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Outline

*Basis Light-front Quantization approach

* Application to light mesons
»Areview of BLFQ-NJL

» Light mesons with one dynamical gluon

* Application to strangeonia and strange mesons

*Conclusion & outlook



Basis Light-front Quantization

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

Evaluate observables for eigenstate

0 = (B|0|B)

Fock sector expansion
* EQ. |meson) = alqq) + blqqg) +clqqqq) +dlqqgg) + -

Discretized basis
» Transverse: 2D harmonic oscillator basis: ®5 . (5.).
« Longitudinal: plane-wave basis, labeled by k.
 Basis truncation:
2i(2n; + [my| + 1) < Ny,
Liki =K.
N4, K are basis truncation parameters.

Large N, and K : High UV cutoff & low IR cutoff



Light Meson Structure from NJL Interaction

I_()JZ_ + mCZI EJZ_ + ’m% . K4 NTL
Hofr = ———+ ——— +x*x(1 - 07} - =0, (x(1 — x)0,) + H.yt
mq + mq

jmeson) = [q7)l+ -~

Diagonalize Hq¢¢ 2l LF wave function ___4d PDF@initial scale L4 Scale evolution
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[Lan, Mondal, Jia, Zhao, Vary, PRL122, 172001(2019)] Agree with experimental results 4



Dynamical Gluon in Light Mesons

[Lan, et al, PRL 19’ ]
|meson) = |qq) .

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

|-> Imeson) = a|qq) + b|qqg)+ -

Hint 199) 19q9)
ol | I
0

K2 + mg K2 + Kt
Hye = + + kKix(1 — x)r2 — 50, (x(1 —x)0,) +
X 1- (mq + mc?)

72
L P~ = ki +mg + Kitmg + k*x(1 — X)Ff
X . 1-x
T - zax(x(l _x)ax) +

(mq+mg)




Light-front QCD Hamiltonian

Brodsky et al, 1998
L (i04)? + m? [Brodsky |
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_ /
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Light Meson Mass Spectrum

DC
2000 Normaq - mev]
: --==  BLFQ T 0.492 151
: PDG 18 p 0486 141
1500 = gthis
L aaan) - (00 ang) @0(980) 0.370 O
i] - -e=  aj(1260) TN
~ piizss) .- b (1235) 030 O
> _
= 1000 — a, (1260) 0.324 13
b : a0(980)
= —_— m(1300) 0.284 59
o)
' a, (1320) 0320 0O
500+ Nmax = 14, Kjax = 15,M; = 0:
' mq = 0.39 GeV, mg = 0.60 GeV, m; (1400) 0.002 0
K = 0.65 GeV, b = 0.29 GeV,
i — ag = 0.29 , ms = 5.69 GeV p(1450) 0312 50
0 I—+ -I|-+ — -I|-— -I|-+ l—+ -I|-+ Ié’C
0 0 1 1 1 1 27 J
~ N Fix the parameters by fitting six blue states
|meson) = alqq) + b|qqg)|+ « 1,(1400) : |ggg) dominates

* 1(1300): the DC is smaller than the DC of pion

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



The Wave Function in Leading Fock Sector

N m) = alqq) + blqq >|_|_...
qJN'M] z w]\/‘({cyi})ncpnimi(ﬁli»b) | |qq |C[C[g [
=1

Bl _
{nym;} i

17Tt dominant (99.7%) in |qq)

' 1.0

Wi _a(x,p1)[GeV"]

» At endpoint x, Y ~ p, : lightly narrow
» At middle x, ¥ ~ p, : alittle bit wide .



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

(Wi OI¥®) = (p+p)tFQH

_ — A\
|m) = alqq) + blgqg) it -~
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* FFisin reasonable agreement with experimental data

*  F(Q?) 1/ Q?for large Q2

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



Pion PDA

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

_ —
Im) = alqq) + blqqg) i+ -~

—e— BLFQ [J()2
1w BLEQ p2=10Ge V2

. FNAL- E- 791 |

04 06
X
Endpoint behavior almost agrees with pQCD

02

Consistent with FNAL-E-791 experiment

Preliminary



Pion PDF at Model Scale

N,Mj=0

i - N
— . T) = Qa _|_ b + ..
g O T X0 Im) = alqq) + blagg),

fid =) [[axdiy [y
N

o Valence u ;
1.5 = Gluon '

10
X large x
UoBLFQ-NjL = 0.240 GeV? (X)gluon = 0; (X)valenceu = 0.5 (1 —x)%5%
UoBLRQ = 0.34 GeV? (X)gluon = 0.216; (X)yalenceu = 0.392 (1-x)™
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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)

0.5 — Valence
- - Sea
04— — - Gluon
| - _
x E-0615 data _
< o0 o~ ECe S hota | ™) = alad) +blaqg)
= . 42=16GeV?

« Large-x behavior (1 — x)177
closer to pQCD

« The gluon distribution

significantly increases

—  This work
— - XFitter 20
ul=4 GeV? BLFQ 0.483 0.421 0.096
BLFQ-NJL 0.489 0.398 0.113
[BSE 2019°] 0.48(3) 0.41(2) 0.11(2)
0.8 1
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[Lan, Fu, Mondal, Zhao, Vary, Phys. Lett. B 825 (2022) 136890]



1/ production cross section w* NV - J/yp X

ZMC(,T +
A 2 .2 2\ faT 2
i =F Z [ aMee— 2 G5 i i)
F 2mc 2 cc
[ %%ndf=0.38  CERN-WA-011 || »2/ndf=5.00 FNAL-E-0672,0706 CEM
= 1 F=0.039 (S=189GeV |F F=0.029 IS =31.1 GeV
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E : [ [Nason, et al, NPB 303 (1988) 607];
£ 107 3 [Mangano, et al, NPB 405 (1993) 507]
3 S '
= —  Total — Total
x 1075 --- gg - ‘,...‘-'--'*'“""‘gg
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A qg*(-1) ", VA 997(-1) ) Y99
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1 | |
_ x2ndf=0.51  CERN-NA-003 |[ »@ndf=247 FNAL-E-0705 * different target
c 1 F=0.034 (S=19.4GeV | F=0.037 /S =23.7 GeV
5 : ' F L
S
£ 10"
O
= ._ .
L0 Agree with experimental
% i data (FNAL E672, E706,
SR E705, CERN NA3,WA11).
~05
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[Lan, Fu, Mondal, Zhao, Vary, Phys. Lett. B 825 (2022) 136890]



Pion GPD Preliminary

[M. Diehl, Phys. Rep. 388 (2003) 41-277] ) = alqqd) + b|qc7g):+

g =00 =3 [Setrte fnp 8 (-2)ra @) ep 3.,
ZJ_=0
05 = 0.0 = o [ Lo (867 (-9)6 () P -)...
ZJ_=0

-t[GeV?]

* Quark content enhanced at small x with |ggg)
» Falls slowly at larger x
« Emerge at larger x range for larger —t
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[Jiangshan Lan, et al, in preparation |



Pion GPD Preliminary

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

_ __—
|m) = alqq) + blgqg) it -~

g =00 =3 [Setrte fnp 8 (-2)ra @) ep 3.,
ZJ_=0
05 = 0.0 = o [ Lo (867 (-9)6 () P -)...
ZJ_=0

ﬂ The impact parameter distributions (IPDs)

[Jiangshan Lan, et al, in preparation ]



Pion Impact Parameter Distribution

One can define the x-dependent squared radius of the
quark and the gluon density in the transverse plane as

S P J d*b bTH.? (x,b))
(bl> (x) = 42b HT9 (% b
f J_HT[ (x' J_)

- quark
= gluon ]

1.4}

—
[\®]
™—TTT

(b?)(x)(fm?)

o
S}

0.0L

005 0.10 — 5
X
» Gluon distribution is slightly broader than the quark

[Jiangshan Lan, et al, in preparation |

_ — |
|m) = alqq) + blgqg) it -~

2
by (fm) 1_~T
0_-—7

Quark

Preliminary .



Pion TMD

Preliminary

[Boer & Mulders PRD 57 (1998) 5780]
[Pasquini et al, PRD 90 (2014) 014050]
1 (dz d?z, .,
a — | 22 ALi(zTk -z k)
f-l (xl kJ_) 2 (271_)3 e

1 dZ_dZZL ei(Z_k+_ZJ_kJ_) <7‘[, P|G+u (_ %) GJ (%) |T[' P>
+

flg(xr kJ_) = .X'P+ (27_[)3

0.8 0.0
» The TMD decreases with k
» Vanishes after k;, ~0.7 GeV

[Jiangshan Lan, et al, in preparation ]

_ —~ A\l
Im) = alqq) + blqqg)+ -~

<7T,P|C7(_ ) rta(3)|m P>Z+=0
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Strangeonium Mass Spectrum

2._ I | I I | I | | | i
- . ; ¢3(1850) -
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1 7 [Lanetal, Phys Lett B 825 (2022) 136890]
[ 15,0 Nmax = 14, Kpax = 15, M] = 0: i
075 mg = 0.64 GeV, mg = 0.60 GeV, N
T k = 0.65 GeV, b = 0.29 GeV, :
- o, = 0.29, m¢ = 5.69 GeV .
0 5_ I l | | | il
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|meson) = a|sS) + b|sSg) :_|_ Fix the only additional parameter mg by fitting vector states
¢(1020), $(1680), ¢3(1850)
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[Jialin Chen, Jiangshan Lan, et al, in preparation ]



Mass [GeV]

Strange Meson Mass Spectrum

|meson) = a|qs) + b|q§g):+

1680 (1820) K:(1780)
- 2229 k650 K1770) .
_ K*(1D)1 N K>(1820) .
[ Ky(25)0 041 —_— i
— i Kﬁ@) K1(14©@) K3(1430) K5(1430) K>(1770) ]
- K'(1460) == o= . — .
- K40 T270) K,'(1430) i
- K (1270) K0'(700) — PDG E
:— /(1*(892) ..... BLFQ _:
- K*(892) —— .
- K3 (700) b
s [Lan etal, Phys. Lett. B 825 (2022) 136890] |
o) Nmax = 14, Kpax = 15, M; = 0: |
- mq = 0.39 GeV, mg = 0.64 GeV, mg = 0.60 GeV, |
- K = 0.65 GeV, b = 0.29 GeV,

[ a; = 0.29, m¢ = 5.69 GeV

B ] I I I I I I

0” 1° 1* 0" 27 2 3

» Zero parameter

[Jialin Chen, Jiangshan Lan, et al, in preparation ]
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The Wave Function in Leading Fock Sector

_ __—
|K) = alqs) + blq5g) -

(iBiiA}
{nim;}

N
W = DL @D | | nemBrod)
i=1

11—11 dominant (99.8%) in |q3)

S 10

Wi (x,p1)[GeV]

1.0 0.0

Compared with pion
» Narrower in longitudinal direction
» Asymmetric in longitudinal direction

» Comparable in transverse direction




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

(Wi OI¥®) = (p+p)tFQH

a |
|K) = alqs) + b|qsg) f+ -

o Q°F(Q%)Ky(494)
-=- FNAL(1980)
-« CERN SPS(1986) -

TE - F(@)K,(494)
0 73_ = FNAL(1980)
" [ - CERN sPS(1986)

0. 002 004 006 008 01
Q? [GeV?

* FFisin reasonable agreement with experimental data
* F(Q?) x 1/ Q?for large Q2
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[Jialin Chen, Jiangshan Lan, et al, in preparation ]



Kaon PDA

_ ~ 1
|K) = alqs) + blqsg) i+ -

X

» Endpoint behavior at small x almost agrees with pQCD

Preliminary

[Jialin Chen, Jiangshan Lan, et al, in preparation ]
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Kaon PDF at Model Scale

1.5}

0.5}

HgBLFQ kaon = 0-50 GeV?

_ 2 [
N.M ;=0 _ _
fi = ) [laxarty [ | o5 IK) = algs) + blasg) i+ -
N, A peLr
-+ Valence u ] [ Pion -+ Valence u ]
Kaon = Valences | | = Gluon
« Gluon 1
I 15}
B
:Hil.():
0.55
0o 02 04 06 08 1-.0 0'8.-

X
HSBLFQpion = 0.34 GeV?

<x>g1uon = 0.152;

(X)valence w = 0.343;

<x>valence § = 0.505

Smaller gluon content in kaon

At small x, u dominates over §

[Jialin Chen, Jiangshan Lan, et al, in preparation ]
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Kaon PDF with QCD Evolution

[
[Badier et al. PLB 1980 (NA3)]; |K) = alq5) + blqSgh+ -

LedN/dxK~  ax(0I(x) + sg(x)J(x)  BxI@)( +0.055x355)
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[Jiangshan Lan, et al, in preparation ]



Kaon PDFs VS Pion PDFs

At 2 = 20 GeV?

L}

08—~ % u? = 20 GeV? — uk

= v

Kaon
<x>gluon = 0.381; <x>valenceu = 0.214; <x>valence s = 0.316; <x>sea = 0.089
(x)seq = 0.129

Rion
(x)gluon = 0.449; (X)valence w = 0.211;

» The gluon in the kaon carries less longitudinal moment is slightly less

than the gluon in the pion
[Jiangshan Lan, et al, in preparation ]
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J /4 production cross section K* NV - J/¢y X

[Chang, et al, PRD 102 (2020) 054024]; [Nason, et al, NPB 303 (1988) 607]; [Mangano, et al, NPB 405 (1993) 507]

ZMCC_ +
~ 2,2 . 2N\fmE 2
Zum=r Y [ ey G O e
F 2m _
i,j=q.q.9 " <™ 5\/x1§+TCC CEM
Total K(100 GeV)+C — Jhv X Total K*(100 GeV)+C — Jhy X
—_ e T qq = —~ Lk aq =13.7 GeV
= TE—— g I =13.7 GeV c T —— g ‘EB* o
8 p— qg*(-1) Br'=3.5nb 8 SR qg*(-1) rre=2.0n
3] F=004 g B F=0.04
210" 210"
S pe)
ES 2
L
> 1072 > 1072
S S
o) ©
© o
107 10°°
| |

assuming the cross section of K~ + C is 3.7 nb, then the cross section of 2.0 nb

> qq contribution different between K~ + Cand K* + C
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[Jiangshan Lan, et al, in preparation ]



Kaon GPD Preliminary

|
|K) = al|qS) + blqSgy+ -

5
-t [GeV?]

5
-t [GeV?]

* Quark u content enhanced at small x with |g5g)
 Falls slowly at larger x
» Emerge at larger x range for larger —t
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[Jialin Chen, Jiangshan Lan, et al, in preparation ]



Kaon TMD Preliminary
IK) = alqs) + blqSg)+ -

0.0

> The TMD decreases with k N
» Quark u and s contents enhanced at small x with [g5g)

» A peak for 5 quark
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[Jiangshan Lan, et al, in preparation ]



Conclusion & Qutlook

« Light-front Hamiltonian approach: Mass Spectrum <==) Structure

« Compared to NJL interaction, dynamical gluon in light meson:
v Explains the properties of excited/exotic states such as 7(1300), 7, (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 /1y production cross section with experimental data

» Preliminary results on gluon GPDs and TMDs of light mesons

« It works on strangeonia and strange mesons

« Systematically expandable by including higher Fock sectors

_ _ L _ [
|Meson) = alqq) + blqqg) + clqqqq) + dlgg) + equgg)|+

Thank you for your attention!
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