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Biggest problem 130 yr. ago:  electron structure

• Contemporary view: a spherical corpuscles of the size re~10-15m, 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
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Light cone quantization

• Parton model can be formalized as light-cone quantization

𝑖
𝜕
𝜕𝑥! Ψ = 𝑃!|Ψ⟩

Polyzou, 2021
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Light-cone wave functions

• Hadronic wave function Ψ 	contains the full quantum information 
of the system
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Transverse density

• Light-cone picture is essential for defining the hadronic densities
• Form factor  ⟷ one-body densities (OBDs):
• Drell-Yan-West:  𝜌)* 𝑟+ = ∑, 𝑒,𝛿-(𝑟+ − 𝑟,+)  

• Brodsky-Hwang-Ma-Schmidt:  𝑇.. 𝑟+ = 2𝑃.𝑃. ∑, 𝑥,𝛿-(𝑟+ − 𝑟,+)  

• Cao-Li-Vary: 𝑇/- 𝑟+ = ∑,
∇!" ∇!#1∇⃡$!

" ∇⃡$!
#

-3$
𝛿-(𝑟+ − 𝑟,+)

Miller, 2018

𝑂 =#
!

$ 𝑑𝑥"𝑑#𝑟"$ 𝜓! #

×𝑂!({𝑥", 𝑟"$})
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Hadronic densities
• Generalized parton distributions play a key role in hadron densities

1961 1990
elastic eA
scattering DIS DVCS

form factor PDF GPD
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Quantum entanglement
• LC formalism allows analytic evaluation of entanglement entropy
• We show that parton entanglement entropy is closely related to 

Shannon entropy of parton distribution
𝑆 𝜌! = 𝐻 𝑓! 𝑥, 𝑘" + quantum	correc.

Zhang, Qian, Zhou, YL, Wang, 
2512.21228
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Jet quenching

19/40 李阳, 2025年 1月 11日

Time-dependent processes

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

𝐻#$ 𝜓% = 𝑀%
& 𝜓%

where, 𝐻45 = ∑,
7⃗$!
# .8$

#

3$
+ 𝑉

• Analogy to non-relativistic quantum many-body problems
• Implementation: basis light-front quantization (BLFQ)
• Exponential wall
• Hamiltonian RG

April 22, 2026 12



Building the LF Hamiltonian matrix using BLFQ

Step-1: Expand the system’s state in the Fock space

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 motion 
in transverse direction

Single particle 
motion 
in longitudinal 
direction

Step-3: Compute the Hamiltonian matrix

Build many-body basis states for each Fock sector

Hamiltonian = K.E. terms + QCD interactions

Eigenvector of 
the Hamiltonian

5 / 23
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Positronium [Wiecki:2014ola]

Bloch-Wilson interaction: perturbative solution to the OSL effective Hamiltonian [Krautgartner :1991xz]𝑉 = 4𝜋𝛼𝑄2 𝑢̄𝑠′ (𝑘′)𝛾𝜇𝑢𝑠(𝑘) ̄𝑣 ̄𝑠(𝑘̄)𝛾𝜇𝑣 ̄𝑠′ (𝑘̄′) + 𝑂(𝛼2)
Comparison with perturbative QED: [Bethe & Salpeter, 1977 Springer ; cf. Lamm:2016djr]𝐻 = 𝑇 + 𝐻Col + 𝐻Dar + 𝐻rel + 𝐻LS + 𝐻SS

光锥量子色动力学，李阳（中科大） 31/66 非微扰方法研讨会，2024年 10月 26日
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Form
factor

GPD H
(𝝃 = 𝟎)

GPD q

NRQM

BLFQ
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Charmonium: hydrogen atom of QCD [Li:2015zda, Li:2017mlw, Li:2021ejv]

Two free parameters (𝑚𝑐, 𝜅), rms deviation: 30 MeV [Gross:2022hyw]

Good agreement with the PDG data for both the masses and the widths
[LFWFs published on Mendeley Data, doi: 10.17632/cjs4ykv8cv.2]

光锥量子色动力学，李阳（中科大） 32/66 非微扰方法研讨会，2024年 10月 26日
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Generalized parton distributions [Burkardt ’00&’02]

q(x,~b?) =

Z
d2�?
(2⇡)2

e
i~�?·~b?H(x, ⇣ = 0,��2

?) =
1

(1� x)2

X

ss0

| e ss0(~r?, x)|2.

I partonic interpretation: q(x,~b) � 0,

Z
dx d2b? q(x,~b) = 1

I unintegrating the form factors

⌘c ⌘
0
c

�c

⌘b ⌘
0
b

�b
“Quarkonium on the light front” 24/38 Yang Li, May 20, 2017, Dalian

~b? , (1� x)~r?

[Adhikari et al. in preparation]

Quarkonium impact-parameter space GPDs
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GPDs of J/psi
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Nucleon with Valence Fock Component

↭ The LF eigenvalue equation: He! |!→ = M2
|!→

He! =

∑

a

ωp
2
→a +m

2
a

xa
+

1

2

∑

a ↑=b

ε
4
[
xaxb(ωr→a → ωr→b)

2 →
ϑxa (xaxbϑxb )

(ma +mb)
2

]

+
1

2

∑

a ↑=b

CF 4ϖϱs

Q
2
ab

ūs→a
(k

↓
a)ς

µ
usa (ka)ūs→b

(k
↓
b)ς

ω
usb (kb)gµω

↭ For the first Fock sector:

|qqq→ = |nq1 ,mq1 , kq1 ,ωq1→ ↑ |nq2 ,mq2 , kq2 ,ωq2→ ↑ |nq3 ,mq3 , kq3 ,ωq3→

↭ Transverse : 2D harmonic oscillator basis εnm(ϑp→);
Plane wave basis in longitudinal direction.

↭ The valence wavefunction in momentum space:

!
MJ
{xi,εp↑i,ϑi}

=

∑

ni,mi

[
φ(ϱi)

3∏

i=1

↼nimi (ωp→i)

]
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Valence Quark Leading Twist GPDs
Valence Quark Leading Twist GPDs

↭ Qualitative nature consistent with phenomenological models 2

1
BLFQ: PRD 104, 094036 (2021); PRD 105, 094018 (2022); PRD 109, 014015 (2024)

2
C. Mondal, D. Chakrabarti, EPJC 75, 261 (2015); PRD 88, 073006 (2013)
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x-Dependent Squared Radius

→b2→↑
q(x) =

∫
d2ωb→b

2
→H

q(x, b→)∫
d2ωb→Hq(x, b→)

,

↭ Transverse squared radius:

→b2→↑ =
∑

q

eq

∫ 1

0

dxfq(x)→b2→↑
q(x)

↭ BLFQ result: →b2→↑ = 0.40± 0.04
fm2

↭ Experimental data 2:
→b2→↑exp = 0.43± 0.01 fm2

BLFQ
JLab/CLAS
HERMES
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1
BLFQ: S. Xu et. al., PRD 104, 094036 (2021)

2
R. Dupre, M. Guidal and M. Vanderhaeghen, PRD 95, 011501 (2017).
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Proton with One Dynamical Gluon

1
BLFQ: S. Xu et. al., Phys.Rev.D 108 (2023) 094002.

2
Brodsky, Teramond, Dosch and Erlich, Phys. Rep. 584, 1 (2015).

3
Li, Maris, Zhao and Vary, Phys. Lett. B (2016); M. Burkardt, Phys. Rev. D 58, 096015 (1998).
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Gluon GPDs

F
g
(x,!;ω,ω

→
) =

1

2P+
ū(p

→
,ω

→
)

(
ε
+
H

g
(x, ϑ, t) +

iϖ
+µ

!µ

2M
E

g
(x, ϑ, t)

)
u(p,ω) ,

F̃
g
(x,!;ω,ω

→
) =

1

2P+
ū(p

→
,ω

→
)

(
ε
+
ε5 H̃

g
(x, ϑ, t) +

!
+
ε5

2M
Ẽ

g
(x, ϑ, t)

)
u(p,ω) .

Non-skewed GPDs (x, 0, t) → FT → GPDs (x, b↑)

↭ Model scale : µ
2
0 = 0.23↑ 0.25 GeV

2
(by matching ↓x↔ with global fit)

↭ Total Angular Momentum: J =
1
2

∫
dxx[H(x, 0) + E(x, 0)];

Jg = 0.066, 13.2% of the proton TAM.

1
BLFQ : B. Lin et. al. PLB 847 (2023) 138305; PLB 860 (2025) 139153
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E!ective Hamiltonian with Dynamical Gluon and Sea Quarks
Fock expansion:

| Proton→ = a | uud→+b | uudg→+c1 | uuduū→+ c2 | uuddd̄→+ c3 | uudss̄→+ ...

Light-front QCD Hamiltonian :

HLF =
∑

a
ωp2→a+m2

a
xa

+ Hconfinement + Hvertex +Hinst

Hvertex +Hinst =gsω̄εµT
aAµ

aω +
1
2
g2s ω̄ε

+T aω
1

(iϑ+)2
ω̄ε+T aω

+
1
2
g2s ω̄ε

µAµ
ε+

(iϑ+)
Aεε

εω

1
Brodsky, Pauli, and Pinsky, Phys. Rep. 301, 299 (1998).

2
BLFQ: S. Xu et. al., PLB 867, 139599 (2025)
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Comparison with Global Analysis
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↭ Qualitative agreement at low skewness with the first global GPD
extraction (GUMP1.0) using experimental and lattice data at NLO.

1
BLFQ : Y. Liu, et. al., coming soon. . .

2
GUMP1.0 : Y. Guo, et. al., Phys. Rev. Lett. 135, 261903 (2025)
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BLFQ Road-map toward First Principles

|qqq⟩

 |qqq⟩ + |qqqg⟩

 |qqq⟩ + |qqqg⟩ + |qqqqq̄⟩

First Principles of LF 
QCD

K.E. + Confinement + One Gluon 
Exchange interaction

K.E. + Confinement in  + 
QCD interactions 

(Instantaneous gluon interaction + 
quark-gluon vertex interaction)

|qqq⟩

K.E. + QCD interactions 
(Instantaneous gluon interaction + 
Instantaneous fermion interaction 
+ quark-gluon vertex interaction)

K.E. + All QCD interactions

EMFFs, PDFs 
& Axial FFs

GPDs (Twist-2, -3)

TMDs

GFFs

PDFs 
& Spin Decomposition

GPDs (Twist-2, -3)

TMDs (Twist-2, -3)

EMFFs, PDFs  
& Spin Decomposition

B
as

is
 L

ig
ht

-F
ro

nt
 Q

ua
nt

iz
at

io
n 

(B
L

FQ
)

• PRD 102, 016008 (2020) 
• PRD 104, 094036 (2021)

• PRD 105, 094018 (2022) 
• PRD 109, 014015 (2024) 
• PRD 109, 034031 (2024) 
• PLB 855, 138809 (2024)

• PLB 833, 137360 (2022) 
• PRD 109, 014015 (2024)

• PRD 108, 094002 (2023)

• PLB 847, 138305 (2023) 
• PLB 860, 139153 (2025) 
• PLB 866, 139584 (2025)

• PLB 855, 138831 (2024) 
• PLB 855, 138829 (2024)

• PRD 110, 056027 (2024)

• PLB 867, 139599 (2025)

GFFs & Mass 
Decomposition • arXiv-hep: 2506.07554

DPDs • PRD 112, 014018 (2025)

2023

2025

2020

0
BLFQ Collaboration
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Vary et al. (BLFQ Collaboration), Eur. Phys. J. Spec. Top. (2025)
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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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