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Overview

i
<mp>

W
Introduction
Basis Light-Front Quantization (BLFQ) to
Proton : (|qqq) + lg999))

Proton : ( |qqq) + |qqq9) + |99qqd))

Conclusions
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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 e .
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. Qui, C. Lorce
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Proton’s Spin Evolution

+@»

Vi

cmpD>

Relativistic quark models

Non-relativistic quark model

1980’s L | |
2 Negligible contribution to

D proton’s spin 111

O

]

3

2

=

®

=

Proton spin crisis
AX=012+009+014
Quark helicity contribution
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Term:
A¥/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 +AGH+0, =§ AG is the gluon helicity
£,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)

laqa) + leaag) + lqaqaq)
00000

[e]o]e}

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%  10.003.6%

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

S

e
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Hadron tomography
(1
<mp>
Wigner Distributions W

Parton Distribution Functions Form Factors

LElke Aschenauer’s, James P. Vary’s talks: 18th Sept.
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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?|D) e direct access to light-front

wavefunction of bound states
e P~ = PY%_ 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).
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® Fock expansion of baryonic bound states: IMP.,

[Baryon) = v(sq)|qqq) + ¥(3g+14)19999) + Y(3q+4a)199997) + - - - ,

Solution proposed by BLFQ

Dlscre'te basis and their Truncation
direct product

2D HO ¢,,,,(p") in the transverse plane 22 (20 + my| +1) < Nja

ky
Zi kz = K? T =K
Zi (m; + ;) =M,

Plane-wave in the longitudinal direction

Light-front helicity state for spin d.o.f.

Q; = (kwanzv)‘;)
o) = ®; ;)

Fock sector truncation

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

! Vary, Honkanen, Li, Maris, Brodsky, Harindranath, ct. al, Phys. Rev. C 81, 035205 (2010).
8/32
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Nucleon within BLFQ

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

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

a u;éb (ma + mb)2
C 47r04g _ _ v
+= Z 0 (ki) s, (Ka )iy (k)" s, (k) gjuv
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,...
Kaur et al., arXiv:2307.09869 (2023) : Chiral-odd GPDs,...

Hu et al., Phys. Lett. B 2022, 137360 (2022) : TMDs, ...

Peng et al., Phys. Rev. D 106, 114040 (2022) : A and A. PDFs,...

Zhu et al., Phys. Rev. D 108, 036009 (2023) : A and A, TMDs,...

Nair et al., under preparation : GFFs,...

Peng et al., under preparation : Double parton correlations,...
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Light-Front QCD with Light-Cone Gauge (A"

Introduction
0000

b
2,.1 +(’La ) 2 ia 1\2 pia V\}
- d:cd Ty T1p+A (i04)2A

LFQCD

+gs / da~ d%ﬁ Py, APT )
TOTTO———

g

+ & [ demdtat Py, A“”T“g (arry)

2 — —

%+ % [araest wWTwW(m*T”w) I
-9 / da”da ™ if Py T sy a+) ;5 (107 Al

MEM /da: APzt ifeeior AV ALAS ;Qg;g

2
gs — 12, .1 - pabc ; pade ;a9+ Apb 1 s+ Avd
. /d:r Qt i ifel 0t A A s (16 Avac) A

2
- % dz=d®zt ifereifete A AV AL AL,

'S.J. Brodsky, H.C. Pauli, S.S. Pinsky, Phys. Rep. 301, 209-486 (1998).
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Proton with One Dynamical Gluon
PTP~|0T) = M?|T) [proton) =y, gluud) + ¥, yq,luud g) C%%é

QCD Interaction: P = QCD +PC
m2 + (i0+
PQCD—/d.'E d*z J‘{ Pyt B(Jr )'w
——Al [m + (10%)?] Ay + sty T Al

+ GO T T

Confinement only in leading Fock:

Oy, (2;2;0,,)
+_ i \LiZL j O,
PoPt =" Z{ i - 7(m,<+mj)2} W

i# — ﬁ.l“
Parameters: ’
s-&

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

m, ---

0.31GeV 0.25GeV 0.50GeV 0.54GeV 1.80GeV

LS. Xu, CM, X. Zhao, Y. Li, J. P. Vary, 2209.08584 [hep-ph].
?Brodsky, Teramond, Dosch and Erlich, Phys. Rep. 584, 1 (2015).

3Li, Maris, Zhao and Vary, Phys. Lett. B (2016). 11/32
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Fock Sector Decomposition

Fock expansion: C%!\_D
| Proton) = a | uud) + b | uudg) + ... W

Light-front effective Hamiltonian :

Platmy H
Heff — Ea L + confinement —+ Hvertex + Hinst

1Brodsky, Pauli, and Pinsky, Phys. Rep. 301, 299 (1998).
?Siqi Xu’s talk on 20th 9:30 AM.
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Unpolarized PDF's

1
<imp>

PN

2.0 1?=10.0 GeV?

1.5

0. 02 04 06 08
EEN BLFQ with DG EEE BLFQ without DG

BN JAM WSS NNPDF

1.0

0.5

0 — , ]
0.001 0.0050.01 0.05 0.1 05 1
X

Including dynamical gluon (DG):
® Model scale : p2 = 0.195 GeV? = ug = 0.23 — 0.25 GeV?

® Gluon distribution: closer to global fits.

'S, Xu, CM, X. Zhao, Y. Li, J. P. Vary, 2209.08584 [hep-ph].
13 /32
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Helicity PDFs

Vi
IMPD

W

I BLFQ without DG - AM
-0.4 N BLFQ with DG xAd N NNPDFpol1.1
-0.6
0.10} « compass AT
+ HERMES
0.05 {1y 14

17=5.0 GeV?

0.01 0.050.1 05 - 0.01 0.050.1 05 1
b3 X

-0.05 l

Quark spin: 1%, = 0.438 +0.004, A%, = —0.080 £ 0.002.
® Gluon spin: AG = 0.131 4 0.003, sizeable to the proton spin.

PHENTX Collaboration: AG0-02:03] — .2 +0.1.
Sea quarks: solely generated from the QCD evolution.

1BLFQ: 2209.08584 [hep-ph], LFH: 124 (2020), 082003; PHENIX: PRL 103 (2009) 012003]. 14 /32
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Helicity Asymmetries

0.5} ---

0.0

-0.5

-1.0
1.0

0.8
0.6
0.4

—— LSS NLO

----- Chiral Soliton Model
Statistical Model
B LFH & e

Au/

° E99-1M7/EGT T
E06-014/EG1

© EG1b

o HERMES

Ad/d

. COMF"ASS all p7(2602—06) '
= COMPASS high pr(2002-04)
+ COMPASS open charm (2002-07,NLO)
+ HERMES high py
v SMC high pr

N BLFQ with DG

Aglg

02 —
0.0 | T
_02 1 o —— —— S E— 1
0.01 0.02 0.05 0.10 0.20 0.50

® 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.

X

1S. Xu, CM, X. Zhao, Y. Li, J. P. Vary, 2209.08584 [hep-ph].

Conclusions

[e]o]e}

1
<imp>

PN
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Gluon GPDs

F9(z, Aj A, N) =

1 ARV + 779 ’L'0'+”Ap g Q\_\/}
- [ IMP.
2P+u(p,A)(v HO (2,6, 1) + = B9 (2, 6,1) ) u(p, A), - <22

A
g NV S Y’ e [79 Atys 4y
F (%A,)\,)\)—WU(P,)\) Y s H (%EJ)‘FWE (z,6,1) | u(p, A) .

Non-skewed GPDs

H, (z,t) E, (z,1)

® Total Angular Momentum: J = % [dzz[H(z,0) + E(z,0)];
Jg = 0.066, 13.2% of the proton TAM.

1BA Lin, S. Nair, S.Xu, CM, X. Zhao, J. P. Vary, 2308.08275 [hep-ph].
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xz-Dependent Squared Radius

27 2 i
; H
(1) (@) = LI b
fd2bJ_HZ(.T7bJ_)

50"
® Transverse squared radius: = 40
|
1 : : >
W)=Y [ wr@eli@ § %
‘ ’ E 20f — d quark
® BLFQ: (b3) = 0.47 £ 0.04 fm? % 4o w quark
® Experimental data %: ==e g
(b1) exp = 0-43 £ 0.01 fm? 005 0.0 050 1

lB. Lin, S. Nair, S.Xu, CM, X. Zhao, J. P. Vary, 2308.08275 [hep-ph].
ZR. Dupre, M. Guidal and M. Vanderhaeghen, PRD 95, 011501 (2017).

17 /32
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BLFQ Predictions for Spin Decomposition v
M
(a) Kinetic CIV@:\?
Quark and gluon helicities :

AX, = /da: Aq(z)

AYy = /dxAG(z)

72.0%

Total AM :

Ji= [ dwa[H:(2,0,0) + Bi(2,0,0)
Kinetic OAM : (b) Canonical

lq+lg

Ly= /dx [z {Hy(z,0,0)+Eq(z,0,0)}—Hy(x,0,0)]
Canonical OAM :

> 2
L P i o
lz‘-z = —/dxd2pL VJ& Ff’4(x,0,pf,0,0) 72.0%

1s. Xu, CM, X. Zhao, Y. Li, J. P. Vary, 2209.08584 [hep-ph].
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Nucleon Gravitational Form Factors

&)
<mp>
Nucleon scattering by the classical gravitational field is described by the W
gravitational (energy momentum tensor) form factors (GFFs).

prpv
M

(P'|T{"(0)|P) = U"| — Bi(q") +(Ai(d®) + Bi(tf))%(v"?” +9"P)

MmooV 2 pv _
N FA A i +Ci(qz)MgW}U

M
. . . Energy
® Contain fundamental information density
about various mechanical properties. * o1 o2 o3
T10 [T
9 2 St T = T20 9 Shear stress
* A(Q ) and B(Q ) : T Component T30 3 Normal stress
* C(Q*) and C(Q?) : TY components il e
. e

!Sreeraj Nair talk today 4 PM
19/ 32
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Preliminary Results : A(Q?) and B(Q?)
1. T T T 04 T ; ; )
MP,
08 1 o e | ‘
06k 1
e S o=
< 04 1n
It 1
15 2 % 05 i 15 2.
Q*[Gev?)
® Spin sum rule: J* = 1 (A*(0) + B*(0))
‘ >, A0)=1and ), B'(0) = O‘
Q*>=0 i=u i=d i=g u+d+g
A; 0.619 0.245 0.136 1.00
B; 0.354 —0.325 —0.0289 ~0

S Nair, CM, S. Xu, X. Zhao, J. P. Vary, in preparation.
?Sreeraj Nair talk today 4 PM
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TMDs of Spin-1/2 Target
Gluon TMDs correlator : &[@

ok

i - 1 dz~ d22J_ ikz i i
oo B 8) = o [ Gzt PSS OWaoo bGP (P S) | ot

Parametrization
®9(z, k13 S) = 07 @9l (2 ; 9)

o RS =
= [ kD) - = i k)

PARTON SPIN
b9 (z, Fus S) = i(’f@gli-ﬂ(z, Ei; S) > GLUONS 8;” p;ﬁ,...
. 0 k- S1 = o u hie
= 5"9{[,('7:7 ki) + Tgf'p("rvki) ﬁ :
w L 1,
y Q hf
91T (o Q) = —S§Pp9lidl (- (4 1
7Y (2,ky;S) = —S®I (k1 ; S) = et
P oA (] T i L
Sk k) o SSKLEFIE - g 4 ht hE
F— 2A?2thy(l’ki)+ 2;{‘; J‘hf'g(m,ki) flr &ir 1 e
Ski fsh

o (hi’T(x, k) + r@hf#(akﬁ))

N SkidF(2kk kL - S, — SKE2)

n —
AM3 hl#(”’v ki)!

1A. Accardi et al., Eur.Phys.J.A 52 (2016) 9, 268.
?Meifiner, ct. al. PRD D 76 (2007), 034002.
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Gluon TMDs

® Positivity bounds

Lz, k%) >0,

£, kD) > lofp (2, k)1,

k|
M ’ki)|’

£ (2, k) > lgi7 (=

lg( K2

(k1) > 5

® Satisfies Mulders—Rodrigues relations

! Hongyao Yu, et. al. in preparation

Conclusions

00000 )
o1
<impo>
0.3 P Q
Nuax =9, K = 16.5,@ = -
.2
! ——af] e ahi?
= zglp — zg%
0.0 0.2 04 0.6 0.8
k% (GeV?)
0.4
Nuax = 9, K = 16.5,k% = 0.25(GeV)?
03 P R

0.2

0.1

9
- ZGY e zgip

0.2 0.4 0.6 0.8

22/32



Introduction BLFQ |laaq) + laaag)

laaq) +
00000

laaag) + laaaqaq) Conclusio

[e]o]e}

ns

1
<imp>

0000 0000 000000000000 e000
Gluon TMDs
0.5
0.4

® Small-z limit

[ dk? k2 |hi? (z, k2)
im =
a—0 2M2 [ dk? f{(z, k7))

® Helicity asymmetry:

lim fdkigu(xakl)
o0 [dk? f}(z, k%)

im fdklglL(m k%)
o—1 [ dk? f (v, k1)

=0,

=1

® With larger truncation K, satisfies
the limiting cases.

'Hongyao Yu, ct. al. in preparation

0.3

0.2

0.1

0.0

J k2 |2 [ k2
2P [dkZ fi(x, k2)

 Npax = 9, K = 16.5

N

0.4

0.3

0.2

0.1

W Nipax = 9, K = 16.5
(@ k1)

0'8

0.2 0.4 0.6 0.8 1.

23/
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xPDFs: Twist-2 vs Twist-3

twist-2 xPDFs twist-3 xPDFs é(l\ig
15—

W

twist 2 zPDF
twist 3 zPDF

genuine twist-3 xPDFs

2
] %f(w, kL) = £(2)

Twist-3 PDFs:
“ more concentrating in small x
= similar magnitude to twist-2 PDFs

genuine twist 3 xPDF

1Zhimin Zhu, et. al. in preparation
24 /32



Introduction BLFQ lgqa) + |laqag) lgaa) + |agag) + |aqaqaq) Conclusions
0000 0000 00000000000000e0 00000 000

Semi-inclusive DIS
(1

do ( Qty—S?
dxdydzdPdo,dy LJ’Q 2(1- f)k H( Fypz +6Fp, )%

1+cosg, (\]25 (1+&)43* ) +cos 24, (fA,“,“[jl‘" )

+ asing, (\2a(1=e)dis# )

+5, I:S‘“% (JZg(Tg ’“""’)-ﬁsmlqﬁn AL’;L“Z‘*)}
+ SLA[\/I—TA,_L-f-cos%( /zg(l_E)A;sq)]

Factorization Theorem:

[ (s cin(d -4 )
sin (¢, ¢;)(Am ) Aimon9s) o pl @ Dy Twist-2
+ sin(¢,, +¢y)(£ﬂ(¢n”\)) Azi,';r(o/'*'w"')ochl ®H: )
: sin(3dy gy ) ARG -09) L o FrL Twist-3
+ S |+ 5‘“(3¢n”ﬁ.s)(5‘4ur ) T ochir @ Hy
sin M
+ sin¢3(‘l2g(1+5) ““”) sz"(o‘;)“a(fr®D1+h1®Hf+"')
si - M
+ sin(24, - ;) ((2a (1+2) 504 ) Ao G (b @ B+ il )
r o Accs(ohwv)m ®D
ot~ =2z ) o,
AZ‘};M’S)OC—(QT ®D + eT®Hll +-)
+ Spd|+ cos¢s( Ze(lfe)AZ‘;.“’) o ¢Q) i L .
2 AR (e @ HY + e @ Hi ++-+)
+oos(2 ) Peli-a)aze)| | T ¢

lBacchecta, et al, JHEP 02 (2007) 093
Zhimin Zhu, et. al. in preparation 2532
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Spin asymmetry in SIDIS process
&)

twist-2  Fyur = C[fiDi] Fyy, =0 FEstn0s) _ C[ﬁM g1TD1] h= \;ul Q(?S?
twist-3  Fip?s = % { - (:cgrDl + %hlg) + ’XMIZ [(zeTHl - glrf) (zeTﬂl fTGL)]}

2M
~ =g ClzorDi] supresswon factor

EOM relation: #gr = #jr — s~o5 gir + ®

2M M

Kinematic parameters : M~1 GeV, Opi.c ~ 10 GeV, Qg ~ 100 GeV

0.1
i i m Py = 0.1GeV =
Spin asymmetries : oo
3 -0.1 =03
Gnts) eos(@n—os) £ 02 Py = 01GN PR

twist-2 1 A = LT 503 « £B5/165

LT Four +eFpu <04 it = 02564
-0,
proses o

twist-3 : ASn?s = # 800204 06 08 020406 08 10
vur telyuL . R

= The twist-3 DSA, A5%%S, is smaller
than the twist-2 DSA, A% #7~99),

= Twist-3 spin asymmetries may be
easier to measure in EicC than in EIC.

Zhimin Zhu, et. al. in preparation
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Effective Hamiltonian with Dynamical Gluon and Sea Quarks

Fock expansion: %’\—\BD
| Proton) = a | vud) +b | vudg) +c1 | uudui) + co | vuddd) + c3 | uudss) ...

Light-front QCD Hamiltonian :

=2 2
Ea &% + W + Hvertex"‘Hinst

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

Heﬁ

(-

+ L g2gama A P
2700 T o) T

Brodsky Pauli, and Pinsky, Phys. Rep. 301, 299 (1998).
Slql Xu’s talk on 20th 9:30 AM.
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| Proton) = a | uud) + b | uudg) + ...

Fock Sector Decomposition
!
| Proton) = a | uud) + b | uudg)

>
q W
+c1 | wudui) + c2 | vuddd) + c3 | uudss) + ... :ZZZ:Z;:ZZZ
1494s5) ~ 0.4%

1S. Xu, CM, X. Zhao, Y. Li, J. P. Vary, 2209.08584 [hep-ph].

Siqi Xu, et. al., work in progress.
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00800
xPDF's
Preliminary results )
IMP,
2.5 _
xd 10,0006
2.0 ~ XU 10.0005
15 ~ X9 | 0.0004 —xd
— Xu
10 0.0003 7
0.0002 — X5
0.5 0.0001
0.0 0.0000
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Conclusions
® Basis Light-front Quantization : A non-perturbative approach based ';IM’P‘V"
on light-front QCD Hamiltonian

® LI Hamiltonian = Wavefunctions = Observables.

® Explored gluon and sea quarks within proton based on |qqq) + |qqqg)
and [qqq) + [qqq9) + |aqqqq), respectively.

® Provides good description of data/global fits for various observables.

e With one dynamical gluon, the quark spin contributes 70%; the gluon
spin plays a substantial role (26%) in understanding the nucleon spin.

Outlook
® Include three-gluon and four-gluon interaction 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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Overview of TMDs for Spin-1/2 Target
Vi
Quark correlator Q&!{\?
kt o 1 (dz d2t _
[r] e _ = ikez
ol (P, Sz P+,kJ_) 3 f—z @ (P, 5] T, (0)TW( ,
Parameterization:
8 twist-2 TMDs:

. 'jk' 57
L s el
6 T-even terms

ol ] = agyy + FLo 5L
2 T-odd terms

g,

oo K 2k kL — (ki) 89 A
@7 = § by + Abhy + 8T e by + LAt

16 twist-3 TMDs: ol _ M [ ~ &k1pSr0 ,1}
ety PR LD
Pt M
8 T-even terms il - M. [Sm ks STE,,.]
8 T-odd terms P M
“ knk? — Lkz’ P a
bl - % [ —&Srofr — 5,50k k“’f LT?zm‘l‘ws%fv* + kﬁﬁ]'
M KRS — Lk gy S0k
"“]_};T[TQT*SL at HTWST‘:Q%*ETTUQ].
a
sl 2 M [S 7] — 415} L,f;%],
plie* ] = PM [SLh _ LMSJ lf[‘]-
Jaffe-Ji notation: 1 — the leading twist
f, e — unpolarized quarks L — longitudinally polarized hadron
g — longitudinally polarized quarks T — transversely polarized hadron
h — transversely polarized quarks L — existing &, with a non-contracted index

!MeiBner, et. al. JHEPO8 (2009) 056.
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Twist-2 vs Twist-3 Quark TMDs
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