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Overview
1
<mp>
A
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

1
<imp>

PN

Higgs mechanism Dynamics of gluons.

Quarks | Mass ~168x10% g

Mase ~178x10% g \

~99% of

~1% of proton mass of proton mass

proton
(6 types of quarks:up, down,
charm, strange, top and bottom)

Orbital angular Wigner Distributions
momentum —
(X, Ky, 1
PS ~ 25(10) % i

d'ky

~ 40(?) %

Parton Distribution Functions Form Factors

‘ Ideal facilities : EIC & EicC ‘
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onclusion

Nonperturbative Approaches

Lagrangian formalism Hamiltonian formali: TP,

Euclidean space-time  Minkowsl!

correlators: (O(z1,- -+ ,2n))

(0) = /Dg,@oxp ( - SE[LJ‘;D

Lattice QCD, Dyson-Schwinger, FRG  DLCQ, BLFC

nonrelativistic nonrelativistic relativistic
few-body many-body many-body
quant, AMO  nucl, quant chem hadron, QFT

! Adopted from Yang Li 4/23
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Basis Light-Front Quantization (BLFQ)

A computational framework for solving relativistic many-body bound state ﬂ\/}

P>
problems in quantum field theories (/Q
instant form front form ® Evaluate observables
time variable t=2a° zt 2 2% 428

¢ t

—
quantization A A =
surface 0.07 z L

D
<

P~ P = M?|)

o pt = PO+ p3 . light-front
momentum (Hamiltonian)

® First-principle / effective
Hamiltonian as input

® Access to mass (M) and LFWFs “ﬁm

1Vary, Honkanen, Li, Maris, Brodsky, Harindranath, et. al., Phys. Rev. C 81, 035205 (2010). 5/23




BLFQ
(o] le}
® Fock expansion of baryonic bound states:

[Proton) = 9(3q)|99q) + Y(3q+1¢)|9999) + Y(3q+a0)|99997) + - - - LY

Solution proposed by BLFQ

Discrete basis and their

direct product Truncation

2D HO ¢,,,,(p") in the transverse plane 225 (20 4 my| +1) < Nipax

— — ki
Plane-wave in the longitudinal direction Zz k=K, ;=%

Light-front helicity state for spin d.o.f. 2 (my+ ) = M,

Q; = (kivnivmiv )\L)

o) = ®; |a;)

Fock sector truncation

AR ~ L and Auv ~ bV Nmax, (b: HO energy scale)

max

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

® Exact factorization between center-of-mass motion and intrinsic motion

! Vary, Honkanen, Li, Maris, Brodsky, Harindranath, ct. al, Phys. Rev. C 81, 035205 (2010).
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Basis Light-Front Quantization (BLFQ)

ooe

00 o

Conclusion

o

BLFQ Road-map toward First Principles

2020

K.E. + Confinement + One Gluon
l9g4) — Exchange interaction
2023 K.E. + Confinement in |gqq) +

QCD interactions

—

l994) + 14948) (Instantaneous gluon interaction +
quark-gluon vertex interaction)

2025 K.E. + QCD interactions
o (Instantaneous gluon interaction +
l994) +144948) +199947) Instantaneous fermion interaction

. + quark-gluon vertex interaction)

First Princ’iples of LF

QCD — KE. + All QCD interactions

0BLFQ Collaboration

EMFFs, PDFs
& Axial FFs

GPDs (Twist-2, -3)

TMDs
GFFs
DPDs
PDFs

& Spin Decomposition
GPDs (Twist-2, -3)
TMDs (Twist-2, -3)

GFFs & Mass
Decomposition

EMFFs, PDFs
& Spin Decomposition

£

* 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 110, 056027 (2024)
—>(= PRD 112, 014018 (2025)

—{* PRD 108, 094002 (2023)

* PLB 847, 138305 (2023)
—>|* PLB 860, 139153 (2025)
* PLB 866, 139584 (2025)

« PLB 855, 138831 (2024)
|- PLB 855, 138829 (2024)

—>(* arXiv-hep: 2506.07554

—>(* PLB 867, 139599 (2025)
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Proton with One Dynamical Gluon

(1

PTP~|¥) = M?|) [proton) =y, gluud) + yyyuaqluudg) C%{)?

QCD Interaction: P = P(iCD +PC_
1. 2 4 (191)2

Pgep =/dm'd2zl{§d)’y+m70 tf)(j' ) ¥

1 . ) ) _
- 5A; [m2 + (i0+)?] AL + gy, T Al

1 2.0 a a
+ T Ty T,

Confinement only in leading Fock:
4 Op.(7i7;0,,)
— K T 1 T
P P+ — «‘2 i vz
C ) Z {{ ijL = (mi +mj)2

i#] — ﬁ’, o
Parameters: ’
sv&

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

0.31GeV 0.25GeV 0.50GeV 0.54GeV 1.80GeV

S Xu, CM, X. Zhao, Y. Li, J. P. Vary, Phys.Rev.D 108 (2023) 094002.
Brodsky Teramond, Dosch and Erlich, Phys. Rep. 584, 1 (2015).
3Li, Maris, Zhao and Vary, Phys. Lett. B (2016); M. Burkardt, Phys. Rev. D 58, 096015 (1998). 8/23
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Unpolarized PDF's
Fock expansion: i
<mp>
|Proton) = a |uud) + b |uudg) + ... PN
Light-front effective Hamiltonian :
52 +m2 H
Heff = Za J-'qma_a + confinement + Hvertex T Hinst
‘ Fock Sector Decomposition
2.0 12=10.0 GeV? osk
s d“lu’
0.4]
1518
0.2]
\ 0. 02 04 06 08
1.0 N BLFQ with DG EEE BLFQ without DG
N JAM s NNPDF
05 xu”
0E 1
0.001 0.0050.01 0.05 0.1 05 1

X

Diagonalizing Heg = LF wavefunction
= Initial PDFs = Scale evolution

Model scale u2 = 0.24 £ 0.01 GeV? ® (x), = 0.261+£0.005,

{x)q = 0.109 £ 0.005 at 10 GeV?2.

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

—— LSS NLO
Chiral Soliton Model
Statistical Model

- FH &
0.4] XxAu W2=1.0 GeV? =
. 2 xAg | P TR
N
- =U.9} - E06-014/EG1
09 R © EG1b
02 o girq oo ) JE—— ~ 1.0}« HERMES ' ' ' '
-0.4]  wmgirauinbe YAd [EEv—— 1.0} * COMPASS all pr(2002-06)
-0.6] 08" COMPASS high p7(2002-04) Aglg
0.10f .« compass _ — "l « COMPASS open charm (2002-07,NLO)
XA N
. HERMES U ~ xAd 0.6} + HERMES high pr
0.05 mm Lo tan 0.4}~ SMChigh pr
W BLFQ with DG
0.00) 0.2
-0.05] 0.0|
17=5.0 GeV? 1 1#=5.0 GeV? sl . -0.2] L L
-0 001 00501 05 - 001 00501 05 1 0.01 002 005 010 020 0.50
x x x

* Quark spin: 1%, = 0.438£0.004, 1A%, = —0.080 = 0.002.

® Gluon spin: AG = 0.131 £ 0.003, (PHENIX: AGI0-02:0-3] — 0.2 40.1).

Conclusions
[e]

Vi
<mp>

W

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

Fock expansion: Cﬁl\ﬁ!\_D

PN
| Proton) = a | uud) + b | uudg) + ...

Quark and gluon helicities : %Zq + Lo+ Jy = %

AY, = /dz Ag(x) g

AXy = /dmAG(z)
Total AM? :

1
Ji= /dm[Hi(w,o, 0) + B, (x,0,0)]

Kinetic OAM? :

Ly= %/dz e {Hy (2, 0,0)+Eq (2, 0,0)}— Hy(x, 0,0)]

Kinetic!

1S. Xu, CM, X. Zhao, Y. Li, J. P. Vary, Phys.Rev.D 108, 094002 (2023).
2X. Ji, Phys.Rev.Lett. 78, 610 (1997).
11/23
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BLFQ Results for Spin Decomposition

Fock expansion: C%}_D

W
| Proton) = a | uud) + b | uudg) +

Quark and gluon helicities : %Eq +E, 40+ = %
AY, = /dx Ag(x) 5 lq + lg

AXy = /dxAG(z)
Total AM :

- %/dxx[H,-(w,O, 0) + Ey(z,0,0)]

Canonical OAM :

_,

/dxd2 F14(xOpJ_,O 0)

Canonical®

1S. Xu, CM, X. Zhao, Y. Li, J. P. Vary, Phys.Rev.D 108, 094002 (2023).
2Jaffe and Manohar, Nucl.Phys.B 337, 509-546 (1990).
12 /23
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Proton Gravitational Form Factors

Graviton Q\/}
Proton pves <mp>

1,72 %

'

o le=2

/

N(P) N(P)  N(P) N(P)

® Parametrization of matrix element in terms of GFFs

P oNr) =] - Bl

T (A) + Bila®) 5 (" P+ )

M
* Momentum sum rule : Y, A*(0) =1
* Gravitomagnetic moment sum rule : >, B*(0) =
® Spin sum rule: J* = 1 [A*(0) + B'(0)]
4C(¢*) = D(q?) provides shear forces and the pressure distributions

vo_ ynz _
+O(H) T 19 +Ci(q2)Mg“”]U

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

2Ji, Phys. Rev. Lett. 78, 610 (1997) 13 /23
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BLFQ Results for Proton GFFs
[Nucleon) = v(34)|999) + ¥ (3q+19)l9999) é},@
M
z'; « Lattice 23 55 this work | Aq] 04l = s work [4g] 1. = this work |4 | VQ
o' AN, s Wang et. al. . mm Wang et. al. 08t We, = mm Wang et. al.
03 % 03 04|
02 S "§§§§§§§ b 02 0.4
------ . 0.1
01 ’
A o f
oy - Yao et. al.
~ =~ Mamo et. al.
-2 Duran et al. 1
-1.50f o JLab ~= Yao et. al -3. o Lattice '24 Duran cta 11 | T - Yao et. al.
_p 1] oLattice 24 -~ Mamo et. al,[Fq _a. o Lattice 22 Guo et al ID_;« -4.IT| o Lattice '24 -~ Mamo et. a«,F
0. 0.5 1. 15 0. 05 1. 1.5 0. 05 1. 1.5
Q*[Gev?) Q*[Gev?] Q*[Gev?)
I = quark 5% glion = total
* QCD EMT : T# :Téw—f—Tg‘“j,
where T} = iy DY}y and
v Aa v 1 v 2
T; = —F"FY, + Zgu (Fxoa)
0.
* A(Q?) and B(Q?) : T component
0.02]
* D(Q*) =4C(Q?) : T" components g4
q
3 ) -0.02]
| S, Ai(0) = 1 and 3, B¥(0) = o|
-0.04; 05 1. 15 2.
GV
1s. Nair, M, Siqi Xu, Xingbo Zhao, James P. Vary, arXiv: 2506.07554 @GV 14 /23
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Effective Hamiltonian with Dynamical Gluon and Sea Quarks

Fock expansion: Q{I\@D
| Proton) = a | uud) +b | vudg) +ci | vudut) + co | uuddd) + c3 | uudss) + ... W

Light-front QCD Hamiltonian :

+
HLF = Z PL(;am + W + Hvertex T Hinst

Hvertex + Hmst 7QS¢F}/MT A“Q/) + 295¢7+T 1[’ 1/}’Y+T 1/’

(a0 )

_~_1 21/") HA LA VQ/’
295 Y ”(i@*) vy

lBrodsky, Pauli, and Pinsky, Phys. Rep. 301, 299 (1998).
?Siqi Xu, Yiping Liu, CM, et. al., PLB 867, 139599 (2025)
15 /23
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Fock Sector Decomposition

1
_ . ) 7>
|Pyroton) =|a9a) + 1aqa9) + lqqqua) + |qqqdd) + |qqqss) C@"S

Truncation parameter: Ny.x = 7 and Kjpax =

0.99 GeV 0.94 GeV 5.9 GeV 0.6 GeV 2.7 GeV

In five quark Fock sector, we use current quark mass

9999)

?Siqi Xu, Yiping Liu, M, et. al., PLB 867, 139599 (2025)
16 /23
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Proton EM Form Factors
i

Sach’s form factors <MD

7\

Ge(d®) = Fi(¢®) — 1 Fa(g?),

, 4M?
< b 2y _ 2 2
p p Gu(q") = Fi(q) + F2(q7).
® EM current: J" = ¢py" 1)
o (11T 0)p T (1) ~ Fiz)(d®) 10 "
— GE(Q) inBLFQ
® Two FFs: Fl(z)(qQ = *QQ) 0.8 3 -ArrinEglon07 - Gayou 01
° * Milbrath 99 * Gayou 02
06 '.‘ \ + Pospischil 01 + Mainz ISR 17
Proton Radii 0.4f N * Jones 00
2 g
(r2) = —62°E@)| 02
Q=0 90
(7"2 y=— 6 dGm(Q2%) ) i, — GH(@)inBLFQ
M/ ™ Gum(0)  dQ? S 25 \ + Arrington 05
Q%=0 2.0 - Arrington 07
(r%) = 0.72 £ 0.05 (0.8407)0%3) fm
(r2,) = 0.73 £ 0.02 (0.84970 50%) fm

00 05 10 15 20 25 30

2. 2:
1Siqi Xu, Yiping Liu, CM, et. al, PLB 867, 139599 (2025) Q@ (GeV?) 1723




Introduction BLFQ Properties of proton Conclusions
00 000 000000000080000 o

Unpolarized PDF's

1
<imp>

PN

4 ) — xdinBLFQ 1.0
{ -+ xuin BLFQ
----- xgin BLFQ

17=10.0 GeV?
I BLFQ
- AM
EEEINNPOF

— X(S+s)in BLFQ
~~~~~ x(@+d)in BLFQ
xg/10 in BLFQ

— xsinBLFQ
~~~~~ xdin BLFQ 0.8
x0inBLFQ 0.6

0.02 0.2
0.01 =
00 =
0.00 0.01 0.05 041 05 1
00 02 04 06 08 10 x

Diagonalizing Hrqcp = LEWFs = Initial PDFs = Scale evolution

® Model scale p2 = 0.22+0.02 GeV?, (®)yra = 0.37 £0.01 10 GeV?2.

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

'Siqi Xu, Yiping Liu, CM, et. al., PLB 867, 139599 (2025) 18/ 23
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Helicity and Transversity PDF's
&)

o A | T, 0.6) TTEFAEEA s Q&'{?
0.2} - coueass 04
0.0F
-02 0.2
00 l wa w
0.00| 0.0
-0.05]
-0.10 | =5 GeV? ] ] =5 GeV? 02
o1 oosoo 650 odsen 0t 0.01 0.05 0.10 050 1
X X X
® Gluon spin AG = 0.29 +0.03* for x4 € [0.05,0.2] at 10 GeV?
® NNPDF? analysis: AG = 0.23(6); lattice QCD?3: AG = 0.251(47)(16)
® Tensor Charges: du = 0.81 4 0.08, 6d = —0.22 4 0.01"

JAM* analysis: du = 0.71(2), dd = —0.200(6); lattice QCD?: Ju = 0.784(28),
§d = —0.204(11).

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

E. R. Nocera, et. al. (NNPDF), Nuclear Physics B 887, 276 (2014)
Y.-B. Yang, et. al. (Lattice) Phys. Rev. Lett. 118, 102001 (2017)
C. Cocuzza, et. al. (JAM), Phys. Rev. Lett. 132, 091901 (2024)
R. Gupta, et. al. (Lattice), Phys. Rev. D 98, 091501 (2018)

1
2
3
4

o
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GPDs at Skewness & = 0.1

H, fol Hy ful o ﬂ\\/}

<imp>
W

/0.4 ~(GeV?)

06

0.4 -t(GeV?)

® y and d GPDs from —1 < x < 1; exhibit similar distributions.
® At £ =0.1, DGLAP region dominates
® Gluon and sea quarks GPDs in DGLAP region

1y, Liu, S. Xu, CM, et. al., coming soon. . .
20 /23
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Towards Full BLFQ

£,

Fock expansion: ‘Xingbo Zhao: 9/24/25, 8:30 AM ‘ C‘@Q’?
N
| Proton) =| vud)+ | wudg)+ | wudqq) + | vudgg)+ | vudqqg)+ | uudggg)
A 1 i0+ 2 ia
Prrgen = /dI dat 1/)’Y+7( )(9 W+ A (iot)2 A
v T
+ g / da=d%zt gy, APOT ™) T
T ——
2
9s 2 1 pa a7 vbrpb,
+ 2 /d “dfx ¢’Y;:A T prom ('y,,A T w) —
g2 Lo+ ot I3
Is — 12 ] a 7 a e
2/d d“z— iy TQ/J(, )Q(wﬂ/ Tw) ——

2 1 abc 7.+ + Apa oAb
/dxd 1 f7C ahry T1/1(8+) <8A A#> E
+g, / da=d?at ifehe i0r AV AL AS

2
gfs 2, .1 abc ade +AubAc +AVdAe .
+2/dzd ifee ifode ip (8)(0 AR

pnitve

2
_ % /dx—deL ifa,bc ifadeAubAucAdAe

'Siqi Xu, et. al., work in progress
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Outlook

Conclusions

(1

A
~ IM_D

Current status

| Full QCD interaction |

Deutron calculation
laqq qqq) + lqqq qaq g)

Fock sector expansion
l9qq qq g) and |lqqq ggg)-.....

Intrinsic charm

Sea asymmetry

| Origin of spin and mass |

Q ‘ 9 ~ 25(10) %

~40(2) %

22 /23
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Conclusions

IMP,

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

® LI Hamiltonian = Wavefunctions = Observables

® |qqq) + |gqqg) (P~ = acp T Pg5) = Provides good description of
data/global fits and lattice QCD results for various observables

® |qqq) + laqq9) + 19999q), (P~ = P4cp) = 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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