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Background

Photon is an elementary particle.

Yet by quantum mechanics, it can be a supperposition of states with virtual particles.

|y£)khys> = ‘Ygare> T ‘e+e_>)/* + Z ‘qqu>y* + ...
f=u,d,s...

Where there are colored objects, there is QCD effect.

Historically, the QCD content of photon provides an early evidence of QCD.

c(e” + et — hadrons)
R = .
ole-+et - u +ut)

The quark parton distribution in photon has been studied from various aspects, including its extraction

frome*Te™ = eTe™ + hadrons (OPAL_EPJC2000) and its impact on proton parton structure.(CTEQ-
TEA_PRD2022)

Photon LFWFs are important elements in the search of gluon saturation within color dipole approach.



Deep Inelastic Scattering

kl
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K =——p— Color Dipole Model ]
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Kowalski PRD2006

@Color Dipole Picture of DIS

7 ,%,?k photon's LFWF

Oqq@,N color-dipole-nucleon scattering amplitude



Diffractive Vector Meson Production

10% of DIS
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QCD diffraction. Colorless exchange Diffractive VMP

Kowalski_PRD2006

@Color Dipole Picture of diffractive VM production

o photon's LFWF
O ~ ¢fly(z R 04N R ¢C‘I/‘j Oqq,N color-dipole-nucleon scattering amplitude

¢(‘]/q vector meson LFWF



Small x and gluon saturation

“(x)
— ~J
= <« IR
qq |2 = Sensitive to small x gluons!
~ — AN | 9 :
O- | 'y * @ O-q q y N 25 58 . :
q q q q 10 | sg::::gﬁ
O- Y ¢ ,.y >k @ O-q q_ ] ® V s g—>gg
5 Gluon
Recombination
gg—>g?
0.0001  0.001 00t 01 N

* Traditionally, model parameters are introduced in every
element and then fitted to data (around 300 data points).

» To extract the gluon saturation information (encoded in ¢, )

from experiment data, it is helpful to determine the gg-LFWFs
of vector meson and photon as accurate as possible.

_ Nonperturbative, contains the gluon
= ]i saturation information.
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Light Front space-time

T -~ i

The Instant. The Front.

P. A. M. Dirac, Forms of relativistic dynamics, Rev. Mod. Phys. 21, 302 (1949)
Dynamics at Infinite Momentum™
* [t i1s space-time re-parameterization. STEVEN WEINBERG
. Department of Physics, University of California, Berkeley, Californiat
e Itis NOT reference frame. (Received 6 June 1966)

* Yet front form is closely related to the infinite momentum frame.

PHYSICAL REVIEW VOLUME 180, NUMBER 5 25 APRIL 1969

Feynman Rules and Quantum Electrodynamics at Infinite Momentum
SHAU-JIN CHANG* AND SHANG-KENG MAf

We have studied the Feynman rules in terms of the new variables s= $°— #3, n=$%+#3, and q= (»,5? in
the ¢® model and in quantum electrodynamics. The connection between the new variables and the dynamics
at infinite momentum is established. In the ¢* model, one easily deduces Weinberg’s rules at infinite mo-



FromBSAto LFWFs (b} d,\f,g s J /), y)

"...t Hooft did not use the light-cone formalism and which nowadays might be called standard. Instead, he
started from covariant equations... The light-cone Schrodinger equation was then obtained by projecting the

Bethe-Salpeter equation onto hyper-surfaces of equal light-cone time." (T. Heinzl arXiv:hep-th/0008096)
dr” o u®Pxy, B u®(xy, = Ru)
';'g'}}"lﬁs (k; p) = Vg Vi Wy, o) (G. Lepage and S. Brodsky, PRD 1980)

1 dp~
Y(z, p; 81, 82) = ST /—é—; a(zP7,p; 1)y @(p)yTv((1 — z)P*, —p; s2).
(H. Liu and D. Soper, PRD1993)

<O|J—|—(O)7+V5u+(€_ng) 7T+(P)> — i\/ép_i_wO(g_?gJ_)a
(0ld4 (0)o ™ vsuy (67,60 |7 (P)) = —ivV6PT 9% (67,€1). (M. Burkardt, X. Ji, F. Yuan, PLB 2002)

di(z, k) ~ /dk_dk+5(xP+ — ET)Tr[T;x(k, P)]
(C.S., Ya-ping Xie, M Li, Xurong Chen, Hongshi Zong, PRD(L) 2021)




The Projection Formula

Covariant Bethe-SaIpeter wave function

¢7;(£C,ET) ~ /d]{?_d]{? 5(£EP — k ,LX k P .k
| T r
: —@—
spin configurations L _ P

LFWF

set kT = 2 P™

Setting light front time ¢ = 0



Bethe-Salpeter equations for vector meson and photon

Vector Meson BSE: >( — >@
Duu(p—Q)

Align with quark's DSE:

S(p) SY(p) S(a)

* Rainbow-Ladder & Maris-Tandy model (2 parameters )
* Preserve chiral symmetry.

* Fruitful predictions on ground states spectrum, form factors and parton distributions.



General Analysis for 1~ Meson
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.
BS WFs
| xM(k,P) = 5%, Ti(k, PJF{(K%, k - P, P)|
P,P-k P,P

Alzk,u ﬂpz ’A2=7,u ;2 ’

By =14,Bo=P,B3 =k, Bs= [, P],
T, =iA;.By, T; = A1.By(k - P),
T, = A1.Bs, T, = —iA}.By,

T, = A».By, TS = —iA>.By,
T, = —ilA2,Bs](k - P), T, = {A2, B4} .
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8 Lorentz scalar functions
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LF-LFWFs

r
|
|

d’kr dx i
| IMYA = J
H M ;/ (27)* 2vxx V3

®Y , = +k\7)]

2)
(I)i,lj: = ¢(11)’ (I)i,l¢ = ikf(ri)
ozl = kYl | oL = (ky(,i))2

|

|

H

|

| (X.Ji, T-P. Ma, F. Yuan, EPJC2004)
| -

e — S —— S — e —— e — e — e —— L__‘—T:-_.__‘J

(I)Q,;{' (x: kT) b}',,‘,i(xa kT) d;"/“.l’j ('x-.: ’-CT) |0>

0
(

6 independent scalar functions,
reduce to 5 for G-parity eigenstate
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Vector meson LE-LFEWEks

A=+ )N+1L,

Jly Y

0.1

0.05

-0.05

1.6

-0.16

12
|le oe 0.4

(CS, Jicheng Li, et al, PRD2022) * All nonvanishing

N



Leading Fock-state VS Higher Fock-state

| M) = ¢, |qq) + d319q8) + P41 q99G) + . ..

Xi(p, Pi)Xi(q, —F;)

HF=Higher Fock states

BSWF Norm G4(pa q, P) —

(M| M) =1 o
i)
LFWm Z/de’ 1673 ‘wn/w(xz‘,klia)\z’)‘z =1.
n,}\,; ()

* But we only calculated gg component.

10%

A=0 J/wA:O 19

P

* There are significant higher Fock states contribution in p, and reduces in heavier J/y.
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Diffractive Vector meson Production

19 LO QED
/y *
( ; — [ 2(y,+(1/kAY)In(2/rQ,))
[\/ rQ; ’ s
49, bCGC model  ;:CGC(x ) = g X | TV 0| 2 rQ,=2 BFKL
B ] — e ~AIN*(BrQ,) rQ.>2 Balitsky-Kovchegov
- ‘ )
qq
’ BSEs-LFWFs Our prediction

13



Q2 (GeV?)
19 __x . f_--Foooog-oooFooooooooonees
— boomommmm=====EE — 10 - e Fem—m—g—mm——=—====— =
'g 0 gos 285 | I poe=f===="— . e 195 ---E-"""_ - = —=
— e = D - S p—— l _____ -?———-t
S ¥ 18 1[856 oommmpmmm — ]
T 10l 70 X 1 1 ooomo========S 1 100
*Q_ E ———————————— _KQ . - -
- Tl U, SR LT > I J—— SR L edsl— ]
SR & o135 f==s
B . b e =
________ go===2os -
1 """""""""""""""""" 1 1321.01 .L'. 1 1 1 1 | 1 1 L 1 L 1 1 1 1 1 L 1 1 L 1 1 1 1 1
0 50 100 WV.;5(geV) 200 250 300 40 60 80 100 120 140 160 180 e |n agreement with
Wy p (GEY) HERA data.
3 llllllllllllllllllll : 8 T T T T T T T T T T T T T T T T T T T T T T T
I — TI.=1.27 GeV : Mya=5 MeV
_____ m.=1.4 GeV - ————— Myy=140MeV ¥ - ¢ Our LFWFS dle
' very different

from models
employed by
color dipole
model studies
before!

(C.S.. Ya-Pine Xie. Ming Li. Xurone Chen and Hone-Shi Zone. PRD(1L)2021) 14



Photon Bethe-Salpeter wave function
o~ |p21

2
&) Oqq,N

447[aIR d4q
Ly k+mf | 3 m%; /(27[)4 y,qu(q)y,u
44ra d*q
Y (k; Q) = v, - /
g 3 mi ) 2n)t

Contact interaction Model: ¢ D,w(k —-q) = Oy~

Se(p) ' =iy-p+M;  TLV(Q) =yIPY (0% + P (0?)
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Photon LFWF

dk~dk™

A,(f)
(I)}')’ (x kT) 2\/— 2T

1
(x)”’E/O dxx’"Cbg,_(x,kT)

- _ePrQ) [oh (") T[4+ ) SO (K ) - 0(Q)1S(k — Q)

2v/3

(xQ+ — k+)TI'{F,1’,1'

Q" |Q+|

S/ (k)erel™ N (k; Q) - er(Q)]S (k- 0) }

_ efePT(QZ)/d2k” (k” -n) m Te[(—ik + M)ey(—ik + i@ + M)]

24/3|Q - n|

Q-n

(k* + M?)(k* = 2k - Q + Q* + M?)

aoum [ £ B~ k0= 0
21 [kﬁ + Q%u'(1 —u') + M? + k3 ]?

2u' (1 —u')Q?

(1 - Q2ul(1 —u

)+M2+k_2L)'
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I

PhotonlL

S : | p e, 2 (0.5G eV)2
 Big difference between the
perturbative (left) and nonperturbative

(right) result.

limited to low virtuality due to the
simplified contact interaction model.

* high OAM LFWFs are missing due to
contact interaction model.

17




Photon LFWEF& small-x DIS

eDIS at small x
C. S., Z. Yang, Xurong Chen, C. Luo, Wenchang Xiang, PRD2024

*|ntroduce the nonperturbative photon LFWFs by interpolating between perturbative

W) (2, Q)P = Foar(Q2) W™ (r, 2 QD) + [1 = Fpare (@)W P (1, 2, Q%)

2n
2 0
Fpart(@ ) — 5 oN\Nn
(Q T QO) ) 2 yz 2
ofitting HERA data for x<0.01. or(x,4,Q%) = F2(x, Q%) — — (1= y)zFL(x, Q%)
D
|
LFWFs [Egs. (30-35,49)] Q%/GeV? 2 No X0 A I Qp n_| y%/d.o.f
Pert. 0.85, 50 IO.6290 0.4199 2395x107%  0.1962 || - - | 265.8/223 =1.192
Pert. 0.25,50]  [0.3869 07556  7.047x1077  0.1052 || - - 678.4/282 = 2.406
Pert.+Nonpert. 0.25,50]  [0.6177  0.4596 1.326x10™*  0.1875 ;'1.052 3.970 | 337.9/280 = 1.207
I |

Ogq,Ny MOdel parameter - model parameter
e|ncorporating nonperturbative QCD into photon LFWFs signific'?antly improve low calculation.

oeNPQCD in photon LFWFs impacts . a.N determination, hence saturation information extraction.

2

q,
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Summary

* We generalize the light front projection method to the case of vector particle
LFWFs, and used on modern DS-BSE solutions.

* The normalization examination indicates significant higher Fock-states lies in
light meson.

* Determining the vector meson and photon LFWFs can help study the gluon
saturation effect by constraining o, y

Outlook

» Refine photon LEWFs with realistic DS-BSEs to further constrain o, .

* Radially excited mesons, strange quark, etc,...

+ UPC, EIC, EicC, etc... Thank you for listening!

19



Backup slides

* A covariant Feynman diagram
contains many Fock states.

e "we study in light-front
dynamics the contributions of
dif- ferent Fock sectors (with
iIncreasing number of
exchanged particles) to full
normalization integral and
electromagnetic form factor. "

Available online at www.sciencedirect.com

AN

b kf‘({f' ccccccc @ DDDDDDD
R

ELSEVIER Nuclear Physics B 696 [FS] (2004) 413-444

Many-body Fock sectors in Wick—Cutkosky model

Dae Sung Hwang *, V.A. Karmanov "
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