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Introduction

Basis light-front quantization (BLFQ)

Application of BLFQ to light mesons
PRL 122, 172001 (2019) and arXiv: 2106.04954

Application of BLFQ to nucleon
PRD 102, 016008 (2020) and (work in progress)

Conclusions
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Hadron tomography

Wigner Distributions C@—:’?

BZJ.“- 170

Parton Distribution Functions Form Factors

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

momentum; r; — transverse distance from the center.
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Basis Light-Front Quantization (BLFQ) v
| N >
A computational framework for solving relativistic many-body bound state (<)
problems in quantum field theories !

® direct access to light-front
P~ PT|U) = M?|T) wavefunction of bound states

® P~ : light-front Hamiltonian

e PT : longitudinal momentum

® |T) mass eigenstate

® M2 : mass squared eigenvalue
for eigenstate |¥)

® First-principles / effective
Hamiltonian as input

® Evaluate observables

O ~ (U|0|w)

'Vay et. al. PRC 81 (2010).
4/26



Introduction BLFQ light nucleon Conclusions
[e] [e] 900000000 000000000000 [e]

Application: light meson PDF's

A
0.6 T 12 <mMp>
L LFHQCD — Valence L V\\
0.5 \ BLFQ-NJL — Valence
Lo \\ Sea
0.4 B — Gluon . 0.8
< L E615 data > L
x === GRS,NLO
= o3 ¥ E615 Mod-data ‘3 0.6 ---- BsE
o 12 =16 Gev? %> | — BLFQNIL
0.2] 0.4~ CERN NA3
r H? =20 GeV?
0.1 0.2
T R ic, L | | | |
% o0z o4 06 08 1 02 0.4 06 08 1
X X

Light front effective Hamiltonian, Heg: (,u,g7T = 0.240 £ 0.024 GeV?)

EQ +m?2 EQ +m2 K4
H. = -+ a ER Ikl — )i 0, (2(1 — 2)0. ) +HYEL,
eff - 1_x ( ) 1 (Tﬂq +mq)2 z( ( ) I) NJL
LF Kinetic energy Transverse Longitudinal

Diagonalizing Heg = LF wavefunction = Initial PDFs = Scale evolution !.

'Lan, CM, Jia, Zhao, Vary: PRL 122 (2019)
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Moments of Pion PDF
Moments of the valence quark PDF

1
@) = [ o2 f ), n=12,3,1
0

Conclusions
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0.3 0.8 -
3 Global fit [JAM 2018] : e === Global fit [JAM 2018]
Pheno. Models: ® v & [ -
K ! BLFQ-NJL — n=1
'1‘%@ Latice: o % ¢ 4 O 0.6 — n :g
. n=
0.2 % BLFQ-NJL 2 (GeV?) A L n=4
— <
L % 4 x
— 5.76 N
e — 27 v
0.5 L] %g * % - 49
L -—
e -
0 L L L L L
<x> <x2> <x3> <x4>

Consistent with global fit, lattice, and phenomenological models.

'Lan, CM, Jia, Zhao, Vary: PRL 122 (2019)

<P

J

6/26



Introduction BLFQ light

[e]

[e] 00@000000

nucleon Conclusions
000000000000 [e]

Distribution Amplitude and Transition Form Factor

7—~*~y TFF:!

Fﬂ"Y(Q )= £fW/ (z)ﬂgng)

DA evolution: ERBL evol.
(Gegenbauer basis)

‘ Ruiz, et. al. PRD 66, (2002) ‘

® Our DA is close to Asymptotic DA

® QOur prediction agrees well with data
reported by Belle Collaboration.

® [t deviates from the rapid growth of
the large Q? data reported by BaBar
Collaboration.

Decay constant fr:

BLFQ: 142.9 MeV
Experimental data: 130.2 + 1.7 MeV

LCM ot. al., in preparation

IMp>

T 10
)
s
0.5
- Asymptotic
----- Initial DA, E791 data
Evolved DA
0.0
0.0 0.2 0.4 0.6 0.8 1.0
X
0.30) With QCD evolution
]
&
°
=
< 0.10 o Belle 12'
. BaBar 09'
0.05 LO-HSA o CLEO98'
77777 NLO-HSA CELLO9I'
0.00) °
0 10 20 30 10

Q[GeV?]
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Interaction Part of Hamiltonian

1
Im) = alqq) + blqqg)+ -

Hing lqq) lqqg)

@ |

(aqg| & 0

= ki-;—rn?, ;{+nl% 4 . 52
P~ = — ;Ir—l_x + k*x(1 — x)7f
K
— . 0,(x(1 ~ X)0,) + Hiny

(mq+mg)

1J. Lan, K.

Fu, CM, X. Zhao and j. P. Vary, arXiv:2106.04954 [hep-ph]
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L P QIMPQ
L 1450
151 ado = 8, a:o 3k
b e o, === (1260) Tl —a—
N e Ay A R
>10 98 = 23
O, L o  —omm » — PDG 18'
s B . 7;;5 === This work
05— e e LFHQCD
N Gutsche
-8 = BSE
0
O-+ O++ 1—- 1+- 1++ 1-+ 2++ J PC

® Mass spectra for unflavored light mesons

® We are able to fit the hybrid state m1(1400), which may be viewed as
qq meson with a vibrating gluon flux tube.

1J. Lan, K. Fu, OM, X. Zhao and j. P. Vary, arXiv:2106.04954 [hep-ph]
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Pion Electromagnetic Form Factor

IMP.
1 0.6 N
—— This work L
+ Amendolia 86" [
0.8, o Bebek 74’ ‘\,‘_0'5'
A Bebek 76' >
06 v Bebek 78’ go4r
& = Volmer 01’ =1
g [ Horn 06' b0.3*
Lok O Tadevosyan 07' <
| 0O Huber 08" :'- 0.2
o
0.2 0.
O L Il " Il " Il ) " l " N N X
b 1 2 3 4 5 1 2 3 4 s
Q% [GeVY] Q% [GeV?]

® QOur choice of Nmax = 14 (BLFQ basis), implies the UV regulator
AUV ~ 1 GeV.

® The agreement with precise low Q> EMFF data is consistent with our
expectation that our predictions are most reliable in the low Q? regime.

1J. Lan, K. Fu, OM, X. Zhao and j. P. Vary, arXiv:2106.04954 [hep-ph]
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Valence quark and gluon PDFs in Pion

o1
06 _ <ap>
L This work (black)  BLFQ-NJL (red) L/\)
0.5— — Valence
L& \%ZY e Sea
0.4 — Gluon
< L E-0615 data
& 03l v E-0615 Mod-data
bt 12 = 16 GeV?

08 —  This work
[ --- JAM1E
= 061~ —-  xFitter 20"
13 B 2 = 2
M2 =4 GeV:
2 04
0.2
% 0z 04 06 08 1

® Our model includes a dynamical gluon at the initial scale and results in
a larger gluon PDF at large-z (> 0.2).

1J. Lan, K. Fu, OM, X. Zhao and j. P. Vary, arXiv:2106.04954 [hep-ph]
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Pion-nucleus induced .J/v production

S
do Py sz 2M.: W
CC
dxF J / S /22 L AMZ/S
/1/1 e “s x5 +4MZ /S
A 2 2 2, ent 2\ (N 2
XU’L](S)mcqua/”‘R)fi (wlvl"‘F)fj (EQHU‘F)
X?/ndf=0.38 CERN-WA-011 X2Indf=! 500 FNAL-E-0672,0706|
T 1 F=0039 VS=189Gev [f F=0.0: VS =311 Gev
] t T+Be
E]
E 107
5
e
x 102
kS
S
]
—_ X2/ndf=0.51 CERN-NA-003 X#ndi=2.47 FNAL-E-0705
S 1 F-00x4 (s=194Gev |- F=0037 1S =23.7 GeV
I I T+Li
g
g
f=3
£
.
3
5
°
® Color evaporation model framework at NLO — Our pion PDFs —
obtain good agreement with available data.
13 /26

]J. Lan, K. Fu, CM, X. Zhao and j. P. Vary, arXiv:2106.04954 [hep-ph]



Introduction BLFQ light nucleon Conclusions

[e] [e] 000000000 ®00000000000 [e]
Nucleon within BLFQ
® The LF eigenvalue equation: Heg|¥) = M?|¥) \aip-

2 2
+m 1 N i Oz, (a0,
Heff = § pJ_a £ + = E KZ4 |:1'a$b(7'La = TLb)Q B o i U DY/ ( 2 zb)

" B 2a;ﬁb (ma + myp)?

CF47rozé .
5 Z ——5— gy, (k)" us, (ka) gy ()Y s, (ko) guw
a;tb ub

® For the first Fock sector:

[999) = Ing1, Mgy kgrs Agr) ® [Mans Mgy, Kans Agy) @ [Ngg, Mazs Kag, Ags)

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

® The valence wavefunction in momentum space *

3
Vil o = o [9(00) [T énimi @1)

g gt =1
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Proton Form Factors

Y#(q) ) 1

N

ﬂ—é :

W I BLFQ
D 0.8 ®  Arrington 07
p p *  Milbrath 98
N’O‘ 0.6 v Pospischil 01
+ < = Jones 00
<P’. T ‘ J (O) |P T> =R (q2) OGUJ 0.4 4 Gayou 01
) 2P+ ) <4 Gayou 02
0.2
JT(0) 1o Fa(d?)
P Ply=—(¢" —i 3 it A
(Pitl5pe 1Pl = —(¢ —ia") - K —
l Drell & Yan (PRL, 70); West (PRL, 70) l 5 ®  Arrington 07
T s
Nax = 10, K = 16 %
Basis truncation : 05
D @ni+Imil+1) < Nmax; K=Y ki o ——
7 7

LCM, Siqi Xu et. al., Phys. Rev. D 102, 016008 (2020)
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Ratio of Form Factors

25l BLFQ
* Rp 1994 - Arrington 07 - Warren 03 1.0
AZ.O - Zhu 01 - Passchier 99 e BLFQ
‘b 15 0.8} ° Passchier 99 * Herberg 99 - Rohe 05
: ’ © Zhu 01 * Glazier 04 - Bermuth 03
x 1.0 }N‘ﬁ;{ g 0.6} - warren03 - Plaster05 - Geis 08
0.5 £ 0.4 ;
0.0 0.2
0 2 4 6 8 10
Qz(GeVZ) 0.0
0.0 0.5 1.0 1.5 2.0
® Only valence quarks contributions Q*(GeV?)
® Missing meson-cloud effects p/n
® |gqqqq) has a significant effect on Pauli Ry = Mp/n%
M

FF: 30% in proton; 40% in neutron

‘ Sufian et. al. PRD 95 (2017) ‘

1Siqi Xu, CM et. al., in preparation
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Nucleon Axial Form Factor

(1
<imp>
W - p" o
_ p —Dp
(N()|A¥IN(P")) = ap') |V Ga(t) + o~ Cr(t)| su(p)
2
® Axial vector current: -E'—Fod '
_ = xp. data
AM = qy"vsq 1.5 4 Reduced data
® Axial form factor can be y ° l[‘)?st'js it

measured by ordinary muon
capture (OMC)

G, (@)

w0 +p(r) = vu(l') +n(r')

® Provide information on 15 2

spin-isospin distributions

1
Q?[GeV?

Ga(Q%) = Gu(Q%) — Ga(Q?)

LCM, Siqi Xu et. al., Phys. Rev. D 102, 016008 (2020)
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TMDs of spin-1/2 target

® The kt-dependent fermion-fermion correlator: .””"

[r] i de” d%2t N7
oL (z, k) = 223 e # (P, S|¥(0)U(0, z)I'W(2)|P,S)| ,+—o
™

® At the leading-twist,

4 s

M 1T 5

A Si . k:J‘ ) g
ol" '5](17kL) = SB!]TL + TQET 5 (I,[W*A,S](z,kL) =

ol

(z, k) = f£

® Spin 4-vector of the physical state:

Pt M.
3 3 1
S = (S =S P >
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Quark TMDs in the Proton
S

PN

N = 10, K = 16
@ Gev?

U quark D quark

0.4
Al E e U ouark Dk
o @) = O D) o
o~ 0.3 S . LN e —— “."\ K=t B -8
| N
% 0.2 %
¢ ¢
0.1
0.0
0.00 0.25 0.50 0.75 1.00 0.30
2 (longitudinal fraction) (p*)?* (GeV?)

f1, g1z and hy TMDs for proton with Npax = 10 and K = 16 1

® Qualitative nature consistent with CQM ?/ quark-diquark models

1 Zhi Hu, et. al, In preparation .
2B. Pasquini, S. Cazzaniga, and S. Boffi, PRD 78, 034025 (2008).
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Quark TMDs in the Proton

Conclusions
[e]

gy es
&

U quark D quark
girlz (p)) B -8
Ry () e o
e M

(Gev~?)

0.00 0.25 0.50 0.75 1.00 0.00 0.10 0.20
 (longitudinal fraction) (p*)? (GeV?)

g17, hlLL and hlLT TMDs for proton with Npax = 10 and K = 16 1

® Qualitative nature consistent with CQM 2/ quark-diquark models

1 Zhi Hu, et. al, In preparation .
2B. Pasquini, S. Cazzaniga, and S. Boffi, PRD 78, 034025 (2008).
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Parton Distribution Functions  cu, siqi xu et. ai, PRD 102, 016008 (2020)

i
<impY>

J

0.6.| I BLFQ w

MMTH14
I NNPDF3
CTEQ15

® Unpolarized PDFs fi(x) :
longitudinal momentum
distribution of unpolarized quark
in unpolarized proton.

0.4

X f1 (x)

u2=10 GeV?
0.2

® Helicity PDFs g1 (z) :
longitudinal momentum
distribution of the polarized
quark

® Results correspond to leading
10 10 10 10 Fock sector only, missing higher

Fock sectors.
fl(m7 kL) — fl(‘r)v
giL(z, k) = gi(z)

1N!\l’])F. EPJC 77, 663 (2017); HMMT, EPJC 75, 204 (2015); CTEQ, PRD 93, 033006 (2016).
2COMPASS Collaboration, Phys. Lett. B 693, 227 (2010).
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Transversity DiStI‘iblltiOIl CM, Siqi Xu et. al., PRD 102, 016008 (2020)
<mp>
06 VA
B BLFQ
Radici et. al. 18 up .
0.4 Anselmino et. al. 13 ® Transversity PDFs
¥ || M Anselmino et al. 09 describe correlation between the
% 021 2-24Gev? transverse polarization of the
nucleon and the transverse
0 polarization of the parton.
0.1
0.05 down ® Satisfy Soffer Bound:
0 1
005 [ (2)] < S1f1(2) + g1(2)]
-0.1 o
® Results correspond to leading
‘0‘11504 e o e Fock sector only, missing higher
X Fock sectors.
hi(z, k) — hi(z)
ll\]. Radici and A. Bacchetta, Phys. Rev. Lett. 120, 192001 (2018).
2I\I. Anselmino, et. al., Phys. Rev. D 87, 094019 (2013)
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Quark GPDs in the Proton

4 2.0
HY(x,0,t) ?é 3 H%(x,0,t) 11% 3
0.5
) 0.0 2
-t(GeV?) 02 Py -t(GeV?)
0'4, 0.6 "x 06
08 Yo 08 0
3 3
EY(x,0,t) 2 3 -E9(x,0,) 21 3
0 0 2
2 2
02 -t(GeV?) 02 -t(GeV?)
0.4 0.4
0.6
x 08 o

0.8
Unpolarized quark GPDs in the proton with Nmax = 10 and K = 16 1

CM, D. Chakrabarti, EPJC

® Qualitative nature consistent with phenomenological models *
1Siqi Xu, CM et. al, in preparation
2

75, 261 (2015);

5);

PRD 88, 073006 (2013)
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The z dependent squared radius
i

<mMp>

[ B0 H (b)) W
f dQEJ_Hq(m, bJ_)

(v1)*(x)

0.8
— BLFQ
0.6 ¢ JLab/CLAS
= HERMES

»

(b?)(x) (fm?)
o

°
(V)

©
=)

0.05 0.10 050 1
X

® We obtain for proton, (b3 ) = 0.36 £ 0.04 fm?, while experimental data
2 (03) ., = 0.4340.01 fm?. ((B2) = ey (B3)" + ea (b2)9)

lsmi Xu, CM et. al, in preparation
?R. Dupre, M. Guidal and M. Vanderhaeghen, PRD 95, 011501 (2017).
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Other Observables

Proton radii, axial and tensor charges, first moments of transversity CIMP;

Quantity BLFQ Extracted data Lattice
rg fm 0.80279°932 0.8334+0.010 [98]  0.742(13) [27]
ra fm o 0.83470920  0.85140.026 [99]  0.710(26) [27]
ra fm  0.68075:979 0.667 +0.12 [100] 0.512(34) [101]
ga 1.4179°95  1.2723 4 0.0023 [99] 1.237(74) [101]

e _0'2@8}83 —0.252570 [74]  —0.204(11) [102]
5 g rinte Bagt0 Tl 0.784(28) [102]
{(x)2—? 022915019 — 0.203(24) [103]

® [99]: M. Anselmino et. al. PRD 87, 094019 (2013).
® [102]: Gupta et. al., PRD D 98, 091501 (2018).

1('1\[. Sigi Xu et. al., PRD 102, 016008 (2020)
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Conclusions & Outlook

™

® We discussed structure of light mesons and nucleon from the C’&’i’?
eigenstates of light front effective Hamiltonian

® |¢q) and |qgg) for pion, |qqq) for the nucleon.
® LF Hamiltonian = Wavefunctions = Observables.

® we discussed the sensitivity of J/¥ production to our pion PDFs
especially on gluon PDF.

® BLFQ provides a good description of the experimental data/Global fits
for various observables: form factors, PDFs, GPDs, etc,.

® This is not the complete picture ... long way to go.
Outlook:
® Study meson-cloud effects and gluon content (in baryons).

® GPDs — gravitational form factors — Mechanical properties, spin
structure of proton, mass decomposition.

Enormous amount of possibilities ... ... Thank You
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