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Internal structure of the nucleon

Understanding the dynamics of the quarks and gluons has been one of the central
topics in modern high-energy particle and nuclear physics.
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Nucleon spin structures and tomography

We have gradually realized by the end of last century that we cannot getI

everything we want with only inclusive measurements like DIS

For instance, we cannot explain the proton/neutron spin

structures assuming they are point-like particles.
Transverse motions

quark spin gluon spin Guark orbital AM gluon orbital AM)

4 . . P y
e 1%
‘ P * 3 Rl L) .
! &8 ¢ 9 i i
. <~
~ S
. »

DO | St

R. Jaffe and A. Manohar, Nucl. Phys. B 337 (1990)
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Generalized parton distributions (GPDs)

Generalized parton distributions are parton distributions with momentum transfer

s (\N\’ GPDs unify the parton distributions and form factors

F(z,A") = F (z,£,1)

2 : average parton momentum fraction
o &ep

)2 A_p _p p f : skewness — longitudinal momentum transfer { = —n - A/2
D. Muller eft. al. Fortsch.Phys. 42 101 (1994) 5
X_JiPhys. Rev. Lett. 78, 610 1997y b : total momentum transfer squared ¢ = A

Jzi = I/Q

They can then provide parton dist. in coordinate space

Unp d2A —1A-b 2
() = [ e A, (.~ A%) = (e

Yuxun Guo @ HENPIC



Energy-momentum tensor form factors

The energy-momentum tensor (EMT) is the tool to study the mechanical properties

of the nucleon. Its nucleon matrix element can be written as:

y _ — PligV)a A,
(PIT P) = 0lP) [ Agg(00 P+ By ()10
AFAY — gt A%
+Cq,4(t) M ? + Cq,q(t) MNg"" | u(P)
N
Momentum form factors: Aq,g(t) X. Ji Phys. Rev. Lett. 78, 610 (1997)
1
Angular momentum form factors: Jg.q(t) = > (Aq.q(t) + Bq 4(t))
(\NOt'a')StreSS tensor form factors: Cq.q (t) X. Ji and C. Yang arXiv: 2508.16727

EMT is coupled to gravity but gravitational scattering with nucleon is impossible.

But they can be obtained with GPDs: /d:c zH(z,¢,t) = A(t) + (26)°C(t)



GPD from exclusive process and more



Inverse problem for exclusive processes

It has long been discussed that GPDs can be constrained by hard exclusive
process such as Deeply virtual Compton scattering and meson productions

X. Ji, Phys. Rev. D 55, 7114 (1997) A.V. Radyushkin Phys. Lett. B 385 333-342 (1996)
J. C. Collins et. al. Phys. Rev. D 56 2982-3006 (1997)

Unfortunately, they generally integrate over parton of all momentum fractions

q
1 1

ut —_— — 2 11/ ( t‘q . / -

Merp(€ 1) == Q; ,/_1( ! (:1: “E+i0  ztE— 7'0) Hq(2,5:1) ,
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Nucleon and parton structure on lattice

In the literature, simulating QCD on finite and discretized 4-dimensional

Euclidean lattice has been extensively studied.
[ = O, 43 # 0

gyan qugrk X. Ji et. al., Rev. Mod. Phys. 93 (2021)
Recent developments of Large Momentum Effective Theory (LaMET) allow us to
simulate (light-like) parton structure with space-like lattice correlations!

Yuxun Guo @ HENPIC 9 of 34



Complementarity of lattice and exp.

However, lattice is limited itself, particularly when approaching the light-cone.

Systematics hard to put under control. Breakdown of LaMET near end-points
(M_S, M:2 G@V) [_—1 + Zo, _é - CUO] U [_f + '/L‘Oag - '580] U [£ + Zo, 1 — 580]
g total 03 *éo%o z M 15
3 R X I §
$ u+d+s 027 %oﬁqﬁq;e 2 d 1 K
gﬁmﬂ I OOGOQQ - i
1.0 0.1 o o0 — 1.0}
I 3 TR O A AR s 5 g 1k
& 0.0 J —GPD
< X ' /. J®H, linear
- 0.5] I ----- H®J, linear
| V J®H, spline \
ool 'L | (I H®J, spline \‘\
| 10 05 00 05 10
D. Hackett et. al Phys. Rev. Lett. 132 (2024) A Holligan et. al THEP 207 (2025)

It's important to combine lattice inputs with experiments for better determination!
Yuxun Guo @ HENPIC 10 of 34



Global analysis of GPDs



GPDs through Universal Moment Param. (GUMP)

The GPDs through Universal Moment Param.(GUMP) programs aims to obtain
the GPDs from global analysis utilizing moment-space parameterization

Goal: To obtain the state-of-the-art phenomenological Generalized Parton Distributions
(GPDs) through global analysis of both experimental data and lattice QCD simulations,

utilizing a universal moment parameterization method.

Collaborators:

s 5
Yuxun Guo Xiangdong Ji M. Gabriel Santiago Fatma P. Aslan

Lawrence Berkeley Lab. University of Maryland Temple University Center for Nuclear Femtography
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GPDs parameterized in moments

GPDs can be formally expanded in the conformal moment space:

recn=2cneone (R

D. Mueller and A. Schafer 2005

jo (m, 5) : Orthogonal basis in terms of Gegenbauer polynomials

F;(&,1) : Moments of GPDs to be parameterized

Whereas GPDs in x-space can be reconstructed by resumming all >/
the moments through a complex integral in the moment space. 20}

c+100 ,
Fogn =5 [ 42N men,

; Z —1200 SiIl(ﬂ'[j T 1])

Yuxun Guo @ HENPIC

Example of reconstructed GPD in x-
_Space with its moments

0.001

reference value x f(x)
MB Integral (£=0.003)
MB Integral (£=0.001)

0.010

0.100
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GUMP parameterization

Moments of GPDs are polynomials of £, so they can be written as
‘Fj(éa t) i fj,O(t) == f2fj,2(t) = €4fj’4(t) MR

The first term describes GPDs at ¢ = 0, and is parameterized as:
B(j+1—a(t),1+ )

]:j,o(t) =N B(2 _ 4Py 6) R(t) i Fit to unpolarized PDFs f(x)
’ . fxuy(x) txdy(x) txg(x)/5
Beta function 0.8 1 Xux) fxd(x)
NB(j+1—a,1+p) -
Correspond to the Modification from Extra factorized t ™
simple PDF ansatz Regge theory in the dependence for o4 *
in the forward limit form of more flexibility 0.2 - \
eXp(_bt) Lt
Nz %1 -z B m_a(t) _ 0.0 A .
1-2) (1 =t/M7)7* B S

Yuxun Guo @ HENPIC 14 of 34



Proof-of-principle analysis (GUMP o.5)

In one of our first work, we performed a comprehensive analysis including:

H1 Q*=8 GeV? | Y. Guo et. al. THEP 05 (2023)
e’ Experimental data and constraints Y. 6uo et. al. THEP 09 (2022)

+ HI Q?=25 GeV?

- Q Polarized and unpolarized PDFs from global analysis

do/dinb/GeV?)

O Neutron/ Proton charge form factors from global analysis

,«;ev?; - O Deeply virtual Compton scattering data at JLab and HERA

GPD Hy_y4 at & = 1/3 and —t = 0.69 GeV~ tuned in DA-like region

Original value — Tuned with DA terms Lat. ref. value

" | | Lattice QCD simulations
f‘ ,, | Q Lattice simulations of nucleon generalized form factors

O Lattice simulations of unpolarized and helicity GPDs at (non-)zero skewness

> Only leading order in perturbative expansion

» Lacking meson production constraints

> Lattice simulations not as abundant
Yuxun Guo @ HENPIC 15 of 34




Full next-to-leading (NLO) accuracy

In the past years, we actively include more processes with improved accuracy:

Full GPD evolutions to the next-to-leading order (NLO)

— Include both evolving-moment and evolving-Wilson-coefficient method

NLO deeply virtual J/y production (DVJ/yYP) with mass corrections

—In a hybrid framework to also include the mass corrections Y. 6uo eft. al. Phys. Rev. D 112 (2025)

NLO deeply virtual Compton scattering (DVCS) and meson productions (DVMP)

— Covering most of the existing JLab and HERA measurements of DVCS and p productions

Extend to other observables such as asymmetries measurements.

Y. Guo et. al. arXiv: 2509.08037

NLO corrections appear significant for the HERA (future EIC) kinematics !
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Experimental inputs for GPDs

We include various kinds of exclusive measurements from JLab and HERA

Unpolarized DVCS DVCS Beam-spin asymmetries

Beam Polarized DVCS

Unpolarized DVCS cross section da¥V/dt [nb/GeV?] Beam-polarized DVCS cross section do'¥/dt [nb/GeV?] DVCS Beam spin asymmetries ALY
Xa—0.37,0% — 3.7 Gev? x5 = 0.37, Q% — 4.6 GeV? xa=0.37,Q? =37 GeV? xa=0.37,0° = 4.6 GeV? 0005 _ - ) _ - ;
003 - el T o] % =0.28,0? = 3.8 GeV’ %5 =0.41,07 = 4.1 GeV/
0.02 3 t=-0.47 GeV' t=-0.47 Gev? 0.012 0008 [ T 000 7
co1q ¥% _.’»-“‘{{ 0.008 0000 PJ-'-'_’_-—"_H"_""‘*——-—-—-—!-T' i i -noos 0.0 i i H ‘——[*ﬁ—"—‘—}\’_*‘*‘ro °
0.005 S — i F 2 = = 5 T E = -
c.02 4% i t—-0.38 GeW? 3| T t-.0.38 Gev? 0.012 oo | T —— fe-03Gel i iagtan, i t--0.38 Gev| 0.003 i i § t=-163 Gev? } —as
S i > 0.008 { B S "-'..;+ ¢ 0.000 044 § t=-137 GeV? R 0.5
0.01 e e 0.008 o008 — t t t 1 2 ! it |-ooo03 L L e S0 - oo
0.02a4 { . SeV? 3 — = av? =5t 0.012 $53 .2 § t=-0.32 GeV? i3 § t—-0.32 Gev? [ 0.0025 0.4 ) S | { t=-0642 GeV i T
P t=-0.32 Gev: ~ t=-0.32 Gev = - e - . i d -
P i = I 1 = Pk e 0000 {F T gl R S 0.0000 i1 e 3-t=-0754 Gel 03
0,016 —~— e T e ——y 13—4 = P 0.0 Jur I
0.008 ———— et e et 0.004 0.005 11 - T et —~ . ] t=-0.507 GeV’ 1 0.8
0.024 {i T ©-0.26 Gev? i F t--026 Gav? o012 5 F t=-0.26 GeV? % .  Fre026Gev o4 L3t Ly
oote , 0.000 {1 v 0.000 ; = T I dsy 4 amdf00
" % 0.008 o008 s - . 04 ‘}”h i } t=-0.378 GeV - s
oosa |? §t--020Gew . 3 1--02Gev? poore 0005 S 3 t=-0.2 Gev?} £ ¥ 0.2 Gev? [ 00028 '_,,!/q [ § t=-0.348 Gev? |
0024 0 - = M‘y}"’ 0012 o000 {*F T ¥ 3 0.0000 0o i i gt i i i : [ o0
0.016 - D - 0008 —0.005 ® L] i —0.002s 04 3} -05
Xg = 0.49, 0? = 5.4 GeV? xu = 0.50, 07 = 7.1 Gav? o004 xp = 0.49,07 = 5.4 GeV? xg = 0.50,07 = 7.1 GeV? 0004 X5 =0.49,07 =3.9 GeV? %p=0.44,0% =5.8 GeV?
0,006 i t=-0.64 Gev? } t-082Gev? 0.010 ¥ t=-0.6a Gev? § t=082cev | 0.4 § t=1310GeV? 0.4
5 0.002 0.002 0.0
0.003 . 0.005 1 I _ 2
i { ; 0.000 - L 0.000 § t=-1.94 Gev 04
0.000 0.000 0.001s T3 . = =t 0.0008 0.0 p—
0.00a5 7 t=036Gaw T T t=-0.66 Gav® 0.0030 s i) i t=-0.5Gev’ e ). i t=-0.66 Gav A - e oo
I Py ¥ F 0.0015 LIPS t -0.4 t=- e I t-05
et e e e - i _ H .08 L = iy
I T =05 aav )/H{ {, F =057 6evd % *_“ 3 i s § t—0.46 rm\i" § t=-0.57 m.wf 0.0005 A —— e } t=-0.589 G.:v‘4 los
0.0030{' T% % 2 1 | g 1l 00016 0.0000 {1~ ¥ i 3 o RN £ 3 0.0 ~ r“‘j‘ -
i 2 N 33/ ey AT TrR i iy o oab oo ! 1 [y s i Cos
0.0015 yadasd,EE e sulially 0.0008 Fo.0015 L % 11~ 0.4
0.00a5 {F § t=-04a Gev? } t=048Gev: T 8002 ¥ i § t=-0.4aGev? | | § t=-049 Gev? | 0.0004 _os I M Loo
0.0018 i - !
oo w w 0.0012 o-000 % W “-;";DOL =2 i P04
0.0015 I 1 - a I ’ ! Ty L ; ’ o001 0 1 2 3 4 5 60 1 2 3 4 5 6
a 1 2 3 a 5 60 1 2 3 4 s 6 @ 1 2 3 a = eo 1 2 3 a 2 e ¢lrad] ¢[rad|
¢ [rad] @ [rad] @ [rad] ¢ [rad]

DVCS and DVMP at HERA

Unpolarized ¢-integrated DVCS and DVpP cross sections at HERA dagy/dt [nb/GeV?]

1]
10 § %=00012,0°=6.6GeV? | . i x5=0.0006, Q?=5 GeV?
10° 4 2 | 1
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10t 10° 4 ]
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Lattice inputs for GPDs

Similarly, a comprehensive inputs from

|attice are considered in this work.

Generalized form factors H"S,o(t)

Generalized form factors HZ,q(t)

e N I EE
0.4 H"“‘———-Ll_i _'H"L-—-—-_L_i__;
0.3 = =L
0.2 1
0.1
f n=2 [ I n=2
0.08 -
0.04 J\H_{__I_E_{ H { i i i
} n=3 I n=3
0.04 -
0.02- } h f { i I H f i { i
‘ ] n=4 § n=4
000 L i | | 1 * | Ia l_:
Generalized form factors ENSnu( t) Generalized form factors E®,o(t)
3.04 N § n=0lat. ¥ n=0lat.
1.5 T"‘*}____ — n=0 exp. l"l_d_ﬁ__!___ n=0 exp.
' ———i_ A __x —
0.4 _ —
0.2 5
0.12 i n=2 § n=2
T S e
6.8 7
0.03 } { [E I ) Ii n=3 ! } 3 : I; n=f
0.00 ——
i , = =
' i i I 3
0.00 - { +—¥ I ! { T H—t 1

F3.0

rl5

r0.50
r0.25

r0.16
r 0.08
r0.09
r 0.06
r0.03
r0.04

r0.02

0.00

r0.25
r0.00
r—0.25
r0.05
r0.00
- —0.05
r0.04
r0.00

r0.03
r 0.00

-—0.03
r0.05

r 0.00

— —0.05

Yuxun Guo @ HENPIC

Fit to GPD Hy—4(x, £, t) at E=1/7

Fit to GPD H,_4(x,&, t)
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GPDs at non-zero skewness from lattice

Importantly, we also include the recent lattice

simulations of GPDs at non-zero skewness.

Significant effects in constraining

GPDs at non-zero skewness!

Note: besides the 30% relative uncertainty added to all the
lattice data, we have a very conservative selection:

1) Only used the data between 0.3<x<0.7 and [x-xi|>0.2.
2) Exclude region where GPDs get negative or very small

(lattice artifacts or intrinsic GPD behaviors?)

Yuxun Guo @ HENPIC
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Excellent descriptions of exp. and lattices

Generally, we observe excellent agreement across various inputs:

A Summary of y? per Npts and Npts from Various Inputs

B PDF Lattice GPFD | GFF [ DvCS [DvpP
1.49 e 1.56 [
0 P 1.16 1.25 118
5 |0.91 . - _ L
E 0.64 ¢ sg . 0.72 - i
o -
N 033
>~
. E 10!
I
= 150 115 °% 122 122 (90 E 102
486 799
E 103
S SR S P N R A 2

PR > 9
Q SOEEPN)
Y. Guo et. al. arXiv: 2509.08037

Reduced chi squared of 1.09 for 2,646 data points
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Nucleon tomography with GUMP1.0 GPDs

Of course we can also study the nucleon tomography via:

And the ones for transversely polarized proton

A A
P 0) = [ e A (e, —A%) + T (H, + B, (0.~ A%)

Transverse distribution of gluons p4(x, b)

d*A
Pa/g(T,b) :/(2,”)26

(2m)?

Y. Guo, X. Ji and K. Shells. Nucl. Phys. B 969 (2021)

50

4 x=0.01

Quark dist. in transversely(X)-polarized proton

—1A-b 2 up quark down quark
HQ/Q(x’_A ) i q 0.20
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Partonic contributions to the proton spin

The partonic contributions to the proton spin can also be obtained from the
extracted GUMP1.0 GPDs. Specifically, they are given by

Partonic contributions to the proton spin Ji(x)

\

Jqsg(@) = % (HQ/Q + EQ/Q) (z,£=0,t =0)

2.5 -

Parametric biases/errors not considered =
1.5 4

Consistent with most existing constraints 1.0 -
Some tension with the lattice GFFs (due to exp.) zz
Proton spin sum rule satisfied! yOi5E
~1.0 -

1073
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Gapedl

Ju,(x) = Ja,(x) = Jg(x)
—  Jax) g 1]a3(x)
10! 10
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Proton GFFs with heavy quarkonium



Color dipole as the probe of gluon structure

Similarly to the quadratic Stark effect but in QCD, small color dipoles are coupled

. . M. B. Voloshin Nucl. Phys. B 154 365-380 (1979)
to the local color electric fields through M. Luke et al. Phys. Lett. B 288 355-359 (1992)

D. Kharzeev et al., Eur. Phys. J. C 9 459-462 (1999)
. a a a
Hing = E® - (r s —rst2)

Elastic scattering of J/psi off the nucleon would be ideal,
but in real life we consider photo-/electro- production

-

o \\/\/‘}/7/

— —_—

?jci:sa}[ri%tljjtci)géc — small dipole S Heavy meson




Heavy quarkonia production in QCD

This can be rephrased in the language QCD, particularly in the non-relativistic
QCD (NRQCD) factorization framework:

S The production of heavy quarkonia can be

C
2 y < —> . . ;
/V\/< c . % Q-—— factorized into local NRQCD matrix elements

For exclusive processes, two-gluon color
singlet exchange is required.

In the high energy limit, exchanged gluons
are collinear hard

D. Y. Ivanov et. al. Eur. Phys. J. C 34, 297 (2004)
Z.-Q. Chen et. al. Phys. Lett. B 797,134816 (2019)
Y. Guo et. al. Phys. Rev. D 103 9, 096010 (2021) hard and collinear to create a heavy quarkonium.

Near threshold, exchanged gluons must also be

1

1/2
B o (<01>V) [ arcg .00, @ 0.
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Resolution to the inverse problem

How to get the Gravitational form /1 1

factors (GFFs) if the GPDs are not 1 T+ € —ie C F F
uniquely determined by just Compton - _»

form factors (CFFs)?
Some resolutions in the literature:

GPD &

« Might be an overkill for just GFFs?

Dispersion relations
1

* Need the full imaginary amplitude f de x

\ GFF

. |
Works well for large skewness! | = . @ HENPIC 26 of 34




Approximate CFFs with GFFs

Compton-like form factors are related to the generalized form factors through:
®. @)
ReHyo (€ ) = Colt) + D & 2" AP (1)
n=1

However, the first moments appear to approximate CFFs well for large skewness!
Y. Guo, F. Yuan and W. Zhao. Phys. Rev. Lett. (2025)

|

0.001

2n+l
See also Y. Hatta et.al. arxiv: 2501.12343

Normalized contribution of each term: R

l[];

0.100 &

0.010 ¢

P o = £=05
| [l by
0.100 £=0.7
0.010 * £=0.38
i = £=09
- NLO gCFF ”‘UU'; NLO qCFF - £210
; 5 - 9 T | 3 5 7 T
2n+l
—2n—2~(2n+1) f7(2n+1)
(2n+1) _ § CQ/Q -
2/ Rqu/gC(fa t)
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Next-to-leading order effects

The Next-to-leading corrections appear to be

O Large scale dependence are found at LO and

get significantly reduced at NLO

sizable:

C™° = as (NF)C(I) (MF; mc)g(l) (PJFa mc)

Normalized Wilson coefficients C,(«) and Cg(x)

0G0 ol — NLO Gy Cut
4 NLO quark contributions are suppressed by ;
20F S<7.7 LO Cq(//)/ Cref — NLO Cq(//)/ Cref y
the strong coupling but generally not small. = “~~.__ ;
1.0 b— L TTTTmmem--- .
0.5F ﬂ:mci '
Opportunities 0.0 fcm===-= Y S S

to learn quarks 0= S T SN e, S

1.0 1.5 2.0 2.5 3.0
# (GeV)
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Bayesian inference of proton GFFs

We consider Bayesian inference for a statistically rigorous and interpretable extraction,
which gives the posterior distributions of the parameters according to:

P (data|@
P (0|data) = ( | )P (0) P(data) = [ dO P(datal@)P(0)
P (data)
, . - 2 \—P AN
With the parameterization F;(t) = F;(0) (1 — ¢t/MF. ) for F, ={A, A,,C,,Cy}
S T T— | — —

1 0.40(Fixed ’f\‘ Ay 11757183 Ap Mag {—0-153232 Cy hY ,ﬁ\ 0-93E§1%§ "
0.48:3%¢ i 1.38t3;82i“, 0554 g IR
Al b i 1 i\ i 0 |
0.0 02 04 06 08 1.0 |—4 -2 0 2 4| 0 1 2 3 4

e O e DN 0.57+38 824149 .
— Fit Lattice Only jj‘ Aq I 026+ 8;% ﬂ Cq' I : 12?:3??{\\“ MCq
0.60(Fixed) § | ozt I | R
0542383 * | _'—/H/\l : [ W
0551083 § | | \ 2 , 1 T ,
0.0 02 04 06 08 1.0 4\ -2 0 2 / 0 1 2 3 4
Y. Guo, F. Yuan and W. Zhao hys. Rev. Lett. (2025) and references therein




Implication on the proton radii

We can also calculate the proton radii with the extracted proton GFFs:

A comparison of extracted proton radii

® Lattice only O Lattice + Exp.
. —=— - dA (t) C'(0)
<I'p>st '—e— . 2 —6 — 6
: 3 <T >m dt |, MJQV
I"ch.arge ‘ <7"2> _ 6 dA (t) 18 C(O)
T=T 3 ’ dt =0 My,
<Fp>m [ N ]
|

0.0 0.2 0.4 0.6 0.8 1.0 (N

<r>(fm)

Mostly rely on the lattice constraint due to the lack of sensitivity to the dipole/tripole mass of GFFs
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Connections to other processes/analyses

This analysis is not limited to just heavy vector meson photo-productions

= Light(er) meson electro-productions at large skewness Y. Hatta et. al., arXiv: 2501.12343
Y. Hatta and J. Schoenleber Phys. Rev .Lett. 134 (2025)

» Time-like Compton scattering (TCS) at large skewness

» Deeply virtual Compton scattering (DVCS) at large skewness
JLab Hall A and F. Georges Phys. Rev. Lett. 128 25, 252002 (2022)

15

In lower-skewness region, the imaginary part of

10

the amplitudes are no longer small.

Method like dispersion analysis can incorporate

r2p(r) (x1072 GeV fm™)

Confining
pressure

-«

the imaginary parts to the extractions.
V. D. Burkert et. al. Nature 557 (2018) %
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Outlook and summary



To summary

v’ Global analysis all four leading-twist GPDs for up, down quarks and gluons at NLO
v'"NLO GPD evolution with DVCS, DVMP, DVJ/yP at JLab, HERA and future EIC
v'Include the state-of-the-art lattice calculations of GPDs and moments

v GUMP1.0 GPDs are released, and more analyses are on-going!

v Also, we consider the threshold production processes for proton GFFs at NLO

v'Promising results in extracting the gluon GFFs of proton, maybe also the quark GFFs
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Extend to more observables

= More meson productions data: vector meson and others, J/iy photoproduction

» Implementing the strange flavor (¢ meson productions)

= A more global analysis including the large skewness region

Improving the accuracy

= Bayesian inference method for fitting

» |Input/estimate some Next-to-Next-to-Leading-Order (NNLO) corrections

= Possible NNLO GPD evolutions?

» Kinematic corrections in DVCS; Mass corrections for J/iy production

= Open GPD evolution code in moment space
= Benchmark of LO/NLO GPD evolution precision
Yuxun Guo @ HENPIC 34 of 34
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