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electron-ion colliders

shine light on 
atoms & proton
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future electron-ion colliders

future circular collider @ CERNelectron-ion collider in China
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Electron-Ion Collider @ Brookhaven National Laboratory
science phase: 2033 — 
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free Hydrogen & Helium: 4%

stars: 0.5% 
neutrinos: 0.3% 
heavy elements: 0.03%
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partonic origin 
of proton mass
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proton in the eyes of the light: partonic image 

an effective description observed from an infinite-momentum frame 

in c.m. frame electron sees a Lorentz-contracted proton; parton’s virtual life 
Lortentz-dialted 

, electron crosses proton in : sees partons ‘frozen’ on approx. 
mass-shell   
Q2 → ∞ t → 0

 : fraction of the momentum 
of proton carried by a parton
xi



X
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deep inelastic scattering:  e + P ⟶ e + X

σ(y) ∼ c(y, x, μ) ⊗ fLC(x, μ)

distribution, at scale  of 
longitudinal momentum fractions 
of a parton inside hadron moving 
with infinite momentum

μ,

parton distribution function (PDF)

factorization ~ perturbative  non-perturbative⊗

PDF



12

science at EIC needs help from lattice QCD 

Summary of the National Academy of Science report 

“The scientific challenges that would unfold with EIC require a robust 
theory program, not simply to design and interpret experiments, but 
also to develop the broad implications in an understanding of the 
quantum world, both through analytic theory as well as through 
lattice QCD simulations on large-scale computers.”
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regularize QCD after taking the lightcone,  / , limit Pz → ∞ z2 → 0

nonperturbative partonic image of hadron

f(x, μ) ∼ ⟨H(Pz) | Ô(z−, μ) |H(Pz)⟩

timelike separated bilocal operator
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lattice QCD in EIC era —  
                                            how to ‘see’ a parton on the lattice?  
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hadron at rest

renormalize: scale μ

partonic structures from lattice QCD

M(z2, μ) ∼ ⟨H(0) | Ô(z, μ) |H(0)⟩
spacelike separated bilocal operator
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fast-moving hadron Pz ≈ EPz

⟨H(0) | Ô(z, μ) |H(0)⟩ ⟨H(Pz) | Ô(z−, μ) |H(Pz)⟩
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c̃(y, x, μ, z2) ⊗ fLQCD(x, μ)

factorization of  perturbative  non-perturbativeM(y, μ, Pz) ∼ ⊗

momentum space position space

c̃(y, x, μ, Pz) ⊗ fLQCD(x, μ)

nonperturbative objects on the lightcone, , and 
from lattice QCD, , shares same infrared 
singularities, i.e. governed by same evolution equations  

fLC(x, μ)
fLQCD(x, μ)
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M(y, μ, Pz) ∼ σ̃(y, x, μ, Pz) ⊗ f̃(x, μ) M(y, μ, z2) ∼ σ̃(y, x, μ, z2) ⊗ f̃(x, μ)

factorization: perturbative  non-perturbative⊗

 regularize QCD on a lattice, then  /   

 opposite order of limits from light-cone quantization  

 two limits don’t commute 

 difference is UV physics, can be taken care of through  
perturbative matching

Pz → ∞ z2 → 0
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C(x, Pz, μ) ⊗

C(α, z2, μ) ⊗

C(𝒮, μ) ∼ α0
s (μ) + αs(μ) f (ln[𝒮μ]) + α2

s (μ) f (ln[𝒮μ]) + ⋯

LO NLO NNLO

𝒮 = 2xPz , z2

parton physics
lattice QCDperturbative matching

Pz ≈ E
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isovector quark PDF of unpolarized proton at NNLO

physical quark masses A. Hanlon et al., Phys. Rev. D107, 7, 074509 (2023)

μ = 2 GeV

https://arxiv.org/pdf/2212.12569.pdf
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valance quark PDF of pion at NNLO

physical quark masses, 
continuum-extrapolated Y. Zhao et al., Phys. Rev. Lett. 128, 14, 142003 (2022)

X. Gao et al., Phys. Rev. D06, 11, 114510 (2022)

t → m2
π

Sullivan process @ EIC

https://arxiv.org/pdf/2112.02208.pdf
https://arxiv.org/pdf/2208.02297.pdf
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Eq(2 GeV)/mπ ≈ 30 %Eq(2 GeV)/mp ≈ 40 %

Eq(μ) =
3
4

mH ∫
1

0
x f(x, μ) dx

quark energy contributions to hadron masses

proton pion

vs.
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partonic origin of proton spin



GPD

pQCD

t
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deeply virtual compton scattering: e + P → e + P′ + γ

 is Fourier conjugate of r⊥ t

r⊥

generalized parton distributions (GPD)
distribution of the longitudinal 
momentum fractions of partons in 
the transverse plane the hadron
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proton GPD: unpolarized quarks inside …

J. Miller et. al., Acta Phys. Polon. Supp. 167, 7-A6 (2023); Phys. Rev. D 106, 1, 114512 (2022)

unpolarized proton longitudinally polarized proton

H(x, ξ = 0,t)

x

μ = 2 GeV μ = 2 GeV

x

E(x, ξ = 0,t)

https://arxiv.org/pdf/2304.14970.pdf
https://arxiv.org/pdf/2209.05373.pdf
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A2,0(t) = ∫
1

−1
xHq(x, ξ = 0,t)dx B2,0(t) = ∫

1

−1
xEq(x, ξ = 0,t)dx

from proton GPD to proton spin

Jq =
1
2 [A20(0) + B20(0)]contributions of quarks’ total angular 

momentum to proton spin:

and it’s distribution in the transverse plane Jq(r⊥)
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distributions of quarks’ angular momenta

up
down

μ = 2 GeV

X. Gao et. al., Phys. Rev. D108, 1, 014507 (2023)

ry

rx

̂x

̂z

https://arxiv.org/pdf/2305.11117.pdf
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Q. Shi et. al., arXiv:2407.03516

pion

proton

2+1 dimensional image …

vs.

 [fm]rx

 [f
m

]
r y

x=0.3 x=0.5
quark’s longitudinal momentum fraction

https://arxiv.org/pdf/2407.03516
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partonic image of proton: 3-dimensional momentum space

quarks moving transverse 
to proton’s motion
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semi-inclusive deep inelastic scattering

TMDPDF

pQCD
FF

PT

PL

transverse momentum-dependent PDF (TMDPDF)
 is Fourier conjugate of bT kT

  f(x, kT , μ, η)
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evolution of TMD functions across collision energies …                                                                      

Collins-Soper kernel                                                                                                                                      

JLAB RHICEIC LHC
η

γMS(bT, μ) =
∂ϕ(x, bT, η, μ)

∂ ln η

property of QCD vacuum— independent of hadronic state
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nonperturbative Collins-Soper kernel                                                                                                                                      

JLAB RHICEIC LHC
η

bT

γMS(b⊥, μ)

bT ≪ Λ−1
QCD

nonperturbative

perturbative

bT ≫ Λ−1
QCD
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bT

nonperturbative Collins-Soper kernel from LQCD                                                                                                                                     

unitary chiral quarks, physical mass

X. Gao et al., Phys. Lett. B 852, 138617 (2024)

https://arxiv.org/pdf/2403.00664
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TMDPDF: polarized vs. unpolarized proton                                                                                                                                  

unitary chiral quarks, physical mass

J. He et al., preliminary

bT
bT

bT

helicity TMDPDF

unplol. TMDPDF
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electromagnetic form factor at large momenta

Q2

DA

pQCD

distribution amplitude (DA)

pQCD   DAF(Q2 ≫ ΛQCD) ∼ ⊗
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large momenta  from factor at EIC  …π+

Sullivan process @ EIC

t → m2
π

EIC projected

2102.11788

https://arxiv.org/pdf/2102.11788
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unitary chiral quarks, physical mass

R. Zhang et al., JHEP 07, 211 (2024)

pQCD  pion DAFπ(Q2 ≫ ΛQCD) ∼ ⊗

NNLO pQCD
Phys. Rev. Lett. 132, 20190 (2024)

https://arxiv.org/pdf/2405.20120
https://arxiv.org/pdf/2312.17228
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from QCD to EIC …                                                                                                                                   

Q. Shi et. al., 2404.04412

LQCD prediction for EIC

QCD factorization ~ NNLO pQCD  LQCD pion DA⊗

https://arxiv.org/pdf/2404.04412
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beginning of a new journey…from QCD to EIC

 pQCD⊗

small x & 
saturation 
physics


