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Outline
✦ Introduction to Electron-Ion Colliders

✦ Selected topics for EIC physics: 

• proton spin decomposition

• proton 3D tomography

• nuclear effects


✦ Summary and outlook
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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! 

• partons/quarks - moving relativistically

• Quantum fluctuation - parton number is not fixed

• Birth of QCD

Modern Rutherford scattering
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How to probe the nucleon partonic structure?
✦ Indispensable joint efforts from experiments and QCD theory

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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§ 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
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Time evolution of EicC
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Electron-Ion Collider in China (EicC)

主要参加研究单位：
中科院近物所、理论所、高能所、
国科大、科大、清华、北大、山
大、华中师大、华南师大； 
美国Jlab、UVa、UCLA

Layout of EicC

7

HIAF under constructionNeed to be built for the EicC

- Polarized electron injector + racetrack eRing + Figure 8 pRing

- 2 interaction regions

- 3.5 GeV (e) x 20 GeV (p)
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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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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
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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
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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
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Nucleon partonic structure - momentum distribution
✦ Multi-dimensional view of nucleon partonic structure

Wigner distribution

5D view

Nucleon structure: quantum probability, there is no still picture for 
partons inside nucleon.
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QCD global analysis of world data - nucleon 1D structure

JAM 20, arXiv:2101.04664
NNPDF:1706.00428

✦ Current knowledge about proton PDFs

QCD

prediction
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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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EIC
3s =44.7 GeV

3s =44.7 - 70.7 GeV

eRHIC only
3s =44.7 - 141.4 GeV

What can we do in future to pin down the proton spin?
✦ Flip the proton spin 

The power of future EIC and EicC for proton spin

Anderle, Hou, Yuan, HX, Zhao, JHEP 2021

Anderle et al,  PRD 2021

Light flavor hadron production Heavy flavor production
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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
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Nucleon partonic structure - 3D imaging

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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Sivers function : proton 
spin influences parton’s 
transverse motion

f⊥
1T

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

h⊥
1T26

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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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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Angular modulation provides the best 
way to separate TMDs
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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

3D spin structure at momentum space

12

LO analysis of EicC projection
- Pion(+/-),   Kaon(+/-)

- ep:   3.5 GeV x 20 GeV

- eHe-3: 3.5 GeV x 40 GeV

- Lumi: ep 50 fb-1, eHe-3 50 fb-1


-

Access to quark Sivers function, especially the strange quark Sivers via SIDIS

Stat. Error vs Sys. Error

3D spin structure at momentum space

12

LO analysis of EicC projection
- Pion(+/-),   Kaon(+/-)

- ep:   3.5 GeV x 20 GeV

- eHe-3: 3.5 GeV x 40 GeV

- Lumi: ep 50 fb-1, eHe-3 50 fb-1


-

Access to quark Sivers function, especially the strange quark Sivers via SIDIS

Stat. Error vs Sys. Error
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l′ 

l
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from EicC white paper
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What if the nucleon is bounded in nucleus?

Nuclear partonic structure Parton propagating in nuclear medium
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“Old” and long standing problems for cold nuclear matter effect
• Nuclear partonic structure

• Quark gluon propagation in nuclear medium

 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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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



27

• From collinear (1D) to TMD (3D)

Nuclear partonic structure - 3D Alrashed, Anderle, Kang, Terry, HX 
arXiv:2107.12401
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Reasonable	good	overall	description	on	world	data	from	HERMES,	FNAL,	RHIC,	LHC

nuclear 3D imaging - global extraction from world data
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Three-dimension imaging in nuclei

• First t ime quant i tat ive 
determination of nuclear 
TMDs


• Identification of transverse 
momentum broadening in 
nuclei
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 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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EicC for parton propagation in nuclear medium
• Quark-gluon 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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From dilute to dense QCD dynamics in nuclear medium
Color Glass Condensate 

small-x saturation formalism

See talk by S.Y. Wei  

EIC

EicC Relatively dense region

High-twist expansion formalism

Qiu, Sterman 91

Kang, Wang, Wang, Xing, 13 

Dilute region

Collinear factorization

Collins, Soper 81 

JLab

Matching CGC and high-twist!

Fu, Kang, Salazar, Wang, HX, in preparation 
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Connections to HEP
• JET physics

• Call for high precisions
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NLO SIDIS at high twist, Kang, Vitev, HX, PRD 13, Kang, Wang, Wang, HX, PRL 14

Jet production at NLO in longitudinal polarized DIS, Boughezal, Petriello, HX, PRD 2018

Jet production at N3LO, Gehrmann, Huss, Niehues, Vogt, Walker, PLB 2018

Jet production at N3LO, Currie, Gehrmann, Glover, Huss, Niehues, JHEP 2018

Jet production at NNLO in longitudinal polarized DIS, Borsa, Florian, Pedron, PRL 2020

Massive Charged current DIS, Berger, Gao, Li, Liu, Zhu, PRL 16; Gao, JHEP 18

Polarized DIS, SIDIS …

Liu, Ringer, Vogelsang, Yuan,  PRL 19

Kang, Liu, Mantry, Shao, PRL 20

Hatta, Xiao, Yuan, Zhou, PRL 21

Liu, HX, 2104.03328, 2021

Li, Vitev, PRL 21

…
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Summary

• EicC is one of the ultimate machines to explore the 
inner world of proton at fm scale 
1. Proton 1-D 3-D imaging

2. Proton spin 

3. Nuclear effect


• EIC、EicC、JLab are complementary to each other 

EIC
EicC

JLab
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EicC email list: 

http://lists.ustc.edu.cn/sympa/subscribe/eicc_member?previous_action=info

Advertisement


