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3D Structure in Coordinate Space

* Deeply Virtual Compton Scattering (DVCS) [X. Ji, Phys. Rev. D 55, 7114 (1997)]
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* Generalized Parton Distribution Functions (GPDs)
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Definition of GPDs

* GPDs are defined through the following bilocal operator on the light front

e840 = [ e i (-3) (-5 9 o G) 1)

zt=z1=0
* GPDs are parameterized by taking different I' matrices
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* Fourie transform of GPDs at ¢ = 0 with respect to t produces spatial imaging
+ F(x,b)
d?A

Gz e HF(nE = 0.t = A1)

F(x,b) =




GPDs and Compton Form Factors

Cross sections to Compton form factors

?
[ Cr(?ss ] [Struc'.cure] | | [ Compton ]—[ GPDs ]

sections functions form factors

GPDs to Compton form factors (CFFs)
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Compton form factors are integrations of GPDs over x
Challenging to extract GPDs from CFFs

Exploring GPDs from theory is interesting See J. Qiu’s talk on 08/19
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Light-front Quantization

Equal time quantization  Light-front quantization [Dirac, 1949]

Main advantages:

e Simple vacuum
e GPDs are defined on the light front
* Frame-independent wave function
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Basis Light-Front Quantization

* Hamiltonian eigenvalue equation [Dirac, 1949]
_ _ [Vary, et.al, Phys.Rev.C '10]
P~|B) = Pz |B)

P~ : Light-Front Hamiltonian
|): Eigenstates (wave function)
Pl}: Eigenvalues (mass)

* Basis setup

- Fock sector expansion: |P,A) =1qqq) + 1qqqg) + 1qqq q@) TR

- Single particle |a) = |nq, my, ny, My, n3, M3 |k, ki, kIV®|14, A5, A3, C)

basis in |qqq) o . -
2D harmonic oscillator  Discretized longitudinal Helicity and color
momentum
Z(Zni + |myl + 1) < Nimax ij = Kmax A= Z(ﬂi +m;)
i i i

* Advantages:
- Rotational symmetry in transverse plane
- Exact factorization between center-of-mass motion and intrinsic motion
- Harmonic oscillator basis supplies adequate infrared behavior
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Light-Front Hamiltonian

 QCD light-front Hamiltonian can be derived from QCD Lagrangian

A+
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Y: quark field operator
Aj: gluon field operator
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Publications on Nucleon GPDs

[Proton) =|qqq) + 1qqqg) + lqqq ut) + |qqq dd) + |qqq s5) + -~

* |qqq):
Proton GPD [Xu et al., Phys.Rev.D104,094036 (2021)]

Proton angular momentum [Liu et al., Phys.Rev.D105,094018 (2022)]
Proton twist-3 GPDs [Zhang et al., Phys.Rev.D109,034031 (2024)]

Proton chiral odd GPDs [Kaur et al., Phys. Rev. D 109, 014015 (2024)]

* |q9qq) + 19q9q9):

Proton spin structure [Xu et al., Phys.Rev.D,108 9, 094002 (2023)]

Gluon GPDs [Lin et al., Phys.Lett.B,847 138305 (2023)]

* |qqq) +19q9q9) + 1999q9q)

Proton structure with sea quarks [arxiv:2408.xxxxx]
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Light-Front Hamiltonian

[Proton) = W;|qqq) + ¥;1qqq9) + W31lqqq ut) + W3,|qqq dd) + Ws3lqqq s5)
P~ =Hg g + Hpterace

ps + mczl
Hyp = T
. Di
l
2

— g°Cr . 1 . 9°CFr 14
HInteract=g¢yﬂTalI)Aﬁ+ 2 Jj* (ia+)2]++ #
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Fock Sector Decomposition

|Proton) —|qqq) + lqqqg) + lqqquii) + |qqqdd) + 1qqqss)

Truncation parameter: Ny.x = 7 and Kmax =16

0.99 GeV 0.94 GeV 5.9 GeV 0.6 GeV 2.7 GeV

In five quark Fock sectors, current quark masses are used

lqqq9)

lqqq un)

| 3.26%
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Electromagnetic Form Factor

T
* Elastic scattering of proton e 5
e’ z.}“r-f -I'I__..-' - ...",_l‘l'
- -:-_‘:,. -4_.
e(p) + h(P) - e(p’) + h(P") @ o

[R. Hofstadter, Nobel Prize 1961]

 Elastic electron scattering established the extended nature of the proton

(P", A" JH(0) |P, A)=

a(P', A [yF, (02) + 5 4y Fa(a7) | u(P, )

yd . ™S

Dirac Form Factor Pauli Form Factor p p

* Fourier transformation of these form factors provides spatial distributions of
charge and magnetization 1



Electromagnetic Form Factors

1.0} o Prolton . éLFQ Electromagnetic Radii
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0.2} ) |
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Parton Distribution Functions

* Deep Inelastic Scattering (SLAC 1968)

XX e(p) + h(P) = ¢'(p") + X(P')
'§‘@«— < Localized probe:

electron .z g Q—*— ' Q2 — —(p —p’)2 > 1 fm_2
) 1 «1fm
Q

Discovery of spin % quarks and
electron partonic structure

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

ol (x, @?) = C;Z—n_ e*P*27/2(p Alh(2)Ty(0)| P, A)

* Encode longitudinal momentum distribution and polarization of the constituents
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Unpolarized PDF
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* Fitting the initial scale by matching the (x) moment at 10 GeV?

* Narrower peak than global fits 15/41



Helicity PDF
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* Small-x region reasonably agrees with global fit/exp. data
* Narrower peak than global fits 16/41



Transversity PDF

06 i BLFQ JAM xSU
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X [arXiv: 2408.11298]

* Narrower peak than global fits
* Tensor charges: du = 0.81 + 0.08, 6d = —0.22 + 0.01

[PRL 132, 091901 (2024)] [PRD 98, 091501 (2018)] 17/41



u and d Quark GPDs até =0

Ayt  Hytot

| ~t(GeV?)
0
4
2!\
0
"x 06 o5

o Contributions from all Fock sectors

« Achieved qualitative features compared to various models 19/41



GPDs In Impact Parameter Space

* Concentrate near the centerb = 0
* Qualitative features agree with other approaches 20/41



Gluon and s Quark GPDsaté =0

 Hy Hs

0.8 0
« Dominate at small x region

* E, oscillates over x [PRD 105, 054509 (2022)] 21/41



GPDs In Impact Parameter Space

HQ ) Hs

 Concentrate near the center b = 0 and small x

22/41



Angular Momentum Distribution

1 1
Jag =3 JO x[Hg 4(x,0,0) + E4 4(x, 0,0)]dx

5 - | | 0.035
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d Y
1 . 0.010
0 NPT PN [ 0.005
| ~ | | 0.000
0.0 0.2 0.4 0.6 0.8 0.0
X X
parton | d | u | dbar | ubar | sfsbar | g |
percentage 0.63% 93.02% 0.63% 0.63% 0.19% 4.71%

* ulis dominant, gluon contributes about 5%, d Is negative
* u quark is almost the same as d
« d=d is a coincidence 24/41



Squared Radius

<b2 >Q/g (ZC) _ fd2bL (bl)z H (CIZ’,O, bJ_)
+ [d2byH (x,0,b])

005 010 050 1

« Gluon radius > sea quark radius > valence quark radius

« Asx — 1, nucleon behaves like point particle 25/41



Magnetic Form Factor for Different Quarks

‘ """""""""""""""
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« GE(0) =-0.053
« GE(0) = 1.396
« G3(0) =—0.028
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Gravitational

Ji's sumrule is satisfied
Qualitative agreement with lattice data

[PRD 105, 054509 (2022)]

Form Factors

Q*(GeV?)

4

37 1



GPDsaté = 0.1

Ha full Hy erbl Preliminary

We use symmetric frame

dquark GPD H from -1 <x <1

At ¢ = 0.1, DGLAP region
dominates

Discontinuity at x = +¢
28/41



GPDsaté = 0.1

Preliminary

H, erbl

uquark GPD H from -1 <x <1

At ¢ = 0.1, DGLAP region
dominates

Discontinuity at x = +¢, not sure

atx = —¢ 29/41



GPDsaté = 0.1

Preliminary
E, full E4 erbl

e dquarkGPDEfrom-1<x<1

« Até =0.1, DGLAPregion
dominates

« Discontinuity at x = +¢
30/41



GPDsat ¢ = 0.1

Byl E, erbl o
Preliminary

e uquark GPDE from—-1<x <1
« GPD E for u quark is smaller than d quark

e Discontinuityatx = —¢é,notsureatx = ¢




* Gluon and s quark GPDs in DGLAP regionaté = 0.1
» For non-zero skewness, E¢ changes sign 32/41



Compton Form Factors at ¢ = 0.1
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Real part of H; falls faster than H,,
Imaginary part of 7 falls faster than real part 34/41



Compton Form Factors at ¢ = 0.1
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Conclusions

GPDs provide spatial imaging of proton on the light front

BLFQ: a nonperturbative framework based on light-front QCD Hamiltonian
Based on |qqq) + |qqqg) + |qqq qg) sectors we investigate proton 3D structure
Achieved qualitative features compared to other approaches

Explored the GPDs of valence and sea quarks and gluon

Explored skewness-dependent GPDs including both DGLAP and ERBL regions, and
investigated the Compton form factors
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GPDs and Compton Form Factors

1
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GPDs and Compton Form Factors
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Deeply Virtual Compton Scattering

» The deeply virtual Compton scattering describes the process: e+p —e+p+ y
K k

Hard part: A Q? q

/Pertu rbative *——

description

S, Soft part: / x+e X =

Non-perturbative
description P’ P

» Soft part==) Generalized parton distribution functions (GPDs)

—&—x x+ ¢ &§—x x+ ¢
Py P Py P Py

—1<x<—¢& —{<x<¢ £ < x <40/41

P



Definition of GPDs

» GPDs are defined through the following bilocal operator:

e840 = [ e i (-3) (-5 9 o G) 1)

zt=z1=0

» GPDs are parameterized by taking different I' matrices:

. _+A
[v*] _ L _ + Lo
FA,A —2P+u[y H + 3 Elu,

1 - Atyc _
plrysl — —ﬁ[y+y5H + 's E] u,

A'A 2p+ M
. : + Al +.,0 + Al + pi +pi +.,0
licT*ys] _ 7 _|. 4 Yy A — ATy PTAT — A"Pr y Pr—P -
FA’A __2P+u lO HT+ M ET+ 12 HT+ M ET u

» We use symmetric frame
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Light-Front Hamiltonian (qqq)

P~ = HK.E. T Htrans T Hlongi + HOGE

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

4..2

Hiprons ~ K77 [S. J. Brodsky, G. de Teramond arXiv: 1203.4025]

Hlongi ~ Z Kfaxl- (xixjax,-) [Y. Li, X. Zhao , P Maris , J. P. Vary, PLB 758(2016)]
]

C 47TC¥3 _ - 1%
OGE P Z d )/y'uu(k’a? Sa)u(kllw Sé)’}/ u(klb Sb)glﬂ/
a;éb

[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

*’l{{"{‘{l!""i&

» 0 skewness GPDs in transverse coordinate space




Result without Dynamical Gluon

1
Angular momentum decomposite: — = Sﬂ + L;Il- +]ﬁ

2
0.30f
=) (J? » 91% quark spin, 9% orbital
__0.25¢ mmp (L% angular momentum
T ==p (5%
qg Lot » Angular momentum
~x0.15} distribution concentrates
= in 1fm
< > 0.10¢f
-3
< 0.05} » Orbital angular momentum
contributes positively
0.00¢ inside 0.8fm, and
0:0 0:5 1:0 1:5 negatively outside 0.8fm.
b. [fm]
Proton angular momentum Gluon contributes 0
distribution in coordinate space under qqq Fock sector
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Result without Dynamical Gluon

H,(x,§=0.1,t) E,(x,£=0.1,t)

> nonzero skewness GPDs



Resultéwithout Dyrgamical Gluon

fx,0,0)= / 9S PV 2 p(x £.1) =
2r
0

_-t=1.0GeV?

» GPDs in longitudinal coordinate space
» We can get differaction pattern as expected
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Light-Front Hamiltonian (qqq, qqqg)

P =Hgp + Htrans + Hlongi T HInteract

p, + mq
Hygp = Z [S. Xu et al, PRD 104 094036(2021)]

Hirgns ~ KT’r [S. J. Brodsky, G. de Teramond arXiv: 1203.4025]

Hlongi ~ — z Kfaxl. (xix,-ax].) [Y. Li, X. Zhao , P Maris , J. P. Vary, PLB 758(2016)]
ij
Cp4n'a ,
HInteract - = Q2 : z ’(k ))’ U, (kl)u ( )yMus ( ) (|CICICI))

Lj(i<j)

Hnterace = Hyertex T Hinst

2
_ g%Cy . 1 (Iqa9) + laqqg))
=gY YT Y AL+ = ]+(i6+)2]+
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Result with Dynamical Gluon °~°

Nmax =9 Kmax =16
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J* (x)

Result with Dynamical Gluon

] - B. Li . al., Phys. )
jz (x) _ %x [H(x7 O7 0) _|_ E(:L’, 0, O)} B. Lin et. al., Phys. Lett. B 847 (2023) 138305
A R e e e e A 1.2
1.0 — Ji(x) - 1.0 ° — Li(x)
0.8 e T (@) 08 : e £:(z)
0.6t 7 o s ziw B 06 L --- 5@
04 I Ny oot
02 . 1 0.2p 5 Y i
00 02 04 06 08 1.0 00 02 04 06 08 10
€L T
Total angular momentum Orbital angular momentum
for different parton for different parton

-1.7% 94.5% 13.2% 2.9% 22.0% -12.6%

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

2
<b2 >Q/Q (ZC) — fd2bJ— (bJ—) H (aj’ O’ bJ‘) --[1] R. Dupre et. al., Phys.
1 fdzbJ_H (CC,O, b_]_) Rev. D 95 (1) (2017) 011501
50;““\“” ‘
& 40
% 30
o
,H\ 20* — d quark
N_DH 10w """ u quark
= == gluon
01 L 1 e
0.05 0.10 0.50 1

xr

» At x>0.1, quark radius>gluon radius
» At 0.05<x<0.1, gluon radius > quark radius 50/41
» As x — 1, nucleon behaves like point particle
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Twist-3 generalized parton distribution

The twist-3 GPDs are parameterized by taking different Dirac gamma matrices:
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Twist-3 generalized parton distribution

We calculated these twist-3 GPDs based on the LFWFs obtained by applying BLFQ
framework, and results are given:

E>7'(x,0,-1) E>7'(x,0,-0) Hj 1"(x,0,-1)

['=ylys <> H'yp,E'or,H 0 E'yr

Results at qqq Fock state




Twist-3 generalized parton distribution

H gu(x, 0,-t) H zd(x, 0,-t) E}(x,0,~t)
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