
邢宏喜

EIC Physics  
- a view point from EicC 

原⼦核结构与相对论重离⼦碰撞前沿交叉研讨会

2023.7.31-8.6



2

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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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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" 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 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 EicC

!"#$ –%$&'( (EicC)

2012: )*+,-./
2020.2, 2021.6:012 (!3, 43)
2021-2023:56789:
;<=>? ~ 45

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 origin of proton spin The origin of 
proton mass nuclear effectsNucleon 3D imaging
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Complementarity between EIC and EicC

Mapping out the nucleon structure 
via EICs worldwide 

EIC
EicC

JLab
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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>
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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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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



15

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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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



18

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

RA
i =

fi/A(x,Q
2)

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

✦ One-dimensional nuclear partonic structure
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Power of EicC for nuclear partonic structure - 1D

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

✦ Nuclear partonic structure - nuclear quark distribution
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∫ ℒ = 0.01 fb−1

Only a few hours of running

Power of EicC for nuclear partonic structure - 1D
✦ Nuclear partonic structure - nuclear gluon distribution
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“Old” and long standing problems of 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

✦ Three-dimensional nuclear partonic structure
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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

Non-perturbative parametrization
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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



32

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

✦ Three-dimensional nuclear partonic structure
Alrashed, Anderle, Kang, Terry, HX, PRL 2022
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jet

✦ Jet charge distribution in eA collisions
QJ = ∑

i (
pi,T

pJ )
κ

Qi

Hard probe of neutron skin at EIC
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Hard probe of neutron skin at EIC
✦ Jet charge distribution in eA collisions

preliminary
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Summary

✦EICs are the ultimate machines to explore the inner 
world of proton/nuclei at fm scale 

• Proton 1-D and 3-D imaging


• Proton spin 


• 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



36Thanks and you are more than welcome to join EicC!
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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!


