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... shining light on proton




how proton emerges

Structure within
e 2 from quarks and gluons?

Quark

Size < 107" m

vvvvv

Electron

Nucleus _ :
Size < 1078 m

Size = 107" m

and
Proton

Atom Size = 107> m
Size = 107'%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. i n h erently n on pertu rbative
question



e+ P —-oe+H+X

hadrons

lepton /'/ T P,

y

Nucleon proton

TIVIDPDE

cross-section ~ QUEHA] nonperturbative QCD

perturbative QCD encodes proton’s

analytically calculable quark-gluon structure

A



Knowing proton ...

cross-section ~ [EeWEAN] Q FiEAN

mneasyure at JL AB12/EIC perturbative nonperturbative
i QCD oroton structure

extract by fitting experimental dta
using perturbative QCD inputs



dream: understanding proton ... from QCD to cross-section

) - (O

P
y\

_\ y

measure at JLAB12/EIC perturbative ~ honperturbative
QCD lattice QCD

this talk: mostly examples with pion &

... and a little bit more



nonperturbative partonic image of hadron

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

[

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

timelike separated bilocal operator




partonic structures from lattice QCD

hadron at rest

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

spacelike separated bilocal operator

renormalize: scale u



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,x, i, P.) ® f(x, ) My, u, 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
two limits don’t commute

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

11



parton pnysics
t flx, 1)
lattice QCD
Flx, 1)

C(x, Py ) @ i

perturbative matching

Ca,z%, 1) @

LO NLO NNLO
C(S, ~ Y
(S,p) ~ adw) + awf(In[Sul) + ai(u)f(In[Su]) + -
(& = 2xP, z°)

2



from QCD to cross-section ...
... example with pion/kaon EM form factor

JLAB12/EIC  F(Q*> Aycp) ~ NNLO pQCD @ 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)

0.5 o
0.4- also can predict from LQCD !!!
=
@, 0.3 -
¥
0.2 Bakulev Hard QCD
! Melntichouk Duality
0.1- Hutauruk Cloet & Thomas BSE+NJL [
> Nest ko & Radyushki SR
' 2/1 02 /I /I 788 Ro?e::sel:;toal Dyasoili;ch:vningger
O O J.P.B.C. de Melo et al Light Front QFT
. I I '

0 | 1|O | 22|02 | 30
Q* (GeV®) 113


https://arxiv.org/pdf/2102.11788

LQCD predictions for pion EM form factor

JLAB12 EIC
“—> —MM >

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

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

14


https://arxiv.org/pdf/2404.04412

LQCD predictions for kaon EM form factor

JLAB12 EIC
< > &—m8M8Mm )

e 30
b T
2
% “
S 20
S
= 15
N
@ 10 . .. .
® Lattice U VMD
51 EEELO(tw2/3/4)+NLO(tw2/3) = DSE -
ol BN LO+NLO+NNLO, tw2
(l) é 110 115 210 215 310
Q*[GeV?]

X. Gao, Q. Shi et al., Phys.Bev.lett. 133, 181902 (2024)
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https://arxiv.org/pdf/2404.04412

meson distribution amplitudes from LQCD

14"
1.2"
1.0+
% 0.8
& uLO(qPDF)
06 aNLO(u=2GeV)
0.4 mNNLL, HMn variation
Ol mNNLL, y; variation
0.2
0. ] . . . | . | | | | | , | . . . | . . [ ]
8.0 0.2 0.4 0.6 0.8 1.0

R. Zhang et al., Phys. Rev. D 110, 114502 (2024

< 0.8

0.2-

0.8. |

1.4
1.2
1.0

0.6
0.4

mLO(qDA)
mNLO(u=2GeV)
mNNLL, yy, variation
mNNLL, y; variation

02 04 06 08

R. Zhang et al., JHEP 07, 211 (2024)
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https://arxiv.org/pdf/2405.20120
https://arxiv.org/pdf/2407.00206

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)
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https://arxiv.org/pdf/2404.04412

from QCD to cross-section...
£0% ~ NNLO pQCD ® LQCD kaon DA

=<

e 30
b 0
2
3 -
S 20
~
15
N
S 10 . I
® Lattice U VMD
dr WEWLO(tw2/3/4)+NLO(tw2/3) © " DSE -
ol BN LO+NLO+NNLO, tw2
(l) é 110 115 210 215 310
Q*[GeV?]

X. Gao, Q. Shi et al., Phys.Bev.lett. 133, 181902 (2024)
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https://arxiv.org/pdf/2404.04412

generalized parton distribution function of pion

7ZINNLO+LRR, 1 = 2 GeV
BEENNLO+LRR+RGR i
—t =0 GeV?

B¢ = 0.231 GeV?
B¢ = 0.455 GeV?
B —t = (0.887 GeV?
B¢ = 1.095 GeV?
B¢ = 1.690 GeV?

1o}

=
= 1.0 _
< | P, =1.937 GeV |
0.5 f
] PSS S g
0.0 0.2 0.4 0.6 0.8 1.0
XL

Q. Shi et al., JHEP 02, 056 (2025)

\ 7
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https://arxiv.org/pdf/2407.03516

Impact parameter distribution: pion vs proton

pion

Q. Shi et al., JHEP 02, 056 (2025)

\ 7

VS.

proton

S. Bhattacharya et al. ,Phys. Rev. D
106, 1. 114512 (2022)

\ 7

I X=0.3 I
—0.2 0.0 0.2
b

v |f

X=0.9
- | 20
. |
—0.2 0.0 0.2 |
m| 20



https://arxiv.org/pdf/2407.03516
https://arxiv.org/pdf/2209.05373.pdf
https://arxiv.org/pdf/2209.05373.pdf
https://arxiv.org/pdf/2209.05373.pdf

TMDPDF: partonic image of hadron in 3-D momentum space




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)

22



TMDPDF of proton: helicity to unpolarized TMDPDF

Au, —Ad
glL“+ (X, bTa C, 1) 15k

A lf%%(xakWEé;/A)

1.0
unitary chiral quarks,
pohysical mass

Xiang Gao (Thursday, 4:30 pm)

20F|7

LQCD
MAP-Heli

’

//

02 03 04 06
H o ¢ A

J

a
T |
”'

,

0.2

0.4 0.6 0.8 10
br [tm]

X. Gao et al., to appear soon
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TMDPDF of proton: up to down unpolarized TMDPDF

fluv(xa bT? Ca //t)
Fo(x, by, &, 1)

unitary chiral quarks,
pohysical mass

Xiang Gao (Thursday, 4:30 pm)

3-

X. Gao et al., 1o appear soon

_
| x 02 03 04 06
IQCD W © ¢ A —
MAP24
ART25 [II11 [0 OO0 i
---------------- - IO T R T T T I T T T I T T
g ,:::"::::'::::::—::—::::::a:::iii::.'.'iiii'iiii“';
r-. | | | |
2 B “ N | I | : [ |i
|
0.2 0.4 0.6 0.8 1.0
br [tm]
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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 ﬂ)] - J(x, by, G, )

iNtrinsic soft factor 0QCD kernel

universal CS kernel

yM_S(bTa /’t) —

~/

f(xa bT? P29 /’t)

—In | = + 8y (by, u, Py, Py)
In(P,/Py) [f(xabTaPIaﬂ)] TR

L QCD pQCD kernel
25



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

nonperturbative Collins-Soper kernel from LQCD

1.0
0.5
0.0r

= o5t

yYMS(by; p)

—1.01

—1.5¢

=== N3LO

...... N3LL

MAPNN?25
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IFY23
ART23
EEC24
ASWZ24

MAP24F1
PB24
ART?25

e - 3

LPC23
DWF24
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J. C. Heetal, arXivi2b0s
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020

check university through independent calculations to larger
momenta, larger pion mass, and different lattice discretization
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https://arxiv.org/pdf/2504.04625

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

E(br, P,) ~ (P, | [g(bp)yra(br)]g(0)yrq(0)]| — P,)
y:_)n(—ﬁ)
factorizes into pion [ IVID wave function -

F(bTa PZ) ~ HF(xla-xZa Pza /’t) ® ¢T(-x19 bT9 /’ta Cla 51) ® gb(xza bTa /’ta 529 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

29



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



https://arxiv.org/pdf/2504.04625

pion TMDPDF from LQCD
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J. C. He etal., aXiv.2504.04625
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