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CM, Nair, Jia, Zhao and Vary, Phys. Rev. D 104, 094034 (2021)

® Sreeraj Nair : Tuesday, Nov. 30 at 14:30, Parallel Session 1-B

® Jiangshan Lan : Thursday, Dec. 2 at 9:05, McCartor Award Session
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Basis Light-Front Quantization (BLFQ)  vary: Nov. 20 at 11:00; znao: Nov. 80 at 11:%
| 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)

!Vary, Honkanen, Li, Maris, Brodsky, Harindranath, ct. al, Phys. Rev. C 81, 035205 (2010).
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Effective Hamiltonian : BLFQ-NJL Model

1
| T)pnys = a | q@) 1 +b | qd9) + ¢ | agaq) + ... ¢
1
1
kinetic energy transverse confining potential [2]
EL2+m2 El2+mg .
Hog = — —1 + k'z(l—a)f?
4
+ Gartmnz0= (el = 2)0:) + HRL

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)

Klimt, Lutz, Vogl and Weise, Nucl. Phys. A 516, 429-468 (1990).
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Meson Light-Front Wave Functions (LEWFs)

® Valence LFWF's in orthonormal bases é]}[\/‘é

PN
Yro(@,7E) = 3 (n,m L1 slY) X dnm (FL) xu(2)

n,ym,l
® Transverse direction (2D-HO)
Brm (ﬁl) ~ (|EL|)'m' X exp (—gu) il (E“) . 0<n< Nmax
® Longitudinal direction (Jacobi polynomial basis)

xi(@) ~ 2P (1 =22 PP (20 —1);  0<1< Linax

Gum(kL)
Xdx)

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

2L). Maris, and Vary, Phys. Rev. D 96 , 016022 (2017)
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BLFQ-NJL model parameters

® Parameters are fixed to Q%}_D

PN
® reproduce ground state masses

® experimental charge radii of 71 and the K+ !
® Successfully applied to

® compute the PDAs and the EMFFs !

® PDFs for the pion and the kaon and pion-nucleus induced Drell-Yan
cross sections 23

® GPDs *

® Summary of the 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

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

2Lan, CM, Jia, Zhao, Vary, Phys. Rev. Lett. 122 172001 (2019)
3Lan, CM, Jia, Zhao, Vary, Phys. Rev. D 101, 034024 (2020)

4

Adhikari, CM, Nair, Xu, Jia, Zhao and Vary, [arXiv:2106.04954] accepted by Phys. Rev. D
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Applications: Light Meson PDF's

A
0.6 1.2 <IMPY
Eos LFHQCD — Valence t V\\
0.5+ \ BLFQ-NJL — Valence = :
Lo \\ oo Sea
0.4 B —_ Gluon .
= L E615 data >
X -==- GRS,NLO
ET 0.3 ¥ E615 Mod-data ‘E 0.6 ---- Bee
< 12 =16 GeV? 2> | — BLFQNIL
0.2] 0.4 CERN NA3
r 42 =20 Gev?
0.1 0.2~
il —_— L I I L I
% "0z o4 0608 1 02 0.4 0.6 038 1
X X

Light-front effective Hamiltonian, Heg: (y%7T = 0.240 £ 0.024 GeV?)

Diagonalizing Heg = LF wavefunction = Initial PDFs = Scale evolution !.
Prs(z, BH) = E (n,m, L, s|Y) X dnm (R’L) xi(x)
n,m,l

® 2D-HO ¢nm (R1) in the transverse plane.

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

lL;nn. CM, Jia, Zhao, Vary, Phys. Rev. Lett. 122 172001 (2019)
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Moments of Pion PDF

Moments of the valence quark PDF QLT)”—S?

1
(z") :/ da " f7 (2, p%), n=1,2,3,4.
0

0.3, 0.8,
3 Global fit [JAM 2018] : === Global fit [JAM 2018]

L 4} fh:‘no. Models: m v a BLFO-NJL —

L4 atice: o % ¢ 4 O _

FNFARNT

4

- 5.76

0.2—#} % % BLFQ-NJL /2 (GeV?)
e

<2x">

27
0.1 'ﬂ'%*% 49
L -—
L
0 L L L L L
<> <x2> <x3> <x4>

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

lL;nn. CM, Jia, Zhao, Vary, Phys. Rev. D 101, 034024 (2020)
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GPDs — Transverse Densities S. Nair :

® Moments of GPDs:

DA & TFF
00000

1
/o do ™ " H™ (2,02 ) = AT b2,

1 —1 2 2
/o dz 2™ T EfL(2,b9) = B, 0(b7) -

® Define density

1
2
P(by s ) = ;[ AT () —

st eid pd
L L T/ 2
E— BTnD(bJ_)] )
ks

® Reasonable agreement with Lattice QCD

— BLFQ - NJL
5Fa== Lattice QCD),

b =0.15 fm

— BLFQ - NJL
9Fs== Lattice QCD

S

7

9(16 =03

0.
1fm]

0.3 0.6

.3 0. 03 06
1[fm)

1Brijln]ncl< et. al.,

2Nam and Kim, Phys. Lett. B 700, 305-312 (2011).

3 Adhikari, CM, Nair, Xu, Jia, Zhao and Vary, [arXiv:2106.0495

Double virtual TFF

0000
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Conclusions

[e]

30 at 14:30, Parallel Session 1-B

[fm]

[fm]

PB4 [fm 2

=03 0.
v fin)

e lim™?)

-03 0.

B[]

[QCDSF and UKQCD], Phys. Rev. Lett. 101, 122001 (2008)

03

4] accepted by Phys. Rev. D
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DAs of pseudoscalar states

A2k (P —$up)

T, Ho) ~ N /2(27r NG

® DA evolution: ERBL equations
(Gegenbauer basis)

o(

. Asymptotic

‘ Ruiz, et. al. PRD 66, (2002) ‘

0.0 0.2

Oscillations — Basis artifacts

0.4 0.6
X

0.8 1.0

® With increasing Lmax the DA tends
toward a smooth function

Evolved DA (10 GeV?) : Asymptotic
DA

Decay constant fr:

BLFQ (Basis [8,32]): 145.3 MeV

-~ Asymptotic
Initiall DA, E791 data
—— Evolved DA

0.0 0.2

Experimental data: 130.2 4+ 1.7 MeV

0.4 0.6
X

0.8 1.0

® Consistent with the FNAL-E-791

"Mondal, Nair, Jia, Zhao and Vary, Phys. Rev. D 104, 094034 (2021)
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Moments of Pion DA

= [ “dr 2 o),

z=(2x—1) whenp>1and z=z for p=—1.

Conclusions
o]
Vi
<imMpY

PN

#(GeV) (22) (23) (z6) )
BLFQ-NIJL (this work) 1,2 0.221, 0.217 0.099, 0.097 0.057, 0.055 3.21,3.17
Playkurtic [90] 2 0.2207399 0.098 300 . 3135040
NLC sum rules [93] 2 0.24870016 0.108:003 3.160)
LF quark model [44] ~1 0.24(22) 0.11(9) 0.07(5)
Sum rules [91] 1 0.24 0.11
AdS/QCD [55] ~1 0.25 0.125 0.078 3.98
LF holographic (B = 0) [46] 1,2 0.180, 0.185 0.067, 0.071 2.81,2.85
LF holographic (B > 1) [46] 1,2 0.200, 0.200 0.085, 0.085 2.93,295
Renormalon model [98] 1 0.28 0.13 e cee
Instanton vacuum (MIA 1) [92] 1,2 0.237, 0.218 0.112, 0.094 0.066, 0.052
Instanton vacuum (MIA 2) [92] 1,2 0.239, 0.220 0.113, 0.096 0.067, 0.053 .
Sum rules [2] 2 0.343 0.181 4.25
Dyson-Schwinger [RL, DB] [99] 2 0.280, 0.251 0.151, 0.128 55,46
QCD background field theory sum rule [47] 1 0.271(13) 0.138(10) 0.087(6) 3.95
QCD background field theory sum rule [47] 2 0.254(10) 0.125(7) 0.077(6) 3.33
Lattice QCD [100] 2 0.28(1)(2) .
Lattice QCD [94] 2 0.2361(41)(39)
Lattice QCD [101] 2 0.27(4)
Lattice QCD [95] 2 0.2077(43)
Lattice QCD [96] 2 0.234(6)(6)
Lattice QCD [97] 2 0.244(30) e
Asymptotic QCD © 0.200 0.086 0.048 3.00

lMondal, Nair, Jia, Zhao and Vary, Phys. Rev. D 104, 094034 (2021)
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Radiative Decay Width
>
A
e Alder-Bell-Jackiw (ABJ) anomaly'? relations WY
u
1 0
FABJ (0) _ i e
7” 2\/§7T2f,,o >
VWY
® The radiative decay width
™ 2 3 2
Prsyy = ZaEMMr|F7W(O)|
[Nmaxs Linax] = [8, 8] [8, 16] [8, 32] Experimental data [102]
fr MeV) 142.8 144.8 145.3 130.2
I, (keV) 7.22x 1073 7.03 x 1073 6.98 x 1073 (7.82 4 0.22) x1073

® Demonstrate a good convergence trend.

! Adler, Phys. Rev. 177, 2426 (1969)
zBell and Jackiw, Nuovo Cimento A 60, 47 (1969)
Mondal, Nair, Jia, Zhao and Vary, Phys. Rev. D 104, 094034 (2021)
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m—~*~ Transition Form Factor

(1
V(P — @ T*P(P)) = ~ic® Fpy (Q*)eH”** Pyc s, >

J

,Y"(q) 0.30] With QCD evolution
P
P 2
<
k y(P) &
< 0.10 o Belle 12'
0.05 = Lypax=8 (LO-HSA) BaBar 09"
® Evaluated from convolution of a hard o
scattering amplitude (HSA) with DA. 0.00E m 20 30 20
Q% [GeV’]
® Results for {Nmax, Lmax} = {8, 8},
{8, 16}, and {8, 32} (upper panel) 0.30) With QCD evolution
® Good convergence trend. z
S
e Consistent with Brodsky-Lepage limit *: < s
2 2 _ &
Q°Fr~y(Q* — 00) = const. S ol ——
BaBar 09"
® ERBL evolution effects & s order 0.05 — loomsa o CLEO 98’
correction considered (lower panel). ool T NoH o,
0 10 20 30 40
Q% [GeV?]

lLepage and Brodsky, Phys. Rev. D 22, 2157 (1980)
Mondal, Nair, Jia, Zhao and Vary, Phys. Rev. D 104, 094034 (2021) 13 /19
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m—~*~ Transition Form Factor

V2

1
QP (@) = Lfr [ dTi(2.0%) 02,50,

Conclusions

[e]

<P

J

® The hard scattering amplitude (HSA)'?
1 0.30 ‘With QCD evolution
T (z,Q%) = ——— + O(as) + ...
1—x =
%
<)
® Assumption ¢(z, (1 — z)Q) ~ ¢(z, Q): &
2 o
reasonable at Q< — oco”. & 0.10 o - Belle 12
77777 NLO-HSA + ¢(x,Q) » BaBar 09'
® NOT well justified below the asymptotic 005 ——LO-HSA+¢(x,(1-0Q) o CLEO98'
region. oookl NLO-HSA + 6(x,(1-X)Q) CELLO 91'
0 10 20 40
® Need to take into account the ERBL Q*1Gev?)

evolution effects.

!Braaten, Phys. Rev. D 28, 524 (1983)
?Brodsky, Cao, and de Teramond, Phys. Rev. D 84, 033001 (2011)
9 Mondal, Nair, Jia, Zhao and Vary, Phys. Rev. D 104, 094034 (2021)
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m—*~y* Transition Form Factor

V2 1 ok 0 ~ {I}}/Pé
Fo(@0.Q3) = 1x [ 40T (0.08.08) 000 @) <G
1 (QP+QH Fy Q% Q%) [GeV]
* ok 0
Ty = S+ O0(as) + ..

B (1- I)Q% +zQ35

® Frye(QF,Q3) ~ 1/(QF + Q3) when
(@Q1,Q3) — oo.

e Consistent with PQCD prediction®.

° i . P P Y
Vector meson dominance (VMD) model: QU+ QA Fy MOQ Q) [GeV]

FYMP(Q1,Q3) ~ 1/(Q1Q3).

® 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?)

1Lepage and Brodsky, Phys. Rev. D 22, 2157 (1980)
?Mondal, Nair, Jia, Zhao and Vary, Phys. Rev. D 104, 094034 (2021) 15 /19
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m—*~y* Transition Form Factor

o1
<mMp>
PN
2 2 V2 ! AR AR 2 2 A
F‘rr"/* (Q17Q2) = ?fﬂ meH (mv Ql:QQ) ¢(I7Q)
0
FL0 FRLO PQCD PQCD

(03.0%) (this work) (this work) LO NLO LFQM [54] VMD [54]

(6.48, 6.48) 10.39-10.56 9.59-9.75 9.52 8.78 9.08 1.957 £0.022

(16.85, 16.85) 3.99-4.06 3.73-3.79 3.66 2.69 3.58 0.322 +0.004

(14.83, 4.27) 7.55-1.72 7.00-7.14 6.91 6.39 6.76 1.301 £0.014

(38.11, 14.95) 2.65-2.69 2.48-2.52 242 2.27 2.40 0.163 £ 0.002

(45.63, 45.63) 1.47-1.50 1.39-1.41 1.35 1.33 1.33 0.046 + 0.001

! Choi, Ryu and Ji, Phys. Rev. D 99, 076012 (2019)
"Mondal, Nair, Jia, Zhao and Vary, Phys. Rev. D 104, 094034 (2021)
16 /19



BLFQ-NJL Model & Applications DA & TFF Double virtual TFF Conclusions
000000 00000 [e]e] e} o]
Effective Hamiltonian with One Dynamical Gluon v
1
_ o o ™
| m)ohys = a | qq) +b]qq9) ' + ¢ qqqq) + ... ¢

kinetic energy transverse confining potential [2]

EL2+m2 Ei2+m2_ .
H.g = =l ﬁ4ac(l —m)rlz

+ L a (x(l — x) ) + Hvertex ¢ Hinst

(mgq +m

longitudinal confining potential (3] QCD interactions [4]

Lan, Fu, CM, Zhao and Vary, arXiv:2106.04954 [hep-ph]
“Brodsky, Teramond, Dosch and Erlich, Phys. Rep. 584, 1 (2015).
Li, Maris, Zhao and Vary, Phys. Lett. B (2016).

Brodsky, Pauli, and Pinsky, Phys. Rep. 301, 299 (1998).

Bow N e
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DA & Transition Form Factors

1
| Tphys = a | 4@) +b | qdg) '+c|qqqq) + -

1
{Nmax, Lmax} = {147 15}

(01*+Q2))F y ,0(0?) [GeV]

Decay constant fr:

BLFQ : 138 MeV

Experimental data: 130.2 + 1.7 MeV

Double virtual TFF

Conclusions

[elele] } o
7
< ”\lﬁ
— Ads/QCD « FNAL-E-791
—pQCD
1.5]
2 1.0|
<
0.5]
gl - BLFQ (alqq) + blqge))
00 02 04 0.6 08 1.0
x
0.30) BLFQ (alg7) + blgge))
>
>
S
Sl
S /
‘f o Belle 12
oost - BaBar 09'
’ ~L0 o CLEO98'
000k = NLO = CELLO9I'
10 20 30 40
©Q*(GeV?]

!Work in progress; Jiangshan Lan: Thursday, Dec. 2 at 9:05, McCartor Award Session
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Conclusions

® Pion structure from the eigenstates of light-front effective Hamiltonians é,\ﬁ,‘/,,é
A

lg@) (BLFQ-NJL model) and |qg) + |¢Gg) (with QCD interactions).
® LF Hamiltonian = Wavefunctions = Observables.

o 7—~"y TFF : Consistent with Belle data; deviates from BaBaR data.
Fry=(Q1,Q3) ~ 1/(QF + Q3) when (Q7, Q3) — large.

(Q*+QAF Q1% Q) [GeV]

0.30} With QCD evolution {
0.25
By
3 020
Py 10
2 015
2
& 0.0 o Belle 12' %
 Baar 08' 5 Q2 [GeV?]
005 —_LO-HSA o CLEO 98"
oo NLO-HSA CELLO9I' 5
0.00 2 (GeV?
0 10 20 30 40 Q" [GeV7]
2 2 0
Q*1GeV?) 10
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