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A
Introduction

Basis Light-Front Quantization (BLFQ) Approach to

Nucleon: |qqq) (Based on PRD 104,094036 (2021))

Nucleon: |qqq) + |qqqg) (Based on arXiv:2209.08584)

Conclusions
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Fundamental Properties:

About 99% of the visible mass is
contained within nuclei

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

How does 99% of the nucleon mass
emerge?

Quantitative decomposition of
nucleon spin in terms of quark and
gluon degrees of freedom is not yet
fully understood.

aqq) + |qaag) Conclusions
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Mass and Spin

1
<imp>

PN

T

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

Higgs mechanism Dynamics of gluons

168x10% g
g ~89%of proton mass

Taxio®g

~1% of proton mass

~ 25(10) %

?
To address these fundamental issues
— nature of the subatomic force
between quarks and gluons, and the
internal landscape of nucleons. ~40(2) %
ll’iat\n'(,\\ (top to bottom) taken from A. Signori’s talk, J. Qui talk, C. Lorce’s talk
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Term:
AZ/2 is the quark helicity
qu is the quark OAM

}g is the gluon contribution

Frame

i 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)

lagqa) + laqag)
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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
3.224%  10.03.6%

05 10 15 20
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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Spin sum rule Formula Terms Characteristics
Frame IAS+L%4) =2 AZ/2isthe quark helicity  The quark and gluon contributions, ], and
independent (Ji)*° 2 479 2 ]g, can be obtained from the GPD moments.

qu is the quark OAM
istheal buti A similar sum rule also works for the
Jyisthegluon contribution 4 ansverse angular momentum and has

asimple parton interpretation

Infinite-momentum L As . AG g +¢ = AGisthe gluon helicity Allterms have partonic interpretations;
frame 2 99 2 7 endlfl ereiimaE {,and £, are twist-three quantities.
- 31
lattegtlanohay and glugn canonical AG is measurable in experiments,
OAM, respectively including the RHIC spin and the EIC; ¢, and

£, can be extracted from twist-three GPDs

PHYSICAL REVIEW LETTERS 128, 182002 (2022)

Signature of the Gluon Orbital Angular Momentum

1, 134

Shohini Bhattacharya Renaud Boussarie,™" and Yoshitaka Hatta
'Physics Department, Brookhaven National Laboratory, Upton, New York 11973, USA
2CPHT, CNRS, Ecole Polytechnique, Institut Polytechnique de Paris, 91128 Palaiseau, France
*RIKEN BNL Research Center, Brookhaven Natienal Laboratory, Upton, New York 11973, USA v,

® (Received 30 January 2022; revised 15 March 2022: accepted 4 April 2022 published 2 May 2022)
1

We propose a novel observable for the experimental detection of the gluon orbital angular momentum
(OAM) that constitutes the proton spin sum rule. We consider longitudinal double spin asymmetry in
exclusive dijet production in electron-proton scattering and demonstrate that the cos ¢ azimuthal angle
correlation between the scattered electron and proton is a sensitive probe of the gluon OAM at small x and
its interplay with the gluon helicity. We also present a numerical estimate of the cross section for the
kinematics of the Electron-Ton Collider.
1, v N p .
X. Ji, F. Yuan and Y. Zhao, Nature Reviews Phy

2 . ) }
Shohini Bhattacharya’s talk: 9/21/22, 1:00 PM

3, 65 (2021)
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Basis Light-Front Quantization (BLFQ)

A computational framework for solvmg relativistic many-body bound state C{I\ﬂg
problems in quantum field theories '

P~ PT|0) = M?| W) e direct access to light-front
wavefunction of bound states

e P~ = P°%_ P3: light-front
Hamiltonian

e pt=p0 4 p3. longitudinal
momentum

® |U) mass eigenstate

e M? : mass squared eigenvalue
for eigenstate |¥)

® First-principle / effective
Hamiltonian as input

® Evaluate observables

A i _GRDs | LTh i
0 ~ (¥|0]D)

1Vary, Honkanen, Li, Maris, Brodsky, Harindranath, ct. al., Phys. Rev. C 81, 035205 (2010).
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General Procedure of BLFQ
o1

v Construct the basis state: |o) = |qqq), |¢qq9), - - - le\’?’

\

N

® Single-particle coordinates
® Longitudinal direction: plane-wave basis Uy (z~) = i@i%k”f

® Transverse direction: 2D harmonic oscillator basis, ¢nm (71;b).

v" Derive/modelling the Light-Front Hamiltonian: Heg
® Kinetic Energy + Confinement + Spin dependent interactions
® Incorporates transverse CM motion; mixed up with intrinsic motion

¢ Introduce a constraint term H' = \r(He.m. — 2b2[) into Heg to
factorize transverse CM motion from intrinsic motion

® The effective HamiltoniQan we diagonalize:
Hlg = Heg — (3, Pir)” + AL(Heum. — 2b°1)

® ). sufficiently large and positive

v Evaluate observables using resulting LEWF's

® Structural information of bound state

7/29
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Solution proposed by BLFQ 7

Discrete basis and their

direct product Truncation

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

k=K, z=

ki
? K

Zi (m; + ;) = M,

Plane-wave in the longitudinal direction

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

Q; = (ki7ni7mi7 )\L)

o) = ®; |a;)

Fock sector truncation

® Fock expansion of hadronic bound states:
[Meson) = 9(49)|99) + Y(qa+19)1999) + Y(ag+aa)|9290) + -,

|Baryon) = 1(34)|999) + ¥(34+1¢)|9999) + ¥(34+4a) 199997 + - - - ,

1
Vary, Honkanen, Li, Maris, Brodsky, Harindranath, et. al., Phys. Rev. C 81, 035205 (2010
8/29
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Applications of BLFQ
QCD systems

® Heavy mesons: spectrum, decay constant, elastic form factor, radii,
radiative transitions, distribution amplitude, PDFs, GPDs

—Li, Chen, Zhao, Maris, Vary, Adhikari, M Li, Tang, A El-Hady, Lan, Wu, CM (2016 - 2022)

® Light mesons: spectrum, decay constant, elastic form factor, radii,
distribution amplitude, PDFs, GPDs, TMDs

—Jia, Vary, Lan, Zhao, Qian, Li, Fu, J. Chen, Wu, CM (2018 - 2022)
® Baryons: EMFFs, axial form factor, radii, PDFs, GPDs, TMDs, OAM
—Xu, Hu, Peng, Zhu, Zhao, Li, Chakrabarti, Vary, Lan, Liu, CM (2019-2022)
® Tetraquarks: Masses of all-charm tetraquarks
—Kuang, Serafin, Zhao, Vary (2022)
QED systems
® [lectron: anomalous magnetic moments, GPDs
® positronium: wave function, spectroscopy, FFs, GPDs
® Photon: wave function, structure functions, GPDs, TMDs

——Zhao, Wiecki, Li, Honkanen, Maris, Vary, Brodsky, Fu, Hu, Nair, CM (2013 - 2022)

(1

<mp>

A
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Nucleon within BLFQ
e The LF eigenvalue equation: Heg|U) = M?|¥) Yz

P2, +m2 . L 2 Oz, (2a®p0ay)
Hog =5 Zla T Ma _ _ 924 ZaZb0zy )
off Ea 7 13 a%éb [ﬂcaa%(ma T1p) (e + 113)?

C’F47ra _ _ ”
o 3 T (R s (g ()7 sy () g
a;tb ab

® For the first Fock sector:

[999) = |nqy, Mays kary Aar) @ |Ngas Mags Kags Aga) @ [1gs5 Mgz s Kggs Ags)

® Transverse : 2D harmonic oscillator basis @nm (P'1);
Plane wave basis in longitudinal direction.

® The valence wavefunction in momentum space:

3
U o= 2 [¥@) TT $nim: (Bra)

ng,m; =1

10/29
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Nucleon Form Factors

48
Grld®) = Fi(q®) ("), &

2
4M 2
( ) 2 2 2 2
(Pt 155 1P31) = i) Gu(q) = Fi(q") + F2(q7).
1
2
P J*(0) P 12 Fa(q) Em Lo
< T | 2P+ ‘ \L> ( —q ) oM 0.8 ®  Arrington 07
*  Milbrath 98
‘ Drell & Yan (PRL, 70); West (PRL, 70) ‘ “‘8 0.6 : 5:;5:83" o1
;Z.Du.l 0.4 4 Gayou 01
< Gayou 02
TABLE 1. Model parameters for the basis truncations 0.2
Ny = 10 and K = 16.5. ’
Mg/ my/e K a 3 T —
0.3 GeV 0.2 GeV 0.34 GeV 1.140.1 25 = Arrington 05
®  Arrington 07
Nmax S 10, K =16.5 - 2 9
. . g
Basis truncation : ="
[ORS'
E (2ni+|mi|+1) SNmax§ K = E ki
i i 0.5
0
0 1 2 3 4 5 6
Q?[GeV?]

( M, Siqi Xu, et. al., Phys. Rev. D 102, 016008 (2020)
\n CM, Lan, Zhao, Li, and Vary, Phys. Rev. D 104, 094036 (2021) 11/29
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Axial Form Factor
(1

/ u
- p—p <ur>
(NDIAING) = () |1 Cat) + TP, (1) utr) W
® Axial vector current:
A" =gy ysq
® Measured by ordinary muon 2 : :
I BLFQ
capture (OMC) . Expdata
B , , 1.54 A Reduced data
1 (l) +p(7") — Vu(l ) + n(T ) — ® Lattice
NO ¢ Dipole fit
w-
0 05 1 15 2
Q?[GeV?
ol n(l')

Ga(Q%) = Gu(Q%) — Ga(Q?)

® Provide information on spin
distributions

1CM, Siqi Xu ef. al, Phys. Rev. D 102, 016008 (2020)
12 /29
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Parton Distribution Functions  xu, oM, Lan, zhao, Li, and Vary, PRD 104, 094036 (2021)

(2N
mpD>
Unpolarized PDFs: .)
0.6} == BLFQ
== Sd+dHd
30.4 -- NNPDF 3.0
E ---- MMHT 14 Helicity PDFs:
hd- ¢¢
B . larized PDF
10°  10% 0001 0010 0.100 1 Unpolarize s fi(z
x longitudinal momentum distribution
— d quark in BLFQ of unpol. quark in unpol. proton.
0.4F — y quark in BLFQ
« COMPASS u . . . .
. coupass d { : ® Helicity PDFs g1 (z) : longitudinal
% 0.2 . . .
Z IR} g momentum distribution of the
5
t; .
od P8 @ polarized quark
3.0 GeV? L .
od R ® Results correspond to leading Fock
0.001 0.005 0.010 0.050 0.100 0.500 sector only.
X
NPDF, EPJC 77, 663 (2017); HMMT, EPJC 2015); CTEQ, PRD 93, 033006 (2016).

2COMPASS Collaboration, Phys. Lett. B 693,
13 /29
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Transver51ty DlStI‘lbutIOH Xu, CM, Lan, Zhao, Li, and Vary, PRD 104, 094036 (2021)
“up>
Transversity PDFs : Q
S - BLFQ
0.4 v Radici 18

Anselmino 13 +
® Transversity PDFs

describe correlation between the
_ transverse polarization of the
%ot 0.0050.010 0.0500.100 0.500 1 nucleon and the transverse
0.10 polarization of the parton.

----- Anselmino 09

LAY e Satisfy Soffer Bound:

ha(@)] < 31f2(@) + 1)l

® Results correspond to leading

N

0801 0.0050.010 0.0500.100 0,500 1 Fock sector only, missing higher
X Fock sectors.
ll\l Radici and A. Bacchetta, Phys. Rev. Lett. 120, 192001 (2018)
21\[ Anselmino, et. al., Phys. Rev. D 87, 094019 (2('1«5).
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xz-Dependent Squared Radius
M4
<mp>
VA
d?b b2 HY(x, b
(429 (a) = LI @01
f d2bJ_Hq(x7 bJ_)
0.8
® Transverse squared radius:
— BLFQ
1 —~ 0.6 « JLab/CLAS
o)=Y [ arr@edye § « HeRwES
¢ = 0.4
® BLFQ result: (b7) =040+0.04 &3
fm? ~ 0.2
® Experimental data 2. 0.0 ) ) )
(b1) exp = 0-43 £0.01 fm? © 005 0.10 050 1
X
Al,\'v\, CM, Lan, Zhao, Li, and Vary, PRD 104, 094036 (2021)

21'%. Dupre, M. Guidal and M. Vanderhaeghen, PRD 95, 011501 (2017)

15 /29
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Effective Hamiltonian with One Dynamical Gluon

i
<impY>

J

+c | aqqqq) + ...

| Baryon) = a | qqq) + b | qqqg)

kinetic energy \ transverse confining potential [2]
P atms 1 4 = S 2 <)
Ha= Y, + 2 e K [Tams(PLa — 7is)?]

Ta

Ozq (Ta®yOx
% Za#b K [M] =+ Hertex + Hinst

(ma+my)2

longitudinal confining potential [3] QCD interactions [4]
1S, Xu, CM, X. Zhao, Y. Li, J. P. Vary, 2209.08584 [hep-ph]
2]}1’\)(1,\‘1{}'. Teramond, Dosch and Erlich, Phys. Rep. 584, 1 (2015).
3

°Li, Maris, Zhao and Vary, Phys. Lett. B (2016).

4B)’1)(1>‘k_\‘. Pauli, and Pinsky, Phys. Rep. 301, 299 (1998).
16 /29
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QCD Interactions

|Poaryon) = ¥1199a) + ¥2lqqqg) &,@
gZCF 1 VQ

Hpnteract = Hyertex + Hinst = gITJ YT ¢ Az + 2 j* (ia+)2j+

. 1

[Npax = 9,K = 16.5]

| Higher Fock Sector effect | Remove Soft Gluon effect |

0.30GeV 0.25GeV  0.54 GeV 0.50GeV  1.80GeV 3.00GeV 0.70GeV ~ 2.40

Different Mass UV Cutoff
Asymmetry of u and d In Instantaneous term

17 /29
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Nucleon Form Factors

Vi

C IMD
RPAIONS : i
11O Py = B Y e P —Tv
2 ° 0.8 « Arrington 07 -+ Gayou 01
<P + ( )‘P D =—(q 1 —iq2)F2(q ) . !; - Milbrath99 - Gayou 02
2P+ 2M £ 0.6/} - Pospischil 01 - Mainz ISR 17
6 3 - Jones 00
l Drell & Yan (PRL, 70); West (PRL, 70) l "'m' 0.4
=
§ 0.2 .
V/{r%) = 0.85£0.01 (0.84070 003) fm 0.0 TTrreeee i
+0.003 0 2 4 6 8
V <T%/1> = 0.88 £ 0.07 (0'8497(J:()(Jl£%) fm Q@*(GeV?)
O - G(@% in BLFQ
=04 Consistent with pQCD prediction o . M(QZ) n
l:LQ N - i ° « Arrington 05
§ 0.3 E * Arrington 07
B;u: " — A=0.3GeV E
<02 2
)
© =
201 tetels . 3
= n
© 0.0 ‘6 - 8
1 2 3 4 5 6 5 2
Q(GeV?) Q°(GeV?)
2X\l. CM, Zhao, Li, and Vary, 2209.08584 [hep-ph]
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Unpolarized PDF's

20 1?=10.0 GeV? ¢

0.4f
1.5

0.2
0. 02 04 06 08

EEN BLFQ with DG = BLFQ without DG
- MMHT 14 ----- NNPDFunpol3.1

xf(x)

1.0

Within |¢gq), model scale pé = 0.195 £ 0.020 GeV?

Gluon is generated dynamically from the QCD evolution.

Including dynamical gluon (DG), model scale p3 = 0.23 — 0.25 GeV?
Including DG, gluon distribution is closer to global fits.

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

<impY>

J
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Valence Quark Ratio in Proton

Conclusions
[e]

Vi

1.0

Ratio of structure functions 08

5 () az0.2 1 +4d,(2)/u. () 006
F(x) I+ do(@)/u(@) 8

Jefferson Lab MARATHON

<imp>
W

0.0 0.2 0.4 0.6 0.8 1.0
Bjorken x

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

Cui, Gao, Binosi, Chang, Roberts and Schmidt, Chin. Phys

0.225 +0.025
0.230+0.057

. Lett. 39, 041401 (2022).

20 /29
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Quark Helicity PDF's
I I !

[ BLFQ without DG

A}
0 N B FQ with DG

o COMPASS u
\g 0.2 . compass d
g
X

0.0 :
1?=3.0 GeV?

-0.2}

0.001 0.01 0.1 05 1
X

® Distributions improve at small x and = > 0.5.
* 1%, = 0.438 £ 0.004, strongly dominates over $A¥4 = —0.080 £ 0.002.

lS Xu, CM, X. Zhao, Y. Li, J. P. Vary, 2209.08584 [hep-ph
2KT G. Alekseev et al. (COMPASS Collaboration), Phys. Lett. B 693, 227 (2010) 21/29
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Gluon Helicity Distriution

1
<imp>

W

1.0 1.2 T T T
. JAM 02 1.0 * COMPASS all pr(2002-06)
N NNPDFpol1.1 0.1 = COMPASS high pr(2002-04)
0.5 mm BLFQ with DG 0. 0.8 + COMPASS open charm (2002-07,NLO)
= O 7o o o5 | & 0.6f « HERMES highpr
é” g’ 0.4} ¥ SMC high p.r
0.0 0.2 N BLFQ with DG 1
0.0————JH——"
~0.5] ) I112=1.0 GeV? ~0.2 — 1
0001 0.0050.01 0.05 0.1 05 1 0.01 0.05 0.10 050 1
X X

° AG = fol dzAg(z) = 0.131 + 0.003, is sizeable to the proton spin.
e PHENIX Collaboration: AG9293] — .2 +0.1 | PRL 103 (2009) 012003

1S, Xu, CM, X. Zhao, Y. Li, J. P. Vary, 2209.08584 [hep-phl].
2N. Sato et al. [JAM], PRD93 (2016); E. R. Nocera e al. [NNPDF], NPB 887 (2014).
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Gluon GPDs
‘ Meissner, Metz and Goeke, PRD 76, 034002 (2007) ‘ C%!\/P%
VA
1 ioTHA
Fo (@, A0, X) = g ap, X) (w* HO (2,6,) + Zoa =t BY(,, t)) u(p, ),
FI(x, A; N N) = Lﬁ(p/ MY (s HY(z,6,1) + %Eg(x &) | ulp, N .
7 b bl 2P+ b) b b 2M b) 7 b
Preliminary
HE(x,0.0) H x00

2
—t[GeV?]

2
—t[GeV?]
04

1B, Lin, S. Xu, CM, X. Zhao, ct. al., work in progress.
23 /29



Conclusions

lagqa) + laqag)
o]

BLFQ laqq)
0000000 0e0000

0000 000000

Nucleon Gravitational Form Factors

Introduction
000

1
<imp>

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

(PITO)P) = U | - Bi(a®) 0 + (Al + B3 (0P 4+ P)

MmooV 2 pv _
o TEL I ey o

Energy

density
® Matrix elements of the energy * 01 o2 03
momentum tensor (EMT) contain T10
T = T20

fundamental information about
various mechanical properties.

i
9 Shear stress
T30 3 Normal stress

omentum
Jux

! Adam Freese’s talk on 19th Septmber, 3:45 PM.
24 /29
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Preliminary Results : A,(Q?) and B,(Q?)

1
<imp>

PN

1 T T T 0.4 T
u— quark - d- quark
0.8 |
0.2r R gluon total
- d - quark
4 ~
a
l
gluon S o
total 19
| -02t 1
1 h 4 04 . . .
0. 05 1. 15 2. 0. 05 1. 15 2.
Q*[GeV?) Q*[GeV?]

® A(Q?) and B(Q?) are extracted from the TT+ component.
* Spin sum rule: J* = 1 (A*(0) + B*(0))

‘ > Ai(O) =1land ), Bi(o) -0 ‘

1S. Nair ef. al., in preparation.
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Gluon TMDs

Meissner, Metz and Goeke, PRD 76, 034002 (2007) |

9. 7 g9(.. 2 Efkisi Lo/ . 1
@ (x,k1;S) = f{(z, k1) — N7 (z, k7).

Preliminary

o s & %

Nux =9 K =16

0.00

0.10

0.0 0.2 0.4 0.6

0.75
(longitudinal momentum fraction)

1Z. Hu, et. al., work in progress.

x (longitudinal momentum fraction)

1.0

Conclusions

[e]

1
<imp>

W
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GTMDs & OAM
1

IMPD

Generalized Transverse-Momentum Parton Distribution functions ~ 25(10) %

W (Px, KL 8) =3 %eik’(m & |W(—%2)v*w (%z)|p,?s)

[E'J](P X, ki: A) 1 m 1kz<p A |G+1 (——2) G+i (_ )|P,A)

x P+ (2H)3 ~ 40(?) %
Parameterization:
(v*] T _ wlevl Z
WP, x kL, A) = W2 (P, x, KL, A)
i+ . olikt Ai
— (k] F12+A F13)+ TFI 4] (p, A)
v
Fq 4 is related to the orbital angular momentum : g "
- f AN b
! B w
5 ki k-4 E‘ ‘2
Ly g(x) == [d klm Fi1,40,k, 8, =0) ”_&wu
18 Bhattacharya, R. Boussarie and Y. Hatta, arXiv-hep:2201.08709 (2022)
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Prelinary Results of OAM

0.03~ . : . . DIMPD
— OAM for u quark
0.02} — OAM for d quark]
— OAM for gluon
X o.01f
-
X
0.00 \/
-0.01}, . . . .
0.0 0.2 0.4 0.6 0.8

X

* Final remark : $AY, = 0.36; AS, = 0.13; I, = 0.02; I, = —0.01
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CONCLUSIONS

<P

7\

® Discussed structure of proton from eigenstates of LF effective
Hamiltonians

® Considered |gqq) and |qqqg).

® LF Hamiltonian = Wavefunctions = Observables.

® Provides good description of data/global fits for various observables.
® Discussed gluon distributions of the nucleon.

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

® This is not a complete picture ... long way to go.

Enormous amount of possibilities with future EICs ... ... Thank You

29 /29
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