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Mass & Spin

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.

To address these fundamental issues
— nature of the subatomic force
between quarks and gluons, and the
internal landscape of nucleons.

Andrea Signori, University of Pavia and Jefferson Lab

1
<imp>

PN

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

Orbital angular
momentum

9 ~ 25(10) %

~ 40(?) %
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Hadron Tomography Y.

. e Mp>
Wigner Distributions A
G
iy %,
Do e,
“, 7

BzJ_~ 170

2
d'k,

Parton Distribution Functions Form Factors

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

momentum; r; — transverse distance from the center. 4760
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Form Factors Vs PDFs Vs GPDs &
. . mp>
Elastic Deep Inelastic Deeply virtual A
Scattering Scattering

[S

Compton Scattering

e (q)

& Ex
p
Established extended discovered the existence provides 3D spatial
nature of nucleon (quarks) inside the nucleon structure of the nucleon

S0

W

Sy
4 fjxisgg

5 ~VQ -

n w

e ”
A T - !/g
—
charge and longitudinal P =
magnetization momentum e a
distribution distribution e
b = [Charges]
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Basis Light-Front Quantization (BLFQ)

A computational framework for solving relativistic many-body bound state QEI\_D
problems in quantum field theories * PN

P~ PHU) = M?|) 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

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

® First-principle / effective
Hamiltonian as input

® Evaluate observables

1\"11"\'. Honkanen, Li, Maris, Brodsky, Harindranath, et. al., Phys. Rev. C 81, 035205 (2010).

O ~ (U|O]D)
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Solution proposed by BLFQ i

Discrete basis and their

direct product Truncation

2D HO ¢,,,,(p") in the transverse plane 225 (2n + [my| +1) < Ny

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

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

Q; = (ki7ni7mi7 )\L)

o) = ®; ;)

Fock sector truncation

® Fock expansion of hadronic bound states:
[Meson) = ¢ (47)|99) + V(aa+42)19999) + P(aa+19)1999) + - 5

|Baryon) = v 34)999) + ¥(34++49)|99997) + Y (3q+19)l9999) + - - -

1\u1\. Honkanen, Li, Maris, Brodsky, Harindranath, et. al., Phys. Rev. C 81, 035205 (2010
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Applications of BLFQ N
QCD systems <mpD>

A
® Heavy mesons: spectrum, decay constant, elastic form factor, radii, N
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
® Electron: 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)

8 /60



Introduction BLFQ Mesons Nucleon Conclusions
000 [e]e]e} ®000000 0000000000000 00000O0O0O000000000000000000
000000000000 000 0000000000

Effective Hamiltonian : BLFQ-NJL Model &

1
_ _ _ IMPD
| T)phys = a | q@) 1 +b | qq9) + ¢ | 3qq) + .- )
1
1
kinetic energy transverse confining potential [2]

I;L2+m2 I;L2+mg .
g 4 grz(l — z)Ft?

Heff =

v 11—z

+ 0. (z(1—2)0.) + HL

(mq+mg)?

longitudinal confining potential [3]
Nambu—Jona-Lasinio (NJL) interaction [4]

Jia and Vary, Phys. Rev. C 99, 035206 (2019)

Brodsky, Teramond, Dosch and Erlich, Phys. Rep. 584, 1 (2015).
“Li, Maris, Zhao and Vary, Phys. Lett. B 758, 118 (2016)

4Klimt, Lutz, Vogl and Weise, Nucl. Phys. A 516, 420-468 (1990).

1
2
3
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Meson Light-Front Wave Functions (LEWFs) NG
® Valence LFWFs in orthonormal bases QI}D

Y
ra(@, @) = D (nymilrsl) X dum (B4 xu(a)

n,m,l
® Transverse direction (2D-HO)
Dnm (Fil) ~ (|F{l|)|m‘ X exp (—Fil2> Llnm‘ (R’l2) ;0 0<n < Nmax
® Longitudinal direction (Jacobi polynomial basis)

xi(a) ~2P2(1—2)*/2 PP (22 —1);  0<1< Linax

Gum (k1)
Xex)

® Coefficients (n,m,l,r, s|) : eigenvector in BLFQ basis representation.

2Li. Maris, and Vary, Phys. Rev. D 96 , 016022 (2017)
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BLFQ-NJL Model Parameters N
A
® Parameters are fixed to

<mp>
W
® reproduce ground state masses
® experimental charge radii of 7+ and K+t !
® Successfully applied to

® compute PDAs and EMFFs !

¢ PDFs for pion and kaon and pion-nucleus induced Drell-Yan cross
sections 2%

® GPDs *

® Summary of model parameters

Valence flavor  Nmax  Lmax &(MeV) mg(MeV) mg(MeV)

ud 8 8—32 227 337 337
us 8 8—32 276 308 445
l.Tla and Vary, Phys. Rev. C 99, 035206 (2019)
2L<\n. CM, Jia, Zhao, Vary, Phys. Rev. Lett. 122 172001 (2019)
3I“\n. CM, Jia, Zhao, Vary, Phys. Rev. D 101, 034024 (2020)
4

Adhikari, CM, Nair, Xu, Jia, Zhao and Vary, Phys. Rev. D 104, 114019 (2021)

11 /60



Introduction BLFQ Mesons Nucleon Conclusions
000 [e]e]e} 000@e000 0000000000000 00000O0O0O000000000000000000
000000000000 000 0000000000

Applications: Light Meson PDF's

0.6 12 <mp>
bt LFHQCD — Valence - \\
05 : \ BLFQ-NJL —  Valence 1===
Lo \\ Sea L
0.4 - Gluon . 0.8
= L E615 data > |
3 - GRS, NLO
E\_/ 03— ¥ E615 Mod-data ‘E 0.6 - BeE
< w2 =16 GeV? % | — BLFQNIL
0.2] 0.4 CERN NA3
r 2 =20 GeV?
0.1 0.2
BT — L I | | |
% o0z 04 06 08 1 02 04 06 0.8 1
X X

Light-front effective Hamiltonian, Heg: (M%ﬁ = 0.240 £ 0.024 GeV?)

Diagonalizing H.g = LF wavefunction = Initial PDFs = Scale evolution '.
Yra(@,78) = 37 (nm b slv) % dum (7)) xal@)
n,m,l

® 2D-HO ¢nm (R’J—) in the transverse plane.

® Jacobi polynomial basis x;(z) in the longitudinal direction.

lLHl]. CM, Jia, Zhao, Vary, Phys. Rev. Lett. 122 172001 (2019)
12 /60
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Moments of Pion PDF NG,
<imp>

Moments of the valence quark PDF A

1
@) = [ do a1 Gpt), n= 12,3,
0

0.3, 0.8,
Global fit [JAM 2018] : === Global fit [JAM 2018]
4} Pheno. Models: ® v A BLFQ-NJL — n=1
Latice: o # ¢ Ao O 0.6 — n=2
--- n=3
0.2 # BLFQ-NJL 42 (GeV?) A L n=4
L - 4 :><
5 — 5.76 N
—_ 27
01~ -% *%‘ —
[ e
; .
0 L 1 L 1 L 1 L 1 L 1 L 1
<x> <x2> <x3> <x4>

Consistent with global fit, lattice QCD, and phenomenological models.

1Lan, OM, Jia, Zhao, Vary, Phys. Rev. D 101, 034024 (2020)
13 /60
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Distribution Amplitude

DAs of pseudoscalar states

d lu (Pre =t1r) M
oz 3
(z, po) ~ ,7:6 = 7 3
0.5 L8
® DA evolution: ERBL equations i

00000

(Gegenbauer basis)

‘ Ruiz, et. al. PRD 66, (2002) ‘

Oscillations — Basis artifacts

With increasing Lmax the DA tends
toward a smooth function

Our DA is close to Asymptotic DA

Decay constant fr:

BLFQ (Basis [8,32]): 145.3 MeV
Experimental data: 130.2 + 1.7 MeV

ll\l(m(lk\l. Nair, Jia, Zhao and Vary, Phys

Rev.

0.0 - Asymptotic

0.0 0.2 0.4 0.6 0.8

X

- Asymptotic
-~ Initial DA
Evolved DA

0.4

+ E791 data

0.2 0.6 0.8

® Consistent with the FNAL-E-791

D 104, 094034 (2021)
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" ..
m—y*~ Transition Form Factor &
A
<imMPY
n _ .2 2\ _pvpo Y
V(P = )| JH[M(P)) = —ie” Fauy (Q7) "™ Puepqo PN
0.30) With QCD evolution |
0.25 —t
3
3 020
® Results for { Nmax, Lmax} = {8, 8}, S
< 015
{8, 16}, and {8, 32} (upper panel) &
<010 o Belle 12'
= Lypax=8 (LO-HSA) = BaBar 09'
® The results show a good convergence R 1 A — Lonc16(LO-HSA) o CLEO9E'
2 0.00 —— Linax=32 (LO-HSA) CELLO91'
trend over the range of @ L - = = -

® Consistent with data reported by
Belle Collaboration.

Q?[GeV?]

0.30 ‘With QCD evolution

2
® Deviates from the rapid growth of E
=3
the large Q* data reported by BaBar &
Collaboration. ¥ ol0 o Belle 12
~ BaBar 09"
005 —_LO-HSA o+ CLEO 98'
0.00) ----- NLO-HSA CELLO 91"
o 10 20 30 10

Q*GeV?]

ll\lund;\l. Nair, Jia, Zhao and Vary, Phys. Rev. D 104, 094034 (2021)
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Effective Hamiltonian with One Dynamical Gluon &
[Lan, et al, PRL 19°] One step forward Q(i]!{?

|meson) = |qq) j- -

[Lan, Fu, Mondal, Zhao, Vary, Phys. Lett. B 825 (2022) 136890]

L, |meson) = a|qq) + bqug);+

Hine 1qq) lqq 9)
(qq|

k2 +m2 k2+m2 +
Heff=%+ Ji_ 9 4 etx(1 - x)PE - Kizax(x(lfx)ﬁx)ﬁ-
(mg +mg)

kZ+mZ k2
I P‘=—*xm"+*1 s x(1 — x)7

- ﬁax(m — 03, +

16 / 60
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Light-Front QCD Hamiltonian Vs
Brodsky et al, 1998 IMP.>
(g o, @042 +m? L os i -J.[Zi ’ AN
P_,rocp =3 d*xpy Tw—i d?x Ay (i0+)*A,
+gfd3x Py, AR P
1 _ y*
2 | 43
450 [ @xipyarLoyay

. - 1
—ig? f d>x fPPyrTeY [EE (10* AGAuw)

1 _ 1 -
42 3 +Ta +7a
+59 fd XDy TY sy P T

+ig f d3x fabeiar AV AL AS

1 1
_5«92 f d3xfabc fade ia+AﬁAch(ia+A$Ave)

1
+79° f d3x fabe fade ALAVA (A,
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Mass Spectrum of Light Unflavored Mesons N
- - b  CHMRD

2000 Normqq [MeV]
| ... BLFQ T 0492 151
L PDG 18' P 0.486 141
15000 A0
L aan) = 0 ao0)  @o(980) 0370 0
i} . aae  ai(1260) = T
s b01235) . by (1235) 030 0
> L
= 1000f f— a; (1260) 0.324 13
— s 20(980)
= —_ m(1300) 0.284 59
P
» ay (1320) 0320 0
500 Nimax = 14, Kinax = 15'Ml =0
r mgy = 0.39 GeV, mg = 0.60 GeV, 11 (1400) 0.002 0
Kk = 0.65 GeV, b = 0.29 GeV,
I —-— o= 0.293, ms = 5.69 GeV p(1450) 0312 50
0 1 1 1 1 1 1 1 1
0t 0" 1 1t At 1+ o JPC
_ N Fix the parameters by fitting six blue states
|meson) = alqq) + bqug)|+ *  m,(1400) : |qGg) dominates
*  m(1300): the DC is smaller than the DC of pion
1j. Lan, K. Fu, CM, X. Zhao and J. P. Vary, Phys.Lett.B 825 (2022)
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Pion Wavefunction with Leading Fock Sector

%

Im) = alqq) + blagg) k- N

N.M

N
w{xbﬁéiﬁi) = {z 2(ER)) 1:1[ Prgm, (ﬁll' b)

nim;} i

Wi_u(x,p1)[GeV"]

» At endpoint x, 1 ~ p, : lightly narrow
> Atmiddle x, P ~ p, : a little bit wide

19 /60
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Pion Electromagnetic Form Factor

7\

<P
(W) Jgul¥(p) = (0 +p) T F(Q?) >

—— This work
Amendolia 86"
Bebek 74
Bebek 76'
Bebek 78'
Volmer 01'
Horn 06
Tadevosyan 07'
Huber 08'

" <> 0 +

oo

Q? [GeV?]

Q? [GeV7]

= 14 (BLFQ basis), implies the UV regulator Auy = 1 GeV.

® Reasonable agreement with experimental data (Q2 < 1).

* F(Q°

) ~ 1/Q? at large Q°.

1.1. Lan, K. Fu, CM, X. Zhao and J. P. Vary, Phys.Lett.B 825 (2022

)
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Pion PDFs at Model Scale

&
rMi=o0 |? - N Q&I\?
fikx) = Z f [dXdPL]y, |¢ BN IICEED ) = alqq) + blgqg) + -
sz_g i
- Valence u
L5 = Gluon
=10 BLFQ-NJL
5& P
oK
0.5
0‘80 0.2 0.4 0.6 0.8 10
X large x
ﬂgBLFQ—N]L = 0.240 GeV? (x>gluon =0; (x)valenceu =0.5 (1 - x)0.596
— 1.4
ﬂgBLFQ = 0.34 GeV? <x)gluon = 0.216; (X)valenceu = 0.392 (1=x)
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Introduction BLFQ Mesons Nucleon Conclusions

000 [e]e]e} 0000000 000000000000 000000A0OO00O00000000000000000
000000e00000000 0000000000
Pion PDFs after QCD Evolution &
06 <imp>
i This work (black) BLFQ-NJL (red) A
0.5 — Valence
L Sea
0.4 —-  Gluon _ 1
=< I E-0615 data lm) = alqq) + blqqg)+ ...
S 0.3 v E-0615 Mod-data
o 42 =16 GeV?
0.2 * Large-x behavior (1 — x)1-77
04 close to PQCD prediction
¢ Gluon distribution increases
0
08 —  This work
| C L e
= 061 —.  xFitter 20'
> I u? =4 GeV? BLFQ 0.483 0.096
0.4
x i BLFQ-NJL 0.489 - 0.113
0.2 [BSE2019°']  0.48(3) - 0.11(2)
r i
% 02 04 _ 06 08 1

1.1. Lan, K. Fu, CM, X. Zhao and J. P. Vary, Phys.Lett.B 825 (2022 22 /60
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Pion GPDs &
[M. Dichl, Phys. Rep. 388 (2003) 41-277] \m) = alq@) + blqT9)'+ 3%7
Hi(x,E=0,t)= % %em’*r(n, P+ %h (- %) yta (§)|n, j - %)f »
z) =
HE(x, € =0,) = = %e“‘f”z_(n, p+3lo (-2) 65 ()| P —%>z+ .
z =0

= Quark content enhanced at small x with [qqg) . .
« Falls slowly at larger x Prellmlnary

« Emerge at larger x range for larger —¢

1 . 2 . A T 23 / 60
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Pion GPDs in Impact Parameter Space

(1

_ mp>
[M. Diehl, Phys. Rep. 388 (2003) 41-277] |y = alqgq) + blqﬁg)'+ e A
1
1.dz= . - A z z A
q — — ixPt = (— — jas) [
Hax £=00=5]5re Z(”‘P+§|q( v p 2)2"‘:0
z1 =0
1 (dz™ . - A z z A
g — - ixP* = _z + (2 J—
Ha,&=0.0)=pz) e~ (H’P+2|G+”( 3)Gi )| P 2)z+=o
z,=0

“ The impact parameter distributions (IPDs)

1J. Lan, J. Wu, ct. al., in preparation
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x-Dependent Square Radius

1
<imp>

Ty = alqq) + blqggH+ ... )

. X
x-dependent squared radius 1 buim) 1

(5% (x) = Jd?b,bHY?(x, b))
L [d?b,HII(x, b))

14 - quark ]

- = gluon j
10 ©
£, Prelin
= ]
(fj 0.6
<
~ 04

02

00 003 0.10 0.50 Pr

X * T

® The gluon is slightly broader than the quark

13, Lan, J. Wu, ct. al, in preparation
25 /60
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Pion TMDs &
A
P>
[Boer & Mulders PRD 57 (1998) 5780] ) = algq) + blqq }+ A
[Pasquini et al, PRD 90 (2014) 014050] ! qu> qug VQ
1,.dz"d*z, .. _ z z
a _1 L _i(z-k*—z,k)) F(_ X vta(Z
Flook) =5 o pilz ™k =z k| (H‘ qu( 2) y q(2)|n, P)z+:0
dz-d?z,

ei(z"‘*‘ziki)(n, PlG"'u (— %) G} (%NH P)

2m)?*

z+t=0

1
ff(x‘ ki) =WI

1 h
| Quark

0.8
*  The TMD decreases with k ;.

*  Vanishes after k1 ~0.7 GeV

Preliminary

1J. Lan, J. Wu, et. al., in preparation
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Strange Meson Mass Spectrum

|meson) = a|q5) + blqSg) + ...

Nucleon

Conclusions

0000000000000 00000O0O0O000000000000000000
0000000000

1
<imp>

PN

|meson) = a|s3) + bIs5g) + ...

2, T T T T T T T 2. T T T T T T T T T
K0820) 200y
1.75F K580 4 1650) Karzo !
gy 2 | K820 1.75F 2'se ) 3
Ko = =
1.5F Kﬁn) Kii1400) #0430 £:(1430) K:(1770) ! #0680, () £i(1420)F3(1525)
K(1270) 1.5 Fais2s, !
< 1.25F L 3 s
g Kaz70) § Hmﬂfz:z:wmm
1370)
P 1.F E P 1.25[ !
© K*(892) e ©
= 0.75F K5000) 4 = $(1020)
K(494) 1.F #1570) !
058 PDG VS PDG
025 0.75[ !
- —BLFQ ¢ F BLFQ
0 . . . . . . . 0.5 \ . \ . \ \ \ \ .
0" 1 "0t 2+ 27 3 0™t 17 1% o™ 1 2% 27t 27 3T

Nomax = 14, Koy = 15, M = 0:
mg =0.39 GeV,mg = 0.64 GeV, mg = 0.60 GeV,
K =0.65 GeV, b = 0.29 GeV,

a =0.293, ms=5.69 GeV

Nmpax =14, Kpax =15, M; =0:
mg = 0.64 GeV, mg = 0.60 GeV,
K .65 GeV, b = 0.29 GeV,
o =0.293, ms=5.69 GeV

[Lan, et al, Phys. Lett. B 825 (2022) 136890]

1.1. Chen et. al.,

in preparation
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Wavefunction in Leading Fock Sector

(1

np 4 | ) = algS) + blgSgyh . L
AT — a i meson) = a + S -+ ...
LI -{mzmi)w”({ai})gzﬁmm,-(pu.b) qs) + blqsgy,
w—"‘"“”""'H,\—,_,u_hdominant in |gS)

T

Q

o

3

X

2

el

3

00
p1 [GeV]
0.0

“» Atendpoint x, y ~ p,: lightly narrow 1.0

= Atmiddle x, y ~ p,: a little bit wide
“ The peak slightly less than x=1/2

28 /60
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Kaon Electromagnetic Form Factor

i
<impY>

A
(W) Jgul¥(p)) = (p + 1) TF(Q?)

12 T T T T T T 1 T T T T T
1.1
&G 0.75F B
1. ?
< o
0.9 o 05
w g
0.8¢ o F(QP)K,(494) % - QPF(Q)Ko(494)
0.25F y
0.7F = FNAL(1980) E =~ FNAL(1980)
-« CERN SPS(1986) -« CERN SPS(1986)
1 1 1 1 1 1 0 1 1 1 1 1
0. 0.02 004 006 0.08 01 0.12 0. 0.5 1. 1.5 2. 25 3.

Q% [GeV?] Q% [GeV?]

® Reasonable agreement with experimental data.

* F(Q*) ~1/Q* at large Q.

1 .
J. Chen et. al., in preparation
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Kaon GPDs /1
[M. Dichl, Phys. Rep. 388 (2003) 41-277] K} = a|q5) + b|q§g):+ rS?
1 dz~ A z z A
q Ptz Sl (Yot a (2 _=
HY(,E=0,t) =5 [=—ex (K,P+2|q( 5)v q(2)|K,P 2)z+:0
z) =0
dz~ z z A
g ixPtz +1 Gt (= i
HY (G E=0,0) =55 [5—e (K,P+2|G (-3¢ u(2)|K,P 2)z+:0
z, =0
Quark u Quark '§ Gluon

05
005
s

*  Quark u content enhanced at small x with |qSg)
* Falls slowly at larger x

*  Emerge at larger x range for larger —t Prellmlnary

1J. Chen et. al., in preparation
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Nucleon within BLFQ
® The LF eigenvalue equation: Heg|U) = M?|¥)

— pla +m = - 2 8211 (rambazb)
Heg —za: Era— F = GZ# [l‘axb(ma —1p)" — (e + ma)?

Cr47l'0( _ %
+ - Z 9 s! (ka)’y Usq (kfl) (ké)’yl usb(kb)glw
a#b U«b

® For the first Fock sector:

lggq) = ‘nlh s Mars kg Aqr) @ Mgy, Mazs Kazy Agz) @ Mgy Mg, Kags Ags)
® Transverse : 2D harmonic oscillator basis ¢nm (PL);

Plane wave basis in longitudinal direction.
® The valence wavefunction in momentum space:

3

qj?{v{mu,k } T Z CH) H Gnym; (PLq)

Ng,m4 =il
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Nucleon Form Factors &

2 <hr>
Ge(d®) = Au(@) - [iz Fald), Y
Gu(d®) = Fi(¢*) + F2(q?).
4
I BLFQ
0.8 ®  Arrington 07
*  Milbrath 98
< 06 v Pospischil 01
( ) 9 g = Jones 00
w
(Pt | Gpr 1P3 1) = Fi(d”) B * Gaeoz
0.2
( ) 1 .2 F2(q2)
P P _ X X X X il \‘4 < v <
(Pt 1ZAD Py = (gt — i) 2 ; =
25 L] rrington 05
‘ Drell & Yan (PRL, 70); West (PRL, 70) ‘ 5 ®  Arrington 07
-
g 1.5
Nmax = 10, K =16.5 %DE 5
Basis truncation : 05
> @ni+ mil +1) € Nmax; K= ki 0
7 7 0 1 2 3 4 5 6
Q%[GeV?]
LCM, Siqi Xu, ef. al., Phys. Rev. D 102, 016008 (2020) . )
2\’“ CINA T e 71 T2 o XToioiee Tloe.. O o ™ 104 OO0OAN2C 9N 1 ) 32/00



Ratio of Form Factors

Introduction BLFQ Mesons
000 [e]e]e} 0000000
000000000000 000
h - A=0.2Gev
Xo.4l -~ A=0.3 GeV
N 0.3 '; »»»»» A=0.4GeV
“Z EY + Puckett 10 - Panjabi 05 < Gayou 02
= k - Gayou 01 - Arrington 07
G 02 Yo
& 0.1f wewes Sasseitameestonsos 5
=
& 0.0
2 4 6 8 10
Q*(GeV?)

e Consistent with PQCD prediction *:
Q*F [FY ~1og*[Q*/A?]

® Only valence quarks contributions

® Missing meson-cloud effects

® |gqqqq) has a significant effect on Pauli
FF: 30% in proton; 40% in neutron

‘ Sufian et. al. PRD 95 (2017) ‘

llS(’Ii(\k\

Ji, and Yuan, Phys. Rev. Lett. 91, 092003 (=

Nucleon Conclusions

000000000000000000B00O0000000000000000000
0000000000

Vi
<mMp>

L/\}

25 BLFQ
« Rp 1994 - Arrington 07 - Warren 03
2.0f . Zhu 01 - Passchier 99

@(GeV?)
100 BLFQ
0.8 ° Passchier 99 -+ Herberg 99 * Rohe 05
© Zhu 01 * Glazier 04 - Bermuth 03
—
& 0.6} - warren03 - Plaster 05 - Geis 08
504 ; )

0.0 0.5 1.0 15 2.0
@*(GeV?)
R~Gg/Gu
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Axial Form Factor NG,

/ ’ (' —p)" B>
(NPIAYIN () = a(p') |7 Ga(t) + P =Gt 5u(p) W
® Axial vector current:
At =gy sq
® Measured by ordinary muon 2 : :
I BLFQ
capture (OMC) . Expdata
_ , , 1.54 A Reduced data
H (l) +p(’l") — Vﬂ(l ) + n(r ) — © Lattice
NCI ¢ Dipole fit
w-
0 05 1 15 2
Q?[GeV?]
) n(l')

Ga(Q*) = Gu(Q%) — Ga(Q?)

® Provide information on spin
distributions

l(lkl‘ Siqi Xu et. al., Phys. Rev. D 102, 016008 (2020)
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Parton Distribution Functions Xu, CM, Lan, Zhao, Li, and Vary, PRD 104, 094036 (2021)

A
<imp>
MR
Unpolarized PDFs: Y
0.6} == BLFQ
T B+
20.4 -- NNPDF 3.0
E ---- MMHT 14 Helicity PDFs:
0.2
Bd- ¢¢
= . larized PDF
10° 10  0.001 0.010 0.100 1 Unpolarize s fi(z
x longitudinal momentum distribution
_____ u quark in BLFQ of unpol. quark in unpol. proton.
.4/
b quark in BLFQ h
+ COMPASS u } ® Helicity PDFs g1 (z) : longitudinal
X 0.2} = COMPASSd 3\ o o o
< N momentum distribution of the
£ \
b L polarized quark
L ] [ 5 Ld -
12=3.0 GeV? T .
_02 ® Results correspond to leading Fock
0.001 0.010 0.100 sector only.
X
NPDF, EPJC 77, 663 (2017); HMMT, EPJC 2015); CTEQ, PRD 93, 033006 (2016).
Z(Y()I\ITC\\‘H Collaboration, Phys. Lett. B 693,
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Transvers1ty DlStI‘lbllthIl Xu, CM, Lan, Zhao, Li, and Vary, PRD 104, 094036 (2021){\
A
ImMPD
4

Transversity PDFs :

bd-dd

® Transversity PDFs
describe correlation between the
transverse polarization of the
0.0500.100 0.500 1 nucleon and the transverse
polarization of the parton.

— BLFQ
04 e Radici 18

Anselmino 13

35 ----- Anselmino 09

7

® Satisfy Soffer Bound:

xh{(x)

-0.05)

ha(@)] < 21f2(@) + 1)l

. ® Results correspond to leading

Fock sector only, missing higher

0801 0.0050.010 0.0500.100 0.500 1
X Fock sectors.
lI\I Radici and A. Bacchetta, Phys. Rev. Lett. 120, 192001 (2018)
21\[ Anselmino, et. al., Phys. Rev. D 87, 094019 (2013).
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GPDs for Spin-1/2 Target

Pt =
/ dy PV (5 1B~y /27 b 5/ 2)I)

Off-forward
vi=7i=0  matrix elements

= Hx,&1) a(p )yt ulp) + B%,&t) alp o™

o3z, @)
In momentum space no probabilistic interpretation

»>GPDs in impact parameter space: X(z,b) = /d2 TN ¥ (g, ).

At t=0, 2nd moment of GPDs: angular momentum
Gluen

]- —_— Uar
Jq — 5 [Aq (0) + Bq (O)] Proton m{?\ijrukm
Second moment of GPDs give
FT

gravitational FFs 1

/deQ(x £) = A%t /deq(a: t) = BI(t)

.11. Phys. Rev. Lett. 78, 610 (1997); Burkardt, Int. J. Mod. Phys. A 18, 173-208 (2003)
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Valence Quark Leading Twist GPDs in Proton NG

H*(x,0,t)

HYx0.t) i

2
—t[GeV?]

2
—t [GeV?]

2
—t [GeV?]

® Qualitative nature consistent with phenomenological models 2

1\’. Liu, S. Xu, CM, X. Zhao, J. P. Vary, arXiv:2202.00985 [hep-ph].

2(?1\1‘ D. Chakrabarti, EPJC 75, 261 (2015); PRD 88, 073006 (2013)
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xz-Dependent Squared Radius
P>
K
[ dPbubd H(x,bL)
fd2gJ_Hq(.T, bJ_)

(b1)*(x)

® Transverse squared radius:

— BLFQ
3 L 2\q 0.6 * JLab/CLAS
W) = Yo | dof@d) @) R
q

x
® BLFQ result: (b3 ) = 0.40 + 0.04 o
N

fm? 0.2
® Experimental data %: 0.0 ) ) )
(01)exp = 0.43 £0.01 fm? 0.05 0.10 050 1
X
l,\'n. CM, Lan, Zhao, Li, and Vary, PRD 104, 094036 (2021)
ZR. Dupre, M. Guidal and M. Vanderhaeghen, PRD 95, 011501 (2017)
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Other Observables NG,
b4

* The magnetic moment of the proton and neutron Q&’—S?
Quantity BLFQ Measurement® Lattice
dp [ 2.443 +0.027 ) 2.79 [ 2.43(9))
fn (-1.405 4+ 0.026) —-1.91 —1.54(6

¢ The radii of the proton and neutron

Quantity BLFQ Measurement Lattice
75 [fm] 0.80215:042 ) (0.833+0.010 | 0.742(13)
rfy [fm] 0.83410:229 0.851 # 0.026 | 0.710(26)

(rZ)" [fm?] —0.033 +0.198 —0.1161 + 0.0022 —0.074(16))

rie [fm]  ((0.861700% ) ((0.86470:00% ) 0.716(29)

* The axial charge and axial radius

Quantity BLFQ Extracted data Lattice
a4 116 £0.04  0.82+0.07 0.830(26)
g% —0.248+0.027 —045+007  —0.386(16)
i 1.414+0.06 1.2723+0.0023  1.237(74)
V/(r2) fm ( 0.68073979) (0.667 +0.12)  0.512(34)
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Angular Momentum Distributions

1
. - 11 Jaffe-Manohar, 90
* Spin decomposition ’ 5 = AR+ AG+ (L + Ly) Woe
Proton Spin l 9% ) 7
Jaffe-Manohar Decomposition 'Q Q @
Quark helicity = T a ’
1 Best kn?wn st::tntoincotvg Orbital Angular Momentum
: f dr(But A+ Ad+ AT+ A5+ 3) of quarks and gluons
~30% G = [datrg(a) Little known

~ 20%(with RHIC data)
Sea quarks? Net effect of partons’

transverse motion?

In the quark model AX =1
The spin decomposition can be measured
by polarized DIS

* Ji decomposition:
1 1

5=7 AT+ L+,

Ji sum rule: J99 = 1 [dzz [HY9(2,0,0) + E9(,0,0)]

1
<imp>

W
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Angular Momentum Distributions in Transverse Plane

® The b, dependent distributions of

kinetic OAM and spin in light-front:
2K — +h
(L7) (1) = —e¥® [ TOL miBuhy X0
(271') aAJ_ by
P?AL x5 dL(t)
=A* LAy by )
/(27026 [(” a }
(57)(b0) = Lowin [ LBL BB (g s
2 (27") DY ; ;
s g2A (J%) (bL) = (L) (bL) + (S*) (by)
Ai ((12 )J. _LALbJ_ GA(t) Cédric Lorcé et al., Phys. Lett. B 776 (2018) 38-47
T

where L(t) == 5 (A(t) + B(t) — Ga(t))
Flavor contributions: [Liu, Xu, CM, Zhao and Vary, accepted in PRD]

b.(Ja*)(b.) [fm™]

b, [fml b, [fm] : : b, [fm]
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Twist-3 GPDs & OAM (\/}
BLFQ calculation: C&’S
Stephan Meiﬁner et al JHEP08(2009)056
P . PR, o) A i A’+AJ At~i
arameterization: ' = (P+)2 a(p', \') |io HZT(J'.E.f)+TE2T(l &.t)
P*A] A*P} q*PJ Pty
LT Hyp(a.6.) + L Ear(= z.f)] u(p.A).
d quark u quark

Nmax=10,Kmax=16

Hyp, Eo7 and Hyp are 0 at zero-skewness(€ = 0).

2Ziqi Zhang ct. al., in preparation
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Twist-3 GPDs & OAM

Fiu(e,&,4)=N(P,S") Polyakov et al. C%!\_D
OAM density distribution:

s

AL
x{(H+E) 7,{'+G, 2“‘[ +Gy 7/J,'+G;; A,J;h-ﬁ—(?‘ it A’imy,}

Ji’s proton’s angular momentum sum rule: *xN(P.5),

1 1
S=la+)g =3B +1Lg+]g

The contribution of quark OAM can be related to twist-3 and twist-2 GPDs:

L9 = —fdxxcg’(x,o,o) = —% —fdxx(Hq(x, 0,0) + E9(x,0,0)) +fdxﬁ‘7(x,0,0) ,

where G§ = —H9 — E9 — E},.

ot

Nmax=10.Kmax=16
-e- OAM of d quark

-=- OAM of u quark

Nmax=10.Kmax=16
~e- OAM of d quark

~=- OAM of u quark
-+- OAM of total quarks

-+- OAM of total quarks

Integrated value: 0.0450337

Integrated value: 0.0450337
LGourtoy, Goldstein, Gonzalez Hernandez, Liuti and Rajan, Phys. Lett. B 731, 141-147 (2014)
2Ziqi Zhang cf. al., in preparation
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TMDs of Spin-1/2 Target NG,
Leading Twist TMDs O—» Nucleon Spin @ Quark Spin Q&}—S?

Quark Polarization

Un-Polarized Longitudinally Polarized = Transversely Polarized

) (L) m

1 -0 OO

i R oy
-~

h,=

.f1TJ_ = - @ g"_* = — Transversity
Sivers _

| hﬁJ‘ B @ B @

® 6 T-even TMDs and 2 T-odd TMDs.

11\. Accardi et al.,, Eur.Phys.J.A 52 (2016) 9, 268.

-
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Quark TMDs in Proton

1
<imp>

W

Noax = 10, K = 16,5,z = 85 03
10 16.5 Nuax = 10, K = 16.5
@V wp ek domn gk | whr=en@v? | qualitative agreement with
L@ -8 @ 0.3] 3
PR other theoretical
5| h By (') 4 - 0.2] B
. " calculations
O = —— [10.1103/PhysRevD.81.074035;
0.0 0.1 0.2 0.3 04 0.0 0.2 0.4 0.6 0.8 o 10.1 103/PhysRevD .80.014021;
(ph)? (GeVv?) 2 (longitudinal momentum fraction) 10.1103/PhysRevD.103.014024;
10.1103/PhysRevD.78.074010;
10 A . Nuw = 10, K = 16.5
N R T ear | 10.1103/PhysRevD.95.074009;
Npax =10, K =16.5, . = m ; N

10.1103/PhysRevD.78.034025;
10.1103/PhysRevD.83.094507;
10.1103/PhysRevD.85.094510;
10.1103/PhysRevD. 96.094508]

(GeV™2)  up quark down quark
g @) @
By, ")) ——
hp( @) -

0.0 0.1 0.2 0.3 04 0.0 0.2 0.4 0.6 0.8 1.0

(p*)? (GeV?) @ (longitudinal momentum fraction)

12hi Hu, Siqi Xu, CM, Xingbo Zhao, J. P. Vary, in preparation
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Conclusions

Flavor-Ratios Compared with Lattice QCD

— A A A

Npax = 10, K = 16.5

fdz fu/fde f¢ f=f F=g, F=h,
BLFQ A —m °
Musch2011  --A-  --B--

0.4

0.0 0.1 0.2 0.3
112 2
(p7)* (GeV?)
1Zhi Hu, Siqi Xu, CM, Xingbo Zhao, J. P. Vary, in preparation

<impY>

J

@ comparison with lattice
results Musch2011
[10 .1103/PhysRevD.83. 094507]

@ ratio cancel possible overall
factors and effects from scale
evolution

e our d quark distributions
extend to higher (pt)? — our
flavor ratio decrease faster
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x and Flavor Dependence of {(p?)) /7
>

PN

o‘strong 2 and flavor dependence of {(p*)?)

2,1 12 pq 1y2
(pH2) ! (z) = [ & 0 fiirg(@,)%) o don’t support x — p factorization
p f d2 L fa 1)2
Jap* fhrpq (e, (ph)?)
@ universal structure with a peak
0.12 0.12
o?
0.10 0.10 -
e—”'/g’
e
0.08 0.08 e
0.06 ' 0.06
(P9} (@) (GeV?) (1))} (@) (GeV?)
0.04 Ninax = 10, K = 16.5 0.04 Nuax = 10, K = 16.5
0.02 0.02
0.00 0.00
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
 (longitudinal momentum fraction) z (longitudinal momentum fraction)

1Zhi Hu, Siqi Xu, CM, Xingbo Zhao, J. P. Vary, in preparation
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Comparison with Gaussian Ansatz
<P

J

(rh)2
€ex] -5 q
p( <u;i)2;‘}m)

féans (2 (pH)?) = quiLFQ(x)W

35 12 fon:
10! Nome = 10, K = 16.5, 2 — ° small‘(p ) region: .
10° 16.5 Gaussian-type distributions with
| D oo z-dependent Gaussian width
1072 o large (p*)? region: BLFQ results
10-3 decrease slower than
10-4 Foop Gaussian-type distributions
107° BLFQ —A—-A- o perturbative results: f, ~ 1/p?
10-5 Gaus.|;; -—--@- in the large (p*)? region
1077 [10.1088/1126-6708/2008/08/023]
0.0 0.2 0.4 0.6 0.8 1.0
(p™)? (GeV?)
lzm Hu, Sigi Xu, CM, Xingbo Zhao, J. P. Vary, in preparation
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Effective Hamiltonian with One Dynamical Gluon &
! WAN
| Baryon) = a | qqq) +b | gqq9) + ¢ | ga9qq) + .. Q&’{?

kinetic energy transverse confining potential [2]

% +m2 . ~
Heg = >, Hatla 4 %Za# &4 [2azp(F Lo — T1b)?]

Za

ama aTpOz
% Za#b ’{4 [((:':—zb?ﬁ] + Hyertex + Hinst

ma+mp)

longitudinal confining potential [3] QCD interactions [4]

S. Xu, CM, X. Zhao, Y. Li, J. P. Vary, work in pro, .
Teramond, Dosch and Erlich, Phys. Rep. 584, 1 (2015).

1
2 Brodsky,

3Li, Maris, Zhao and Vary, Phys. Lett. B (2016).
4Brodsky, Pauli, and Pinsky, Phys. Rep. 301, 209 (1998).
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QCD Interactions NG,
|Poaryon) = ¥11999) + ¥2laqqg) <pr>

T VHT o 4 + g*Cr | 1
Hinteract = Hyertex + Hinse = gY YHT* Y A 2

— 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
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Unpolarized PDF's N

A
<impD
. V\\

25 ——T T — Preliminary results
T T

u3 = 0.25 £ 0.02 GeV?
= 0.19 + 0.02 GeV?

mm BLFQ with dynamical gluon
== BLFQ without dynamical gluon i
----- NNPDF 3.1

1#=10.0 GeV?

xf(x)

.001 0.005 0.010 0.050 0.100 0.50 1
X

oL
(=)

® Within |gqq), gluon is generated dynamically from the DGLAP evolution.

® Including dynamical gluon, the gluon distribution is closer to the global fit.
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Unpolarized PDF's

<imp>

25 ——T Ty Preliminary results PA)
mm BLFQ with dynamical gluon  [FENFERNEE
== BLFQ without dynamical gluon [P EIFCETIARE

----- NNPDF 3.1

- 15 ‘ ‘
5, xfo( o8l 7 without dynamical gluon
Y- i . .
x4 0 10 — dynamical gluon
- 0.6k — dynamical gluon at initial scale
...::::::::::__~~ —_ N\ NNPDF 3.1
0.5 T, X -~
% 0.4

2 10
1#=10.0 GeV?

nn

® Within |gqq), gluon is generated dynamically from the QCD evolution.

® Including dynamical gluon, the gluon distribution is closer to the global fit.
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xg1(x)

Nucleon

Helicity PDFs ~
Preliminary results AN
----- W|thout Dynamical Gluon
0.4r — With One Dynamical Gluon /-
L. . 7 }\ u quark
— Gluon Distribution i\
0.2} « COMPASS u } ;
COMPASS d ¢
________________-—-—‘j—/—; ¢ \\\
e —— " ------ \ /
2 2 F BT L
p=3.0 GeV P d quark
- 0.2} 13 =0.25GeV?
0.001 0.010 0.100 1
X

® Including dynamical gluon, the distributions improve at small  and = > 0.5
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Gluon GPDs N
A
‘ Meissner, Metz and Goeke, PRD 76, 034002 (2007) ‘ Q@P;

PN

g ’ 1 _ R icThA, 9
F (:c,A;/\,/\):2P+u(p,)\) vy H (x,f,t)+2TE (z,&,t) | u(p, N,

- 1 - Ats -
9 ($, Aa Av A/) = ”ﬁ ﬂ(p/v A/) (7+’Y5 HY (93757 t) + 27]\]-5 Eg($7€,t)) U(p, >\) .

Preliminary

HE(x0.0) H (%0,

2

2
—t [GeV?]

—t[GeV?]

1s. Xu, CM, X. Zhao, Y. Li, J. P. Vary, work in progress.
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GTMDs & OAM &

<mpp>
Generalized Transverse-Momentum Parton Distribution functions 5 ~ 25(10) %
1 dz—d?*zZ, . 1 1 )
[y*] L ikzpne o (2 4o, (=
W (PxKua) =5 [ = e (p,A 7 (-52)vv(32)|p. A)
W[EU] (P X A)— 1 J'dz d? ZL eikz A |G+1 (__ )G+1( )| 2
an X RLA)=S5y 2m)? P, z P, ~40(2) %
Parameterization:
W (P, x, K., A) = WS (P, x, %L, )
i+ ) uklA«i
— (k] F12+A{Fy3)+i e F1,4] u(p, )
r,
Fq 4 is related to the orbital angular momentum Ve e
S
2 ki "%[ Em a
Lq’g(x) =— Id klm F1’4(X, kJ_,AJ_=0) P \ N
18 Bhattacharya, R. Boussarie and Y. Hatta, arXiv-hep:2201.08709 (21]22)
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GTMDs i
Fiy(xk0) QL%?

d
Fia(xk,0) Preliminary results

Due to use the harmonic oscillator
wave function in the transverse
plane, the GTMD has the
oscillation in k direction.
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Nucleon

000000000

0.03 L OAIM for d éuark , - N Preliminary results,l,:
002 OAM for u quark
= — OAMfor gluon ~ /
S 0.01 u®=025GeV?
g /’” “\
c - \
°c -
5 0.00  ————
o V
-0.01
0.05 0.10 0.50 1
X
Canonical: ¢, =—0.007 ¢, =0.033 £, =-0.013
Kinetic : %AZ =036 Ly = 0.084 Jg = 0.0557
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0.03 ' . Preliminary results
— OAM for d quark Y (\/}
e N A\
/ \ Mp>
»»»»» OAM for u quark / A (@i
0.02 q y A
s — OAM for gluon /s
<
© 0.01" u?=025GeV?
c N
g _______ P .
s 0.00 - —
(S
-0.01
0.05 0.10 0.50 1
x

(b) Canonical
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CONCLUSIONS N
A
<mp>
Light-front Hamiltonian approach: Mass spectra < Structure PA)

lqq) & |qdg) for mesons, |qqq) & |qqqg) for nucleon.
LF Hamiltonian = Wavefunctions = Observables.
Provides good description of exp. data/global fits for various observables.

TMDs are consistent with Gaussian-type distributions in the small pi; and
with perturbative calculations in the large p? .

Preliminary results on gluon distributions of mesons and nucleon.

With dynamical gluons, the quark spin contribution ( 70%) is reduced and
the gluon spin plays a substantial role in understanding the nucleon spin.

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

Enormous amount of possibilities with future EICs ... ... Thank You
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T—*~* Transition Form Factor &

2 1 oy 0 _ QQ_’_D
FTI"Y*(Q%7Q%) = %fﬂ'/o dng K T (va%7Q§)¢(z7Q) V\B

(Q* Q) Fy Q1% Q) [GeV]

® Fryr(QF,Q3) ~ 1/(Q1 + Q3) when
(QF,Q3) — oo

® Consistent with pQCD prediction.
® Qualitative behavior — consistent with

the LFQM results.

‘ Choi, Ryu and Ji, PRD 99, 076012 (2019)

® Singly virtual TFF — by setting one of
the momentum transfers to zero.

, .5
Q* [GeV?]

1A ir. Jia. Zhao ¢ farv. Phvs. Rev 4. 094034 (202
CM, Nair, Jia, Zhao and Vary, Phys. Rev. D 104, 094034 (2021) 61 /60
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Generalized Parton Distributions (GPDs) : Spin-0 Meson /7
>

W
Two independent GPDs at leading twist

HP (@,6,0) = [ e (PP B0 W (PPN S

ief-jqil
2Mp

A= . _ _ . 1_
BR(w,60) = [ et (PP Wy (0)io W ()l PP Z

® H = chirally even unpolarized quark GPD

® FEp = chirally odd; transversely polarized quark GPD

P(P’) denotes the meson momentum of initial (final) state of the meson (P).

® We choose AT = 0 and the kinematical region: 0 < x < 1 at zero skewnes

(¢=0).

M. Diehl, Phys. Rept. 388, 41 (2003).
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Results: Pion GPDs &
<imp>

W

H] (x,t)

® HT (x,0) = symmetric with peak at = 0.5
ETy

peak in the GPDs shift towards higher values of =

(z,0) = asymmetric with peak below z = 0.5

oscillations are numerical artifacts due to longitudinal cutoff Lmax

1 Adhikari, CM, Nair, Xu, Jia, Zhao and Vary, [arXiv:2106.04054] accepted by Phys. Rev. D
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GPDs — Transverse Densities &

P[] Q&!—:\:
® Moments of GPDs: 105
1 3.51
n—1 ,m 2\ _ o, 2
/0 dea" T HT (2,02) = AT (b2), 297
1 y
/ de e ER (2, 02) = BE, 0 (b2). o
0 1.89
. 1.35
® Define density
0.81
1 st et bj 0.27
2 i Loprs 2
Pn(bJ_vSJ_)=;[A:,0(bL)7 B’;‘:no(bl)]v
i b7 [fn]
pr(b)[fm™?)
® Reasonable agreement with Lattice QCD s
2, 1. 1.95
— BLFQ - NJL o — BLFQ - NJL 165
. b = 0.15 fm — 09| .
attice QCD & 09Fa Lattice QUD / .
] —XQM
=08 @ 1.05
Ey /i
£ o4 74 0.75
‘/.// 0.45
90 6 -0.3 0. 0.3 0.6 90 6 -0.3 0. 0.3 0.6 0.15
07[fm] 0?[fm] )

4[]

1 Adhikari, CM, Nair, Xu, Jia, Zhao and Vary, Phys.Rev.D 104, 114019 (2021)
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Heavy Meson Mass Spectrum

Imeson) = a|QQ) + bIQQg) + ...

Nucleon

Conclusions

000000000000 OOO000A00eO000000000000000000
0000000000

1
<imp>

PN

3.8 Charmonium 100}  wu = Bottomonium
wes) T =
h{1P) (P KalP) e e —
,\3'6 ) Yeal1P) ——— —~ 0.8 BRUIF) 220 1Py Aw(IP)
> F > )w[]P\
)]
G 34 <
= EIoc s 96 06
3.2 TS --0GE T --0GE
nA1S) 5 ~PDG 9.4 o ~-PDG
3.0 e Lattice 1S ~ Lattice
0 1— 1+ o0~ 2+ JPC 0" 1— 1+ 0* 1* 2t ¢
7.0
6.8 R_i ql WEE | 63| 002 | ..
< (25) - = ‘
3 66 || o DG 154 03 1229 504 .. 05 399
o . ) OGE _ 4902 06 1389 0.02
o
= 6.4 —be DG bk 478 023 1835 132 05 735
e "'gs: OGE 1603 4902 06 1196 .. .. 002
62t ;= Lattice DG 154 478 0266 1562 504 132 05 591
0 1” 0* 1 2t S . — e .
OGE (cT and bb ) : [Yang Li, et al, 2017]

Nmax =12, Kpax = 17

1 . . .
J. Wu et. al.. in preparation

OGE (bT ) :

[Shuo Tang, et al, 2018]
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Wavefunction in Leading Fock Sector &

Q(%?
N A A Al

way _ ) Imeson) = a|QQ) + b|Q@g)+ -
LA (;.}w”({ai}) ]_1[ Gnm, (o)

11—11 dominant in |QQ)
Ne ) - ; Mp

- -
3 3
S1. o
d 3!
Elas %
ey §
o 05 o
Ed b >
0.0

» np, narrower than 7, at x direction

» np, wider than 7, at x direction

1. Wu et. al., in preparation
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Heavy Meson Electromagnetic Form Factors
[Brodsky & de Teramond, PRD 77:056007 (2008)]

Imeson) = a|QQ) + b|QQg) f+ -
(PO O PP = (p+p)* F(Q?)

1.0] 1.0
08 nC 08 77 b
—~08 ‘g 0.6
<} i
[ 04
0.4]
0.2]
0.2]
0.0i
0.0l 0 20 40 60 80 100
0 20 0 60 80 100 QX(GeV?)
Q(Gev?)
25 8
20 6
S5 oug-
g Re} 4 n
G 10 n b
c 2
05 o
0.0! 0 20 40 60 80 100
20 40 60 80 100 Gev?
Q4(GeV?)

1

J. Wu et. al., in preparation

{\/?

IMP

A
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Heavy Meson PDAs
|meson) = a|QQ) + bIQ@g);+

35 r r r
_____ pQCD - Tc

=+ 1b

Preliminary
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Heavy Meson GPDs &

. — _ p>
[M. Dichl, Phys. Rep. 388 (2003) 41-277] Imeson) = a|QQ) + bIQQg):+ N
ixPtz z A
T, E=0,1) = 2[ eixP (M P+2|q (-3)vta (—)|M,P—§>Z+=0
d zy =0
z ixP*tz +p el et s —
9 (x,E=0,t)= P+ S (M P+2‘G 2)6 )|M,P 5 o
z1 =0

Quark Quark
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Helicity Asymmetry N
A
<mp>
PN
08
— BLFQ
— 06l NNPDFpol1.1 R
E | o E99-117/EG1
S E06-014/EG1
%041 < Ea1b
35 | © HERMES ! v ® ot = q
Jod s 1 Y q"(z) = q(z) + q(=)
I L ® The helicity asymmetry: observable for
%%o1 0500 1 investigating the spin structure of the
x proton in experiments.
1.0
° . L .
od 7 BLFQ Overestimated at small-z region.
—_ © E99-117/EG1 o« ey . . .
= vo © g ® Gluon at initial scale is needed within
= 0obn EG1b BLFQ.
= L S i . © HERMES
S ~I 2w 1
=08 G/ 100 i I
1#=5.0 GeV?
MG 0z 03 04 05 06 07 08
X
1 xu,

CM, Lan, Zhao, Li, and Vary, Phys. Rev

D 104, 094036 (2021)
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QCD Interactions NG,
|Poaryon) = ¥11999) + ¥2laqqg) <pr>

T VHT o 4 + g*Cr | 1
Hinteract = Hyertex + Hinse = gY YHT* Y A 2

— 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
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Tensor Charge
<P

J

+ The first moment of transversity PDF : gr=0.55,gf=-029 Dynamical gluon
&= Idx hf(x,ﬂz) gh =094, g¢=—-0.20 No Dynamical gluon

* The second moment of transversity PDF :

g = 0.39f8:}§, g? =- 0.25f8j?8 Extracted data

<x >%’d = de x (hl“(x,ﬂz) - hld(x,ﬂz))

Quantity BLFQ Extracted data Lattice

gr 0.9410.06 0BoENE 0.784(28)

g8 -0.207002 -0.25703%0 —0.204(11)
<>k QBT - 0.203(24)
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Axial Form Factor !
¢
IMP,

* Provide information on spin-isospin distributions

N1 aa S =P ‘ P
(N(PHIAGIN(p)) = a(p') |:y/16,1(f) + %GM)} J/s%u([’) AZ =qyv.rsTq

Including the dynamic gluon, the u quark’s contribution is suppressed and closer
to the experimental data results.

AX, ~0.7 AX, =086 AI;~0.16 AG =~ 0.13 < 0.2 (COMPASS)

q
1.5 - Latticel — axial FF for u-d 0.12 ial FF for gl
A E — axial or gluon
Latticell . _ axjal FF for u quark 9
« Exp. data 0.10

1.0 — axial FF for d quark

«’g «g 0.08
& 05 & 0.06
0.04
0.0
\ — | o.02
-0.5 0.00
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
@ log
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Unpolarized GPDs without dynamical gluon 8 /}
>
H(x,0,0) E4(x,0.0 C@’—S

Unpolarized GPDs with dynamical gluon

HY(x,0,0) E4x 0.0

2
—t[GeV?]
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Helicity GPDs without dynamical gluon

(1
~ <mp>
H (x0.0 A x00 A

2

2
—t[GeV?]

Helicity GPDs with dynamical gluon

e y
H (x00 H(x00

2
—t[GeV?]
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® OAM densities:
LPV(by) = J(by) — S(b)
LPG(bL) = ¢ = S(by)
L™ME(b ) = piMT — S(b1)

Nucleon Conclusions

0000000000000 00000C0000000000000e0000000
0000000000

7\

<P
[Polyakov — Goeke(PG)] N
[Infinite Momentum Frame(IMF)]

where J, pEG and pBMF are TAM densities.

1 1 d - 1 d
PG = —Jby) — cbi——Jby) 5 pPMFb) =Fob ——J(by)
3 db | 2

3

db,

A

IR

o - PG technique
IMF technique
Naive technique
—— Directly from LFWFs

impact parameter (b.)

0.00}
0,

05 0 15 20
impact parameter (b.)

Lekha Adhikari and Matthias Burkardt, et al. Phys. Rev. D 94 (2016) 11, 114021

® OAM distributions from different techniques do not agree with each other.

76 / 60



Introduction BLFQ Mesons Nucleon Conclusions

000 000 0000000 000000000000 OOO000A00000000000000e000000
000000000000 000 0000000000

Fourier Transformation of GPDs = IPD GPDs NG

H"(x,0,b.) [fm™?] H(x,0,b.) [fm~] A

E"(x,0,b.) [fm™]

® Qualitative nature consistent with phenomenological models 2

1\’. Liu, S. Xu, CM, X. Zhao, J. P. Vary, arXiv:2202.00985 [hep-ph].

2(31\[, D. Chakrabarti, EPJC 75, 261 (2015); PRD 88, 073006 (2013)
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Angular momentum operators i
<mp>
® Generalized angular momentum tensor ': N
THP (y) = LB (y) 4 547 (y)
LraB: OAM operator; SHB: spin operator
LHeP(y) = y* TP (y) — y T (y)

TH": Energy-Momentum Tensor (EMT) density associated with the system;
neither gauge invariant nor symmetric.

1. The Belinfante-improved tensors: conserved and gauge invariant
Tha(y) = TH (y) + 9,GM (y)
TEEP () = 7428 () + 0 (42 G2 () — PGP ()
where GMV : the superpotential

M (y) = 2 (S (y) + () + 57 ()) = M ()

® The total angular momentum:

no B _ oqifB _ Bropa, nv . .
Jga (¥) = v Tg, — v  Thes THY : symmetric
1. Loreé, L. Mantovani and B. Pasquini, Phys. Lett. B 776, 38 (2018).
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2 Kinetic tensors
® Ji proposed the kinetic EMT in the context of QCD:

T () = T () + Ty L (v)

Tﬁzyq(y),TﬁZ,g(y) are gauge invariant contributions.

® The kinetic generalized angular momentum tensor:
TEeP (y) = LD (y) + 58P (y) + TP ()

with LESE (y) =y T (v) — P Tl ()

SEP () = 5er P h(y)iasv(y)
JEE (y) = yo Tl () — P TS ()

® The gluon total AM can not be divided into orbital and spin
contributions; it is local and gauge invariant.

® Relation between Belinfante-improved tensors and kinetic tensors:
1
124 _ v A . v _ v
Tkin,q(y) = TBelyq(y) - EaASq ¥ (y) ) Tfin,g(y) = TBel,g
1 A A
LEP (y)+S84P (y) = Jgijw)—i@ (y“Sq HB(y) — yP S, ”"‘(y)) SR () = JheD, ()
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Parameterization of EMT & /?
<IMpD>
® For spin-1/2 target, the matrix elements of the general local asymmetric THY W

are parametrized as

prp Pl A
At) + Lo A
M 4M
ﬁVLO'/’Q‘A)\
4M

(P',N'|T"(0)|P,A) = a(P’',A") ( (A+ B+ D)(t)

AHAY — g’“’AZ

i C(t) + Mgh* C(t) +

(A+B— D)(t)) u(P,A)

® The matrix elements of quark spin operator ngﬁ (0) are parametrized as:

1
(P NS0 |PA) = Zer (P &) (1wasG (0 + P GH0) ) ()

G (t) : axial-vector form factor
G%(t) : induced pseudoscalar form factor

® Dy(t)=-G%(t) ; t=-A%.

® Experimentally, axial form factor is accessible through quasi-elastic neutrino
scattering and pion electroproduction processes.

l(Y('*(lnx‘ Lorcé et al., Phys. Lett. B 776 (2018) 38-47
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® The Belinfante-improved TAM:

. 2 X - - 9 T+k
<J§el>(bl) = _Lsgjk/ d AJQ_ eiLAJ_‘b < Bjel>
(2m) oAy |y
S I it aJ(t)
= A? i LA by J(t ; )
/ (27)2 e [ (t) + o
P I+k
(MZ)(by) = L s AL BB AL O(ST)
2 (27r) 8Ai o
A AL R, [tw}
2 (2m)? dt

where J(t) = % (A(t) + B(t))

Flavor contributions:

(g6 fm™)

0.04

0.03]

0.02]

0.00|

— b.(f)
-== b (e

(J%) (bo) =

< Bel> (bL) + <MZ> (bl)

Cédric Lorcé et al., Phys. Lett. B 776 (2018) 38-47




0.06F 7~
Y — b
[T ) : i R === by (P naie
® The “naive” density: defined as the BRIV
two-dimensional Fourier transform T | = b (Feon
Of J(t): é 0.02 f
(Raive) (bL) = A*J(b1) ’
by a correction term -002
dL(bL ) 00 05 DA1(.;:“' 15

<J§orr>(bL) = —A? z’(bL) + % by db |
(J#) (b1) = (SZaive (bL) + (Jorr) (bL)

Cédric Lorcé et al., Phys. Lett. B 776 (2018) 38-47

Flavor contributions:

_ 001
‘5 0.0 T
£

= -0.01 “E
= -002 s
S - <
S 003 ) 3
= -0.04 Unane) || S

oo =b.(Ueor)a)
0 05 1.0 15

b, [fm]




® Monopole and quadrupole
contributions to
Belinfante-improved TAM:

A dJ(by)
Jz(mono) b _ J(b _p, =7
< Bel )( J_) 3 ( J_) 1 de_
e AF [ 1, dJ(b)
gElavadly gy = 2 Jb, )+ by
(Bel >(L) 3 (i)+2l db

Flavor contributions:

\ — b (Sge
=== b, (aedmono
== b, (Siedquad

0.03)

(@6 m)

-0.01

00 0.5 1.0
b, (fm)

Cédric Lorcé et al., Phys. Lett. B 776 (2018) 38-47

b.(Use)u™)(b.) [fm™]

bulUse)a™)(b.) [fm™]

o
3
3
®

0.002]

o
3
8
S

-0.002

-0.004

=D (Upeha”)
=b.(Upe)a ™) |

ber”)
£ (mono)

=D (Jper* )

=b(Upa)d™ @) || E 0.15]
3 oo
< 0.05
2
= 000
<
-0.05|
1.0 15 0.0 0.5 1.0 15
b, [fm]

b. [fm]
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