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Overview

1
<imp>

W

Introduction
Basis Light-Front Quantization (BLFQ) to
Proton : (|gqq) + [9999))

Proton : (lqqq) + |9qqg) + lq9qqd))

Conclusions

(PRD 108 094002 (2023), PLB 847 138305 (2023), PLB 855 138829 (2024), PLB 855 138831 (2024),
work in progress)

(Satvir Kaur, Thu 22/08, G, 11:00 : Properties of deuteron on the light front)

(Xingbo Zhao, Thu 22/08, B, 12:00 : Spatial imaging of the proton from a
light-front Hamiltonian approach)
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Fundamental Properties: Mass and Spin

1
<imp>

PN

® About 99% of the visible mass is 83
contained within nuclei

® Nucleon: composite particles, built
from nearly massless quarks (~ 1%
of the nucleon mass) and gluons \

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

® How does 99% of the nucleon mass
emerge? Higgs mechariam oynamics o givans

168x10% g

Taxio®g

N . .
Quantltatlye 'decomposmon of s g o
nucleon spin in terms of quark and
gluon degrees of freedom is not yet

fully understood. or
~ 25(10) %

-~

® To address these fundamental issues
— nature of the subatomic force
between quarks and gluons, and the
internal landscape of nucleons. ~40(2) %

lPictures (top to bottom) adopted from A. Signori, J. Qiu, C. Lorce
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Term:
AX/2 is the quark helicity
qu is the quark OAM

}g is the gluon contribution

Frame

14 z g _h
independent (Ji)* 2 AX+ Lq +]g 2

Infinite-momentum
frame
(Jaffe-Manohar)**

%AZ +AG+L,+ = 1 AGis the gluon helicity

2
£,and ¢, are the quark
and gluon canonical
OAM, respectively

a b _
J, J, 07
37.5(9.3)% 42.1(4.5% 06

0.5+

0.4+

AG(PY)

lagq) + laqag) + |aqaqq)
00000

The quark and gluon contributions,]u and
]g, can be obtained from the GPD moments.

Asimilar sum rule also works for the
transverse angular momentum and has
asimple parton interpretation

Allterms have partonic interpretations;
£,and £, are twist-three quantities.

AG is measurable in experiments,
including the RHIC spin and the EIC; lq and
£, can be extracted from twist-three GPDs

v 32D
48l
—a— 24|
—e— 32|
+ 321f

l, ! Js
3224%  10.03.6%

P*(GeV)

1X, Ji, F. Yuan and Y. Zhao, Nature Reviews Physics 3, 65 (2021)
2y .-B. Yang, R.S. Sufian, A. Alexandru et al., Phys. Rev. Lett. 118, 102001 (2017)

Conclusions
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Hadron Tomography

&
Wigner Distributions Ct’%j

8z,~1/Q

Parton Distribution Functions Form Factors

® r — longitudinal momentum fraction; k; — parton transverse

momentum; r; — transverse distance from the center. 5 /52
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Basis Light-Front Quantization (BLFQ)

A computational framework for solving relativistic many-body bound state 04

<mp>
problems in quantum field theories A
P~ PT|U) = M?|W) ® direct access to light-front

wavefunction of bound states
e P~ = P%_ P3: light-front
Hamiltonian
e pT = P% 4 P3: longitudinal
momentum

® |¥) mass eigenstate i pr— i P——
o )2

: mass squared eigenvalue
for eigenstate |¥)

GOAL

® First-principle / effective .
Hamiltonian as input

® Evaluate observables

O ~ (U0 )

! Vary, Honkanen, Li, Maris, Brodsky, Harindranath, ct. al., Phys. Rev. C 81, 035205 (2010).
6/32
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® Fock expansion of baryonic bound states: e

|[Proton) = ¥ 3¢)1999) + Y (34+14)19999) + V39+40)|99997) + - - -

Solution proposed by BLFQ

Dlscre'te basis and their Truncation
direct product

Zi (2n; + |m;| +1) < Ny

2D HO ¢,,,,(p") in the transverse plane
E;
Zi kz = K? T, =K

Plane-wave in the longitudinal direction
Zi (m; + ;) =M,

Light-front helicity state for spin d.o.f.
a; = (k;,n;,my, \;) .
Fock sector truncation
o) = ®; |a;)

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).
7/32
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Nucleon within BLFQ

<mp>
® The LF eigenvalue equation: Heg|¥) = M?|T) N

P2, +m2 ~ . Oz4 (Ta O
Hap =y P T2 ,Z {xamb(m,m)z,w

a u#b (ma + mb)2
C 47ro<g _ _ v
= Z gy, (ko) us, (k)T (Kp)Y sy (k) gpuw
a#b ab
Publications:

Mondal et al., Phys. Rev. D 102, 016008 (2020) : Form Factors, PDFs,...
Xu et al., Phys. Rev. D 104, 094036 (2021) : Nucleon structure, ...

Liu et al., Phys. Rev. D 105, 094018 (2022) : Angular Momentum, ...
Hu et al., Phys. Lett. B 833, 137360 (2022) : TMDis, ...

Kaur et al., Phys. Rev. D 109, 014015 (2024) : Chiral-odd GPDs, ...
Zhang et al., Phys. Rev. D 109, 034031 (2024) : Twist-3 GPDs, ...

Liu et al., Phys. Lett. B 855, 138809 (2024) : Skewed GPDs, ...

Nair et al., arXiv: 2403.11702 [hep-ph] : GFFs, ...

Peng et al., coming soon : Double parton correlations, ...
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Proton with One Dynamical Gluon
PTP~|0T) = M?|T) [proton) = y,gluud) + ¥y, yq,luud g) C%%é

QCD Interaction: P = QCD +PC
_ _ m3 + (i0+)?
Paon = [ttt (L GO0
- lAi [m2 + (i0")%) AL + gapy, T Abiap

+ GO T T

Confinement only in leading Fock:

Oy, (2;2;0,,)
+_ i \LidjU;
FePm=7% Z{ Ty - (mi+mj)2} T

i —_— ﬁ.l“
Parameters: ’
s-&

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

my ---

0.31GeV 0.25GeV 0.50GeV 0.54GeV 1.80GeV

LS. 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). 9/32
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Proton with One Dynamical Gluon

Fock expansion: C%!\_D
|Proton) = a |uud) + b |uudg) + ... W
Light-front effective Hamiltonian :
=2 m2
Heg = @ % + Hconfinement + Hyertex + Hinst

Fock Sector Decomposition

‘,71 . :@’:-.,71
(Co — &3

/’0

1S. Xu, CM, X. Zhao, Y. Li, J. P. Vary, Phys.Rev.D 108 (2023) 094002.
10/ 32
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Unpolarized and Helicity PDFS l BLFQ: PRD 108 (2023) 094002

laaa) + laaag)
00®00000000000000

1?=10.0 GeV? o,
04 =

0.2

d“Iu”

W JAM e NNPDF

0. 02 04 06 08
N BLFQ with DG M BLFQ without DG

T > X

N
0.05 0.1
X

1
0.0050.01

Diagonalizing Hog = LF wavefunction = Initial PDFs = Scale evolution

lagqa) + laqag) + |aqaqq)

00000

1#=5.0 GeV?

- BLFQ without DG

04 wmarownos ad

=10 GeV?

-

- NNPOFpo.1

0.10f « compass.
+ HERMES
- e

y
1#=5.0 GeV?

=50 GeV?

xAd

0.01 0.050.1 05 -
X

® Model scale ,u.g =0.2440.01 GeVZ2.

® Quark momentum : (z), = 0.261 £ 0.005,
1%, = 0.438 £ 0.004,
® Gluon spin: AG = 0.131 £ 0.003, PHENIX: AG[0-02,0.3] — 9.2 4+ 0.1.

® Quark spin:

® Sea quarks:

0.01

0.050.1
X

1A%, = —0.080 £ 0.002.

solely generated from the QCD evolution.

1LFH: PRL 124 (2020), 082003; PHENIX: PRL 103 (2009) 012003.

05

(x)g = 0.109 4 0.005 at 10 GeV2.

Conclusions
0000000000

1
<imp>

W
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Helicity Asymmetries l BLFQ: PRD 108 (2023) 094002

Vi

1.0—Tsswio AU %D
————— Chiral Soliton Model . L

0.5} -~ statistical Model S
-

0.0

-0.5} - E06-014/EG1
> EG1b
—1.0} © HERMES

1.0} * COMPASS all pr(2002-06) '
= COMPASS high pr(2002-04) Aglg
+ COMPASS open charm (2002-07,NLO)
0.6} » HERMES high pr
0.4} * SMC high pr

BN BLFQ with DG

o2 —
0.0 i T
_02 L Le———— e — L
0.01 0.02 0.05 0.10 0.20 0.50

X

® Experimentally, the expected increase of Au/u is observed.
® For d quark: remains negative in the experimentally covered region.

® Global analyses favor negative values of Ad/d at large-z.

12 /32
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GthIl GPDS { BLFQ : PLB 847 (2023) 138305 {

+HA Q\/}

1 _ e Mp>
FQ(I7A;A7 A/) = ”ﬁ u(p,vA/) (FY+ Hg(x7£7t) + Wu Eg(xaé-?t)) u(p7 A)v CVQ

- 1 . At~s -
Fg(.'ll,A;A, )‘/) = ”ﬁﬁ(p/$>‘/) (’Y+’Y5 Hg(.'t,é_,t) + 2]\;/5 Eg(magvt)) ’LL(p, >‘) .

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

H, (z,b1) £, (2,bL) H, (x,b1)

® Model scale p2 = 0.24 £ 0.01 GeV2.

e Total Angular Momentum: J = %fdw z[H (z,0) + E(z,0)];
Jg = 0.066, 13.2% of the proton TAM. | Zhao’s talk: Thu 22/08, B, 12:00

13 /32
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BLFQ Predictions for Spin Decomposition

&
Fock expansion: Q&’{?

| Proton) = a | uud) + b | uudg) + ...
Quark and gluon helicities :
AX, = /dx Aq(z)

AYy = /dmAG(:c)
Total AM? :

1
Ji = 5 /dxx[Hi(w,O, 0) + E;(z,0,0)]

Kinetic OAM? :

1 ~
Lo=3 / da [z {Hq(2, 0,0)+Eqy(z,0,0)}— Hy (2,0, 0)] Kineticl

1S. Xu, CM, X. Zhao, Y. Li, J. P. Vary, Phys.Rev.D 108, 094002 (2023).
2X. Ji, Phys.Rev.Lett. 78, 610 (1997).
1432
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z-Dependent Squared Radius

[ d*b b H (2,by)
fd2gJ_Hi(.T7 bJ_)

(v1)'(2)

50/ ‘ ‘ ‘ ]
® Transverse squared radius: = 40 1
2 ! i 2 \i I>
W)=Y [ e @eli@ § % ]
i 0 — 08 09 1.0
,;]\ 200 — d quark 1
1. /22\ _ 2 ~
® BLFQ': (b1) =047+ 0.04 fin® o5 1oy quank 7
® Experimental data %: ol ==e g ]
(b1) exp = 0-43 £ 0.01 fm? 0.05 0.10 050 1
x

lB. Lin, S. Nair, S.Xu, CM, X. Zhao, J. P. Vary, PLB 847, 138305 (2023).
?R. Dupre, M. Guidal and M. Vanderhaeghen, PRD 95, 011501 (2017).
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Proton Gravitational Form Factors

Graviton Q\/}
Proton pves <mp>

1,72 L)—\B

'

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) L 19 +Ci(q2)Mg“”]U

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

2Ji, Phys. Rev. Lett. 78, 610 (1997) 16/ 32
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A(Q?) and B(Q?)

Vi

<>
[Nucleon) = 3q)|qqq) + ¥ (3q+14)19999) BA)
1 T T T 0.4 .
08 u - quark || Nl
- d = quark ’
o 06F, 1e
9: NG e gluon 9: O
< 04 ix
i -0.2 ]
= _2 04 05 T 15 2
Q*[GeV?
* A(Q?*) and B(Q?*) : T component
® Spin sum rule: J* = 1 (A*(0) + B*(0))
‘ZAZ )*1andZB 70‘

* D(Q?%) =4C(Q?) : TY components

'S. Nair, CM, et. al. coming soon...
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Overview of TMDs for Spin-1/2 Target

Quark correlator

1
<imp>

|- 1 (dzd2t | - N
r) N——. I
o] (P, Sz P+,kJ_) 2I 2@ (P, S| W (0)IW( ,
Parameterization:
ist- - + ki S
8 twist-2 TMDs: P P G L

6 T-even terms
2 T-odd terms

al ] = pgyy + B S

g,

5 K 2k k] — (ky)? 69 kY
@l = S by + A by + 8T =R S le(zL) iy + bt
16 twist-3 TMDs: ol _ M [c _ f’%"kusrvc%} .
Pt M
8 T-even terms plinl = PL\{ [sLer’“MSTev,-],
8 T-odd terms
. M ) k“k” — g2 0P ke
LA ;[ —tSnyfe - 5, ke S LTimﬂwS%f%+ﬁf*],
M KRS — Lk gy &fk
wsl_f[ P T S Sl L /Y S
Pr Tar L e TodT a9
a
glie2] _ Pﬁ [s ] — k5 *—c;‘gh],
alietm) M [SLh kSt yp].

Jaffe-Ji notation:

f, e — unpolarized quarks
g — longitudinally polarized quarks
h — transversely polarized quarks

1 — the leading twist

L — longitudinally polarized hadron

T — transversely polarized hadron

L — existing &, with a non-contracted index

"MeiBner, et. al. JHEPO8 (2009) 056.
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Quark TMDs
&}

8.5
Npax = 9, K = 16.5, 2 = 165 5

Leading Twist TMDs (O muskonspn (=) cuarkcsin

Quark Polarization

i e 1l
G e 9'.’,,

Un-Polarized Longitudinally Polarized _Transversely Polarized 4
L a
b

)

3 -0 w=® - ®

Boer-Mulders

L 9<L=@" - @" h“*=®- - @ 0 o V
-

u
—— hy

Helicity
0.0 0.1 0.2 0.3 0.4

] 2 2
- PG @ =) - @ o) K (Gev?)
Sivers 1o d,) @ 0.8
Nuax = 9, K = 16.5, k% = 0.25 (GeV?)

® Positivity bounds

(k) >0, f{(z,k3) > o] (x, k),

k
k) 2 'A;Hgm(,kin,

\kl

f(x, k) >

1Hongyao Yu, et. al. coming soon...
2A. Accardi et al., Eur.Phys.J.A 52 (2016) 9, 268.
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Gluon TMDs
éz\"_b
0.6 [ PRI k) _5\3
0.5 202 [ @k fi(e kD)
® Small-z limit \
0.4
J dK3 |k |y (e, Y ) o3t |
N [k (k) 02\
2= Jdk? f (w, k) ' \
0.1 \
® Helicity asymmetry: 00 et PO KW
. [ dk? g2, (z,k2) L 0.0 0.2 0.4 : 0.6
=0 [ dk3 f{(z, k%) ' 0.5
[dhige k) o
Pk file k)T
im S dk? g7, (. k7)) -1 o4 j
o1 [dk3 f{(x, k%) 03
. . . 0.2 ///‘
e With larger truncation K, satisfies p
the limiting cases. 0.1
8o 02 0.4 0.6 0.8 1.0

'Hongyao Yu, et. al. Phys.Lett.B 855, 138831 (2024)
20 /32
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Gaussian Ansatz Compatibility? v
W

1.10 <aip>
L VLDV Q
® To check compatibility of BLFQ 105 4 N(““ﬂ';ﬂK s
results with the Gaussian ansatz : e ’
1.00
exp [ —1FL 1 |
i 2 b r d —a ¢ = gluon
. kl)~a——— % 0.95
fl( ) J_) T = q=u quark
— 0\ . —+— q=d quark
where a = ([k1[") ;; and 09%% 02 04 0.6 0.8
r= <|kJ_ |2>ff z
® If the Gaussian ansatz holds : 0.15
2 0 e
Ikl >f;‘ x (|kL| >f{' Ty 0.10 o -
(ka7 4 / _
0.05 (\‘U\z)/," Gov? —*—q = gluon
(“ﬂ‘u)ﬂ,( V%) » ¢ =wu quark
‘ BLFQ results do not support Gaussian ansatz ‘ Nyax = 9, K =165 |-+ g = d quark
0.00!
0.0 02 04

@

1Hongyao Yu, et. al. in preparation
ZHongyao Yu, et. al. Phys.Lett.B 855, 138831 (2024)
21/32
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Twist-3 Quark TMDs

Equation of motion relation: e=6+ —2=
M x

twist-3 TMD = genuine twist-3 TMD + twist-2 TMD
Fi@,ks) ~ PV OIP) ~ (DWW uatna + [ (D1
é(ayks) ~ (Pl A1y ~ [ID1[¥iathuy + 1]

Higher-twist distributions:
O Reflecting the physics of multi-parton correlations.
O Requiring the LFWFs of different Fock sectors.

+¢» Multi-parton distributions correspond to the interference of
hadron wave functions between different Fock sectors.

%+ The physics of quark-gluon correlations:
* Color Lorentz force
* Average transverse force
¢ Partonic transverse AM [X.D. Ji, et al. NPB 969 (2021) 115440]|

1Zhimin Zhu, et. al. in preparation

IMP,

22 /32



Introduction BLFQ

000

laga) + lgaag)
000 000000000000 00e00

qqq) +
00000

Genuine twist-3 TMD:

q9q9q9)

t+ laqaqq)

@ =1.5/16.5

ki = 0.2GeV

00 00 02 03 04 00
ki [GeV]

twist-3 TMD = genuine twist-3 TMD + twist-2 TMD

! Zhimin Zhu, ct. al. Phys.Lett.B 855 (2024) 138829

Conclusions

0000000000

1
<imp>

PN
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Semi-inclusive DIS

do (
dxdydzdPdo,dy [ Y2 2(1 f)k H( v +6Fp )
l+cos¢h( [25(1+£ cnlé,,]+cos2¢”(£/{l:/n;l¢h)
+ asing, (J2a(1-e) 3" )
. [ T o ]
+ SLJ.[\H_(;:ALL _H:OS%( /ZS(I—E)AZZM ):I

im0 2%)

+ sin(g, +4,) (et )

+ sin(3g, — 4, ) (24504 )

+ sing, (22 (1+2)455%)

|+ sin(26, -4, (2 (1+ ) 4704 )
_cos(m—¢s)(\/(1—gz),4;°;“H’)
2o(1-0)457%)

+ cos(2¢h—¢x)( he(1-z) Lc;s(zms:))

+ S

-

+ S

9
(S

+ cos g (

lBacchecta, et al, JHEP 02 (2007) 093
1Zhirmin Zhu, et. al. Phys.Lett.B 855 (2024) 138829

1
<imp>

W

Factorization Theorem:

A ety @ Dy Twist-2
ASiv"(o/'+w”']uch Hl
A%";:wh_m)mgstglllf Twist-3
As&‘%‘“‘”m%(fr@m Fh®HE +-)
AEnT(z:,sn—o.v)oc%(hT@H{ +hFHE )
A;ﬂ;(oh wv)mng ®D;

AZDTS‘WS)OC%(QT @Dy +er@HL +---)
Age ""‘”tx% (er@HE +er@HE+---)
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Az2% in mt-produced SIDIS process in EicC .

IMP.
Structure functions after integrating over P,

Fou =2y e2fi(z)Di(2) 010

005!
Frp = Zzei!ff z,Q°) Dt (2,Q%), o.00l
Fipes :—zZ 2 et pi) + g T 008

-0.10
Input: 00 01 02 03 04 05
Q PDFs: fi(x), h(x) and g4(x) from [PLB 855 (2024) 138829] ’ ’ v ’ ’ ’
Q FF: D,(z) from [PRD 75, 114010, 2007]

1(2)

Kinematical region of EicC:

0.005 <z < 0.5, 0.07<y<0.9,
02<2<0.7, fixed Q?=5GeV2

v Twist-3 DSA A% is sizable.
v' EicC has potential advantages in studying
high-twist spin asymmetries.

Zhimin Zhu, et. al. in preparation
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Effective Hamiltonian with Dynamical Gluon and Sea Quarks
Fock expansion: C%IL\BD
_ _ [
| Proton) = a | wud) +b | vudg) +c1 | vudui) + ¢z | uuddd) + c3 | uvudss) +...

Light-front QCD Hamiltonian :

=2 2
HLF - Za EJ‘% + W + Hvertex +Hinst

_ 1 _
Hvertex + Hinst Igsll)’YuTaAZ@// + 59?¢’Y+Ta1/)

1 - + a
(ia+)2¢’y T
1 27 1 FY+ v
gy A ———< AL
+ 595977 A, o) Y

lBrodsky, Pauli, and Pinsky, Phys. Rep. 301, 299 (1998).
Siqi Xu, Yiping Liu, CM, et. al., coming soon ...
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Fock Sector Decomposition

1
_ . ) 7>
|Pyroton) =|a9a) + 199q9) + lqqqu) + |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)

1Siqi Xu, Yiping Liu, CM, et. al., coming soon ...
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Proton EM Form Factors
i

Sach’s form factors <MD

J

2
Gr(q") = Fi(q") = 133 Fald®),

Gu(d®) = Fi(q°) + Fa(d®).

® EM current: J* = ipyHe)

o (11T O0)p T (1) ~ Fizy(d®) 1.0 "
— GE(Q) inBLFQ
® Two FFs: Fl(z)(qQ = *QQ) 0.8 3 -ArrinEglon07 - Gayou 01
K * Milbrath 99 * Gayou 02
06 '.‘ N * Pospischil 01 + Mainz ISR 17
Proton Radii 0.4 *Fl,: * Jones 00
dGg(Q? g
(r2) = —62SE@)| 02
o= 90
( 2 y=— 6 dGm(Q2%) ) i’ — G(@)inBLFQ
™/ = Gm(0)  dQ? Dy 25 \ + Artington 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
Q%(GeV?)

Ta. L . s
Sigi Xu, Yiping Liu, CM, et. al., coming soon ... 28 /32
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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 H pqcp = LEWFs = Initial PDFs = Scale evolution

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

® Longitudinal excitations challenging, in absence of confining potential.

1
Siqi Xu, Yipi Li CM, et. al., comi soon ...
iqi Xu, Yiping Liu, , et. al., coming n 29 /32
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Helicity and Transversity PDF's
&)

o e e — <mp>
04f ~ e o = xag 0.6 T BLRa A x6u / A
0.2 - comass 0.4
0.0 ’
-0.2 0.2
0.05) \ a “
0.00| Y
-0.05 GeV? 5d
“0%o1  cosoo 050 00801 08 0.01 0.05 0.10 050 1
X X X
e Gluon spin AG = 0.29 4+ 0.03" for z4 € [0.05,0.2] at 10 GeV?2

® NNPDF? analysis: AG = 0.23(6); lattice QCD?: 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), 6d = —0.200(6); lattice QCD: du = 0.784(28),
6d = —0.204(11).

Sigi Xu, Yiping Liu, CM, et. al.,, coming soon ...

E. R. Nocera, et. al. (NNPDF), Nuclear Physics B 887, 276 (2014)
Y.-B. Yang, et. al. (Lattice) Phys. Rev. Lett. 118, 102001 (2017)
4C, Cocuzza, et. al. (JAM), Phys. Rev. Lett. 132, 091901 (2024)
5R. Gupta, et. al. (Lattice), Phys. Rev. D 98, 091501 (2018)

1
2
3
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Conclusions
P/
® Basis Light-front Quantization : A non-perturbative approach based Qy'\)l\’?

on light-front QCD Hamiltonian
® LI Hamiltonian = Wavefunctions = Observables.

® |qqq) +1qqq9) (P~ = Pycp + P5) = Provides good description of
data/global fits for various observables.

® |qqq) + |gqqg) + l9qqqq), (P~ = PéCD) = Provides qualitative
description of data/global fits for mass, spin, EMFFs, PDFs .. ..

‘ Zhao’s talk: Thu 22/08, B, 12:00 ‘

Outlook
® Include three-gluon and four-gluon interactions in the Hamiltonian.
® This is not a complete picture ... long way to go.
Enormous amount of possibilities with future EICs ... ... Thank You
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IMP,

International Advisory Committee

»Stanley J. Brodsky (SLAC) A 2 Wojciech Briricii (R 8 CFizor,
yng National U) »

»Stanislaw D. Glazek (Warsaw U.) »John R. Hiller (idaho U.)

»Chueng-Ryong Ji (NCSU) Viadimir Karmanov (Lebedev Inst)

u)

»Gerald A. Miller (INT & U. Washington)

»Wally Melnitchouk (TJ|
o i »Barbara Pasquinl M-la
> Present and future facilities >Nico G. Stefanis (Ruhr U)

of lowa) »James P. Vary (lowa State U.)

Registration and abstract submission opens : 1* April, 2024
Abstract submission deadline : 31** August, 2024
Registration closes : 31" October, 2024

@ lightcone2024@Iimpcas.ac.cn & https/indico.impcas.ac.cn/event’ss
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TMDs of Spin-1/2 Target
(7

Gluon TMDs correlator : Q&!_\P?
1, = 1 dz= d?Z) 44 ) i
W0, E158) = i [ T TR P SIE O Wi 03 RPS) Lot

Parametrization

®9(x,k1; ) = 67 09 (2, k15 5)

—, S e
=@kl - = L fid (@, K) PARTON SPIN
GLUONS ap af
(2, k1 8) =ic ! @9 (2, k1 ;S & Pr>
L =
. o K-S - = g Fin
= S%, (@, B}) + === g, (x, kY) iz :
w
Y . B, G] L i
@9 (2, k15 8) = — 8@ (2, k1 S) =
Sk K, = S8SKL EFRE = T 1g g g ple
= W@ ) + 71;15 Shif(z. K1) i Sir bk
Sk sk

E‘z

L 9 Lg 72
oM (hu"(T kL)+2M2h (z,k ))
Sk‘ i (2kk kL - S — SKR2)

or Wiz, k2,

LA. Accardi et al., Bur.Phys.J.A 52 (2016) 9, 268.
?MeiBner, et. al. PRD D 76 (2007), 034002.
Pisano’s, Khatiza’s...talks
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Gluon TMDs

T

3 4

=3

% 2l

S _

RS 04
050'2 . —— =03
04 Z =0.2

2z 0.6 08 =0.1 k% (GeV?)

0.0

® Positivity bounds

iz, k) >0, f(x k) > 9], (x.k3)l,

k
F9(r,K2) > '”|1T<xk2>|
k

o) > Bl

® Satisfies Mulders-Rodrigues relations

! Hongyao Yu, et. al. coming very soon...

Conclusions
0008000000

1
<imp>

0.025;
0.020]
0.015;
0.010]
0.005;

e

Nuax = 9, K = 16.5,¢ = 165

2
kgl —— K2 gly

0.000)

AW

0.0 0.2 0.4 0.6 0.8 1.0

K2 (GeV?)

0.3

0.2

0.1

Nuax = 9, K = 16.5,k% = 0.25(GeV)?

0.0

0.2 0.4 0.6 0.8
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GPDs and GFFs

IMP,

® The second Mellin’s moment of GPDs:
/dx x H(xz, &, t) = At) + £2D(t)
[ dea B0 = B - €D

® GPDs in terms of the Compton Form Factors :

1 B 1
—x—ie E+x+ie

1
ReH(E.0) + i mH(E0) = [ o [ - H(z,,1)
(0]

® Compton Form Factors are directly related to the observables we can
experimentally determine in DVCS measurements.

® In DVCS experiments, GPDs are not directly accessible in the full
x-space, but only at x = +£
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D-term

. &)

® Ounly D(t) = 4C(t) GFF can be extracted via DVCS <P

J

® D(t) can be determined from the dispersion relation :

D(t) = ReH(¢,t) — P/da:[

1

L m} ImH(¢,1)

r D) =D {

ERvl

2 )

N

0 005 01 015 02 025 03 035 04

[Fig: Burkert et. al.:

“t (GeV?)

2310.11568]
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Spin Asymmetry in SIDIS

0< Py <023 0.23 < P < 0.36 0.36 < P, < 0.54 él}}},?

J

0.2 7r+ . ° . .

“»
<
-t 0.1 . P P
©

82'0>2>70 LEO>Z>8Z0 6F0>%>L0 L0>Z2>6F0

0.05 0.10 0.15 020 0.05 0.10 0.15 020 0.05 0.10 0.15 020

T x @

'Honhyao, et. al. in preparation
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xPDFs: Twist-2 vs Twist-3

twist-2 xPDFs twist-3 xPDFs é(l\ifg

5 A
B B
o 10 A
& &
8 8
2 os =
E 00 el E

. - :&:!;_‘.,.,_.‘_.,’::t-'-“".’.'.- ~

0.0 0.2 04 0.6 08 1.0
xr T
genuine twist-3 xPDFs
A%k
fo(SL‘: ki) = f(z)

Twist-3 PDFs:

“ more concentrating in small x
= similar magnitude to twist-2 PDFs

genuine twist 3 xPDF

1Zhimin Zhu, et. al. in preparation
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Light-Front QCD with Light-Cone Gauge (A" = 0)
Vi
f@/

m? W
_ dl‘ d2 1 d) +(’La 38 w+Aza(ZaJ_)2Aza

LFQCD

+gs / da™ d%ﬁ Py, APT )
T ———

jj;ggji 2 2 1 Qe brb
papa v

9_5 2 o T—a (%A T¢) I
2
g_s —A32.,.L A t7a A ta
+ 5 [ bt )Z(WTw)

2 — 12 .1 . pabc 77 +mc + Apa ob

gS/dx o WTw(aﬂ (ZGA A> E
ME% / o™t i i0h AV AL AL

2
gs 2 J_ abc ; rade + Amb pc :9+ Avd pe ]
Q/d:pd ifereif 6AA(0+)2(6A A
2

- % dz=d®zt ifereifele A AV AL AL

'S.J. Brodsky, H.C. Pauli, S.S. Pinsky, Phys. Rep. 301, 209-486 (1998).
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Parameters .
|P,A) >1qqq) + 1qqqg) + lqqquit) + |qqqdd) + |qqqss) Q&’—\”?

» We use following observables to fix the parameters in the first two Fock sectors

* Nucleon mass
* Nucleon electromagnetic form factors

ENEN AN NS

0.99GeV 0.94GeV 59GeV 3.0 0.6 GeV 2.7 GeV

» The parameters effectively parameterize certain non-perturbative dynamics

> In five-quark Fock component, the quark masses are equal to current quark

- “““

0.00216 GeV 0.00467 GeV 0.0934 GeV

Truncation parameters: Ny, = 7 and K, = 16
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