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Unveiling the Strongest Force in 
Nature through EIC and Lattice QCD
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Universe: mass budget
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hydrogen helium

Universe: mass budget

4%
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proton
neutron

Universe: mass budget

~ 4%
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strong force between 
quarks inside proton

gravity
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proton

quarks & gluons 



13

how proton emerges from 
quarks & gluons interacting 
via the strong force ? 
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Electron Ion Collider (EIC) …

… shining light on 
proton
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proton in the eyes of the light — partons

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
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 : fraction of the longitudinal momentum of proton carried by a partonx

an effective description observed from an infinite-momentum frame 

partons: effective d.o.f—collinear momenta-modes of proton

proton in the eyes of the light — partons
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how to discover partonic 
structures  of proton ? 
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XPDF
GPD

e + P → e + P′ + γe + P → e + X

TMDPDF

PT

PL

e + P → e + H + X

∼ c(y, x, μ) ⊗ f(x, μ)cross-section
perturbative QCD

nonperturbative QCD

analytically calculable
encodes proton’s 
partonic structures

DIS DVCS SIDS

QCD factorization
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knowing proton

measure at EIC perturbative 
QCD

nonperturbative 
proton structure 

extract by fitting experimental data 
using perturbative QCD inputs

∼ c(y, x, μ) ⊗ f(x, μ)cross-section



perturbative 
QCD
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dream: understanding proton — from QCD to cross-section

measure at EIC
nonperturbative 
QCD

cross-section c(y, x, μ) ⊗ f(x, μ)
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science at EIC needs help 

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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nonperturbative regularization of field theory (QCD)

discretized space and Euclidean (imaginary) time

N3
s ⊗ Nτ

quark fields

gluon  fields

lattice quantum chromodynamics (QCD)
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> 10 billion degrees of freedom

QCD path integral

solve via numerical Monte-Carlo using computers

N3
s ⊗ Nτ ⊗ Ncolor ⊗ Nspin ⊗ Nflavor

∼ ∫ 𝒟[U]𝒟[ψ]𝒟[ψ̄]e−SQCD[U,ψ,ψ̄]
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each person, one 
calculation/sec, 
approx. 4 years 

1 sec

exascale supercomputers
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nonperturbative field theory
🤯

????

how to see a parton on the lattice ?

perturbative effective d.o.f
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regularize QCD after taking the lightcone,  / , limit Pz → ∞ z2 → 0

partonic structure of hadron

f(x, μ) ∼ ⟨H(Pz) | Ô(z−, μ) |H(Pz)⟩

timelike separated bilocal operator
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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) ⊗ f̃(x, μ)

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

momentum space position space

c̃(y, x, μ, Pz) ⊗ f̃(x, μ)

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

f(x, μ)
f̃(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  

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

Pz → ∞ z2 → 0
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partonic origin 
of proton mass



32

deep inelastic scattering:  e + P ⟶ e + X

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

μ,

parton distribution function (PDF)

cross-section ~ perturbative  PDF⊗

PDF XPDF
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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

LQCD

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

LQCD

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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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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GPD: unpolarized quarks inside …

S. Bhattacharya et al., 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/2209.05373.pdf
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spatial distributions of quarks’ total angular momenta

up
down

μ = 2 GeV

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

ry

rx

̂x

̂z

~50% ~8%

https://arxiv.org/pdf/2305.11117.pdf


41J. Miller et al., Phys. Rev. D 109, 3, 034508 (2024)

GPD: longitudinally-polarized quarks inside …

longitudinally-polarized proton

https://arxiv.org/pdf/2310.13114


42

spatial distribution of quarks’ orbital angular momenta
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up down

X. Gao et. al., JHEP 01, 146 (2025)

https://arxiv.org/pdf/2410.03539
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spatial distribution of quarks’ spin-orbit correlation
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X. Gao et. al., JHEP 01, 146 (2025)

https://arxiv.org/pdf/2410.03539
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Q. Shi et. al., JHEP 02, 056  (2025)

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: e + P → e + H + X

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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TMD distributions from lattice QCD

z

x

t

ψ(−z/2,0⊥)
ψ̄(z/2,b⊥)

η + z/2
η − z/2

b⊥
z

x

t
ψ(−z −/2,0

⊥ )

ψ̄(z −/2,b
⊥ )

Pz → ∞
η → ∞

ϕ̃(z, b⊥, η, Pz)

quasi-TMD beam function
lighcone-TMD 
beam function

Pz

spacelike 
separations

H(x, Pz, μ)
pQCD
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SI(bT, μ) ⋅ f̃(x, bT, Pz, μ) = H(x, Pz, μ) ⋅ exp [ 1
2

ln
(2xPz)2

ζ
γMS(bT, μ)] ⋅ f(x, bT, ζ, μ)

LQCD TMDPDFCS kernel

intrinsic soft factor pQCD kernel

TMD factorization of LQCD beam function
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nonperturbative Collins-Soper kernel                                                                                                                                      

JLAB RHICEIC LHC
ζ

bT

γMS(b⊥, μ)

bT ≪ Λ−1
QCD

nonperturbative

perturbative

bT ∼ Λ−1
QCD

kT ∼ ΛQCD
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nonperturbative Collins-Soper kernel from LQCD                                                                                                                                     

γMS(bT, μ) =
1

ln(P2/P1)
ln [ f̃(x, bT, P2, μ)

f̃(x, bT, P1, μ) ] + δγMS(bT, μ, P1, P2)

LQCD

universal CS kernel

pQCD kernel

SI(bT, μ) ⋅ f̃(x, bT, Pz, μ) = H(x, Pz, μ) ⋅ exp [ 1
2

ln
(2xPz)2

ζ
γMS(bT, μ)] ⋅ f(x, bT, ζ, μ)

LQCD TMDPDFCS kernel

intrinsic soft factor pQCD kernel
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lattice QCD calculations of CS kernel

simplest choice for the quasi-TMD beam function ϕ̃(bz, b⊥, η, Pz)

pion TMD wave function (TMDWF)

Pz
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the challenge

Avkhadiev et al., Phys. Rev. Lett. 23, 231901 (2024)

rapidly growing errors with increasing b⊥
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ψ(−z/2,0⊥)
ψ̄(z/2,b⊥)

η + z/2
η − z/2

b⊥

multiplicative renormalization factor of the Wilson line:

∼ e−δm(η+b⊥)

exponential decrease of signal for large  and increasing η b⊥

understanding the challenge
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z

x

t

ψ(−z −/2,0
⊥ )

ψ̄(z −/2,b
⊥ ) z

x

t
ψ(−z −/2,0

⊥ )

ψ̄(z −/2,b
⊥ )≡

physical lightcone gauge A+ = 0
overcoming the challenge
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how can we access   in lattice QCD calculations ?A+ = 0

find a gauge that becomes equivalent to  in the limit A+ = 0 Pz → ∞

Coulomb gauge

A+ = 0⃗∇ ⋅ ⃗A = 0

Pz → ∞ lightcone gauge



z

x

t
ψ(−z −/2,0

⊥ )

ψ̄(z −/2,b
⊥ )z

x

t

ψ(−z/2,0⊥)
ψ̄(z/2,b⊥)
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quasi-TMD beam function in Coulomb gauge (CG)

Pz → ∞

ψ̄(z/2,b⊥)Γψ(−z/2,0⊥)
∇⋅A=0
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CG quasi-TMD beam function

Pz

Pz

δγMS(x, μ, P1, P2)+ re-computation of pQCD matching function

Y. Zhao, Phys. Rev. Lett. 133, 241904 (2024)

next-to-leading-log (NLL) accuracy



58

renormalized quasi-TMD beam functions

Bollweg et al.: Phys. Lett. B 852, 138617 (2024)

unitary chiral (Domain Wall) 
fermions, physical pion mass, 
lattice spacing a=0.085 fm 

gauge invariant (GI) 
operator

CG-fixed operator
 GeVPz = 1.8
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nonperturbative Collins-Soper kernel from LQCD                                                                                                                                     

bT

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

unitary chiral quarks, physical mass

LQCD

https://arxiv.org/pdf/2403.00664
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intrinsic soft factor                                                                                                                                     

n n̄

operator involves two lightcone directions

impossible to obtain by computing a space-like 
operator within a hadron boosted in a direction

need an alternative indirect approach



F(bT, Pz) ∼ HF(x1, x2, Pz, μ) ⊗ ϕ†(x1, bT, μ, ζ1, ζ̄1) ⊗ ϕ(x2, bT, μ, ζ2, ζ̄2)

61

form factor of two transversely-separated 
currents within boosted pions from LQCD

factorizes into pion TMD wave function

pion TMD wave function from LQCD

F(bT, Pz) ∼ ⟨Pz | [q̄(bT)γTq(bT)][q̄(0)γTq(0)] | − Pz⟩

intrinsic soft factor pQCD
SI(bT, μ) ⋅ ϕ̃(x, bT, Pz, μ) = Hϕ(x, x̄, Pz, μ) ⋅ ϕ(x, bT, μ, ζ, ζ̄)

pQCD
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bT = 0.48 fm

pion TMD wave functionform factor

J. C. He et al., arXiv:2504.04625

https://arxiv.org/pdf/2504.04625
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intrinsic soft factor                                                                                                                                     

J. C. He et al., arXiv:2504.04625

scheme dependent

https://arxiv.org/pdf/2504.04625
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pion TMDPDF from LQCD                                                                                                                               

J. C. He et al., arXiv:2504.04625

x = 0.3

x = 0.5

https://arxiv.org/pdf/2504.04625
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SI(bT, μ) ⋅ f̃(x, bT, Pz, μ) = H(x, Pz, μ) ⋅ exp [ 1
2

ln
(2xPz)2

ζ
γMS(bT, μ)] ⋅ f(x, bT, ζ, μ)

LQCD TMDPDFCS kernel

intrinsic soft factor pQCD kernel

TMD factorization of LQCD beam function

scale-independent ratios of TMDPDF

fa(x, bT, ζ, μ)
fb(x, bT, ζ, μ)

=
f̃a(x, bT, Pz, μ)
f̃b(x, bT, Pz, μ)
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unitary chiral quarks, 
physical mass

gΔu+−Δd+
1L (x, bT, ζ, μ)

gA ⋅ f uv−dv
1 (x, bT, ζ, μ)

TMDPDF of proton: helicity to unpolarized TMDPDF

X. Gao et al., arXiv:2505.18430

https://inspirehep.net/literature/2924990
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unitary chiral quarks, 
physical mass

X. Gao et al., arXiv:2505.18430

TMDPDF of proton: up to down unpolarized TMDPDF

f uv
1 (x, bT, ζ, μ)

f dv
1 (x, bT, ζ, μ)

https://inspirehep.net/literature/2924990
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from QCD to cross-section: e.g. pion/kaon EM form factor

EIC LQCDNNLO pQCD   meson DAF(Q2 ≫ ΛQCD) ∼ ⊗

2102.11788

also can predict from LQCD !!!

https://arxiv.org/pdf/2102.11788


69X. Gao, Q. Shi  et al., Phys.Rev.Lett. 133, 181902 (2024)

JLAB12 EIC

LQCD predictions for pion EM form factor                                                                                                                       

https://arxiv.org/pdf/2404.04412


X. Gao, Q. Shi  et al., Phys.Rev.Lett. 133, 181902 (2024) 70

LQCD predictions for kaon EM form factor                                                                                                                       

JLAB12 EIC

https://arxiv.org/pdf/2404.04412
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R. Zhang et al., JHEP 07, 211 (2024)R. Zhang et al., Phys. Rev. D 110, 114502 (2024)

kaon pion

meson distribution amplitudes from LQCD                                                                                                                                  

https://arxiv.org/pdf/2405.20120
https://arxiv.org/pdf/2407.00206


72X. Gao, Q. Shi  et al., Phys.Rev.Lett. 133, 181902 (2024)

from QCD to cross-section …                                                                                                                                   

 ~ NNLO pQCD  LQCD pion DAfπ(Q2) ⊗

https://arxiv.org/pdf/2404.04412


73X. Gao, Q. Shi  et al., Phys.Rev.Lett. 133, 181902 (2024)

from QCD to cross-section …                                                                                                                                 
 ~ NNLO pQCD  LQCD kaon DAfK(Q2) ⊗

https://arxiv.org/pdf/2404.04412
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from QCD to EIC …

 pQCD⊗


