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3D Structure in Coordinate Space

A Deeply Virtual Compton Scattering (DVCS) [X. Ji, Phys. Rev. D 55, 7114 (1P¢
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Definition of GPDs

A GPDs are defined through the followibipcaloperator on the light front
Olehfe) ot (@R (9 ( ER)ar (2)[0R)

A GPDs are parameterized by taking differembatrices
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GPDs and Compton Form Factors

A Cross sections to Compton form factors
7

Cross Structure , [ Compton —[ ]
[ sections ] l l [functions] [form factors] = GPDs

A GPDs to Compton form factors (CFFs)
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A Compton form factors are integrations of GPDs @ver
A Challenging to extract GPDs from CFFs o )
A Exploring GPDs from theory is interesting 1SS Wo vAdzNQa
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Lightfront Quantization

Equal time quantization Lightfront quantization [Dirac, 1949]
to x° o X =xX0+X

Main advantages:

A Simple vacuum
A GPDs are defined on the light front
A Frameindependent wave function
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Basis LigREront Quantization

A Hamiltonian eigenvalue equation [Dirac, 1949]
o “ - “ [Vary, et.al,Phys.Rev. 1 0O ]
O fa 0 |a e

F : LightFront Hamiltonian
sAa0 Eigenstates (wave function)
|} .: Eigenvalues (mass)

A Basis setup
- Fock sector expansio®hrd g noq |\ 1§ AN Qi)
- Single particle || ) < h R hr B b & sQRQRQ6 s h h Ma

basis ing] No o o . .
2D harmonic oscillator ~ Discretized longitudinal Helicity and color
momentum
¢ la] p U KONV ¥ _a

A Advantages:
- Rotational symmetry in transverse plane
- Exact factorization between centef-mass motion and intrinsic motion
- Harmonic oscillatobasis supplies adequate infrared behavior
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LightFront Hamiltonian

A QCD lighfront Hamiltoniancan be derived from QQAxgrangian
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[ . quark field operator

0 : gluon field operator
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Publication®n Nucleon GPDs
00T ®1ANH M nA R doe) AR InnifF E
A sA AGA
Proton GPDxXu et al., Phys.Rev.D104,094036 (2021)]

Proton angular momentum|Liu et al., Phys.Rev.D105,094018 (2022)]
Proton twist3 GPDs[Zhang et al., Phys.Rev.D109,034031 (2024)]
Proton chiral odd GPDsg$Kaur et al., Phys. Rev. D 109, 014015 (2024)]

A sa A0a sa a &

Proton spin structure[Xu et al., Phys.Rev.D,108 9, 0940042023)]

Gluon GPDsLin et al., Phys.Lett.B,847 138305 (2023)]

A sa ata sa A O] |4 A ada

Proton structure with sea quarks/arxiv:2408 .xoxx]
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LightFront Hamiltonian
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Fock Sector Decomposition
0 OT &ifndn INAq"ATA B A AR INA AR

Truncation parameterd X and 0 0]
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0.99GeV  094GeV  5.9GeV 0.6 GeV 2.7 GeV

In five quarkFock sectas; current quark masss are used
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Electromagnetic Form Factor

A Elastic scattering of proton ©/ 5
3 | N
~ N pasiien 2
an) "@)° an) Qu ~u -

[R. Hofstadter, Nobél Prizé 1961]
A Elastic electron scattering established the extended nature of the proton
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A Fourier transformation of these form factors provides spatial distributions of
chargeandmagnetization T



Electromagnetic Form Factors
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Electromagnetic Radii

Charge radius
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Parton Distribution Functions

A Deep Inelastic Scattering (SLAC 1968)

RN an o) en) o
""“‘§"@+ < Localized probe:
electron Y2 e : 2 ' Q2 — —(p —p’)2 > 1 fIl’l_2
) 1 «1fm
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Discovery of spin %2 quarks and
electron partonicstructure

A Parton distribution functions (PDFs) are extracted from DIS processes

501D ) 7 @ T el (@ar (1)|0fd

A Encode longitudinal momentum distribution and polarization of the constitu
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Unpolarized PDF
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A Fitting the initial scale by matching tégimoment atp @ A
A Narrower peak than global fits 15 /41



Helicity PDF
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A Smalix region reasonably agrees with global fit/exp. data

A Narrower peak than global fits
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Transversity’DF

JAM
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A Narrower peak than global fits
A Tensorcharges: 6 T@p ™Iyl Q T& ¢ TP
[PRL 132, 091901 (2024]PRD 98, 091501 (2018)] 17 /41



u andd Quark GPDs gt= 0
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0
4
A\
0
x 06 o3

A Contributions from alFocksectors

A Achieved qualitative features compared to various models 19 /41



GPDs In Impact Parameter Space

A Concentrate near the cented Tt
A Qualitative features agree with other approaches 20 /41



Gluon ands Quark GPDs ét= 0

0.8 0
A Dominate at smatbregion

A 'O oscillates oveto [PRD 105, 054509 (2022)] 21 /41



GPDs In Impact Parameter Space

Hg Hs

A Concentrate near the centes Ttand smalk
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Angular Momentum Distribution
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Squared Radius

(12 Y979 (g < L 4201 01)" H(20,5,)
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A Gluon radius > sea quark radius > valence quark radius
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A As @O p, nucleon behaves like point particle 25 /41



Magnetic Form Factor for Different Qual
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Gravitational Form Factors

A WAQa adzy NuzZA S Aa
A Qualitative agreement with lattice data

[PRD 105, 054509 (2022)]



GPDs af = 0.1

Ha full Hq erbl Preliminary

A We usesymmetric frame

A ‘QquarkGPD'Ofrom p @ p

A At, 1%, DGLAP region
dominates

A Discontinuity ate
28 /41



GPDs af = 0.1

Preliminary

H, erbl

A 6 quarkGPD'Ofrom p @ p

A At, 1%, DGLAP region
dominates

A Discontinuity ato  , , not sure
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Preliminary
E, full E, erbl

A ‘QquarkGPDOfrom p @ p

A At, 1%, DGLAP region
dominates

A Discontinuity ate
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GPDs af = 0.1

Ey full E, erbl .
< Preliminary

A 6 quarkGPDOfrom p ® p
A GPDOfor 6 quarkis smaller tharQquark

A Discontinuity ato  , , not sure ato




A Gluon and quark GPDs in DGLAP region at T®
A For nonzero skewnes¥) changes sign 32 /41



ComptonForm Factors & = 0.1
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Compton Form Factors af 1@
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o Po Do Do Do I»

Conclusions

GPDs provide spatial imaging of proton on the light front

BLFQ: a nonperturbative framework based on hgbht QCD Hamiltonian

Based org] A0\ |n i 1 "AnR N i) sectors we investigate proton 3D structure
Achieved qualitative features compared to other approaches

Explored the GPDs of valence and sea quarks and gluon

Explored skewnesgependent GPDs including both DGLAP and ERBL regions
Investigated the Compton form factors
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GPDs and Compton Form Factors
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GPDs and Compton Form Factors
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Deeply Virtual Compton Scattering

U The deeply virtual Compton scattering describesthe proQ 0 ° Q n r

Qe / Q
Hard part P " N e
Perturbative
description

\ Soft part / @ »
Non-perturbative
description 0
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Definition of GPDs

U GPDs are defined through the followindpilocal operator:

- (900 . : Y 'N [
3 (6 ) TTQ¢<um|r( %‘)a ( gh*g)sr (g)|um>

U GPDs are parameterized by taking different matrices:

cL 3]
3 5
o ! Lélrroc—FOéh
3> 3 03 30 0 0
s I Zelo o ! 05 . o ! o
) c 0 0 0

U We usesymmetric frame
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Light-Front Hamiltonian @qq)

”' N Lags ] «vF= Mlme = | Ak

7 Lo = Ua [S. Xu et al, PRD 104 094036(2021)]
IR ¢%| > [S. J. Brodsky, G. d&eramondarXiv: 1203.4025]
L IE 1 [Y. Li, X. Zhao , P Matris , J. P. Vary, PLB 758(2016)]
F47T043 _ " _ri b N
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[S. Xu et al, PRD 104 094036(2021)]
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Result without Dynamical Gluon

H"(x,0,b.) [fm™2] H%x,0,b,) [fm™]

S

U O skewness GPDs in transverse coordinate space



Result without Dynamical Gluon

Angular momentumjecomposite:g Y 0O U

0.30f _ _
U 91% quark spin, 9% orbital
_0.25¢ angular momentum
|
qg ol i Angular momentum
~ 0.15} distribution concentrates
=, in 1fm
> 0.10¢
. .
< 0.05 U Orbital angular momentum
contributes positively
0.00¢} inside 0.8fm, and
0:0 0:5 1'0 ] '5 negatively outside 0.8fm.
b. [fm]

Proton angular momentum Gluon contributes 0
distribution in coordinate space  underqqqFocksector
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Result without Dynamical Gluon

H,(x,§=0.1,t) E,(x,£=0.1,t)

U nonzero skewness GPDs



Resultéwithout Dvénamical Gluon
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U GPDs in longitudinal coordinate space
U We can getifferactionpattern as expected




Light-Front Hamiltonian @qqg, qqqg)

o Ttge Tt Mao P AL <t <

[S. Xu et al, PRD 104 094036(2021)]

[S. J. Brodsky, G. déeramondarXiv: 1203.4025]

[Y. Li, X. Zhao , P Matris , J. P. Vary, PLB 758(2016)]
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J* (x)

Result with Dynamlcal Gluon

[]Z(az) — % [H(x 0 0) + E(fl? O 0)} - B. Lin et. al., Phys. Lett. B 847 (2023) 138305
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Total angular momentum Orbital angular momentum
for different parton for different parton

I B N

94.5% 13.2% 2.9% 22.0% -12.6%

-1.7%

U 12.3% orbital angular momentum, 87.7% quark and gluon spin y
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Result with Dynamical Gluon

2
<b2 >Q/Q (ZC) — f d2bJ— (bJ—) H (aj’ O’ bJ‘) -- [1] R. Dupre et. al., Phys.
1 f dzbJ_H (CIZ’, 0’ b_]_) Rev. D 95 (1) (2017) 011501
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U At x>0.1, quark radius>gluon radius
U At 0.05<x<0.1gluon radius > quark radius

U Asw© p, nucleon behaves like point particle 50 /41
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Twist-3 generalized parton distribution

The twist3 GPDs are parameterized by taking different Dirac gamma matrices:

"o 0 é[r - Q- loﬁ [Stephan.M2009]
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Twist-3 generalized parton distribution

We calculated these twiStGPDs based on the LFWFs obtained by applying BLFC
framework, and results are given:

Hé Tu(x, 0, _t)
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Results atjgg Fockstate




