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Outline
✦ Introduction to Electron Ion Colliders

✦ Selected topics for nucleon/nucleus structure 


• proton 1D structure


• proton 3D structure


• nuclear effects

✦ Summary
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What holds us together?

standard model

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

Birth of QCD！

Modern Rutherford scattering
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Modern machines to probe the nucleon partonic structure

Lepton-lepton colliders Hadron-hadron colliders lepton-hadron colliders

11

QCD & Hadron Structure needs Lepton-Hadron Collider

q Hadrons are produced in hadron-hadron collisions:

§ Partonic structure 
§ Emergence of hadrons
§ Heavy ion target or beam(s) 

Also at the LHC

q Hadrons are produced in lepton-hadron collisions:

Also at COMPASS &  future EIC

§ Colliding hadron can be broken 
or stay intact! 

§ Imaging partonic structure
§ Emergence of hadrons 
§ Heavy ion target or beam

Ideal facility for hadron structure!

q Hadrons are produced from the energy in e+e- collisions:

§ No hadron to start with
§ Emergence of hadrons
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Also at the LHC

q Hadrons are produced in lepton-hadron collisions:

Also at COMPASS &  future EIC

§ Colliding hadron can be broken 
or stay intact! 

§ Imaging partonic structure
§ Emergence of hadrons 
§ Heavy ion target or beam

Ideal facility for hadron structure!

q Hadrons are produced from the energy in e+e- collisions:

§ No hadron to start with
§ Emergence of hadrons

BEPC, SuperKEKB HERA, JLabRHIC, LHC

‣ No hadron in the initial-state


‣ Hadrons are emerged from 
energy


‣ Not ideal for studying hadron 
structure

‣ Hadrons in the initial-state


‣ Hadrons are emerged from 
energy


‣ Currently used for studying 
hadron structure

‣ Hadrons in the initial-state


‣ Hadrons are emerged from 
energy


‣ Ideal for studying hadron 
structure
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The modern experiments for nucleon structure

Electron Ion Colliders -> the next generation facility specifically for nucleon structure!
slide from Yutie Liang
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Proposed Electron-ion colliders

4

RHIC ! US-EIC

LHC ! LHeC HIAF ! EicC

FAIR ! ENC

slide from Jinlong Zhang
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Time evolution of US EIC

2015

2018

2019

2020
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Time evolution of EicC

!"#$ –%$&'( (EicC)

2012: )*+,-./
2020.2, 2021.6:012 (!3, 43)
2021-2023:56789:
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2020

2021
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Electron-Ion Collider in China (EicC)
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Electron-Ion Collider in China (EicC)

a nuclear facility proposed to be built in Huizhou, China 
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Scientific goals at EICs

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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Complementarity between EIC and EicC

Mapping out the nucleon structure 
via EICs worldwide 
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How to probe the nucleon 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)
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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

<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



15

Nucleon partonic structure - momentum distribution
✦ Multi-dimensional view of nucleon partonic structure

Wigner distribution

5D view
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1D momentum distribution: Parton distribution functions (PDFs)
✦ Operator definition of quark PDF

• Light cone momentum fraction: x = k+/p+

• Wilson line to ensure gauge invariance
𝒲(0,y−) = 𝒫e−ig ∫y−

0 dη−A+(η−)

fq/p(x) = ∫
∞

−∞

dy−

2π
eixp+y−⟨p | ψ̄(0)

γ+

2
𝒲(0,y−)ψ(y−) |p⟩

✦ Probability interpretation

• The probability density of finding a parton 
inside a proton

• Satisfies energy conservation ∑
a=q,g

∫
1

0
dxxfa/p(x) = 1
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Parton distribution functions
✦ PDFs are key ingredient in high energy and nuclear physics  

• Understand the fundamental structure of QCD bound states (JLab, EIC, EicC…)

• Provide essential baseline for hard probes in heavy ion collisions (RHIC, LHC)

• Precision test of standard model (LHC)

• Compute backgrounds in searches for BSM physics (LHC)

✦ Methods to obtain and understand PDFs

• Nonperturbative models (DSE, EFT, LFQ, Ads/CFT …)

• QCD global analysis (measurements + pQCD)

• Lattice QCD (lattice QFT + high performance computing)

• Quantum information science (quantum computing)

χ
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QCD global analysis of world data

NNPDF:1706.00428

✦ Current knowledge about proton PDFs

QCD

evolution

Predictive power of pQCD
X. Chen et al, JHEP, 2022
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QCD global analysis of world data
✦ Current knowledge about proton PDFs

gluon sea valence

See video at:   http://eicug.org/

Nucleon structure: quantum probability, there is no still picture for 
partons inside nucleon.
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PDFs on lattice
✦ Traditional lattice calculation: using OPE to 

provide moments 

⟨xn−1⟩ = ∫
1

−1
dxxn−1fq/p(x)

• PDFs can not be directly calculated on lattice


• Lattice results are not compatible with their global-
fit counterparts

Progress in Particle and Nuclear Physics 100 (2018) 107–160

✦ New strategies in lattice calculation - finite 
boost parton distribution
• quasi-PDF using LaMET (Ji, 13)


• Pseudo-PDF (Radyushkin, 17)


• Lattice cross-section (Ma and Qiu, 14, 17)


• …
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1D collinear PDFs from Quantum computing
✦ Strategies in our quantum computing

1. Map quantum field to qubits


2. Prepare the initial hadronic state


3. Evaluate the real-time dynamical correlation function


4. Measurement of relevant observable

|ψl⟩{
Vary parameters θ

…

U(θ)…

M
in

im
ize

  E
l (θ)

O
p
tim

iza
tio

n
  

Measure

|0⟩ H H

Ξ3
nσ j

n
Ξ3

mσi
m

e −iH
t

…

Qubit

Qubit

Qubit

Qubit

Qubit

N

0
1
n

m

N − 1

…

Qubit

…
…

…
…

…

Prepare |h⟩ Quantum circuit for   Snm(t)

…
…

NO

YES

|h⟩=
U(θ*) |ψ

l ⟩

fq/h(x) =

Z
dz

4⇡
e�ixMhzhh|eiHt ̄(0,�z)e�iHt�+ (0, 0)|hi

<latexit sha1_base64="vcA0O3T8kGUNHX31AF+PHZZwxEI="></latexit><latexit sha1_base64="vcA0O3T8kGUNHX31AF+PHZZwxEI="></latexit><latexit sha1_base64="vcA0O3T8kGUNHX31AF+PHZZwxEI="></latexit><latexit sha1_base64="vcA0O3T8kGUNHX31AF+PHZZwxEI="></latexit>

QuNu Collab. PRD(L) 2022
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Numerical results from quantum computing in NJL model
✦ Measurement of hadron mass

Mh = ⟨h |H |h⟩ − ⟨Ω |H |Ω⟩

• Considering the current limitations of using real quantum devices, the 
results are generated using a classical simulation of the quantum circuit


• Measure the mass of the lowest-lying -like hadron in NJL model with 2 
flavors


• QCD dynamics generates majority of the hadron mass

ud

ma = 0.2 N = 12

The Proton Mass 

! Nucleon mass – dominates the mass of  visible world: 

Higgs mechanism is not enough!!! 

How to quantify and verify this, theoretically and experimentally? 

! How does QCD generate the nucleon mass? 
“… The vast majority of  the nucleon’s mass is due to quantum 
fluctuations of  quark-antiquark pairs, the gluons, and the energy 
associated with quarks moving around at close to the speed of  light. …” 

The 2015 Long Range Plan for Nuclear Science 

REACHING FOR THE HORIZON  

“Mass without mass!” 
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Numerical results from quantum computing
✦  quark PDF of the lowest-lying zero-charge hadron

• Good agreement between quantum 
computation and numerical 
diagonalization


• The non-vanishing contributions in 
the  are partly due to the finite 
volume effect


• We observe the expected peak 
around  and qualitative 
agreement with pion PDFs

x > 1

x = 0.5

4

0.01 x

0.1

0.2

0.3

0.4

xf
i(x

)

0.1 0.3 0.5 0.7 0.9

qv

0.01 x 0.1 0.3 0.5 0.7 0.9

qsNLO

NLO+NLL cosine

NLO+NLL expansion

NLO+NLL double Mellin

0.01 x 0.1 0.3 0.5 0.7 0.9

g/10

0.95 1

FIG. 2. Distribution of replicas for the pion valence quark (left), sea quark (middle), and gluon (⇥1/10) (right) PDFs versus
x at the scale µ0 for the NLO fixed order (red), and NLO+NLL cosine (green), expansion (blue), and double Mellin (gold)
analyses. The inset in the left panel magnifies the very large-x region. The central values of the sea quark and gluon posterior
samples are indicated by solid lines.

at high x than the other methods. Additionally, the cen-
tral values exhibit larger gluon distributions for the co-
sine and expansion methods compared to the NLO for
0.01 . x . 0.1, whereas the double Mellin resummation
favors a larger gluon at higher x.

To quantify the behavior of the valence PDF at large x,
we compute the e↵ective �v parameter reflecting the ex-
ponent of the (1 � x)�v term in Eq. (4), defined by [76]

�e↵
v (x, µ) =

@ log |qv(x, µ)|

@ log(1 � x)
. (5)

The results for the various resummation scenarios are
shown in Fig. 3 as a function of x at the input scale, µ0,
and compared with the ASV [33] analysis that fit the va-
lence PDF to DY data using the cosine method of thresh-
old resummation. In contrast to this work, ASV set hxiv

between 0.55 and 0.7 and fixed the sea quark and gluon
distributions from the earlier GRS analysis [36]. Con-
sistent with previous studies [37, 40, 43, 46], our NLO
analysis shows a linear fallo↵ of the valence PDF with
�e↵
v ⇡ 1 for x ! 1. Inclusion of threshold resummation

FIG. 3. E↵ective exponents �e↵
v for the various prescriptions

versus x at the scale µ0, compared with the ASV extrac-
tion [33]. The values �e↵

v = 1 and 2 are shown for reference.

results in a wide variety of �e↵
v values, with the cosine

and expansion methods yielding �e↵
v > 2, consistent with

ASV [33], and as large as ⇡ 2.6. However, with the dou-
ble Mellin method the e↵ective exponent is much closer
to the NLO case, with �e↵

v ⇡ 1.2 as x ! 1. This suggests
that with currently available data and theoretical meth-
ods, we cannot distinguish between �e↵

v ⇠ 1 and ⇠ 2
asymptotic behaviors.
Momentum fractions and pion mass decomposition —

A consequence of applying the NLL corrections to the DY
cross section is that the large-x momentum of the valence
quarks is redistributed to gluons at small x. The values of
the total momentum fractions hxii ⌘

R 1
0 dxxfi(x) for the

di↵erent flavors are shown in Table I. Interestingly, while
the shapes of the PDFs for the various resummed fits
di↵er, the momentum fractions are rather stable, with
⇡ 5%–6% of the momentum moving from the valence
quark to the gluon sectors.
This has important implications for the decomposition

of the pion mass into the quark and gluon energy and mo-
mentum, and trace anomaly contributions [77]. In par-
ticular, the gluon contribution to the mass is given by 3/4
of its momentum fraction, which amounts to 40(6) MeV,
or ⇡ 30% of the pion mass. This represents an increase
of ⇡ 14% on the gluonic fraction of the mass from the
NLO analysis without resummation.
Outlook — In the future, theoretical improvements will

extend the treatment of resummation to NNLO correc-
tions, allowing the analysis to be generalized to the gg
and qq0 channels and resummation e↵ects on sea quark
and gluon PDFs. Concurrently, planned high luminos-

TABLE I. Total momentum fractions of the valence quark,
sea quark, and gluon distributions at the input scale µ = µ0

for various resummation prescriptions.

resummation method hxiv hxis hxig
NLO 0.53(2) 0.14(4) 0.34(6)
NLO+NLL cosine 0.47(2) 0.14(5) 0.39(6)
NLO+NLL expansion 0.46(2) 0.16(5) 0.38(6)
NLO+NLL double Mellin 0.46(3) 0.15(7) 0.40(5)

JAM Collaboration, PRL, 2021

QuNu Collab. PRD(L) 2022
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Nucleon partonic structure - spin configuration

 

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 

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 

total
quark spin

gluon
spin

angular 
momentum

§ Spin	is	one	of	the	fundamental	properties	of	matter
§ We	don’t	know	yet	how	the	spin	of	proton	arises	in	terms	
of	its	quarks	and	gluons	- spin	crises.

✦ Naive parton model

✦ Proton spin decomposition 
proton spin 1/2 is consistent with naive parton model, but contradict with experiments.
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Gluon	~	40%Quarks	~		30% Orbital	angular	
momentum	?

It is more than the number ½ ! It is the interplay between
the intrinsic properties and interactions of quarks and gluons

what do we know about the proton spin?
✦ Current knowledge about proton spin decomposition from world data
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What can we do in future to pin down the proton spin?
✦ Polarized structure function measurement  g1

• Leading order cross section Polarized PDFs

hadron fragmentation
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What can we do in future to pin down the proton spin?
✦ SIDIS for flavor decomposition Anderle, Hou, Yuan, HX, Zhao, JHEP 2021
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What can we do in future to pin down the proton spin?
✦ Parton spin contribution to  proton spin Anderle, Hou, Yuan, HX, Zhao, JHEP 2021

The power of EicC for proton spin!
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Nucleon partonic structure - 3D imaging
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✦ Transverse momentum dependent PDFs (TMDs)
Nucleon partonic structure - 3D imaging

• 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 
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TMDs: explore the flavor-spin-motion correlation

Nucleon partonic structure - 3D imaging



32

Nucleon partonic structure - single transverse spin asymmetry

27

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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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

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
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Angular modulation provides the best 
way to separate TMDs
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e

e

✦ 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)
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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
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Nucleon 3D imaging at EicC - Sivers effect
Liu, Zhao, Zheng, 2023
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What if the nucleon is bounded in nucleus?

Initial state

Nuclear partonic structure

Final state

Parton propagating in nuclear medium

e
−

e
−

Two mechanisms leading to nontrivial 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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Power of EicC for nuclear partonic structure - 1D
• Nuclear partonic structure - nuclear quark distribution

∫ ℒ = 0.01 fb−1 Only a few hours of running
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∫ ℒ = 0.01 fb−1

• Nuclear partonic structure - nuclear gluon distribution

Only a few hours of running

Power of EicC for nuclear partonic structure - 1D
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SIDIS off nucleus

Nuclear partonic structure: jet transport parameter
Peng Ru’s talk, Wednesday

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],

∆〈!2hT 〉 =

(

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

The nuclear partonic structure can never be a still picture, future EICs 
can precisely study the QCD evolution of jet transport parameter!
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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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• From collinear (1D) to TMD (3D)

Nuclear partonic structure - 3D

• Two scale processes are necessary for TMDs
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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
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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



45

Three-dimension imaging in nuclei

• 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



 Partonic structure of nucleus

16

With only a few hours of running

- Use heavy nuclei to study parton energy loss in cold nuclear medium

- Hadronization inside and outside medium. (Nucleus as a lab at the fm scale)

- Medium modification of light meson and heavy meson in SIDIS.

- Precision study of nuclear PDFs with heavy ion beams.

46

Parton propagation in nuclear medium
• energy loss vs. hadronization
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Figure 4: The z dependence of calculated Rh
A for pions and kaons with

different values of q̂0 compared with HERMES data [7] for Ne, Kr, and Xe
targets.
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Figure 5: The Q2 dependence of calculated Rh
A for pions and kaons with

different values of q̂0 compared with HERMES data [7] for Ne, Kr, and Xe
targets.

5

From HERMES to EicC

NLO + ELoss

 Partonic structure of nucleus

16

With only a few hours of running

- Use heavy nuclei to study parton energy loss in cold nuclear medium

- Hadronization inside and outside medium. (Nucleus as a lab at the fm scale)

- Medium modification of light meson and heavy meson in SIDIS.

- Precision study of nuclear PDFs with heavy ion beams.
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Parton propagation in cold nuclear medium

• eHIJING: an Event Generator for Jet Tomography in EIC 
2

using medium-modified splitting functions [34–39] ob-88

tained in the higher-twist framework [40–42] and soft-89

collinear e↵ective theory with Glauber gluons [43, 44],90

as well as recent developments in generalizing the twist91

expansion approach [45, 46]. Event generator approach92

[47] for jet tomography is also under development with93

a stronger focus on the modified jet fragmentation and94

the target property is still encoded in an e↵ective jet95

transport parameter or e↵ective double scattering cross-96

sections. One immediate improvement one can foresee97

is to supplement the calculation of medium-modified jet98

fragmentation with microscopic properties of the nucleus,99

i.e., the transverse-momentum dependent (TMD) gluon100

distribution in the small x region [3–5].101

We develop the “electron-Heavy-Ion-Jet-INteration-102

Generator (eHIJING)” for jet tomography at EIC in this103

endeavor. We model multiple jet-nucleus collisions by104

a simple saturation-motivated model, which may be re-105

placed by more sophisticated calculations or Monte-Carlo106

models in the future. Jet fragmentation under the im-107

pact of these multiple scatterings is treated in a gen-108

eralized higher-twist approach. The eHIJING can then109

be applied to study TMD distribution from a variety of110

semi-inclusive DIS (SIDIS) processes. We will discuss ap-111

plications to unpolarized SIDIS measurement at CLAS,112

HERMES, and EMC experiments in this paper. It will113

become evident how the two-dimensional gluon TMD dis-114

tribution of a large nucleus manifest in the modified jet115

fragmentation and momentum broadening. Furthermore,116

we test di↵erent assumptions and approximations for the117

calculation of modified jet evolution in the medium. The118

purpose is two-fold: first, one would like to estimate the119

theoretical uncertainty of jet tomography; second, future120

high-precision measurement of the two-dimensional TMD121

fragmentation function (TMDs can not be measured) in122

e-A collisions can provide the best constraint on such123

calculation that will, in turn, improve the theoretical ac-124

curacy of jet tomography in nuclear collisions.125

This paper is organized as follows. Section II gives126

an overview of the physical ingredients and design of127

eHIJING. Section III thoroughly describes the relation128

between multiple collisions and the TMD gluon distribu-129

tion at small-x and the stochastic implementation in eHI-130

JING. Section IV describes the two types of in-medium131

QCD splitting functions obtained in the generalized and132

the higher-twist frameworks. In section ??, we demon-133

strate the implementation of the modified QCD splitting134

functions in the parton shower and fragmentation. Sec-135

tion VI presents the results and discussion of eHIJING136

simulations, which are compared to available data from137

the EMC, HERMES, and CLAS experiments. We make138

projections for future EIC and EicC and discuss future139

improvements in section Section VII. Finally, section VIII140

summarizes the paper.141
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FIG. 1. Flow chart of eHIJING program. Blocks colored in
red are the key ingredients that include nuclear e↵ects in the
event generation.

II. OVERVIEW OF THE EHIJING EVENT142

GENERATION143

To illustrate model ingredients, we present a flow chart144

of eHIJING in figure 1. They will be outlined in this145

section and explained in detail in sections III, IV, and V.146

If one omitted the blocks colored in red that introduce147

medium e↵ects, the rest of the flowchart represents the148

program of a typical event generation for ep collisions,149

which will recover Pythia8 [48, 49] as we used for ep150

baseline. Pythia8 is an event generator including leading151

order matrix element and parton shower. For eA colli-152

sions, the triggering events is the “knock out” of a quark153

with the cross-section,154

d�eA
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2
=

↵
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⇥
1 + (1� y)2

⇤X

i

e
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q
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2), (1)155

where y = Q
2
/(xBs) is the inelasticity of the collision and156

fq/A(xB , Q
2) is the collinear PDF of quark at scale Q.157

However, in Pythia8, non-perturbative models are used158

to assign the initial quark a primordial transverse mo-159

mentum inside the nucleon [50]. Then, a parton shower is160

generated by iteratively applying the QCD splitting func-161

tion Pij to sample subsequent emissions that are ordered162

in “virtuality” or the transverse momentum l? of the163

splitting. Finally, the Lund-string fragmentation model164

is employed to hadronize the parton shower at a non-165

perturbative scale µ & ⇤QCD. The Lund-string model166

starts from a color-neutral system that included both167

the parton shower and the beam remnants. The Lund168

string model is a very successfully phenomenology model169
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However, in Pythia8, non-perturbative models are used158

to assign the initial quark a primordial transverse mo-159

mentum inside the nucleon [50]. Then, a parton shower is160

generated by iteratively applying the QCD splitting func-161

tion Pij to sample subsequent emissions that are ordered162

in “virtuality” or the transverse momentum l? of the163

splitting. Finally, the Lund-string fragmentation model164

is employed to hadronize the parton shower at a non-165

perturbative scale µ & ⇤QCD. The Lund-string model166

starts from a color-neutral system that included both167

the parton shower and the beam remnants. The Lund168
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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. Nuclear effects


• Many more topics are not covered, such as gluon 
saturation, proton mass, GPDs, exotic states, 
detector R&D … 

• EIC、EicC、JLab are complementary to each other 

EIC
EicC

JLab

Thanks and you are more than 
welcome to join EicC!


