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Biggest problem 130 yr. ago: electron structure

« Contemporary view: a spherical corpuscles of the size r,~10"°"m, moving in
high speeds

* Origin of mass from the interaction (electromagnetism)?
* By product: electromagnetism of the moving body, aka. relativity

* Wrong problem, right (and great) answers
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Hadron structures: a biased history

* Proton magnetic moment (1930s)

* Elastic scattering of proton (1950s)

* Quark model (early 1960s)

* Chiral symmetry breaking (1960s)

* Deep inelastic scattering (late 1960s)

* Quantum chromodynamics (1970s)
Tremendous progress, but many puzzles remain

See, F. Gross and E. Klempt (eds.), 50 Years of
quantum chromodynamics, EPJC, 2023
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Parton picture

* Quark model: quarks and gluons are strongly coupled

* Parton model: the strong interaction is effectively frozen due to
relativity

quark model, Gell-Mann 1964 parton model, Feynman 1969
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Light cone quantization

* Parton model can be formalized as light-cone quantization
Polyzou, 2021

equal-time quantization infinite momentum frame light-front quantization
P, » xt=t+z/c=0

'a|lp)—P0lp
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Light-cone wave functions

* Hadronic wave function |¥) contains the full quantum information
of the system
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Transverse density

* Light-cone picture is essential for defining the hadronic densities

N Miller, 2018
* Form factor <= one-body densities (OBDs):

* Drell-Yan-West: p., (1) = (E;e;6%(r — ;1))

e Brodsky-Hwang-Ma-Schmidt: T*+(r)) = 2PtPH(}; x;6%(r, — ;1))
1y2 _§1 52

* Cao-Li-Vary: T*%(r)) = <Zivlvl Vi Vis 5%(r, — ril)> (0) = Zj[dxidzriL]|¢n|2

X0 (x5 7i13)
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Hadronic densities

* Generalized parton distributions play a key role in hadron densities

o 7
elastic eA S i DVCS
scattering g o

Established extended discovered the existence provides 3D spatial

nature of nucleon (quarks) inside the nucleon structure of the nucleon
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. > | ITPA
OLLN(Px,£,A,) = Spr UP'S )[7* Hi(x,&,1) + M“ E%(x, &, t)] u(p,S)
Connection of GPDs:

« PDFs: HY(x0,0)=fi(x), HY(x0,0)=gl(x), HMx0,0)=h(,

1 1
EMFFs : F‘ll(t) = f dxHi(x,&,1), F'Zl(t) = f dxEi(x,&,1),
-1 -1

1 1
Axial-vector FFs : Gi(t) = f dx H(x,&,1), GL(t) = f dx El(x,&,1)
-1 -1

e GFFs: f dx x HU(x,£,0) = A, (D) + E2D,(1), f dx x E9(x,£,1) = B,(t) — £2D,(1)

1
Total Angular Momentum : J9 = % f dxx[H%(x,0,0) + E(x,0,0)]
-1

1=X,J1+ J8 i
JE = Ef dx x[H%(x,0,0) + E4(x,0,0)]
0
Regions of GPDs:
xE[f,l] xe[_§9§] xe[—l,—f]f0r§>0

Access to GPDs:

e

Timelike
DVCS

Double
DVCS
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Quantum entanglement

Zhang, Qian, Zhou, YL, Wang,
2512.21228

* LC formalism allows analytic evaluation of entanglement entropy

* We show that parton entanglement entropy is closely related to
Shannon entropy of parton distribution
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Time-dependent processes

* Jet propagation, strong external fields, hadron reactions
* Naturally suitable for guantum computing Qian & Li et al.
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Light cone Hamiltonian method

HLC|1/Jh> — Mi%hPh) }
_ le_+ml W:f% &;i
where, Hy 0 = ), —+ —tV £ SRV I

* Analogy to non-relativistic quantum many-body problems

* Implementation: basis light-front quantization (BLFQ)
* Exponential wall

12 d_
* Hamiltonian RG //
Q= h—

e . ﬂrz:zj nnnnn e . parton
— 5 '}%E;;Q 5’] ’
parton splitting / pf = xP* / p = xP*

valence quarks RG effective particles parton = quark, gluons

April 22, 202

resolution



Building the LF Hamiltonian matrix using BLFQ
Step-1: Expand the system’s state in the Fock space

Fock state expansion of the meson, baryon and deuteron bound state

War = Yigqy 199) + Yiqqgy 1939) + Yiqqgqr 19999) + V{qqqq) 1299T) + - - -
|\IJ>B - w{qqq} |qqq> 5 w{qqqg} |qqqg> &l w{qqqch} |qqqq(ﬂ BE
¥)p = Y{qqq qqq} 1999 999) + ¥{qqq qqq ¢} 1999 999 9) + - -

Step-2: Decide how to describe each particle’s motion and quantum numbers.

Here comes the basis (Heart of the BLFQ)

Single-particle basis state == to identify a particle
Single particle
Yrs(z, RT) = Z (n,m,l,r, s|) x(¢nm (gL) |(z)] —p motion

in longitudinal

n,m,l . -
+ direction

Eigenvector of . . .
the Hamiltonian Single particle motion

in transverse direction

Build many-body basis states for each Fock sector

Step-3: Compute the Hamiltonian matrix (basis;| H |basis;)

April 22, 2026 ] . . .
Hamiltonian = K.E. terms + QCD interactions
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Positronium

[Wiecki:20140la]

m Bloch-Wilson interaction: perturbative solution to the OSL effective Hamiltonian [Krautgartner:1991x]
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perturbation 1
theory at a*

Wiecki 2015

2nd degree

at K = 55 for mu/mf =0.06 - 0.10
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Form
factor

GPDH
(¢ =0)

GPD q
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Charmonium: hydrogen atom of QCD [Li:20152da, Li:2017mlw, Li:20216jv]
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m Good agreement with the PDG data for both the masses and the widths

[LFWFs published on Mendeley Data, doi: 10.17632/cjs4ykv8cv.2]
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Quarkonium impact-parameter space GPDs
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GPDs of J/psi

(b) (d)

FIG. 8. 3D plot of helicity nonflip vector meson GPDs, H;(x,& =0,t = —A%), i =1,2,3,5 [Egs. (11), (12), (13), and (15)] for
April 22, dyas (13Sy) in the BLFQ approach.
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Nucleon with Valence Fock Component [proton) = v, qluud)-

» The LF eigenvalue equation: Heg|¥) = M?|¥)

—) 2
oAm2 1 L B (it
Her = E = =+ = K |:xaxb(TJ_a _"“J_b)2 - = ( ar xb)
Ta 2
a a#b

C 47704
= Z =y (k)Y s, (ka) Ty
a#b ab

» TFor the first Fock sector:

|qqq> = |nCI17mCI17kCI17>‘Q1> %Y |nq27qu>kq2>>‘qz> %Y |nCI37mQB7kQS7)‘CI3>

» Transverse : 2D harmonic oscillator basis ¢nm (PL);
Plane wave basis in longitudinal direction.

» The valence wavefunction in momentum space:

3
M y . .
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Valence Quark Leading Twist GPDs

e 00
(2 (a) = L EOLILH (@,b)
f dzbJ_Hq(iL', b_L)
0.8
— BLFQ

~06 « JLab/CLAS
g ‘ = HERMES
3 0.4}
&
3 0.2

0.0—5 05 0.10 050 1

X

>, Qualitative nature consistent with phenomenological models * 20



Proton with One Dynamical Gluon
PtP~|¥) = M?|¥) [proton) =y, gluud) + Yy uqg4luud g)
QCD Interaction: P~ = FPocpt+ e
QCD = / dx‘dle{%%* ™o ta(ial)zlb

L . 7 N a
- §A; [m? + (10)%] AL + g5y, T* Ay

1 /s a a
+ 3O T b T},

(i

Confinement only in leading Fock:

PePt =" Z{ 2, - om0, }
2 1.

vy (mi +m;)?

/Mzs‘#czsv\

Parameters:

Truncation: Nmax=9, K=16.5
HO parameters: b=0.7GeV, b,,=3GeV

April 22, 2026 031GeV  025GeV  0.50GeV  0.54GeV  1.80GeV




Gluon GPDs

9 )] 9 2P+ 9 9 9 2M 9 9 9 9
FI9(x, A\ N) = L a(p’, \) ('vw HI(x,€,t) + AT E’g(x,ﬁ,ﬂ) u(p, \) .
2P+ 2M

Non-skewed GPDs (z,0,t) - FT — GPDs (z,b])

> Model scale : p2 = 0.23 — 0.25 GeV? (by matching (z) with global fit)

> Total Angular Momentum: J = £ [ dz z[H(z,0) + E(z,0)];
Jg = 0.066, 13.2% of the proton TAM.
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Effective Hamiltonian with Dynamical Gluon and Sea Quarks

Fock expansion:

| Proton) = a | uud) +b | uudg) +c1 | vuduu) + c2 | uvuddd) + c3 | uudss) + ...

Light-front QCD Hamiltonian :

) 2
Z +m -+
HLF N a Z)J—C;:U—aa _|_ HCO nement Hvertex Hlnst

1
(i0+)2

N a 1 N a N a
Hvertex + Hinst ng”éb%LT AZ%D + 59?¢7+T ¢ ?p’y—i—T %D

+ g2yt A 1l
27° " (i)

Ay
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Comparison with Global Analysis

April 22, 2026
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Qualitative agreement at low skewness with the first global GPD
extraction (GUMP1.0) using experimental and lattice data at NLO.
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BLFQ Road-map toward First Principles
Vary et al. (BLFQ Collaboration), Eur. Phys. J. Spec. Top. (2025)

+ quark-gluon vertex interaction)

“ >
EMFFs, PDFs « PRD 102, 016008 (2020)
& Axial FFs \ PRD 104, 094036 (2021) J
2020 « PRD 105, 094018 (2022) |
. e PRD 109, 014015 (2024
K.E. + Confinement + One Gluon GPDs (Twist-2, -3) o IRD I, o] g2024;
ey — : : « PLB 855, 138809 (2024)
Exchange interaction E -
=  PLB 833, 137360 (2022)
g TMDs ° PRD 109, 014015 (2024) )
é GFFs ———»(* PRD 110, 056027 (2024) |
: DPDs ——> (s PRD 112, 014018 (2025) |
= PDFs
= — ¢ PRD 108, 094002 (2023
= & Spin Decomposition [ (2023) ]
N . e PLB 847, 138305 (2023)
o )
= 2023 K.E. + Conﬁ.nement in | gqq) + GPDs (Twist-2, -3) ———»* PLB 860, 139153 (2025)
< lgqq) + | Yy  — QCD interactions « PLB 866, 139584 (2025)
= 999 9998 (Instantaneous gluon interaction + oL 855 138831 (2024
g quark-gluon vertex interaction) TMDs (Twist-2, -3) _>E S 855’ Ve 52024§ }
: b
) G e i ——> [+ arXiv-hep: 2506.07554 |
E Decomposition
EI 2025 K.E. + QCD interactions
=Ty _ (Instantaneous gluon interaction + EMFFs, PDFs
. — . .. =——»|¢ PLB 1 202
5 |994) +19948) +199949) Instantaneous fermion interaction & Spin Decomposition [ 867, 139599 (2025) ]
Z
wn
o)
==

First Principles of LF

o . .
QCD — K.E. + All QCD interactions 25

April 2

~

20p6



Summary

* The parton picture on the light cone is vital for describing hadron
structures relevant to the EIC

* Light-cone Hamiltonian formalism offers a natural framework for
understanding parton distributions within the strong interaction

* We utilize BLFQ to access various GPDs, achieving qualitative
agreement with available experimental and theoretical data

Thank you!
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