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Overview

Introduction

Basis Light-Front Quantization (BLFQ)

Properties of proton

Conclusions

(Satvir Kaur, 9/23/25, 2:25 PM : Hidden-Color Effects in Deuteron Structure)

(Xingbo Zhao, 9/24/25, 8:30 AM : Proton Spin Structure from a Light-Front
Hamiltonian Approach)
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Fundamental Properties: Mass, Spin and Structure

Mass

Spin Structure

Ideal facilities : EIC & EicC
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Nonperturbative Approaches

1
Adopted from Yang Li 4 / 23



Introduction BLFQ Properties of proton Conclusions

Basis Light-Front Quantization (BLFQ)
A computational framework for solving relativistic many-body bound state
problems in quantum field theories

P−P+|Ψ〉 = M2|Ψ〉

• P± ≡ P 0 ± P 3 : light-front
momentum (Hamiltonian)

• First-principle / effective
Hamiltonian as input

• Access to mass (M) and LFWFs

• Evaluate observables

O ∼ 〈Ψ|Ô|Ψ〉

GOAL

1
Vary, Honkanen, Li, Maris, Brodsky, Harindranath, et. al., Phys. Rev. C 81, 035205 (2010). 5 / 23
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• Fock expansion of baryonic bound states:

|Proton〉 = ψ(3q)|qqq〉+ ψ(3q+1g)|qqqg〉+ ψ(3q+qq̄)|qqqqq̄〉+ . . . ,

ΛIR ∼
b√
Nmax

and ΛUV ∼ b
√
Nmax, (b : HO energy scale)

Large Nmax and K → High UV cutoff & low IR cutoff

• Exact factorization between center-of-mass motion and intrinsic motion
1
Vary, Honkanen, Li, Maris, Brodsky, Harindranath, et. al., Phys. Rev. C 81, 035205 (2010).
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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
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• 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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Proton with One Dynamical Gluon

1
S. Xu, CM, X. Zhao, Y. Li, J. P. Vary, 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). 8 / 23
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Unpolarized PDFs
Fock expansion:

|Proton〉 = a |uud〉+ b |uudg〉+ ...

Light-front effective Hamiltonian :

Heff =
∑
a

~p2⊥a+m2
a

xa
+ Hconfinement + Hvertex +Hinst

Fock Sector Decomposition

Model scale µ2
0 = 0.24± 0.01 GeV2

NNPDFJAM

BLFQ without DGBLFQ with DG

0.001 0.005 0.01 0.05 0.1 0.5 1
0

0.5

1.0
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2.0

x

μ2=10.0 GeV2

xuv
xdv

xg/10
0. 0.2 0.4 0.6 0.8

0.2

0.4

0.6
dv /uv

Diagonalizing Heff ⇒ LF wavefunction
⇒ Initial PDFs ⇒ Scale evolution
• 〈x〉u = 0.261± 0.005,
〈x〉d = 0.109± 0.005 at 10 GeV2.

1
BLFQ Collaboration, Phys.Rev.D 108 (2023) 094002. 9 / 23
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Helicity PDFs

COMPASS

HERMES

LFH I&II
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COMPASS all pT (2002-06)

COMPASS high pT (2002-04)

COMPASS open charm (2002-07,NLO)

HERMES high pT

SMC high pT
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LSS NLO

Chiral Soliton Model

Statistical Model

E99-117/EG1

E06-014/EG1

EG1b

HERMES-1.0
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1.0
Δu/u

Δd/d

• Quark spin: 1
2

Σu = 0.438± 0.004, 1
2

∆Σd = −0.080± 0.002.

• Gluon spin: ∆G = 0.131± 0.003, (PHENIX: ∆G[0.02,0.3] = 0.2± 0.1).

1
BLFQ: PRD 108 (2023) 094002; LFH: PRL 124 (2020), 082003; PHENIX: PRL 103 (2009) 012003.

10 / 23



Introduction BLFQ Properties of proton Conclusions

BLFQ Results for Spin Decomposition

Fock expansion:

| Proton〉 = a | uud〉+ b | uudg〉+ ...

Quark and gluon helicities :

∆Σq =

∫
dx∆q(x)

∆Σg =

∫
dx∆G(x)

Total AM2 :

Ji =
1

2

∫
dxx [Hi(x, 0, 0) + Ei(x, 0, 0)]

Kinetic OAM2 :

Lq =
1

2

∫
dx [x {Hq(x, 0, 0)+Eq(x, 0, 0)}−H̃q(x, 0, 0)]

1
2
Σq + Lq + Jg = 1

2

Kinetic1

1
S. Xu, CM, X. Zhao, Y. Li, J. P. Vary, Phys.Rev.D 108, 094002 (2023).

2
X. Ji, Phys.Rev.Lett. 78, 610 (1997).
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BLFQ Results for Spin Decomposition

Fock expansion:

| Proton〉 = a | uud〉+ b | uudg〉+ ...

Quark and gluon helicities :

∆Σq =

∫
dx∆q(x)

∆Σg =

∫
dx∆G(x)

Total AM :

Ji =
1

2

∫
dxx [Hi(x, 0, 0) + Ei(x, 0, 0)]

Canonical OAM :

lzi = −
∫

dxd2~p⊥
~p 2
⊥
M2

F i1,4(x, 0, ~p 2
⊥ , 0, 0)

1
2
Σq + Σg + lzq + lzg = 1

2

Canonical1

1
S. Xu, CM, X. Zhao, Y. Li, J. P. Vary, Phys.Rev.D 108, 094002 (2023).

2
Jaffe and Manohar, Nucl.Phys.B 337, 509–546 (1990).
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Proton Gravitational Form Factors

• Parametrization of matrix element in terms of GFFs

〈P ′|Tµνi (0)|P 〉 = Ū ′
[
−Bi(q2)

P̄µP̄ ν

M
+ (Ai(q

2) +Bi(q
2))

1

2
(γµP̄ ν + γν P̄µ)

+ Ci(q
2)
qµqν − q2gµν

M
+ C̄i(q

2)Mgµν
]
U

• Momentum sum rule :
∑
iA

i(0) = 1

• Gravitomagnetic moment sum rule :
∑
iB

i(0) = 0

• Spin sum rule: J i = 1
2

[
Ai(0) +Bi(0)

]
• 4C(q2) = D(q2) provides shear forces and the pressure distributions

1
Burkert et. al.: Rev. Mod. Phys. 95, 041002 (2023)

2
Ji, Phys. Rev. Lett. 78, 610 (1997) 13 / 23
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BLFQ Results for Proton GFFs
|Nucleon〉 = ψ(3q)|qqq〉+ ψ(3q+1g)|qqqg〉

• QCD EMT : Tµν = Tµνq + Tµνg ,

where Tµνq = iψγ{µDν}ψ and
Tµνg = −FµλaF νλa + 1

4
gµν (Fλσa)2

• A(Q2) and B(Q2) : T++ component

• D(Q2) = 4C(Q2) : T ij components∑
i A

i(0) = 1 and
∑
iB

i(0) = 0

1
S. Nair, CM, Siqi Xu, Xingbo Zhao, James P. Vary, arXiv: 2506.07554 14 / 23
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Effective 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

~p2⊥a+m2
a

xa
+ Hconfinement + Hvertex +Hinst

Hvertex +Hinst =gsψ̄γµT
aAµaψ +

1

2
g2
s ψ̄γ

+T aψ
1

(i∂+)2
ψ̄γ+T aψ

+
1

2
g2
s ψ̄γ

µAµ
γ+

(i∂+)
Aνγ

νψ

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

2
Siqi Xu, Yiping Liu, CM, et. al., PLB 867, 139599 (2025)
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Fock Sector Decomposition

2
Siqi Xu, Yiping Liu, CM, et. al., PLB 867, 139599 (2025)
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Proton EM Form Factors

• EM current: Jµ = ψ̄γµψ

• 〈p′; ↑ |J+(0)|p; ↑ (↓)〉 ∼ F1(2)(q
2)

• Two FFs: F1(2)(q
2 = −Q2)

Proton Radii

〈r2
E〉 = −6

dGE(Q2)

dQ2

∣∣∣∣
Q2=0

,

〈r2
M〉 = − 6

GM(0)
dGM(Q2)

dQ2

∣∣∣∣
Q2=0

.

√
〈r2
E〉 = 0.72± 0.05 (0.840+0.003

−0.002) fm√
〈r2
M 〉 = 0.73± 0.02 (0.849+0.003

−0.003) fm

Sach’s form factors

GE(q2) = F1(q2)− q2

4M2
F2(q2),

GM (q2) = F1(q2) + F2(q2).

G M
p
(Q2) in BLFQ

Arrington 05

Arrington 07
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1
Siqi Xu, Yiping Liu, CM, et. al., PLB 867, 139599 (2025)
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Unpolarized PDFs

x(s+s)in BLFQ

x(u+d)in BLFQ

xg/10 in BLFQ
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Diagonalizing HLFQCD ⇒ LFWFs ⇒ Initial PDFs ⇒ Scale evolution

• Model scale µ2
0 = 0.22±0.02 GeV2, 〈x〉u+d = 0.37± 0.01 10 GeV2.

• Longitudinal excitations is challenging, in absence of confining potential.

1
Siqi Xu, Yiping Liu, CM, et. al., PLB 867, 139599 (2025)
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Helicity and Transversity PDFs
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• Gluon spin ∆G = 0.29± 0.031 for xg ∈ [0.05, 0.2] at 10 GeV2

• NNPDF2 analysis: ∆G = 0.23(6); lattice QCD3: ∆G = 0.251(47)(16)

• Tensor Charges: δu = 0.81± 0.08, δd = −0.22± 0.011

• JAM4 analysis: δu = 0.71(2), δd = −0.200(6); lattice QCD5: δu = 0.784(28),
δd = −0.204(11).

1
Siqi Xu, Yiping Liu, CM, et. al., PLB 867, 139599 (2025)

2
E. R. Nocera, et. al. (NNPDF), Nuclear Physics B 887, 276 (2014)

3
Y.-B. Yang, et. al. (Lattice) Phys. Rev. Lett. 118, 102001 (2017)

4
C. Cocuzza, et. al. (JAM), Phys. Rev. Lett. 132, 091901 (2024)

5
R. Gupta, et. al. (Lattice), Phys. Rev. D 98, 091501 (2018)
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GPDs at Skewness ξ = 0.1

• u and d GPDs from −1 < x < 1; exhibit similar distributions.

• At ξ = 0.1, DGLAP region dominates

• Gluon and sea quarks GPDs in DGLAP region

1
Y. Liu, S. Xu, CM, et. al., coming soon. . .
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Towards Full BLFQ

Fock expansion: Xingbo Zhao: 9/24/25, 8:30 AM

| Proton〉 =| uud〉+ | uudg〉+ | uudqq̄〉+ | uudgg〉+ | uudqq̄g〉+ | uudggg〉

1
Siqi Xu, et. al., work in progress
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Outlook
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Conclusions

• BLFQ: A non-perturbative approach based on light-front QCD
Hamiltonian

• LF Hamiltonian ⇒ Wavefunctions ⇒ Observables

• |qqq〉+ |qqqg〉 (P− = P−QCD + P−C ) ⇒ Provides good description of
data/global fits and lattice QCD results for various observables

• |qqq〉+ |qqqg〉+ |qqqqq̄〉, (P− = P−QCD) ⇒ Provides qualitative
description of data/global fits for mass, spin, EMFFs, PDFs, axial and
tensor charges . . .

Outlook

• Expand Fock sectors Xingbo Zhao: 9/24/25, 8:30 AM

• Include four-gluon interactions in the Hamiltonian

Thank You
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