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Proton structure
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A\ Quark helicity
Gluon helici
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Need 3D structureof nucleon from QCD * Quantum Chromodynamics (QCD):
fundamental theory for strong interaction
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» Hamiltonian eigenvalue equation: [Vary, 2009]

O P~: Light-Front Hamiltonian ‘
O | 8): Eigenstates (wave function) |
O P;: Eigenvalues (mass)

P~|B) = P5|B)

Basis Light-front Quantization

> Basis setup:
B Fock sector expansion

/ This work

|P,A) =

lqqq) + lqqqg)

+199999) + 199999) + -

B Longitudinal direction

— discrete longitudinal momentum (labeled by k)

B Transverse direction
— 2D harmonic oscillator (labeled by n , m)
B Truncation:

A= Z(Ai +my)

Z ki+ = Kmax
i

> AdvlantageS'
1. Rotational symmetry in transverse plane
2. Exact factorization between center-of-mass motion and |ntr|nS|C motion

3. Harmonic oscillator basis supplies adequate infrared behavior for hadrons

> @ng+ Iyl + 1) < Ny
i

[Dirac, 1949]
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Light-front QCD Hamiltonian

[S. Brodsky, H-C Pauli, S. Pinsky, ‘97]
> Light-front QCD Hamiltonian can be derived from QCD Lagrangian:
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Truncated Light-front Hamiltonian

|proton) = Y4 |luud) + ‘Puudghmdg) Ptp— |\If> — M2|‘I/> [Siqi Xu, et al., PRD 108 (2023) 9, 094002]

» QCD Interaction:
1 _ 2 'aJ_ 2
Paon = | df”‘d%“{awm“ ra
+ 2‘43 [ (zaL)z] Afz + gs"l_"YuTaAﬁ:@b
a 1 n a
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Dynamic gluon Fock sectors
lgqq9) ~ 58%

» Confinement: [Y. Li et al., PLB 758 (2016)]
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basis truncation: N, ,,=9, K=16.5 0.31GeV 0.25GeV 0.50GeV 0.54GeV 1.80GeV
HO parameters:  b=0.7 GeV, b,.,=3 GeV 4

Valence Fock sector
lqqq) ~ 42%

inst



Generalized parton distribution functions

» GPDs can be assessed through deeply virtual Compton scattering (DVCS):

e(k’)

OEncode 3D spatial Fa® ™ [ GPDs]
information & & o s
e OContain information
i about spin and orbita. [ FFs ]
Hard Process : angular momentum A
B Factortation @ =i mieme nammele s s OAppear also in DVMP A
/[ TCS / DDVCS ... -
Soft Process -
» Twist decomposition: W= gt -
+
Y .
Y- = m, —iy*td, + gyt4 )V
i i 949
» GPDs are functions of three variables: i<t (P N[BT TP, A (uud] ... [uud)
® Longitudinal momentum fraction—» X = I";—: . _ _ 9999
At twist-3: (W TW~ + P TYY) == (uudg] ... |luudg)
® Longitudinal momentum transfer — skewness & = T genuine

® Square of total momentum transfer— t = A*> = (P’ — P)? twist-4: P Iry- — (uudg] ... |luud) + h.c. 5



Generalized parton distribution functions

» GPDs are defined through the following bilocal operator:

i eeg. o = [ e (Pl (<5) w (-5.5) (3) o)

» GPDs are parameterized by taking different I' matrices: [Stephan. M, 2009]
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Numerical results of twist-3 GPDs

> 3D images of ' = y* and T = y1y-: related twist-3 GPDs from BLFQ:
[Zigl Zhang, et.al., PRD (2026)]
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At zero-skewness, GPDs Hyr, Eo7, Hor and E'57 are consistent with 0. 7




Numerical results of twist-3 GPDs

> 2D images with fixed —t of I' = y* and I' = y1y+ related twist-3 GPDs from BLFQ:

[Zigi Zhang, et.al., PRD (2026)]
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At zero-skewness, GPDs Hyr, Eo7, Hor and E'57 are consistent with 0. 8




Numerical results of twist-3 GPDs

t-3 GPDs from BLFQ:

1S

y1y= related tw

> 2D images with fixed x of ' = y* and T

(2026)]
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[Zigi Zhang, et.al.,
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At zero-skewness, GPDs H,r, Eor, Hpr and E',7 are consistent with 0. |




Numerical results of twist-3 GPDs

» Spin-orbit correlations: i = P{“Z/}WS Ay (1) + P{‘ﬁ;}% B,(—t) [Clorce’ PLB, 735344-348, 2014]
A 1 - _ _
pro__ Homp s DY P[,u, v 5 P[,U,AV] 5 -
T = 3D’y b TG )+ D, ()
,\ S 0
W' 810 p,s) = u(p’, s" )T u(p, s) + Mig" 5 Fy(~t).

Fy(=t)

Ag(=t)

—-t [GeV?)

[Y. Guo et.al., NPB, 969:115440, 2021]

C = —/dwx(ég(m,O,U) +2G9(2,0,0)) » Total quark contribution:
:
Theoretical Approach CY c .’q = EJ dx [XH(.X, 0, 0) + xE(x, 0, 0)] Ju 0.443827
BLFQ (model scale, this work) —0.761 —0.515 1 J 0.0796096
NQM, LFCQM, LFxQSM [92] ~ —0.8 ~ —0.55 _ = 71 d -U.
LSS (i = 1 GeV?) [93] ~ —0.9 ~—053 | T f dx [szr(x; 0,0) + EH(x’ 0, 0)]
Spectator Diquark Model [58] —0.775 —0.586 V. 10




Conclusion and outlook

» Conclusion:
» We include the |gqqg) Fock sector with one dynamical gluon to investigate quark-gluon interactions.

« Owing to the Fock-space truncation, we cannot incorporate all QCD interactions at this stage and
therefore employ a confinement potential.

» We have calculated twist-3 GPDs within the BLFQ framework and further evaluated the spin-orbit
correlations. Our results are consistent with other theoretical calculations.

> Outlook:

« Expand to higher Fock sectors to include full QCD Hamiltonian.
* Gluon GPDs / twist-3 CFFs / DVCS cross sections.
* Investigate proton mass decomposition / spin structure.

Thank you for your time!
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