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* Basis Light-front Quantization approach

* Application to Light Mesons
» A review of BLFQ-NJL

» Light mesons with one dynamical gluon
(LFWF, EMFF, PDA, PDF, GPD & TMD)

» The pion gqgg BLFQ .vs. BSE
* Application to Strangeonia and Strange mesons

e Conclusion & Outlook



Basis Light-front Quantization

Nonperturbative eigenvalue problem [Vary et al, 2008]
P~|B) = P5 |B)
* P7: light-front Hamiltonian
* |[B): mass eigenstate
* Py eigenvalue for |B)

Evaluate observables for eigenstate

0 = (p|0]p)

Fock sector expansion

S |meson) = alqg) + blqdg) + clqdqd) + dlqGgg) + -

Baryon) = alqqq) + blqqqg) + clqqqdq) + dlaaqgg)+ -
«a@ Siqi Xu, Wednesday at 9:30

Discretized basis
* Transverse: 2D harmonic oscillator basis: @5 . (5,).
* Longitudinal: plane-wave basis, labeled by k.
* Basis truncation:
Zi(zni + |ml| + 1) = Nmaxa

Liki =K.

Np,ax, K are basis truncation parameters.
Large N4, and K : High UV cutoff & low IR cutoff



Take a review J PDFs for Light Mesons [meson) = ) -
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The Moments of Pion Valence Quark PDF

1
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Drell-Yan Cross Section

—_ _|_ —_
[S. D. Drell and T--M. Yan, PRL (1970)] m~ Nucleus — p™ X\
[ T. Becher et al, JKEP07(2008)030]; [P. C. Barry et al, PRL121(2018)152001]
[C. Anastasiou et al, PRL91(2003)182002] [nCTEQ 2015]
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Lan etal, PRL 10 One step forward
|meson) = |qc_[):-|—

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

Lo |meson) = alqg) + blqgg)}+ -

H;pe ‘Qﬁ) \qqg)
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Light-front QCD Hamiltonian

_ [Brodsky et al, 1998]
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Light Meson Mass Spectrum

DC
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The Wave Function in Leading Fock Sector

2 _ N
, - 3 7} = alqq) + blqqg) i+ -
qj{xi;l\;é_illi} - Z ]’bN({al}) 1_[ ¢nimi (pJ_ii b) [
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ao

minant in |qq)

» 1.0

Wi a(x,pL)[GeV™']

» At endpoint x, Y ~ p, : lightly narrow
» Atmiddle x, Y ~ p, : a little bit wide ’



Pion Electromagnetic Form Factor
[Brodsky & de Teramond, PRD 77(2008)056007]

(P WEmOI¥P()) = (p+p)* FQ?)

_ _
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1 0.6
—— This work A
'- + Amendolia 86' 0.5 T
0.8 e Bebek 74' = i S ——
A Bebek 76' P>~ ~
v Bebek 78 3 0.4 EI] A
~0.6 , O |
N m Volmer 01 = 7
g__ Horn 06' ‘\60-3‘ 1 %
2 0.4+ O Tadevosyan 07' -
O Huber 08’ Q"‘L 0.2
ol O
& 0.1
N N R l ) l . e .1, Y
o =2 3 4 5 Y1 =2 3 4 5

Q? [GeV? Q? [GeV?]
* FF is in reasonable agreement with experimental data
* F(Q?) o« 1/ Q? for large Q?

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

[Ruiz Arriola & Broniowski, PRD 66(2002)094016]

_ — 1
) = alqq) + blqqg) i+ -

- FNAL—-E-791 |

; / e BLFQ uy?
.w- BLFQ 2=10Ge V2
o0z 07 086 08
X

* Endpoint behavior almost agrees with pQCD

* Consistent with FNAL-E-791 experiment Prehmlnary .



Pion PDF at Model Scale

N,Mj=0

: . N
— X m) = alqq) + blqgg) + -
| O X | |43) + blqdg),

fi(x) = Z f [dXdPL]y ‘w
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~ Valence u
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[Lan, Fu, Mondal, Zhao, Vary, Phys. Lett. B 825 (2022) 136890]



Pion PDF with QCD Evolution

This work (black) BLFQ-NJL (red)
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[Lan, Fu, Mondal, Zhao, Vary, Phys. Lett. B 825 (2022) 136890]

_ _ A\
|m) = alqq) + blqqg) -

 Large-x behavior (1 — x)77
closer to pQCD

* The gluon distribution
significantly increases

BLFQ 0.483 0.421 0.096

BLFQ-NJL 0.489 0.398 0.113

[BSE2019°]  0483) 0.41(2) 0.11(2)
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[ /Y production cross section =i -j/y x
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[Lan, Fu, Mondal, Zhao, Vary, Phys. Lett. B 825 (2022) 136890]



The pion ggg BLFQ .vs. BSE

BLFQ BSE in Minkowski space
Phys. Lett. B 825 (2022) 136890 Phys. Rev. D 103 (2021) 014002
: Phys. Rev. D 105 (2022) L071505
m) = alqq) + blqqg)+ - Phys. Lett. B 820 (2021) 136494




The pion ggg BLFQ .vs. BSE

P~P*|¥) = M2|¥)
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[Emanuel Ydrefors, Jiangshan Lan, et al. in progress]

PqitPg1tPg1 =0, xg+x7+x5,=1

For clarity, we write the spin-flip matrix

elements:
[Brodsky et al. Phys. Rep. 301 (1998) 299-486]
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The pion ggg BLFQ .vs. BSE

The contribution from gqgqg sector to the quark and the gluon PDF:

d*pq d*p de SqSad 2
Aug(xq) = ZZZJ : =Tty T (XqPqiXg PaLs Xg Pg1)
q\™*q (776 q4q9.iqiga XqgPqLXg PgL Xg, Pg
(2m) T 4xgxg(1 —xq — xg4) qlq
dzqu_d ng_dxq SqSgA 2
Bty () = (2n)6z ZZJ Torty (1 = xg — xg) |V 100iqiqe¥a a1 X0 PaL Xg: Pg1)

iqSq lgsg A

[Phys. Rev. D 50 (1994) 6895]

Take a power-law form for simplicity: ‘T R

A , 4—m2]” [ — — |qd>, BSE |

Ypu(%q Pgr) = N [1 + 2 (xq Z‘;l)/ mq] 15 —=— |q>, BLFQ ]

2 2 8

Averr(Xq,Pg1) = pql+mq+ qux;mq DT;: 1TF .

Fitting the valence PDF of both the BLFQ and sl 5

the BSE, s = 1.4 and §/m, = 1.16 [ ‘
BLFQ: Phys. Lett. B 825 (2022) 136890 ol v v

0 0.2 0.4 0.6 0.8 1

BSE: Phys. Rev. D 103 (2021) 014002

19
[Emanuel Ydrefors, Jiangshan Lan, et al. in progress]



The pion ggg BLFQ .vs. BSE

— T ; 2 — ' . —
LS BLFQ | I —— |qg>, BSE
12 A Model I ] — — Non-valence, BSE
TR — — Model Il ] 15 |- — -+ Model Il, |gGg>  —
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O i ~ =
-} - ’\
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04| B T s O s
A . S B e
0.2 | B T . T
- - ~ ': ..Q
0 ] | I il <
0.2 0.4 0.6 0.8 1
X Table 1: Quark mass in kinfatic part of Hamiltonian, quark mass in
BLFQ: Phy s. Lett. B 825 (2022) 136890 o o e S s g L i
probability of the ggg component.
BSE: Phys. Rev. D 103 (2021) 014002 e R e Ry e W
. . I 0.390 0.390 0.600 0.508
» BLFQ ~ discrete x .vs. Model ~ continuous x o030 oo 0000 0208
» The Model II agrees with the BLFQ: a large bump at low-x is reproduced
» Model I .vs. II:  the bump is related to the large value of my
» The BSE result differs from Model III:  the BSE result contains the contributions
from qqng, wheren = 1,2, ..., o
» The second Fock sector is mostly important at small- x .

[Emanuel Ydrefors, Jiangshan Lan, et al. in progress]



The

T T |

14 Model Il, my = 0 GeV
19 _ 7\ — — Model ll, mg = 0.6 GeV
;1\ — .= Model lll, mg = 0 GeV
1B/ N\ e Model lll, m, = 0.638 GeV

The impact of the m, on

0.6 0.8

X
BLFQ: Phys. Lett. B 825 (2022) 136890
BSE: Phys. Rev. D 103 (2021) 014002

the pion PDFs:

pion ggg BLFQ .vs. BSE

12k

0.8 |
0.6 |

04}

1.4 |

!

T T T T T T T

BILFQ ]
Model I, m;=0GeV -
— — Model I, mg = 0.6 GeV
— += Model lll, my =0 GeV :
------ Model Il, mg = 0.638 GeV

Table 1: Quark mass in kinetic part of Hamiltonian, quark mass in
one-gluon-exchange interaction and gluon mass for the three adopted
parameter sets in GeV. In the rightmost column is displayed the used
probability of the ggg component.

» An increase of the m leads to a shift of the quark PDF to lower values of x

» A larger my gives a gluon PDF shifted towards larger- x

» The perturbative results agree qualitatively with the BLFQ

[Emanuel Ydrefors, Jiangshan Lan, et al. in progress]

Model my[GeV] my[GeV] mgy[GeV] 1-Pa

I 0.390 0.390 0.600 0.508

1I 0.390 5.69 0.600 0.508

111 0.255 0.255 0.638 0.300
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The pion ggg BLFQ .vs. BSE

We explicitly show an enhancement of the low-x contribution in the quark PDF is directly

associated with the large spin-flip matrix element, necessary to provide the m — p mass splitting.

[M. Burkardt, Dynamical vertex mass generation and chiral symmetry breaking on the light front, Phys.
Rev. D 58 (1998) 096015].

It was proposed to enhance the spin flip matrix element of the effective quark-gluon coupling QCD LF-
Hamiltonian by introducing a large effective quark vertex mass (mf).
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Vector meson Structure
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[S. Kaur et al, in preparation |



Pion TMD

[Boer & Mulders PRD 57 (1998) 5780]

_ _
[Pasquini et al, PRD 90 (2014) 014050] Im) = alqq) + blqqg)+ -
1 (dz d?*z, ., _
q _ - L i(z kt-z k) =(_Z\,+, (% >
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1.0

 The TMD decreases with k|

* Vanishes after k; ~ 0.6 GeV
[K. Fu, J. Lan et al, in preparation |

Preliminary
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Pion GPD

[M. Diehl, Phys. Rep. 388 (2003) 41-277]
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Quark content enhanced at small x with |qqg)
Falls slowly at larger x
Emerge at larger x range for larger —t

Preliminary

[K. Fu, J. Lan et al, in preparation |



Pion nonzero-skewness GPD
[M. Diehl, Phys. Rep. 388 (2003) 41-277]

_ —
|m) = alqq) + blqqg)+ -

* Calculations at any given &

 Emerge at larger x range for larger —t = A® Prehmlnary

[Z. Zhang, J. Lan et al, in preparation |
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Light Meson Mass Spectrum

P~ |meson) = P, ..,,|meson)
Imeson) = alqg) + blqgg)+ -

l [Lan, et al, PLB 825 (2022) 136890]

meson) = a|ss) + b|s§g):+ .- ®p |meson) = a|qs3) + b|q§g):+

i $(1680) i
1.5 “aer £,(1430 150 K(1410) g (ra00)  K72(1430
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In units of GeV except gg [Lan, et al, PLB 22| «  Agree with experimental data (K, K*(892),
mg Mg, My b K gs / ms my, K*(1410), K1(1270), K1(1400) )

0.39 569 060 0.29 0.65 1.92&).55 7.13 * The DC of kaon,156.9 MeV, agrees with
the result from the PDG 18, 155.6(4) MeV

[Jiangshan Lan, Jialin Chen et al, in preparation |



The Wave Function in Leading Fock Sector

il K) = a|q5) + b|q5g) + -
W= @D | b B ) = alas) = blasany
i=1

(xiBrih}
{nim;}
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<

Wa_n(X

» At endpoint x, Y ~ p, : lightly narrow
» Atmiddle x, Y ~ p, : a little bit wide
» The peak slightly less than x=1/2 28

[Jiangshan Lan, Jialin Chen et al, in preparation |]



Kaon Electromagnetic Form Factor

[Brodsky & de Teramond, PRD 77:056007 (2008)]

! + — "+ 2
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* FF is in reasonable agreement with experimental data

* F(Q?) «x 1/ Q? for large Q3

[Jiangshan Lan, Jialin Chen et al, in preparation ]
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Kaon PDA

_ _ A\
|K) = alqs) + blqsg) & -

0. A A 2 L " A A L A A 2 L A A " L A 2 A
80 0.2 04 0.6 0.8 1.0

* Endpoint behavior at small x almost agrees with pQCD

Preliminary

[Jiangshan Lan, Jialin Chen et al, in preparation ]



Kaon PDF at Model Scale
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Kaon PDF with QCD Evolution
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Fig. 2. The data points represent (L /LK) (dN/dx )K/(dN/
dxy), as defined by eq. (4). The dashed curves represent the
limits of the ratio [Ug(x1)/in(x1)1C(x 1)‘l where C(xy) is
defined in eq. (3), UK/, and sg/iK are taken from ref. [5],
and the ratio J(x;)/I(x,) is shown in the insert. The upper
(lower) curve corresponds to A = 1/8 (4 = 1/2). The dotted
and solid curves represent the ratio #/il; from refs. [6] and
[71, respectively.

[Phys. Lett. B 93 (1980) 354]

[Jiangshan Lan, Jialin Chen et al, in preparation |
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Drell-Yan Cross Section p

[S. D. Drell and T.-M. Yan, PRL (1970)] > <
[T. Becher et al, JKEP07(2008)030]; [P. C. Barry et al, PRL121(2018)152001]
[C. Anastasiou et al, PRL91(2003)182002]
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[Jiangshan Lan, Jialin Chen et al, in preparation |



Kaon GPD

[M. Diehl, Phys. Rep. 388 (2003) 41-277]

3 o
|K) = alq5) + blgSgh+ -
1 rdz A

s =0.0 =3 [ Goem (kp+ 5[ (-5)ra @) kP -3),.
z,;=0

g = 0.0 = s [ Gretr e (kP + 3o (<)t () r 3.,

z;=0

5
-t [GeV?]

5 5
-t [GeV?] ; ~t[GeV?)

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

* Falls slowly at larger x Prellmlnary

* Emerge at larger x range for larger —t
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Twist-3 xPDFs of Pion & Kaon g
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» BLFQ can provide twist-3 structures which satisfy QCD sum rules



Twist-3 xPDFs of Pion & Kaon

X Ji

[X.D. Ji, NPB (2020) 115181]

Nuclear Physics B 960 (2020) 115181

where

_ LF LF LF
M = MEF + MIF + M

(14)

MY = (a+b)M/2
M =(1—-a)M/2
M =1 -b)M)2,

(15)
(16)

respectively, with a is the fraction of the proton momentum carried by quarksa = ) 7 [dxxq(x),
and b=} 04(my/M). In the massless limit, the quark and gluon kinetic motions contribute
the fractions of the proton mass, a/4 and (1 — a)/4, respectively, and the anomaly gives 1/2.
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[Front.Phys.(Beijing) 16 (2021) 6, 64701]

Low twist
a = Zdexff(a:)
q
High twist 1
b=zq6q(mq/M) qufdxeq(x,u)
-1

» High twist structures contribute to
hadron structure in the EIC era.



Conclusion & Outlook

Light-front Hamiltonian approach: Mass Spectrum 4= Structure

Compared to NJL interaction, dynamical gluon in light meson:

v Explains the properties of excited/exotic states such as w(1300), ; (1400)
v" Describes EMFF, F(Q?) « 1/ Q2 for large Q2

v Improves endpoint behavior in PDF/PDA

v" Generates more gluon at moderate x/less gluon at small x

v Improves agreement on J /1 production cross section with experimental data

T — p mass splitting ~ a large spin-flip matrix element ~ a peak at low-x for quark PDF
Preliminary results on gluon GPDs and TMDs of light mesons
Light meson => Strangeonia and strange mesons

Beyond leading twist structure needs to be studied in the EIC era

Systematically expandable by including higher Fock sectors

_ _ _ _ _ [
|Meson) = alqq) + blqqg) + clqqqq) + dlqqgg) + elgg)+ -
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