of nuclear TMDs

• Identification of transverse momentum broadening in 

nuclei
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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

Three-dimension imaging in nuclei

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

Alrashed, Kang, Terry, HX, Zhang, 2312.09226
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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 from dilute to dense region
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dense region
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dilute region

Leading twist collinear factorization 
PDF, DGLAP evolution 
   Collins, Soper, 1981

High-twist formalism 
Multi-parton correlation, DGLAP-type evolution 
   Qiu, Stermann, PRD, 1991

   Kang, Wang, Wang, Xing, RPL, 2014

Color Glass Condensate (CGC) 
   McLerran, Venugopalan, 1994

Wilson lines, BK/JIMWLK evolution 
   See review: Gelis, Iancu, Venugopalan, 2003

QCD theoretical frameworks from dilute to dense region
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• Take direct photon production as an example to prove the matching of CGC and HT

⟨k2
⊥⟩ ∼ Q2

s ∝ A1/3x−λ

Parton	density	increases

The correspondence between CGC and high-twist expansion

establish a unified picture for dilute-dense dynamics in QCD medium

CGC

Fu, Kang, Salazar, Wang, HX, PRL, 2025
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Mapping out the QCD phase diagram for nuclei with worldwide efforts 
using a unified theoretical framework!

Nuclear partonic structure from dilute to dense region

Fu, Kang, Salazar, Wang, HX, PRL, 2025
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Bridging EIC to low energy nuclear structure

proton

neutron

e

e

ω→

✦ Linking physics phenomena at both low and high collision energies

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

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

Zhang, Wang, HX, to appear soon
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Summary
• EICs are the ultimate machines to explore the inner 

world of proton/nuclei at fm scale 
1. Proton 1-D and 3-D imaging

2. Proton spin 

3. Parton fragmentation

4. Nuclear effects


• Many more topics are not covered, such as GPDs, 
exotic states … 

• EIC、EicC、JLab are complementary to each other 

EIC
EicC

JLab

谢    谢！
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Congratulations to C3NT!


