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1. Introduction Sangho Kim (SSU)

1 QCD, the field theory of quark and gluon interactions,
> 1s expected to describe the strong force between hadrons.
> 1s a successful theory in the limit of short distances (perturbative QCD).

1 Many of the scattering processes of hadrons are dominated by
long-range forces (“soft interactions®).

. A large fraction of these soft interactions is mediated by
vacuum quantum number (J¥¢ = 0**) exchange and is termed “diffractive”.

1 In hadronic interactions, diffraction is well described by Regge theory.

J Examples of diffractive scattering processes
>PP—>pP, TP =P, Yp (P, 0, @I P)p ...
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1. Introduction [Exclusive photoproduction of vector mesons]

Sangho Kim (SSU)

0 Pomeron exchange is responsible for describing slow rising total cross section.
0 At low energies, ¢ & J/1p photoproduction 1s far more suppressed because of the OZI rule.
0 The production mechanism at low energies should be investigated with the recent experimental data.
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1. Introduction

Sangho Kim (SSU)

. high energy:

The two-gluon exchange is

simplified by the Donnachie-Landshoff (DL)
model which suggests that

the Pomeron couples to the nucleon like

a C = +1 1soscalar photon and its coupling 1s

described in terms of Fx(t).
[Pomeron Physics and QCD (Cambridge University, 2002)]

J low energy:

We need to clarify the reaction mechanism.

[Exp: Dey, CLAS, PRC.89. 055208 (2014)

Seraydaryan, CLAS, PRC.89.055206 (2014)
LEPS, PRC.96.062201 (2017)]

Mizutani,

d We focus on yp — J/1p p.
1 high energy
y @‘@ oo 00 [YP = @pl = 0 [yp - wp]
. 0 Fn: 1soscalar EM form factor

I
' ' Pomeron

i é‘% 5

of the nucleon

4Mi, — airf
AM3, — t)(1 — t/1p)?
0 op(t) = 1.08 + 0.25t

Fn(t) =

J low energy
Y ¢ 55 O0lyp— @pl << olyp - (p,w)p]
L\,\’\'\- A due to the OZI rule
Yé« ;Tu 1, ao, fo, f1
=% = F— uud
p . p




2. Formalism Sangho Kim (SSU)

Born term

1 Scattering amplitude: 7w yn(E) = Bynyn|+ Tjynn(E)

7 J/Y [ Some r-channel light mesons [°(135), 1(548), a0(980), £5(980), £1(1285)]

play a crucial role in y p — @ p.




2. Formalism Sangho Kim (SSU)

Born term

1 Scattering amplitude: 7w yn(E) = Bynyn|+ Tjynn(E)

0 Some t-channel light mesons [1t°(135), 1(548), ao(980), £4(980), f1(1285)]
play a crucial role in y p — @ p.

0 In case of v p — J/1 p, the radiative decays of J/1¢p meson mostly proceed by
producing multi-mesonic resonant or non-resonant states.

0 We need to investigate the role of meson exchanges rigorously,
1.e., the relative contributions between light mesons and charmonium mesons.
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2. Formalism

Sangho Kim (SS

U)

Born term

*Xr(] Xels -

WW
b >

0 Their contributions may not be negligible
compared to those of light mesons.
0 Which mechanism 1s more dominant?

0 There are many cc mesons above J/p meson.

p CC Mesons
hght mesons cC mesons (including non-qq states)
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2. Formalism

Born term

[d Scattering amplitude: T,,n ~(E) = Bjjyn v

H =Hy + Bjyynyn + Ineyn + Ine gy

0 Ward-Takahashi identity

M(k) = eu(k)M*H (k)

if we replace €, with k,: k, M*(k) =0

N
(k) Ik 2 J /4 Y J/
Lb"l,',‘“ il ’III"’LH( o MI"I,I,I( 4
:: P : ﬂ—? ?;'r : ??-!!?
ﬁ VIO f 1'?;1. fi f Xels Xel
- & - ——1 - : >
pip1) plp2) 7 p p P

light mesons CC Mesons
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0 We employ a dynamical approach based on a Hamiltonian.

Sangho Kim (SSU)



2. Formalism Sangho Kim (SSU)

Born term

[d Scattering amplitude: T,,n ~(E) = Bjjyn v
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2. Formalism

Sangho Kim (SSU)

Born term

[d Scattering amplitude: T,y n(E) =

Bjrynyn
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2. Formalism

Sangho Kim (SSU)

Born term

[d Scattering amplitude: T,,n ~(E) = Bjjyn v
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2. Formalism

Sangho Kim (SSU)

final state interaction (FSI)
J Scattering amplitude: T;yn,n(E) = Byjynon +
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2. Formalism

Sangho Kim (SSU)

final state interaction (FSI)

J/Y J/
il
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2. Formalism Sangho Kim (SSU)

final state interaction (FSI)

Y S/
- - AN - > = =
= B + +
—— e
N N

Tiynyn(E) = Bjynyn + TEFJN,?N(E)

t11uN,11uN(E) G 11yn(E) BjjynyN

Gup(E) = ;{“B;fiﬁl : meson-baryon propagator

tyjyN,1jun(E)
= Vyjung1unCE) + Vipngun(E) G iyn(E) tun. o8 (E)




Sangho Kim (SSU)

2. Formalism
final state interaction (FSI) ty1un.JuN(E)
Y S/
- - AMAY - > e J/-g/,:r J/ﬁ/f’
= B 4 + Tt
y gluon
—— ——— I
N N —> ' »—
p p
J/Y T/ T/ T/
Tiynyn(E) = Bjynyn + Tff.;mw(g) . , . ,
X 4 Il g
t11uN.21uN(E) G 1y N(E) Bynyn NN X ’:;::h .
ME) (MB] p p p p p p
= : meson-baryon propagator .
Gup(E) E— Hy e YOI Propag 0 To leading order,
we obtain these FSI diagrams.
tyjyN,J/uN(E)

= Vyjung1unCE) + Vipngun(E) G iyn(E) tun. o8 (E)

Gluon Direct
ViIWNJ/uN (E) + VJ;"ll,ErN,Jﬁ;rN (E)




Sangho Kim (SSU)

2. Formalism
final state interaction (FSI) ty1un.JuN(E)
Y S/
o AMAS - > - - » J /1 J /¥
= B + + Tt
y gluon
—— ——— I
N N — I -
p p
J J J /1 J /)
TrynyN(E) = Brynyn + Tff;N,TN(E) . / / , . / / ,
X 4 i g
t11uN.21uN(E) G 1y N(E) Bynyn NN X ’:;::h .
MB) (MB| p p p p p p
Gup(E) = T Ho e : meson-baryon propagator S s @il
we obtain these FSI diagrams.
LN, juN (E) 1 1 )
=P — ir8(E — H,)
= Vyjunajun(E) + Viun 1un(E) G run(E) tiyn gjun(E) E — Hy+ie E — H,

0 We consider both parts numerically.

Gluon Direct
ViIWNJ/uN (E) + VJ;EH%,JMN (E)




2. Formalism
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final state interaction (FSI)

J/¥ S/

- = = H o i

N ¥

d J/"p-N potential is of par
the Yukawa form Vluon = — 1y

0 LQCD data ~ (v,=0.10, a = 0.6 GeV)
[Kawanai, Sasaki, PRD.82.091501(R) (2010)]

0 Phenomenological model ~ (v,=0.42, a = 0.6 GeV)
[Brodsky, et al, PRL.66.1011 (1990)]
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2. Formalism Sangho Kim (SSU)

final state interaction (FSI)

J/¢ J/¥ QA Jp-N potential is of e
T T the Yukawa form Veiuon = —tp—
# o - LQCD data ~ (v,=0.10, o. = 0.6 GeV) il
- - [Kawanai, Sasaki, PRD.82.091501(R) (2010)]
0 Phenomenological model ~ (v,=0.42, o= 0.6 GeV) Po oz ea o os 1 iz id
[Brodsky, et al, PRL.66.1011 (1990)]

— We attempt to use both of them and compare the results with each other.




2. Formalism Sangho Kim (SSU)

final state interaction (FSI)

J/v J/v [ Jp-N potential is of o 0T
Al . the Yukawa form Vgiuon = —Vp—
z
" ~- |DLQCD data ~ (v,=0.10, & = 0.6 GeV) il
[Kawanai, Sasaki, PRD.82.091501(R) (2010)] ol H SN
0 Phenomenological model ~ (v,= 0.42, a. = 0.6 GeV) Po oz ea o os 1 iz id
[Brodsky, et al, PRL.66.1011 (1990)]

— We attempt to use both of them and compare the results with each other.

0 The potential 1s obtained by taking the nonrelativistic limit of
the scalar-meson exchange amplitude calculated from the Lagrangian:

Ly = Vo(Ynyn®s + 0", D)
Do 18 a scalar field with mass a (V= -8v tMg).
Vo
P-pY —a

O] Vgluon (kf]”-d} s PHg . kFA% ' P’m;] = 5 [EN (P, g )HN(P;:— m; )][E; (k.-« }'-tﬁl )E# (k;: }'-;f,. )]

11
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3. Numerical Results Sangho Kim (SSU)

Born term Yyp—-Jyp

meson contributions

T T [ [ T [ [
S — :
10°F e .
....... T o
= 4 -1 ]
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‘E’ 10 [ - £1(1285) | _ |
o TI._‘].SJ F
= el 1P)
6 R SR | N
10 e IR - S
F’ S e 3872
<108 T !
& P e .
10°g 9 10 1 12 13
E, (GeV)

0 1’(958) and 1(548) light mesons give
the most significant contributions.

0 Charmonium mesons give small contributions.

0 Light mesons are indeed essential for
describing the JLab data.
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3. Numerical Results Sangho Kim (SSU)

Born term vp—=>Jyp

meson contributions
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3. Numerical Results

Sangho Kim (SSU)

Born term
100 E <E’Y>= 8.90 GeV 4 Lt 918GeV 4 | 933 GeV - 100
) (Ey) =8.93 GeV o - -+ Pomeron
AL T JL TS —— mesons || @ 1. 4
10 . == B — Bomn 10
10°F i . i 1107

do/dt (nb/GeV?)

10.90 GeV 4 10°
10.82 GeV

~

-t (GeV?)

0 The GlueX23 data (0) cover the whole scattering angles and
thus place constraint on the nucleon-exchange contribution.

differential cross sections
[y p— J/y p]

0 Forward: Pomeron exchange

0 Backward: mesons, nucleon
exchanges

0 Some #-channel light mesons
play a crucial role in vy p — J/ p.

[Exp: GlueX, PRL.123.072001 (2019)
J/p-007, Nature.615.813 (2023)
GlueX, PRC.108.025201 (2023)] 13
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3. Numerical Results Sangho Kim (SSU)
final state interaction (FSI) total cross section
1l]]§"'|"'|"'|"'|"'§ lﬂlé"'l"'l"'l"'l"'
E (a) fit-1 A ] E (b) fit-2 A
E A L y
10°F ' 10"
g m";r | g o'k
o I ° Gluex2s © ;
- === Bom 1
0% | Sl I U 3 S GRER 3
i : TR
107 | 1 10°F | e :
s 9 10 1 1z 13 g 9 T 1 1z 13
E, (GeV) Ey(GeV)
0 LQCD data 0 Phenomenological model —or
€
(U(): 0.10, o= 0.6 G€V) (U(): 0'42’ a = 0'6 GeV) Vg]ugn — “‘_‘Uﬂ
[Kawanai, Sasaki, PRD.82.091501(R) (2010)] [Brodsky, et al, PRL.66.1011 (1990)] 4

0 The results are sensitive to the parameters in the Yukawa potential.
0 We find a noticeable improvement with fit-2 model near threshold.

[Exp: GlueX, PRL.123.072001 (2019)
GlueX, PRC.108.025201 (2023)] 15



3. Numerical Results Sangho Kim (SSU)

final state interaction (FSI) differential cross sections
I ———s —_— — J/
100;— (Ey) =8.90 GeV |- 9.18GeV { | 9.33GeV A 10° [Y p w p]
F A (Ey) = 8.93 GeV N Y
10" F x 1F = 1F T 110"
10-2% ........ 0 e 1L e 1107 -== Born
_ : : : : : : : : : : FSI
10° F g 948 GeV o F 9.63GeV 1 F 9.78 GeV 7 10’ — full
— 10" F \\\~ E '\ E ‘\ 110"
> Y AR P e, IREET — ,
(dD) 10 2 R e 1 R I T 1F | [ trreeeaaal., 310
2 e
= 100k 10.23 GeV 1 10°
5

310

10° 1I0.90 GeVI 410°
E 10.82 GeV
] o [Exp: GlueX, PRL.123.072001 (2019)
N —~ 2 J7p-007, Nature.615.813 (2023)
10° | e TR0 GlueX, PRC.108.025201 (2023)]

0 The FSI term makes the result better near threshold.
0 More data near very threshold (E, < 8.9 GeV) are strongly desired to clarify the role of FSI term.
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3. Numerical Results [cusp structures]

Sangho Kim (SSU)

0 Two pronounced cusp structures are located at the D. and D", thresholds.

1 DA. D*Ac
10— 7 1 1 N
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o'
0 o o4
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T o
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o . oo
10"F f / v Cornell 75
- 4 GlueX 19 1
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- — Pomeron
10-2 o
4.0 4.2 4.4 4.6 4.8

LA.DN

Rescattering diagram
[vp— Iy pl

—gﬂ*NACfic}mND*“ —igpna, AcysND
—8D*N AN Yy A DT — f.gDNACN}’SAcDT,

—8&y DD* V€ vap (BUD;:Bﬁ D" — BUDaﬁD;-r),
+igyp o ¥" (D0, D} — 8,D} D

KV oy *T - +57 11
—D™9,D;") = igyppD" 9, DY
+8yAcaAcvud’ A,

- " -~ s
Ve * *
.C],: _-fc;;p’ﬂ'hifl"“FiuweluL 'B(Dﬂ_raﬁDl —DB;;D&')
: vyt oy A
—igy p+p+F" Dﬁ' DY —eAy AM A,
Coupling gy DD+ Ly DD+ 8DN A, BDNA, Byra A, 8yDD
Value 0.134 Gev~! 0.641 —4.3 —=13.2 —-1.4 744

Source Experimental data [46]

SU(4) [47,48] VMD [47,48]




3. Numerical Results [cusp structures] Sangho Kim (SSU)
O .Thé presence of §uch cusps can be a clear Rescattering diagram
indication of the importance of the charm loops. [y p = Jp]
14f ' E ] +(q) Db D Jo(k)
(gl — Gma=1.0GeV ] :
; Gmax=1.2 GeV
= 14 E
E a.sf-
?& U.Ef—
Byt
04t
0.25-
U.UE..|..'..|...'.........
8500 9000 9500 10000 > > - -
Ey [MeV) (a) (d)
[Du, EPJC.80.1053 (2020)] ) :
i | 4
0 We are trying to calculate this region by using the 3-dimensional reduction A LS 25
of the integral equation for both principal and singular parts. Q )
d 1 1'_‘_‘11;{ & L "k\ J/ 2
q ma, p o Sk
T 1.B, —T'\i. B, ;
AF A
. (c.m. M B; / (c) (f)
_1; 1672 \/g df [T'yp%-ﬂ:fiﬁi (pa Q)TﬂIiBi—}Jf’l}f}P(Q1p )] g’ .




3. Numerical Results [cusp structures] Sangho Kim (SSU)

Rescattering diagram | ©(1020) + N(938, 1/27,™) = 1.96
K'(892) + A(1116, 1/2+, ™) = 2.01

2.41 cos #=0.925

A T -
i 5 el [vp—@pl K'(892) + 2(1385, 3/2+, “**") = 2.28
K'(892) + A(1380, 1/2,, ***) =2.27
0.8] K'(892) + A(1405, 172, ***) = 2.30

' [Y" - KN]

20 29 2 4 26 28 K(494) + A(1520, 3/2-, ) =2.01 (45 1) %

V5 [GeV] K(494) + A(1600, 1/2*, ) =2.09 | (15-30) %

K(494) + A(1670, 1/2-, **)=2.16 | (20-30) %

0 It 1s quite plausible that the presence of such cusp can be K(494) + A(1690, 3/2°, ) =2.18 | (20-30) %
a clear indication of the importance of the strange loops. K(494) + A(1800, 1/2,,"" ) =2.29 | (25-40) %
O KA(.1670) and KA(1690) loops are the most strong K(494) + 3(1660, 1/2+, ") = 2.15 | (05-15) %
candidates. K(494) + 2(1670, 3/2-, ") =2.16 | (06-12) %

o [KA(1670), KA(1690)] ~ 6 - 0 [KZ(1660), K=Z(1670)] K(494) + 2(1750, 1/27, ** ) =2.24 | (06-12) %
K(494) + 2(1775,5/2, ") =2.27 | (37-43) %

A Y/ @® I'K*->K*]=9.8-102% L Y/ @ electric charge
K'(892) [K*—K%]=24610"% K(494)

>
)

© SU3) flavor symmetry ® I'[p->KK]=49.1 %

e 8ok K = Gpum /N2 ’
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Rescattering diagram
[vp—@pl

K(494)

0 To satisfy
the gauge invariance,
we should include
the t-, s-channels, and
contact terms
simultaneously.

_I_

>:<
0 It satisfies the gauge invariance by itself. I
: I

! Y/ @® I'K*->K*]=9.8-102% ) Y/ @ electric charge
K'(892) ['[K?— K%]=2.46 ‘10" % K(494)
K - @ SU(Q) flavor symmetry ® I'[¢—->KK]=49.1 %

SokK = Lpon/ V2

A(1380), A(1405) 2(1660) 2(1670)
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S L s s
Summary Sangho Kim (SSU)

> For v p — J/ p, we studied relative contributions between the Pomeson and meson exchanges.
> [Light-meson [, 1), ao, o, {1(1285)] contribution is more important than
charmonium-meson [1(1S), %o(1P), %1 (1P), N(2S), %1(3872)] contribution
to describe the JLab data at low energies.

> The final J/1p N interactions are described by the “gluon-exchange” and “direct J/1p N couplings”.
> The “gluon-exchange term” is much more important.
> The results are sensitive to the parameters in the Yukawa potential.
> The inclusion of the FSI term improves the total & differential cross sections near threshold.
> The angle-dependent data near the very threshold (E, < 8.9 GeV) are strongly desirable to
clarify the role of the FSI term.

> For o p and J/1p p photoproduction, the meson-baryon loops should be studied more systematically,
the pentaquark (P, P.) in the s-channel diagram as well.

> For J/ap photoproduction on nuclear targets, we refer to “PRC.112.015206 (2015) ” for more details.
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> The final J/1p N interactions are described by the “gluon-exchange” and “direct J/1 N couplings”.
> The “gluon-exchange term” is much more important.
> The results are sensitive to the parameters in the Yukawa potential.
> The inclusion of the FSI term improves the total & differential cross sections near threshold.
> The angle-dependent data near the very threshold (E, < 8.9 GeV) are strongly desirable to
clarify the role of the FSI term.

> For ¢ p and J/1 p photoproduction, the meson-baryon loops should be studied more systematically,
the pentaquark (P, P.) in the s-channel diagram as well.

> For J/1 photoproduction on nuclear targets, we refer to “PRC.112.015206 (2015) ” for more details.

Thank you very much for your attention N
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