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Gravitational Force

Gravity, the force that draws objects
together, can be understood as bends and
curves in the fabric of space-time. Anything
with mass makes these dents, from the
Earth and Moon to turtles and cats.
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History of the Universe

10732 seconds

1 microsecond

3 minutes

.

380,000 years

Electromagnetic Force

The electromagnetic force holds
together objects with opposite electrical
charges, like the proton and electron
that make up one hydrogen atom.
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History of the Univers

Weak Force

The weak force can change a quark from
one type to another: from up to down. That
change could turn a proton into a neutron or
vise versa. This process would also produce
a neutrino and an electron or anti-electron
through a process called beta decay.
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History of the Universe

Strong Force

The strong force holds together things that have the
same charge. It's stronger than the electromagnetic
force, so that’s why atoms with multiple protons and
neutrons don’t fly apart. But most importantly, it
holds together the quarks that make up protons and
_ neutrons themselves. Each proton contains two up
] ' , quarks and one down. Each neutron contains two
down quarks and one up. Proton
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strength of strong force
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Nucleus

Structure within
the Atom
Quark

Size < 1079 m

Electron
Size < 107 m

Size = 107" m

e

Neutron
and
Proton

5= 15
Atom Size = 10 m

Size

- 10719 m

If the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.

how proton emerges from
quarks & gluons interacting
via the strong force ?
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Electron lon Collider (EIC) ...
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proton In the eyes of the light — partons

an effective description observed from an infinite-momentum frame

parton target P
xP
E E’
—
electron

1/Q

—f

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

0’ — o0, electron crosses proton in t — 0: sees partons ‘frozen’ on approx. mass-shel
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proton In the eyes of the light — partons

an effective description observed from an infinite-momentum frame

electron

—f

X : fraction of the longitudinal momentum of proton carried by a parton

partons: effective d.o.f—collinear momenta-modes of proton
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how to discover partonic
structures of proton ?



QCD factorization

e+P —o>e+X e+P—>e+P+y e+P—-oe+H+X
DIS Kk’ DVCS e (k) SIDS hadrons
lepton /'/1 TPT
y
Nucleon X prOton X

TIVIDPDE

P; ——

cross-section ~ QUECHD] nonperturbative QCD

perturbative QCD encodes proton’s

analytically calculable partonic structures 18



Knowing proton

cross-section ~ [EeWEAN] Q FiEAN

perturbative nonperturbative

measure at EIC QQD oroton structure

extract by fitting experimental dta
using perturbative QCD inputs
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dream: understanding proton — from QCD to cross-section

perturbative  nNonperturbative

measure at EIC OCD Qch




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

guantum world, both through analytic theory as well as through
lattice QCD simulations on large-scale computers.”
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lattice quantum chromodynamics (QCD)
nonperturbative regularization of field theory (QCD)

discretized space and Euclidean (imaginary) time

quark fields

gluon ffields
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QCD path integral  ~ [EZ [U1D[w]D[]e Secol Uyl

ng & NT & Ncolor & Nspin & ]\Gflamr

> 10 billion degrees of freedom

solve via numerical Monte-Carlo using computers
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exascale supercomputers
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how to see a parton on the lattice ?

nonperturbative tield theory perturbative effective d.o.f
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partonic structure of hadron

regularize QCD after taking the lightcone, P, — oo / z* — 0, limit

[

i, w) ~ (HP) | OG0 HCP,) )

timelike separated bilocal operator
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partonic structures from lattice QCD

hadron at rest

M, ) ~ (H(O0) [0z, p0) | HO) )

spacelike separated bilocal operator

renormalize: scale u

2/



fast-moving hadron

H(0)| O(z, ) | H(0)




factorization of M(y, u, P,) ~ perturbative @ non-perturbative

ey, X, ps P) ® flx, ) ey, x, p, 2%) ® fix, )
momentum space posItion space
nonperturbative objects on the lightcone, f(x, 1), and

from lattice QCD, f(x, 1), shares same infrared
singularities, I.e. governed by same evolution equations
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factorization: perturbative @ non-perturbative

M(y, u, P,) ~ 6(y, %, i, P.) ® f(x, ) My, 1, 2%) ~ 60y, %, s 2°) Q fx, i)

regularize QCD on a lattice, then P, — oo / z* — 0; opposite order of
imits from light-cone quantization

difference is UV physics, can be taken care of through
perturbative matching
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partonic origin
of proton mass

iy




deep inelastic scattering:e + P — e + X

cross-section ~ perturbative @ PDF

parton distribution function (PDF)
y

distribution, at scale u, of 5z,
longitudinal momentum fractions
of a parton inside hadron moving
with infinite momentum

P
Nucleon

k’

q = k-k’
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iIsovector quark PDF of unpolarized proton at NNLO

physical quark masses

B 7. =0.61 fm
P 20ax=0.76 fm
Zmax—0.92 fm

N NNPDF40

0=0.1

210 0.5

A. Hanlon et al., Phys. Bev. D107, 7, 074509 (2023)

0.0

X

u=2GeV

QCD

1.0
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https://arxiv.org/pdf/2212.12569.pdf

valance quark PDF of pion at NNLO

4.0

Sullivan process @ EIC

e'(p,)

physical quark masses,
continuum-extrapolated

B DNN-abAsymp Bl JAM21nlo
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Y. Zhao et al., Pnys. Rev. Lett. 128, 14, 142003 (2022)

X. Gao et al., Phys. Bev. DO6, 11, 114510 (2022)

1.0
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https://arxiv.org/pdf/2112.02208.pdf
https://arxiv.org/pdf/2208.02297.pdf

quark energy contributions to hadron masses

pion: E,(2 GeV)/m,, ~ 30 %

3.0

E(p) =

I
3.5rm
I

B DNN-abAsymp I JAM21nlo
s Model-4p

= = JAM21nlonll

A

VS.

B 7.x=0.61 fm
L 2max=0.76 fm
Zmax—0.92 fm
I NNPDF40
—1.0 —0.5 0.0
X

x f(x, u) dx

proton: E (2 GeV)/m, ~ 40 %

1.0

35



partonic origin of proton spin

36



deeply virtual compton scattering: ¢ + P — e+ P 4+ y

e (k’)
e (k) ;
v (q) Y (@)
X+E V X-§
/) N\
P (p) / N p (p’)

/| IS Fourier conjugate of 7

distribution of the longitudinal
momentum fractions of partons in
the transverse plane the hadron

generalized parton distributions (GPD)
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from proton GPD to proton spin

contributions of quarks’ total angular

1
- J9 = — 1A50(0) + By, (0
momentum to Proton spin: ) [ 20(0) + By( )]

1 1
Ay (1) = [xHq(x, E=0,)dx B, (1) = JxEq(x, E=0,)dx
—1 —1

and It's distribution in the transverse plane Ji(r )
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GPD: unpolarized quarks inside ...
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https://arxiv.org/pdf/2209.05373.pdf

spatial distributions of quarks’ total angular momenta

B X. Gao et. al., Phys. Rev. D108, 1. 014507 (2023
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https://arxiv.org/pdf/2305.11117.pdf

GPD: longitudinally-polarized quarks inside ...

longitudinally-polarized proton
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https://arxiv.org/pdf/2310.13114

spatial distribution of quarks’ orbital angular momenta

X, Gao et. al., JHEP 01, 146 (2025)
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https://arxiv.org/pdf/2410.03539

spatial distribution of quarks’ spin-orbit correlation

X, Gao et. al., JHEP 01, 146 (2025)
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https://arxiv.org/pdf/2410.03539

2+1 dimensional image
quark’s longitudinal momentum fraction
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Q. Shiet. al., JHEP 02, 056 (2025)
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https://arxiv.org/pdf/2407.03516

partonic image of proton: 3-dimensional momentum space

<20 Vil | ‘ /
quarks moving transverse

to proton’s motionW/A’ /
1}
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semi-inclusive deep inelastic scattering: e+ P > e+ H + X

Quark
hadrons Polarization
lepton T P,
pPQCD
roton
i X JO, kp s 1y 1)

TMDPDE

PL_>

Nucleon
Polarization

transverse momentum-dependent PDF (TMDPDF)
b is Fourier conjugate of k-
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TMD distributions from lattice QCD

" Hx,P,, 1)
spacelike
separations pQCD
$(z, by, 1, P) ighcone-TMD
quasi-TMD beam function pbeam function
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TMD factorization of LQCD beam function

L QCD CS kernel  TMDPDFE

: | (2xP)’
\/W.f(x’bT’PZ’IM) =H(X9Pz9/’t)’exp lzln( XC )

VM_S(bTa /4)] - J(X, by, €, p)

intrinsic soft factor 0QCD kernel
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nonperturbative Collins-Soper kernel

nonperturobative
}/M_S(bj_a /’t)

perturbative

RHIC

49



nonperturbative Collins-Soper kernel from LQCD

L QCD CS kernel  TMDPDF

; [ (2xP)
VSibr. ) - fCx, by, Py ) = H(x, P, i) - exp laln( XC )

VM_S(bTa /4)] - J(x, by, G, )

iNtrinsic soft factor 0QCD kernel

universal CS kernel

yM_S(bTa /’t) —

~/

f(xa bT? P29 /’t)

— In — +5 m(b ,Il/t,P,P)
In(P,/P) [f(x, br, P, m] CTRERERE

L QCD pQCD kernel
50



lattice QCD calculations of CS kernel

simplest choice for the quasi-TMD beam function ¢(b_,b,, 1, P,)

bT
pion TMD wave function (TMDWEF) '}

[ y1—b,/2
b \ |

. b b b,
(QUF bOTWS(—, = — (=0 | %, P)  11+D, /2]

PZ

o1



the challenge

rapidly growing errors with increasing b

1.0,
O 0.0 -
N L
I _o.5) —
= L
< -10}
|§ ; I il :
> 1.5} O ¢a=015fm B ¢=0.12fm -
- A a=0.09 fm )
—2.0 - . . | . . : | ! | 1 | | 1 . I n ]
0.2 0.4 0.6 0.8 1.0
bT [fm]

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

52



understanding the challenge

multiplicative renormalization factor of the Wilson line:

l//(_Z/Z,OJ_)

~ oMby b s

l/_j(z/zabj_)

exponential decrease of signal for large 17 and increasing b |
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overcoming the challenge

physical lightcone gauge A™ = 0

54



how can we access AT = 0 in lattice QCD calculations ?

find a gauge that becomes equivalent to A™ = 0 in the limit P, — oo

Coulomb gauge P, — oo ightcone gauge

V.-A=0 B At =0

ol



quasi-TMD beam function in Coulomb gauge (CG)

(/2.6 )Tp(=2/2,0,) |

V-A=0




CG quasi-TMD beam function

+ re-computation of pPQCD matching function syMS(x, u, P,, P,)

next-to-leading-log (NLL) accuracy

Y. Zhao, Phys. Rev. Lett. 133, 241904 (2024)
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renormalized quasi-TMD beam functions

attice spacing a=0.085 tm

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

10F E CG, b =2a § Gl, b =2a
| % ® CG b,=6a & GI, b, =6a
o ; ® CG, bi=8: & GI, b, =8a
S I ) P, = 1.8 GeV
< 0.5 :>= & i‘. . .
g T 3 8 ~CG-fixed operator
zg 0.0l O 5 - )\ o ﬁ § E
. . e 1-' 0 % ) ﬁ T
gauge invariant (Gl) == - T = T 0
operator _ . . - - T 4 1
P 0.5 0.0 0.5 1.0
b, [fm]
Jnitary chiral (Domain Wall)
fermions, physical pion mass,
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nonperturbative Collins-Soper kernel from LQCD

|
——N3LL [FY23 P MAP24 4 GI

1..

HSO24 ART23 © ASWZ24 & CG
JAM23 MAP22

X. Gao et al., Phys. Lett. B 852, 13861/ (2024)
0.2 0.4 0.6 0.8
bT [fm]

unitary chiral quarks, physical mass
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https://arxiv.org/pdf/2403.00664

Intrinsic soft factor

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

60



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

F(by, P,) ~ (P,|[g(bp)yrg(bp)1lg(0)yrg(O)] | — P,)
!Ln(—ﬁ)
factorizes into pion [ IVID wave function -
F(bT, PZ) ~ Hp(xq, x,, PZ, ) & ¢T(X1a bT,,M, Cl» 51) 02y Qb(xza bTaﬂa 4:2, 52)
pQCD
pion TMD wave function from LQCD

\V SI(bT9/’t) ' &(X, bT’ Pz?/’t) — H¢(X, )_Ca sz IM) ' ¢(X, bT? H Ca 5)

intrinsic soft factor pQCD
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0.01

form factor

P*=2.58 GeV
LPC, P*=2.15GeV
LPC, P*=2.58 GeV
LPC, P*=3.01 GeV

HHH  H
i
— — — —

pion TMD wave function

1.2

S — S — . P7=3.44GeV
| | ? P?=3.87 GeV

1.0 b P?=430 GeV

e — S— S —
06 B N— g
O ) 4 T A .......... ...................................... ......... ”' .................

02 — e ......................................

0.0 0.2 0.4 0.6 0.8 1.0

J. C. He et al., aXiv.2504.04625
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https://arxiv.org/pdf/2504.04625

Intrinsic soft factor

—==1-loop Fix |  Pwp=3.87 GeV, PFr=2.58 GeV
—==1-loop RGR LL | Pwr=4.30GeV, PFr=2.58 GeV
. i

150 T Pwp=3.44 GeV, Ppr=2.58 GeV Final results

SFb L p)

ook S— T .. X EEE g

scheme dependent

J. C. Heetal, arXiv:2504.04625
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https://arxiv.org/pdf/2504.04625

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

TMD factorization of LQCD beam function

L QCD CS kernel  TMDPDF

; [ (2xP)
VSibr. ) - fCx, by, Py ) = H(x, P, i) - exp laln( XC )

VM_S(bTa ﬂ)] - J(x, by, G, )

iNtrinsic soft factor 0QCD kernel

scale-independent ratios of TMDPDF

fa(xa bT? Ca/“t) _ fa(x’ bT’ PZ’IM)
fb(x’ bT’ G /“t) fb(xa bT9 PZ’ //t)
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TMDPDF of proton: helicity to unpolarized TMDPDF

Au,—Ad
ST N AN yT)

A lv_dv(xa bT? ga //t)

unitary chiral quarks,
ohysical mass
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X, Gao et al., arXiv:2505.18430

1.0

o6


https://inspirehep.net/literature/2924990

TMDPDF of proton: up to down unpolarized TMDPDF

fluv(xa bT? Ca /’t)

Fo(x, by, &, 1)

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

from QCD to cross-section: e.g. pion/kaon EM form factor

EIC F(Q*> Aycp) ~ NNLOpPQCD @ meson DA LQCD

x Amendolia et al.
0.6 - ® Ackermann p(e,e’m*)n
. A Brauel et al. (Reanalyzed)
moO JLab (6 GeV)
{ JLab (projected 12 GeV errors)
0.9 -

0.4 -
I: \\‘s
h ~~~~~~~
o —
L 03°4F e
0.2 i Bakulev Hard QCD B
: Melntichouk Duality
0.1- Hutauruk Cloet & Thomas BSE+NJL
Nesterenko & Radyushkin QSR
Roberts et al Dyson-Schwinger
2/1 02 /I /I 788 J.P.B.C. de Melo et al Light Front QFT
000 I ! | I T

I I
0 10 20 30
Q* (GeV?)

" also can predict from LQCD !!
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https://arxiv.org/pdf/2102.11788

LQCD predictions for pion EM form factor
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X. Gao, Q. Shi et al., Phys.Bev.lett. 133, 181902 (2024)
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https://arxiv.org/pdf/2404.04412

LQCD predictions for kaon EM form factor

JLAB12 EIC
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meson distribution amplitudes from LQCD
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from QCD to cross-section ...

£.(0% ~ NNLO pQCD & LQCD pion DA

40
39
o 30F
~ 25}
N
S 90t
S
o5t g
& ol B 0 Lattice VMDD
A F. collab. DSE
51 TN LO(tw2/3/4)+NLO(tw2/3) — — BSE21 -
| WSWLO+NLO+NNLO, tw2  ----BSE24
(I) é éll é é 110 1I2 1l4
Q*[GeV?]

X. Gao, Q. Shi et al., Phys.Bev.lett. 133, 181902 (2024)

(2


https://arxiv.org/pdf/2404.04412

from QCD to cross-section ...
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