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APCTP MilestonesAPCTP Milestones

• A hub-institute of theoretical physics in Asia Pacific region 
to facilitate collaboration & exchange of scientists
to provide a platform for scientists of less advanced region

• Currently, 17 member economies (entities) in the Asia Pacific regions & 
34 partner institutes (including IUPAP, AAPPS, KPS, ICTP,  ECT*, IOP-CAS, ISSP, IBS, etc.)

• APCTP headquarters located in Pohang (POSTECH), Republic of Korea

03/19

아시아태평양이론물리센터

기관개요

7
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APCTP Activities

• Academic Activity Hub

✓ Int’l/Domestic Conference/Workshop/etc.

✓ Topical Research Program (TRP) APEC TRP

✓ Benjamin Lee Professorship

• In-house Research

✓ Junior Research Group (JRG)

✓ Young Scientist Training Program (YST) APEC YST

✓ Senior Advisory Group (SAG)

• International Cooperation

✓ Cooperation with APEC, AAPPS

✓ Publication of the AAPPS Bulletin

APCTP Activities

05/19
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Year ’12 ’13 ’14 ’15 ’16 ’17 `18 `19 `20 `21 Average
No. Of 

participants 2,438 3,001 2,515 2,753 3,449 2,607 2,989 3,379 3,367 6,554
3,305/
year

Academic ActivitiesAcademic Activity Hub

APCTP
Academic 
Activities

06/19
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Workshops 
Workshop on Nucleon and Resonance Structure with Hard Exclusive Processes,
IPN Orsay, France, May 29-31, 2017 

Exploring Hadrons with Electromagnetic Probes: Structure, Excitations, Interactions,
JLAB, Nov. 2-3, 2017 

The Nature of Hadron Mass and Quark-Gluon Confinement from JLAB Experiments 
in the 12-GeV Era, APCTP, Pohang, July 1-4, 2018 

2nd PSQ@EIC Meeting (APCTP-CFNS Joint Meeting),  
Kyongju+online, July 19-23, 2021 

APCTP Focus Program in Nuclear Physics 2021,  
Kyongju+online, Jul. 19-24, 2021 

Light Cone 2021: Physics of Hadrons on the Light Front, Jeju Island,  
Nov. 29-Dec. 4, 2021 



Workshops 
APCTP Workshop on Nuclear Physics 2022, Physics of Excited Hadrons  
in the Present and Future Facilities, Jeju Island, July 11-16, 2022

APCTP Focus Program in Nuclear Physics 2022, Hadron Physics Opportunities  
with JLab Energy and Luminosity Upgrade, APCTP, Pohang, July 18-23, 2022 

APCTP Workshop on the Physics of Electron Ion Collider,  
Howard Johnson Hotel, Incheon, Nov. 2-4, 2022 

APCTP-ECT* Joint Workshop: Exploring resonance structure with transition GPDs, 
ECT*, Trento, Italy, May 2023


APCTP Focus Program in Nuclear Physics 2023: Hadron Physics with Hadronic 
Probes, APCTP, Pohang, Korea, July 2023


Baryons 2025 (17th International Conference on the Structure of Baryons),  
Jeju Island, Summer 2025

12



13

Partnership

Joint workshop with Bogolyubov Laboratory of Theoretical Physics of  
Joint Institute for Nuclear Physics, Dubna, Russia since 2007.



Prospective Korean 
Activity for EIC detector 

Yongsun Kim (Sejong Univ.) 

APCTP workshop on the 
Physics of EIC 
2022.11.02 

Universe 5-IV-71 #200, Whanki Kim

14
From Yongsun Kim’s slides
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Experimental nuclear physics groups in Korea

CNU 
KNU 
KU
IBS
Inha
JBNU 
PNU
SJU
SKKU
SNU
UOS 
Yonsei

2

~10 institutes
~100 active members 

Nuclear/Particle Experiment Groups in Korea

From Yongsun Kim’s slides

Chonnam Nat. Univ.

Kyungpook Nat. Univ.

Korea Univ.

Inha Univ.

Jeonbuk Nat. Univ.

Pusan Nat. Univ.

Sejong Univ.

Institute of Basic Science

Sungkyunkwan Univ.

Seoul Nat. Univ.

Univ. of Seoul

Yonsei Univ.
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Precedent contribution for international collaboration 

RPC gap production for CMS
• A longstanding hardware activity from 1990s 

by Korean high energy & nuclear physics 
groups 

Mass production of GEM foils
• CMS upgrade
• R&D from 2014 by K-CMS group
• GE1/1, ME0 

MAPS upgrade for ALICE ITS
• R&D for Pixel chip design and beam test
• Ko-ALICE groups 

• Inha U., Yonsei U., PNU

Precedent Contributions for International Collaborations

From Yongsun Kim’s slides

KOREA-CERN COLLABORATION PROGRAM (since 2006) 
(K-CMS, KO-ALICE, & Theory, now about 4M USD per year)
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Potential	contribution		
by	Korean	groups

4

Potential Korean  
involvement for EIC

From Yongsun Kim’s slides
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To maximize productivity

5

Extension of ongoing hardware developments for EIC detectors   
•ALICE ALPIDE, Focal   -> EIC vertex tracker and calorimeter  
•CMS MTD, GEM           -> EIC LGAD, RWELL 
•FCC DRC                      -> EIC calorimeter (upgrade)  

Active collaboration with foreign groups  
•BNL, ORNL, LANL, RIKEN, and more…  
•Allows concentrating on well defined tasks and minimizes risks 

μ

To Maximize Productivity …

From Yongsun Kim’s slides
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Summary

22

• Korean groups are very interested in the involvement of EIC program 
• Active discussion ongoing among nuclear, high energy, hadron physics 
societies 

• For EPIC, we are interested in contribution of following projects 
• Electronics for calorimeters (HGCROC) 

• RWELL gas detector  
• Silicon pixel tracker 
• LGAD sensor  
• Dual readout calorimeter  

• To realize the involvement, we are … 
• constructing the concrete goal and plan to be achieve with limited 
manpower and funding  

• open for international collaboration particularly with labs in the US and 
nearby countries  

• seeking for substantial long-term support for R&D and detector 
construction 

μ

From Yongsun Kim’s slides
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Proposed partnership w/ international collab.

Korean leaders:
Yongsun Kim (Sejong U.)
Yongseok Oh (KNU)

Korea EIC 
Group

Theory/Global 
analysis


KNU 

Inha U.  

Yonsei U. 

APCTP

JLab  

BNL 

Calorimeter


Sejong U.  

KNU  

Yonsei U. 

U. of Seoul

ANL 

ORNL 

Silicon tracker


PNU 

Inha U.  

Yonsei U.

LBNL  

LANL 

LGAD


BNL 

RIKEN 

KNU 

Korea U.

GEM


JLab 

BNL 
SNU 

U. of Seoul 

EIC project 
menagement

From Yongsun Kim

Expected manpower: ~10 universities, ~ 50 members (including ~15 faculty members)



J/ѱ Photoproduction off Nucleons

21

T.-S. H. Lee, S. Sakinah, Y. Oh, arXiv:2210.02154, to be published in Eur. Phys. J. A
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Models for VM photoproduction 
Meson 

exchange

J.M. Laget, PLB 489 (2000)

Pomeron 
exchange

Searching for 
missing resonances

Photoproduction of  
neutral vector mesons
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Light VM photoproduction 
<latexit sha1_base64="Fj3+/64CEuvDjfC3vP94igNqX+Q="></latexit>
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Pomeron Exchange Model

Donnachie-Landshoff

Pomeron: C=+1 isoscalar photon
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PRODUCTION MECHANISMS 
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Light VM photoproduction 
<latexit sha1_base64="Fj3+/64CEuvDjfC3vP94igNqX+Q="></latexit>

�N ! V N(V = !, ⇢,�,K⇤)

Meson exchange and nucleon pole terms

Couplings from 

and pion photoproduction studies, etc
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PRODUCTION MECHANISMS 
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Motivation for J/ψ production

• Baryon spectrum & structure


• Recently observed pentaquark state Pc (LHCb Collab.)


• To understand this state


• Confirmation by other experiments


• Understanding of J/ψ-nucleon interactions
<latexit sha1_base64="f3PIU/79+7PNW6uZ/97mxHN2Tj4="></latexit>

� +N ! J/ +N

•Test   J/ψ-N potential extracted from  LQCD  
•Predict nuclei with hidden charms
•Investigate  gluonic distributions in nuclei
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Models of J/ψ photo-production

Models in the market


1. Pomeron exchange model (Pom-DL)


2. Pomeron + J/ψ-N potential model (Pom-pot)


3. GPD-based model


4. 2-gluons & 3-gluons exchange model (2g+3g)


5. Holographic approach


6. Pomeron + CQM


With those background, investigate


• N* (Pc) contributions
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2

J/ J/ 

c̄

c

p p

u

u

d

Fig. 1 One of the possible leading two-gluon exchange mechanisms
of g + p ! J/Y + p reaction within QCD.

can be described by each model. Predictions will be pre-
sented for future experimental tests. In this section we will
briefly describe the essential ingredients of these six models.
The details are then given in the rest of the paper.

The study of photo-production of vector mesons (V ) at
high energies has a long history [14–16] with extensive data
sets [17, 18]. A major advance was made by Donnachie and
Landshoff [19–22] (DL) who demonstrated that the data of
g + p ! V + p reactions at high energies can be described
very well by using the Vector Meson Dominance (VMD)
assumption [23–26] and the Pomeron-exchange mechanism
within the Regge phenomenology [14, 15]. The connection
of the DL model to QCD was qualitatively justified in some
investigations [27–29] which attempted to relate the Pomeron-
exchange to the gluon-exchange. In this approach, the in-
coming photon is converted into a vector meson V which is
then scattered from the nucleon by the Pomeron-exchange
between quarks in two hadrons, as illustrated in the upper
part of Fig. 2. The main assumption of the DL model is
the Pomeron-photon analogy [30, 31] that Pomerons interact
with quarks like C =+ isoscalar photons and the usual fac-
torization approximation can be used to simplify the loop-
integration over quark wavefunctions of hadrons. Thus the
emission or absorption of a Pomeron by a hadron can be cal-
culated by using the electromagnetic form factors of hadrons,
such as F1(t) of the nucleon. As illustrated in the lower part
of Fig. 2, the amplitudes for g + p ! V + p within the DL
model can be written schematically as

t
Pom ⇠


e

fV

FV (t)

�
⇥GP(s, t)⇥F1(t), (1)

where fV is determined by the width of V ! e
+

e
� decay

using the VMD assumption, s and t are the usual Mandel-
stam variables, FV (t) is the form factor for V , and GP(t,s) is
the Pomeron propagator of the Regge phenomenology. The
model defined by Eq. (1) will be called Pom-DL model in
this paper.

With the parameters determined by fitting [9, 32–34] the
total cross section data of Refs. [17, 35–37] of g + p !
J/Y + p up to invariant mass W = 300 GeV, it was found [33]
that the Pom-DL model can not describe the JLab data at
W < 7 GeV. This is not unexpected because the J/Y -N in-

� J/ 

VMD

c̄

c

N N

Gp

J/ 

� J/ 

N N

VMD
Gp

J/ FJ/ 

F1

Fig. 2 Pomeron-exchange model of Donnachie and Landshoff (Pom�
DL). Upper: Pomeron-exchange between quarks in J/Y and nucleon,
Lower: Pomeron-exchange amplitude Eq. (1) resulted from assuming
the Pomeron-photon analogy and using the factorization approxima-
tion.

teractions calculated by using the Pomeron-photon analogy
is only part of possible gluon-exchange mechanisms. In the
near threshold energy region where the relative velocity of
the outgoing J/Y -N is not large and the higher order multi-
gluon exchanges can not be neglected. In addition, the J/Y +
N ! J/Y +N transition amplitude tJ/YN,J/YN(k,q,W ) near
threshold is far off-shell; for example, at W =(mN +mJ/Y )+
0.5 GeV, the incoming gN relative momentum is q= 0.8 GeV
which is much larger than the outgoing J/Y -N relative mo-
mentum k = 0.1 GeV in the CM system. Hence the Regge
phenomenology, which is based on the on-shell formula-
tion, is not directly applicable for describing J/Y +N !
J/Y +N in the near threshold energy region.

An obvious next step [33] to improve the Pom-DL model
is to add a J/Y -N scattering amplitude generated from a
J/Y -N potential vJ/YN,J/YN which can be interpreted as the
multi-gluon exchange mechanisms. By also using the VMD
assumption, it gives the amplitude, illustrated in the upper
part of Fig. 3, which is of the following form,

t
pot =

em
2
J/Y

fJ/Y

1
q2 �m

2
J/Y

tJ/YN,J/YN , (2)

where mJ/Y is the mass of J/Y , and the J/Y -N scattering
amplitude is defined by the following Lippmann-Schwinger
equation:

tJ/YN,J/YN = vJ/YN,J/YN

+ vJ/YN,J/YN GJ/YN(W ) tJ/YN,J/YN . (3)

Model I
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Pomeron-exchange (Pom-DL)8

1 10 100
W  (GeV)

10
−2

10
0

10
2
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σ
 to

t    
(n

b)

ρ0

J/ψ

Υ(1s)

φ

Fig. 9 Fits to the data of the total cross sections (s tot) of photo-
production of r0, f , J/Y and ° (1s) on the proton target. The solid
curves are calculated from using the Pom-DL model. Data are from
Refs. [17, 35–37, 95–106].

where t = (q � k)2 = (p f � pi)2. By using the Pomeron-
photon analogy, the form factor for the Pomeron-nucleon
vertex is defined by the isoscalar electromagnetic form fac-
tor of the nucleon as

F1(t) =
4m

2
N
�2.8t

(4m
2
N
� t)(1� t/0.71)2 . (36)

Here t is in the unit of GeV2, and mN is the proton mass.
The crucial ingredient of Regge phenomenology is the

propagator GP of the Pomeron in Eq. (33). Following Eq. (22)
and using sin[p

2 aP(t)] ⇠ 1 for aP(t) ⇠ 1 in the small |t| re-
gion, it is of the following form:

GP =

✓
s

s0

◆aP(t)�1
exp

⇢
� ip

2
[aP(t)�1]

�
, (37)

where s= (q+ pi)2 =W
2, aP(t) =a0+a 0

P
t, and s0 = 1/a 0

P
.

The amplitude of the Pom-DL model, as defined above,
has the parameters: the quark-Pomeron coupling constants
bq for q= u/d,s,c,b, µ0 for the form factor FV (t) of the vec-
tor meson V , and a0 and a 0

P
for the Regge trajectory aP(t).

The nucleon form factor F1(t) is given in Eq. (36) and we set
s0 = 1/a 0

P
= 0.25 GeV from Donnachie and Landshoff. By

fitting the data of r0, w , f photo-production [94], we have
determined: µ0 = 1.1 GeV2, bu/d = 2.07 GeV�1, bs = 1.38
GeV�1, a0 = 1.08 for r and w , a0 = 1.12 for f . For the
heavy quark systems, we find that with the same µ2

0 , bu/d ,
and a 0

P
, the J/Y and ° photo-production data can be fit-

ted by setting bc = 0.32 GeV�1 and bb = 0.45 GeV�1, and
choosing a larger a0 = 1.25.

In Fig. 9, we see that the data for the f , J/Y , and ° pro-
duction can be described very well by the Pom-DL model.
On the other hand, the r photo-production data at low en-
ergies clearly need other mechanisms such as the meson-
exchange mechanisms illustrated in Refs. [58, 59] or the
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Fig. 10 Differential cross sections from the Pom-DL model are com-
pared with ZEUS data [17, 35–37]. Upper: at W = 90 GeV; Lower: at
W = 40 GeV (solid curve) and 140 GeV (dashed curve), data are from
averaging the data in the range of W = 40-140 GeV .

mechanisms due to the a2 and f2 Regge trajectories as in-
cluded in Refs. [21, 107]. It appears that the slope parameter
a0 for the energy-dependence of the diffractive production
of heavy quarks (c and b) is rather different from that for
light quarks (u, d, s). This was interpreted in Ref. [22] as the
presence of the second Pomeron. As with much of Pomeron
phenomenology, it is required to understand this observation
within QCD.

In Fig. 10, we show that the predicted differential cross
sections at W = 40–140 GeV are consistent with the data
(averaged over the cross sections in a range of W ), while
some refinements of the model are needed to fit data at large
�t. It is worthwhile to use the Pom-DL model to illustrate
that in the near threshold energy region W . 5 GeV, the
cross sections are from the large momentum-transfer region
where the Regge phenomenology may not be applicable.
This can be seen in Fig. 11. At the very near threshold W =
4.075 GeV, the momentum transfers are in the �t > 1.4 GeV2

region. We thus expect that the Pom-DL model needs to be
improved to fit the JLab data. This can be seen in Fig. 12
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where t = (q � k)2 = (p f � pi)2. By using the Pomeron-
photon analogy, the form factor for the Pomeron-nucleon
vertex is defined by the isoscalar electromagnetic form fac-
tor of the nucleon as

F1(t) =
4m

2
N
�2.8t

(4m
2
N
� t)(1� t/0.71)2 . (36)

Here t is in the unit of GeV2, and mN is the proton mass.
The crucial ingredient of Regge phenomenology is the

propagator GP of the Pomeron in Eq. (33). Following Eq. (22)
and using sin[p

2 aP(t)] ⇠ 1 for aP(t) ⇠ 1 in the small |t| re-
gion, it is of the following form:
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where s= (q+ pi)2 =W
2, aP(t) =a0+a 0
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t, and s0 = 1/a 0
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.

The amplitude of the Pom-DL model, as defined above,
has the parameters: the quark-Pomeron coupling constants
bq for q= u/d,s,c,b, µ0 for the form factor FV (t) of the vec-
tor meson V , and a0 and a 0

P
for the Regge trajectory aP(t).

The nucleon form factor F1(t) is given in Eq. (36) and we set
s0 = 1/a 0

P
= 0.25 GeV from Donnachie and Landshoff. By

fitting the data of r0, w , f photo-production [94], we have
determined: µ0 = 1.1 GeV2, bu/d = 2.07 GeV�1, bs = 1.38
GeV�1, a0 = 1.08 for r and w , a0 = 1.12 for f . For the
heavy quark systems, we find that with the same µ2

0 , bu/d ,
and a 0

P
, the J/Y and ° photo-production data can be fit-

ted by setting bc = 0.32 GeV�1 and bb = 0.45 GeV�1, and
choosing a larger a0 = 1.25.

In Fig. 9, we see that the data for the f , J/Y , and ° pro-
duction can be described very well by the Pom-DL model.
On the other hand, the r photo-production data at low en-
ergies clearly need other mechanisms such as the meson-
exchange mechanisms illustrated in Refs. [58, 59] or the
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mechanisms due to the a2 and f2 Regge trajectories as in-
cluded in Refs. [21, 107]. It appears that the slope parameter
a0 for the energy-dependence of the diffractive production
of heavy quarks (c and b) is rather different from that for
light quarks (u, d, s). This was interpreted in Ref. [22] as the
presence of the second Pomeron. As with much of Pomeron
phenomenology, it is required to understand this observation
within QCD.

In Fig. 10, we show that the predicted differential cross
sections at W = 40–140 GeV are consistent with the data
(averaged over the cross sections in a range of W ), while
some refinements of the model are needed to fit data at large
�t. It is worthwhile to use the Pom-DL model to illustrate
that in the near threshold energy region W . 5 GeV, the
cross sections are from the large momentum-transfer region
where the Regge phenomenology may not be applicable.
This can be seen in Fig. 11. At the very near threshold W =
4.075 GeV, the momentum transfers are in the �t > 1.4 GeV2

region. We thus expect that the Pom-DL model needs to be
improved to fit the JLab data. This can be seen in Fig. 12



29

9

0 0.5 1 1.5 2 2.5 3
−t  (GeV2)

10
−7

10
−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

10
1

dσ
/d

t  
 (µ

b/
G

eV
2 )

W=50 GeV

W=5 GeV W=4.075 GeV

Fig. 11 Differential cross sections at W = 4.075, 5, 50 GeV calculated
from the Pom-DL model .

4 4.5 5 5.5 6 6.5 7
W   (GeV)

10
−2

10
−1

10
0

10
1

10
2

σ
 to

t    
(n

b)

Pom-DL model
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compared with the data. Solid squares are the JLab data [10].

where the predicted total cross sections are shown to be
much smaller than the JLab data.

3 Pom-pot model

The results shown in Fig. 12 is not unexpected since the
use of Pomeron-photon analogy only accounts for parts of
gluon-exchange mechanisms which may not be the domi-
nant mechanism in the near threshold region. Adding the
non-perturbative multi-gluon exchange mechanisms as in-
cluded in the J/Y -N potentials vJ/YN,J/YN extracted from
LQCD may solve the problem. By also using the VMD as-
sumption, the amplitude (tpot) due to a potential vJ/YN,J/YN

is illustrated in Fig. 3.
To proceed, we note that the VMD coupling constant

1/ fV is determined by the J/Y ! g ! e
+

e
� decay at q

2 =
m

2
J/Y ⇠ 9 GeV2 which is far from q

2 = 0 for the photo-
production process. It is therefore necessary to include an
offf-shell factor Foff(q2) with Foff(m2

V
) = 1 to correct this.

This phenomenological procedure is needed since VMD for

J/Y is questionable, as recently claimed in Ref. [64]. The
amplitude from extending the Pom-DL model to include the
amplitude t

pot shown in Fig. 3 due to vJ/YN,J/YN has the
following form:

hk,lV m
0
s
|TV N,gN(W )|q,lg msi =

hk,lV m
0
s
|tPom+pot(W )|q,lg msi (38)

with

hk,lV m
0
s
|tPom+pot(W )|q,lg msi = hk,lV m

0
s
|tPom(W )|q,lg msi

+ hk,lV m
0
s
|tpot(W )|q,lg msi , (39)

where hk,lV m
0
s
|tPom(W )|q,lg msi has been given in Eq. (32),

and we follow the dynamical formulation of Refs. [71–74]
to write

hk,lV m
0
s
|tpot(W )|q,lg msi = hk,lV m

0
s
|tV N,V N(W )|q,lg msi

⇥ 1
W �EN(q)�EV (q)+ ie

⇥
"

Foff(0)
em

2
V

fV

1
(2p)3/2

1p
2q

1p
2EV (q)

#
.(40)

Here, the J/Y -N scattering amplitude tV N,V N(W ) is calcu-
lated from potential vV N,V N by using the following Lippmann-
Schwinger equation,

tV N,V N(W ) = vV N,V N + vV N,V N

1
W �H0 + ie

tV N,V N(W ). (41)

The above equation is solved in partial-wave representation.
For a central potential, such as vJ/YN,J/YN = v0

�ar

r
extracted

from LQCD [45], we have

hk,mV ms|tV N,V N(W )|k 0
,m0

V
m
0
s
i =

Â
LM

Y
⇤
LM

(k̂)tL(k,k
0)YLM(k̂0)dmV ,m0

V

dm0s,ms
.(42)

The matrix element tL(k,k0,W ) is then from solving

tL(k,k
0,W ) = vL(k,k

0)

+
Z

q
2

dqvL(k,q)
1

W �EN(q)�EV (q)+ ie
⇥ tL(q,k

0,W ), (43)

where

vL(k,k
0) =

2
p

Z
r

2
dr jL(kr)vV N,V N(r) jL(k

0
r). (44)

The Pom-pot model has been applied in Ref. [33] by
using vJ/YN,J/YN extracted from the LQCD calculations of
Refs. [45, 108]. As shown in Fig. 13, the LQCD data (solid
circles) can be fitted by two sets of parameters: (1) v0 =
�0.06, a = 0.3 GeV (pot-1), (2) v0 =�0.11, a = 0.5 GeV
(pot-2). It is found that the JLab data can be fitted by choos-
ing the off-shell factor Foff(0) = 0.7 (0.4) for pot-1 (pot-2).
The results from using pot-1 are shown in Fig. 14. We see
that the amplitude t

pot from vJ/YN,J/YN interferes with t
Pom

from the Pom-DL model to fit the JLab data in W < 5 GeV
region, while the fits at higher energies are also improved.

GlueX, PRL 123 (2019)
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Fig. 3 Pom-pot model. Upper: The amplitude of Eq. (2). Lower: J/Y -
N scattering equation (3). Here, v and t stand for vJ/yN,J/YN and
tJ/yN,J/YN , respectively.

Here, GJ/YN(W ) is the propagator of the J/Y -N system.
Eq. (3) is illustrated in the lower part of Fig. 3. Adding t

pot

to the Pom-DL amplitude, we then obtain a Pom-pot model
defined by the following amplitude

t
Pom+pot = t

Pom + t
pot. (4)

The results from Pom-pot model depend on the choice
of vJ/YN,J/YN in solving Eq. (3). Several attempts had been
made to determine vJ/YN,J/YN . An important step was taken
by Peskin [38] who applied the operator product expansion
to evaluate the strength of the color field emitted by heavy
qq̄ systems, and suggested [39] that the van der Waals force
induced by the color field of J/Y on nucleons can gener-
ate an attractive short-range J/Y -N interaction. The results
of Peskin were used by Luke, Manohar, and Savage [40] to
predict, using the effective field theory method, the J/Y -
N forward scattering amplitude which was then used to get
an estimation that J/Y can have a few MeV/nucleon attrac-
tion in nuclear matter. The J/Y -N forward scattering ampli-
tude of Ref. [40] was further investigated by Brodsky and
Miller [41] to derive a J/Y -N potential which gives a J/Y -
N scattering length of �0.24 fm. The result of Peskin was
also used by Kaidalov and Volkovitsky [42], who differed
from Ref. [41] in evaluating the gluon content in the nu-
cleon, to give a much smaller scattering length of �0.05 fm.

In LQCD calculations using the approach of Refs. [43,
44], Kawanai and Sasaki [45, 46] obtained an attractive J/Y -
N potential of the Yukawa form vJ/YN,J/YN = �ae

�µr/r

with a = 0.1 and µ = 0.6 GeV, which gives a scattering
length of �0.09 fm. Using the potential vJ/YN,J/YN(r) ex-
tracted from this LQCD calculation, the Pom-pot model was
used in Ref. [33] to fit the JLab data by including a reduction
of the VMD coupling constant 1/ fJ/Y by a factor of about
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� J/ 

Fg
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[ec NR(0)]

G(0)

Fig. 4 GPD-based model. Upper: One of the four two-gluon exchange
diagrams of Eq. (5), Lower: The amplitude of Eq. (6).

0.4–0.7. The need of such a correction on the VMD cou-
pling constant is consistent with the earlier study of r photo-
production [21]. It is also justified since the VMD coupling
constant is determined by the J/Y ! g ! e

+
e
� decay width

at q
2 = m

2
J/Y ⇠ 9 GeV2 which is far from q

2 = 0 of the
g + p ! J/Y + p reaction. Furthermore, the use of VMD
for J/Y is questionable as discussed in Ref. [55]. Thus, the
phenomenological procedure of adjuting the off-shell factor
1/ fJ/Y makes the Pom-pot model uncertain in testing the
LQCD calculations of J/Y -N potentials. Nevertheless, the
Pom-pot model is the only model which fits the data from
threshold to very high energy W = 300 GeV and therefore
can be applied to use the data of J/Y photo-production on
nuclei to study the gluonic distribution in nuclei and the ex-
istence of nuclei with hidden charms [5–9].

The models described above are for analyzing the data
from threshold to very high energies up to W = 300 GeV. Fo-
cusing on the near threshold region W  7 GeV, two models
based on PQCD have been developed to describe the JLab
data. Both models assume that the incoming photon fluctu-
ates into a cc̄ pair which is then scattered from the nucleon
by gluon-exchange mechanisms.

The model of Ref. [47] starts with the two-gluon-exchange
amplitude which is illustrated in the upper part of Fig. 4 and
has the following form [48]

tJ/YN,gN(P
0
K;Pq)

= (ig)2
Z

d
4
k d

4
l

(2p)8 hP0 | A
µ(�l � D

2 )A
n(l � D

2 )|Pi

⇥Tr

"
d

Â
n=a

I
n

µn(K,k, l,D ,e)Y(K,k)

#
, (5)

Model II
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tJ/yN,J/YN , respectively.

Here, GJ/YN(W ) is the propagator of the J/Y -N system.
Eq. (3) is illustrated in the lower part of Fig. 3. Adding t

pot

to the Pom-DL amplitude, we then obtain a Pom-pot model
defined by the following amplitude

t
Pom+pot = t

Pom + t
pot. (4)

The results from Pom-pot model depend on the choice
of vJ/YN,J/YN in solving Eq. (3). Several attempts had been
made to determine vJ/YN,J/YN . An important step was taken
by Peskin [38] who applied the operator product expansion
to evaluate the strength of the color field emitted by heavy
qq̄ systems, and suggested [39] that the van der Waals force
induced by the color field of J/Y on nucleons can gener-
ate an attractive short-range J/Y -N interaction. The results
of Peskin were used by Luke, Manohar, and Savage [40] to
predict, using the effective field theory method, the J/Y -
N forward scattering amplitude which was then used to get
an estimation that J/Y can have a few MeV/nucleon attrac-
tion in nuclear matter. The J/Y -N forward scattering ampli-
tude of Ref. [40] was further investigated by Brodsky and
Miller [41] to derive a J/Y -N potential which gives a J/Y -
N scattering length of �0.24 fm. The result of Peskin was
also used by Kaidalov and Volkovitsky [42], who differed
from Ref. [41] in evaluating the gluon content in the nu-
cleon, to give a much smaller scattering length of �0.05 fm.

In LQCD calculations using the approach of Refs. [43,
44], Kawanai and Sasaki [45, 46] obtained an attractive J/Y -
N potential of the Yukawa form vJ/YN,J/YN = �ae

�µr/r

with a = 0.1 and µ = 0.6 GeV, which gives a scattering
length of �0.09 fm. Using the potential vJ/YN,J/YN(r) ex-
tracted from this LQCD calculation, the Pom-pot model was
used in Ref. [33] to fit the JLab data by including a reduction
of the VMD coupling constant 1/ fJ/Y by a factor of about

� J/ 

N N

l ��/2 l +�/2

k

c̄

c

GPD

� J/ 

Fg

N N

[ec NR(0)]

G(0)
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0.4–0.7. The need of such a correction on the VMD cou-
pling constant is consistent with the earlier study of r photo-
production [21]. It is also justified since the VMD coupling
constant is determined by the J/Y ! g ! e

+
e
� decay width

at q
2 = m

2
J/Y ⇠ 9 GeV2 which is far from q

2 = 0 of the
g + p ! J/Y + p reaction. Furthermore, the use of VMD
for J/Y is questionable as discussed in Ref. [55]. Thus, the
phenomenological procedure of adjuting the off-shell factor
1/ fJ/Y makes the Pom-pot model uncertain in testing the
LQCD calculations of J/Y -N potentials. Nevertheless, the
Pom-pot model is the only model which fits the data from
threshold to very high energy W = 300 GeV and therefore
can be applied to use the data of J/Y photo-production on
nuclei to study the gluonic distribution in nuclei and the ex-
istence of nuclei with hidden charms [5–9].

The models described above are for analyzing the data
from threshold to very high energies up to W = 300 GeV. Fo-
cusing on the near threshold region W  7 GeV, two models
based on PQCD have been developed to describe the JLab
data. Both models assume that the incoming photon fluctu-
ates into a cc̄ pair which is then scattered from the nucleon
by gluon-exchange mechanisms.

The model of Ref. [47] starts with the two-gluon-exchange
amplitude which is illustrated in the upper part of Fig. 4 and
has the following form [48]
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Model IV
4

where P and P
0 are the momenta of the initial and final

nucleons, q the incident photon momentum, e the photon
polarization vector, K the final J/Y momentum, D ⌘ P

0 �
P, A

µ the gluon field, Y(K,k) the wavefunction of cc̄ in
J/Y . With the momenta k and l indicated in the upper part
of Fig. 4, the propagators of quarks in J/Y are given in
I

a

µn(K,k, l,D ,e). The above expression can be simplified by
using the heavy quark expansion in 1/mJ/Y and the non-
relativistic limit of Y(K,k). The amplitude is then reduced
into a form related to the moment expansion of Generalized
Parton Distribution (GPD). By keeping only the n = 0 mo-
ment, the cross section is then determined by a gluonic form
factor of the nucleon and the non-relativistic wavefunction
fNR(0) of J/Y at relative distance r = 0 of two quarks. The
resulting amplitude is illustrated in the lower part of Fig. 4.
The differential cross section can then be written as
ds
dt

=
aEMe

2
c

4(W 2 �m
2
N
)2

(16paS)2

3m
3
J/Y

|fNR(0)|2 |G(0)(t,x )|2, (6)

where aEM = e
2/(4p) = 1/137, ec =

2
3 e, aS is a QCD cou-

pling constant, and G
(0)(t,x ) is the n = 0 moment of GPD

defined by

G
(0)(t,x ) = 1

x 2

Z +1

�1
dxFg(x,x , t). (7)

Here the skewness x is defined by x = P
+�P

0+

P++P
0+ with P

+ =
1
2 (P

0 +P
3), and Fg(x,x , t) is the gluon GPD of the nucleon.

The parameters of G
(0)(t,x ) had been determined [49] by

using LQCD, but were adjusted to fit the JLab data. The
model defined by Eqs. (6) and (7) will be called GPD-based
model in this paper.

The PQCD model of Ref. [50], applied in Ref. [10] to
fit the JLab data, assumes that the cc̄ scattered from the
valance quarks with fraction of momentum x ⇠ 1 of the tar-
get nucleus. For the nucleon target, this model has two- and
three-gluon exchange processes, as illustrated in Fig. 5. As
discussed in Ref. [51], this implies that the production rate
behaves near x ! 1 as (1� x)2ns , where ns is the number
of spectators. They also follow Ref. [52] to assume that the
probability that a quark in the proton of radius R is found
within the transverse distance 1/Mcc̄ of cc̄ from proton is
1/(R2

M
2
cc̄
), where Mcc̄ is the mass of cc̄. For exclusive J/Y

production, a form factor Fng(t) is needed to describe how
the scattered quarks combine with the spectator quarks to
form a proton. They then obtain
ds2g

dt
= N2g

(1� x)2

R2M
2
cc̄

F
2
2g
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where s = E
2
cm

with Ecm being the total energy in the cen-
ter of mass frame. The form factors F2g(t) and F3g(t) are
unknown and must be determined from experiments. Using
rather scarce data of t-dependence of ds/dt near threshold,
they set F

2
2g
(t) = F

2
3g
(t) = exp(1.13t), where t is in the units

of GeV2. The constants N2g and N3g are then determined
from fitting the total cross section data of g + p ! J/Y + p

reactions. The model defined by Eqs. (8) and (9) will be
called 2g+3g model in this paper.

We will also give formula of the model of Refs. [53, 54]
based on the holographic QCD. This model assumes that
the J/Y photo-production is due to the exchanges of tensor
(2++) and scalar (0++) glueballs, as illustrated in Fig. 6.
This model will be called Holog model in this paper.

The sixth model we will present is aimed at testing the
J/Y -N potentials extracted from LQCD calculations. It is
obtained by removing the VMD assumption, which is ques-
tionable [55] for J/Y , in the Pom-pot model described above.
If we further assume that the cc̄-N interaction can be defined
by a quark-N potential vcN , then the g +N ! J/Y +N and
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where P and P
0 are the momenta of the initial and final

nucleons, q the incident photon momentum, e the photon
polarization vector, K the final J/Y momentum, D ⌘ P

0 �
P, A

µ the gluon field, Y(K,k) the wavefunction of cc̄ in
J/Y . With the momenta k and l indicated in the upper part
of Fig. 4, the propagators of quarks in J/Y are given in
I

a

µn(K,k, l,D ,e). The above expression can be simplified by
using the heavy quark expansion in 1/mJ/Y and the non-
relativistic limit of Y(K,k). The amplitude is then reduced
into a form related to the moment expansion of Generalized
Parton Distribution (GPD). By keeping only the n = 0 mo-
ment, the cross section is then determined by a gluonic form
factor of the nucleon and the non-relativistic wavefunction
fNR(0) of J/Y at relative distance r = 0 of two quarks. The
resulting amplitude is illustrated in the lower part of Fig. 4.
The differential cross section can then be written as
ds
dt

=
aEMe

2
c

4(W 2 �m
2
N
)2

(16paS)2

3m
3
J/Y

|fNR(0)|2 |G(0)(t,x )|2, (6)

where aEM = e
2/(4p) = 1/137, ec =

2
3 e, aS is a QCD cou-

pling constant, and G
(0)(t,x ) is the n = 0 moment of GPD

defined by

G
(0)(t,x ) = 1

x 2

Z +1

�1
dxFg(x,x , t). (7)

Here the skewness x is defined by x = P
+�P

0+

P++P
0+ with P

+ =
1
2 (P

0 +P
3), and Fg(x,x , t) is the gluon GPD of the nucleon.

The parameters of G
(0)(t,x ) had been determined [49] by

using LQCD, but were adjusted to fit the JLab data. The
model defined by Eqs. (6) and (7) will be called GPD-based
model in this paper.
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three-gluon exchange processes, as illustrated in Fig. 5. As
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behaves near x ! 1 as (1� x)2ns , where ns is the number
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where s = E
2
cm

with Ecm being the total energy in the cen-
ter of mass frame. The form factors F2g(t) and F3g(t) are
unknown and must be determined from experiments. Using
rather scarce data of t-dependence of ds/dt near threshold,
they set F

2
2g
(t) = F

2
3g
(t) = exp(1.13t), where t is in the units

of GeV2. The constants N2g and N3g are then determined
from fitting the total cross section data of g + p ! J/Y + p

reactions. The model defined by Eqs. (8) and (9) will be
called 2g+3g model in this paper.

We will also give formula of the model of Refs. [53, 54]
based on the holographic QCD. This model assumes that
the J/Y photo-production is due to the exchanges of tensor
(2++) and scalar (0++) glueballs, as illustrated in Fig. 6.
This model will be called Holog model in this paper.

The sixth model we will present is aimed at testing the
J/Y -N potentials extracted from LQCD calculations. It is
obtained by removing the VMD assumption, which is ques-
tionable [55] for J/Y , in the Pom-pot model described above.
If we further assume that the cc̄-N interaction can be defined
by a quark-N potential vcN , then the g +N ! J/Y +N and

Exchanges of scalar (0+) and tensor (2+) gluebells
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Fig. 7 Models with cc̄-loop mechanisms. Upper: calculated from
quark-nucleon potential (vcN ), Lower: calculated from Pomeron-
exchange mechanism.

J/Y +N ! J/Y +N amplitudes in t
pot of Eqs. (2) and (3)

are defined by cc̄-loop mechanisms, as illustrated in the up-
per part of Fig. 7. Similarly, the Pomeron-exchange term
t
Pom should also be defined by the same cc̄-loop mecha-

nism, as illustrated in the lower part of Fig. 7. By using
a hadron model [56, 57] based on Dyson-Schwinger equa-
tion (DSE) of QCD, such a quark-loop Pomeron-exchange
model was explored in Refs. [58, 59]. It will be interesting
to use the recent DSE models [60–67] to improve the results
of Refs. [58, 59] and to also evaluate loop mechanisms with
vcN (upper part of Fig. 7) which is needed to describe the
data near threshold.

Alternatively, one can use the constituent quark model
(CQM) [68–70] to evaluate the cc̄-loops of Fig. 7. This ap-
proach is simpler in practice and is reasonable since CQM
for the heavy quark systems, such as J/Y and ° , has been
well established [69]. In this paper, we will detail how such
a CQM-based model, referred to as Pom-CQM model, can
relate the J/Y potentials extracted from LQCD calculations
to the J/Y photo-production data.

The N
⇤ excitation in the J/Y photo-production has been

studied in Ref. [32] within the dynamical formulation de-
veloped in Refs. [71–74]. In this Argonne-Osaka approach,
the total amplitude including the excitation of N

⇤ is of the
following form:

TV N,gN(W ) = tV N,gN(W )+ t
N
⇤

V N,gN
(W ), (11)

where tV N,gN can be generated from any of the models de-
scribed above, and

t
N
⇤

V N,gN
(W ) = F̄

+
N⇤,V N

(W )
1

W �M
⇤
0 �S(W )

F̄N⇤,gN(W ), (12)

where F̄N⇤,MB is the dressed N
⇤ ! MB vertex function, and

S(W ) is the self-energy of the resonance with a bare mass
M

⇤
0 . The V N ! V N scattering amplitudes are included in

F̄N⇤,V N and S(W ), as required by the unitarity condition.
The above dynamical formulation can be used to investigate
whether N

⇤(Pc) states are the meson-baryon molecules [75–
78] or the compact pentaquark states [79–81]. We will present
results from using Eqs. (11) and (12) to investigate the N

⇤(Pb)
reported in Ref. [4].

In Sec. 2, we briefly review the Regge phenomenology
for explaining the Pomeron-exchange model of Donnachie
and Landshoff (Pom-DL). The Pom-pot model obtained from
extending the Pom-DL model to include J/Y -N potentials
extracted from LQCD is presented in Sec. 3. The models
based on GPD (GPD-based), two-gluon and three-gluon ex-
change (2g + 3g), and holographic approach (Holog) are
presented in Sec. 4. The study of N

⇤ excitation is given in
Sec. 5. Section 6 is for presenting the Pom-CQM model.
Predictions for future experimental tests are given in Sec. 7.
In Sec. 8, we give a summary and discuss possible future
developments.

2 Pomeron-exchange model

The Pomeron-exchange model of photo-production of vec-
tor mesons was developed within the Regge phenomenol-
ogy. As can be seen from extensive literature [14–16], the
Regge phenomenology cannot be derived rigorously from
relativistic quantum field theory, although some understand-
ing of Regge poles have been obtained in Ref. [82]. It was
largely from the study [83–85] of potential scattering within
the non-relativistic quantum mechanics and was simply ex-
tended to relativistic formulation [86–88] of scattering am-
plitudes. For our purposes, we give in Appendix A suffi-
ciently self-contained explanations which are needed to de-
velop the formulas of Pomeron-exchange models.

With the derivations given in Appendix A, we start with
Eq. (A.19) for the amplitude T (s, t) of the process 1(p1)+
2(p2) ! 3(p3)+ 4(p4). By defining the usual Mandelstam
variables as

s = (p1 + p2)
2, (13)

t = (p1 � p3)
2, (14)

we have

T (s, t) = Â
n

b 13
n
(t)b 24

n
(t)

1+ sne
�ipan(t)

2sin[pan(t)]
(a1,ns)an(t), (15)
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4 4.5 5 5.5 6 6.5 7
W  ( GeV )

10
−2

10
−1

10
0

10
1

10
2

σ
 to

t    
(n

b 
)

t pot

t pom + t pot

t pom

Fig. 14 The total cross sections of g + p ! J/Y + p. t
Pom (tpot) indi-

cates the cross sections calculated from keeping only t
Pom (tpot) term

in Eq. (38). t
Pom + t

pot indicate the cross sections calculated from the
total amplitude.

In the upper part of Fig. 15, we see that the fit to the
JLab total cross section data by using pot-2 is similar to that
from pot-1. In the lower part, we see that the both models
give equally good descriptions of the differential cross sec-
tions. The Pom-pot model can describe the data from thresh-
old to very high energies of W = 300 GeV. Hence it can be
used to predict the cross sections of J/Y photo-production
from nuclei for investigating the production of nuclei with
hidden charms [5–9], the gluon distributions in nuclei, and
the nucleon-nucleon short-range correlations as discussed in
Ref. [109].

4 Models of PQCD

In this section, we give the formulas for using GPD-based
(Fig. 4) and 2g+3g (Fig. 5) models within the formulation
defined by Eqs. (27)-(30).
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Fig. 15 Cross sections of g + p ! J/Y + p from using LQCD poten-
tials pot-1 and pot-2. Upper: total cross sections; Lower: differential
cross sections.

4.1 2g+3g model

The amplitudes of the 2g+3g model, as defined by Eqs. (8)-
(9), can be written as [9]
hk,lJ/Y m

0
s
|TJ/Y N,gN(W )|q,lg msi=

hk,lJ/Y m
0
s
|t2g+3g(W )|q,lg msi , (45)

where by defining the four-momenta as k = (EJ/Y (k),k),
p f = (EN(k),�k), qi = (q,q), pi = (EN(q),�q), the ampli-
tude can be written as

hk,lJ/Y m
0
s
|t2g+3g(W )|q,lg msi

=
1

(2p)3

r
mNmN

4EJ/Y (k)EN(p f )|q|EN(pi)

4
p

pp
6

qW

mN

[M2g +M3g]

(46)
with

M2g =
A2g

4
p

p
1� x

RmJ/Y
e

bt/2, (47)

M2g =
A3g

4
p

p
1

R2 m
2
J/Y

e
bt/2, (48)

x =
2mNmJ/Y +m

2
J/Y

W 2 �m2
p

, (49)
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Fig. 16 Total cross sections of g + p ! J/Y + p calculated from
2g + 3g model. 2g (3g) is the contribution from two-gluon (three-
gluon) exchange amplitudes of Eq. (46).

where R = 1 fm, b = 1.13 GeV�2 are taken from Ref. [50].
Substituting Eqs. (45)-(46) into Eq. (28), we obtain

dsJ/Y N,gN

dW
=

qk

p


ds2g

dt
+

ds3g

dt
+C⇥ [2M2g M3g]

�
, (50)

where ds2g

dt
and ds3g

dt
are identical to those given in Eqs. (8)

and (9), and C is a kinematic factor. The term C⇥ [2M2g M3g]
is from the interference between the amplitudes M2g of 2g-
exchange and M3g of 3g-exchange. This term makes our ap-
proach slightly different from Ref. [50]. This modification
is necessary for our later study of N

⇤ in which the N
⇤ inter-

ference with the non-resonant amplitudes is crucial.
We follow Ref. [50] to determine the parameters A2g

and A3g by fitting the total cross section data. As shown
in Fig. 16, we find the old data (solid circles) can be fit-
ted by the two-gluon exchange (2g) model (dashed curve)
with (A2g = 0.023 MeV�2, A3g = 0). The JLab data can
be fitted (solid curve) by adding the 3g exchange contribu-
tion (dash-dot curve) with (A2g = 0.028 MeV�2 and A3g =
2000 MeV�2).

The main difference between the Pomi-pot model and
the 2g+ 3g model is at high energies, as shown in the up-
per part of Fig. 17. It remains to be explored whether the
2g+ 3g model can be improved to also fit the data at high
energies. Their difference can also be distinguished in dif-
ferential cross sections at large t, as illustrated in the lower
part of Fig. 17. Clearly more precise data are needed to test
the predictions.

4.2 GPD-based model

In this subsection, we explain the derivations of the cross
section in Eq. (6) from Eq. (5) within the GPD-based model.
It is convenient to perform the calculation of the amplitude
of g(q)+ p(P)! J/Y(K)+ p(P0) in the CM frame within
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Fig. 17 Comparisons of the cross sections from Pom-DL and 2g+3g

models. Upper: total cross sections , Lower: differential cross sections.

which the initial nucleon momentum P is in the z-direction
and the final nucleon in the x-z plane:

P = (P0,0,0, |P|),
q = (q0,0,0,�|P|),

P
0 = (P

00, |P0|sinq ,0, |P0|cosq),
K = (K0,�|P0|sinq ,0,�|P0|cosq),

where q is the angle between P0 and z-axis. The skewness x
is then defined by

x = � D ·n
2P̄ ·n

, (51)

where D = P
0 �P, and the light-cone vector n is defined as

n ⌘ 1p
2P̄+

(1,0?,�1) with the average nucleon momentum
P̄ ⌘ (P+P

0)/2 such that n · P̄ = 1. We then have

x =
P
+�P

0+

P++P
0+

=
[EN(P)+ |P|]� [EN(P0)+ |P0|cosq ]
[EN(P)+ |P|]+ [EN(P0)+ |P0|cosq ]

, (52)

where P
+ = 1p

2
(P0 +P

3).

Model II Model III
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where R = 1 fm, b = 1.13 GeV�2 are taken from Ref. [50].
Substituting Eqs. (45)-(46) into Eq. (28), we obtain

dsJ/Y N,gN

dW
=

qk

p


ds2g

dt
+

ds3g

dt
+C⇥ [2M2g M3g]

�
, (50)

where ds2g

dt
and ds3g

dt
are identical to those given in Eqs. (8)

and (9), and C is a kinematic factor. The term C⇥ [2M2g M3g]
is from the interference between the amplitudes M2g of 2g-
exchange and M3g of 3g-exchange. This term makes our ap-
proach slightly different from Ref. [50]. This modification
is necessary for our later study of N

⇤ in which the N
⇤ inter-

ference with the non-resonant amplitudes is crucial.
We follow Ref. [50] to determine the parameters A2g

and A3g by fitting the total cross section data. As shown
in Fig. 16, we find the old data (solid circles) can be fit-
ted by the two-gluon exchange (2g) model (dashed curve)
with (A2g = 0.023 MeV�2, A3g = 0). The JLab data can
be fitted (solid curve) by adding the 3g exchange contribu-
tion (dash-dot curve) with (A2g = 0.028 MeV�2 and A3g =
2000 MeV�2).

The main difference between the Pomi-pot model and
the 2g+ 3g model is at high energies, as shown in the up-
per part of Fig. 17. It remains to be explored whether the
2g+ 3g model can be improved to also fit the data at high
energies. Their difference can also be distinguished in dif-
ferential cross sections at large t, as illustrated in the lower
part of Fig. 17. Clearly more precise data are needed to test
the predictions.

4.2 GPD-based model

In this subsection, we explain the derivations of the cross
section in Eq. (6) from Eq. (5) within the GPD-based model.
It is convenient to perform the calculation of the amplitude
of g(q)+ p(P)! J/Y(K)+ p(P0) in the CM frame within
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which the initial nucleon momentum P is in the z-direction
and the final nucleon in the x-z plane:

P = (P0,0,0, |P|),
q = (q0,0,0,�|P|),

P
0 = (P

00, |P0|sinq ,0, |P0|cosq),
K = (K0,�|P0|sinq ,0,�|P0|cosq),

where q is the angle between P0 and z-axis. The skewness x
is then defined by

x = � D ·n
2P̄ ·n

, (51)

where D = P
0 �P, and the light-cone vector n is defined as

n ⌘ 1p
2P̄+

(1,0?,�1) with the average nucleon momentum
P̄ ⌘ (P+P

0)/2 such that n · P̄ = 1. We then have
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G(t,x ) is then expressed in terms of the even moments of
the GPDs,

G(t,x ) =
•

Â
n=0

G
(n)(t,x ) (66)

with

G
(n)(t,x ) = 1

x 2n+2

Z +1

�1
dxx

2n
Fg(x,x , t) . (67)

The GPD defined by Eq. (63) is parameterized as

Fg(x,x , t) =
1

2P̄+


Hg(x,x , t)ū(P0)g+u(P)

+Eg(x,x , t)ū(P0)
is+a Da

2MN

u(P)

�
. (68)

Keeping only the n = 0 moment, we then have

|G(t,x )|2 ! |G(0)(t,x )|2

=
1

x 4

✓
1� t

4M
2
N

◆
E

2
2 (t,x )

�2E2(x,x )(H2(x,x )+E2(x,x ))

+(1�x 2)(H2(x,x )+E2(x,x ))2
�
, (69)

where

H2(x,x ) =
Z 1

0
dxHg(x,x , t) = Ag(t)+(2x )2

Cg(t),

E2(x,x ) =
Z 1

0
dxEg(x,x , t) = Bg(t)� (2x )2

Cg(t). (70)

To use the results from the LQCD calculation of Ref. [49],
one chooses the following dipole parameterization:

Ag(t) =
Ag(0)

(1� t

m
2
A

)2 , (71)

Cg(t) =
Cg(0)

(1� t

m2
c

)2 , (72)

Bg(t) ⇠ 0 (73)

with

mA = 1.13 GeV, mc = 0.48 GeV, (74)
Ag(0) = 0.58, Cg(0) =�1.0. (75)

To fit the JLab data, the above parameters were changed in
Ref. [47] as mA = 1.13 ! (1.64±0.11) and Cq(0) =�1 !
(�0.84±0.82). The results are in Fig. 19.

4.3 Holog model

The derivations of the Holog model by using the holographic
approach can be found in Refs. [53, 54]. Here we only give
the formulas of Ref. [54] which are used to calculate the
cross sections for comparing with the JLab data and making
predictions for future experimental tests.
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Fig. 19 GPD-based model. Upper: total cross sections, Lower: differ-
ential cross sections.

Within the Holog model, the g +N ! J/Y +N reac-
tion is due to the exchange of scalar (0++) and tensor (2++)
glueballs as illustrated in Fig. 6. The resulting expression of
the differential cross sections is of the following form:

ds
dt

=
⇥
A

2(0)⇥ Ñ
⇤

I
2

NT

✓
s

k̃2
N

◆2✓
� t

4m
2
N

+1
◆

⇥


1
(1� t/L 2

t )2

�2
, (76)

where Lt = 1.124 GeV, and

I =
3
2

g5 fJ/Y
MJ/Y

⇥

2

664
1✓

Q2

4k̃2
J/Y

+3
◆✓

Q2

4k̃2
J/Y

+2
◆✓

Q2

4k̃2
J/Y

+1
◆

3

775

Q2=0

,(77)

NT =
1

64p


e

2 (2k2)2

g
2
5

�
k̃4

N

k̃8
J/Y

(78)

14

4 4.5 5 5.5 6 6.5 7
W   (GeV)

10
−2

10
−1

10
0

10
1

10
2

σ
 to

t    
(n

b)

0 1 2 3 4 5

−(t−tmin)    (GeV2)
10-2

10-1

100

101

dσ
/d

t  
  (

nb
/G

eV
2 )

Data: 10 GeV - 11.8 GeV

Eγ=10.9 GeV

Fig. 20 Holog model. Upper: total cross sections; Lower: differential
cross sections.

with

g5 =
23/2k̃2

J/Y
fJ/Y mJ/Y

, (79)

k =
q

4p2/N2
c
. (80)

The parameters in the above equations are: Nc = 3, e =
0.3, k̃N = 0.35, mN = 0.94 GeV, mJ/Y = 3.1 GeV, fJ/Y =
0.405 GeV, and k̃J/Y = 1.03784 GeV. The normalization
constant [A2(0)⇥ Ñ] is fixed by fitting the JLab data,

A
2(0)⇥ Ñ = 43.11 µb/GeV2. (81)

The total cross section is then obtained by

s tot(s) =
Z |t|max

|t|min
dt

ds
dt

. (82)

The results are compared with the JLab data in Fig. 20.

5 N
⇤ excitation

To study the N
⇤(Pc) in g + p ! J/Y + p, we first note that

there are coupled-channel effects due to the couplings be-
tween J/YN, rN, pN and multi-meson XN channels. These

coupled-channel effects were studied in Ref. [110] and were
found to be small. Hence Eqs. (11) and (12) are sufficient
for the calculations presented below.

Since the width of N
⇤(Pc) is very narrow ⇠ 20 MeV, we

can assume MN⇤ +SN⇤(E) ⇠ MR � i

2G tot(W ), and Eq. (12)
then becomes the usual Breit-Wigner form. In the CM sys-
tem, the amplitude of g(q,lg)+N(�q,lN)! N

⇤(J,MJ)!
J/Y(k,mJ/Y )+N(�k,m0

s
) can then be written as

hk,mJ/Y m
0
s
|tN

⇤
JMJ

|q,lg lNi = hk,mJ/Y m
0
s
|F̄N⇤,J/YN |JMJi

⇥ 1
W �MR +

i

2G tot(W )
hJMJ |F†

N⇤,gN
|q,lg lNi , (83)

where lg and lN are the helicities of the photon and the
incoming nucleon, respectively, mJ/Y and m

0
s

are the spin
projections of the J/Y and the recoiled nucleon. The spin
and its projection of the intermediate N

⇤ are denoted by J

and MJ , respectively.
Following Ref. [72], the matrix element of the gN ! N

⇤

transition is

hJMJ |F†
N⇤,gN

|q,lg lNi = dl ,(lg�lN)
1

(2p)3/2

r
m

N
q

N⇤

EN(q)

⇥Al D
J

l ,MJ
(fq,qq,�fq), (84)

where Al is the helicity amplitude of the gN ! N
⇤ excita-

tion, q
N⇤ and q are determined by MR = qN⇤ +EN(qN⇤) and

W = q+EN(q), respectively, and

D
J

l ,MJ
(fq,qq,�fq) = e

i(l�MJ)f d
J

l ,MJ
(qq). (85)

Here d
J

l ,MJ

(qq) is the Wigner d-function.
The matrix element of the N

⇤ ! J/YN transition is pa-
rameterized [72] as

hk,mJ/Y m
0
s
|F̄N⇤,J/YN |JMJi

= Â
LS

Â
MLMS

hJMJ |LSMLMSihSMS|1 1
2 mJ/Y msiYLML

(k̂)

⇥ 1
(2p)3/2

1q
2EJ/Y (k)

r
m

N

EN(k)

s
8p2MR

mNk
G

J

LS

✓
k

kN⇤

◆
L

,

(86)

where k and kN⇤ are determined by W = EJ/Y (k)+EN(k)
and MR = EJ/Y (kN⇤) + EN(kN⇤), and L and S are the or-
bital angular momentum and total spin of the J/Y -N sys-
tem. h j m| j1 j2 m1 m2i is the Clebsch-Gordan coefficient, and
YLML

(k̂) is the spherical harmonic function. We follow the
dynamical approach of Ref. [72] to define the W -dependence
of G tot(W ) in Eq. (83) as

G tot(W ) = G tot
0

r(k)
r(kN⇤)

✓
k

kN⇤

◆2L
✓

L 2

(k� kN⇤)2 +L 2

◆2L+4

,

(87)

where r(k)= pkEN(k)EJ/Y (k)/(EN(k)+EJ/Y (k)) and L =
650 MeV is a cutoff parameter.

19

4 4.5 5 5.5 6 6.5 7
W (GeV)

0.001

0.002

0.003

0.004

0.005

σ
 to

t   (
nb

)

tCQM= B + t(fsi)

B

4 4.1 4.2 4.3 4.4 4.5 4.6
W ( GeV )

10
−1

10
0

σ
 to

t    
(n

b)

pot-2

pot-1
Pom-CQM model

Fig. 26 Pom-CQM model. The results are from using the parameters
of quark-nucleon potential vcN determined from the J/Y -N potentials
extracted from LQCD. Upper: effect of final-state interaction. Lower:
Comparisons with JLab data. pot-1 (pot-2) indicates that the parame-
ters of quark-nucleon potential vcN are determined by using the poten-
tials pot-1 (pot-2) extracted from LQCD shown in Fig. 13.

When the Pomeron-exchange is included (tPom+B), the pre-
dicted results are still below the Jlab data. Only when FSI
effects are included (tPom +B+ t

(fsi)), we obtain the black
solid curve which agrees reasonably with the Jlab data. The
pronounced enhancement due to FSI at very near threshold
is similar to that seen in nuclear reactions. The predicted
differential cross sections are comparable to that of the Pom-
pot model in describing the Jab data, as shown in Fig. 29.

Apparently, the results presented here need to be exam-
ined by using the J/Y wavefunction generated from a more
realistic CQM which fits the spectrum of charmonium (cc̄)
and the width of J/Y ! e

+
e
� decay. Since the momentum-

transfer for the g ! cc̄ ! J/Y loop (Fig. 24) and J/Y !
cc̄ ! J/Y loop (Fig. 25) are rather different in the threshold
region, the parameters for the quark-nucleon potential vcN

may have to be determined differently for these two calcu-
lations. It is, of course, most important to have new calcula-
tions of J/Y -N interaction from LQCD and the DSE models
which can be tested within this reaction model.
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Fig. 27 Dependence of the total cross sections on the parameter a (up-
per) and µ (lower) of the quark-nucleon potential vcN = a e
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r
within

the Pom-CQM model.
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Fig. 28 Comparisons of the contribution from each amplitude in
Eqs. (121)-(123).

7 Predictions

The available JLab data at W = 4.5–7 GeV can be reason-
ably fitted by adjusting the parameters of the six models pre-
sented in this paper. Their differences can only be tested by
using more extensive data from the future experiments [11–

Model IV Model V Model VI
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The resonance amplitude of Eq. (83) then have param-
eters: the total decay width G tot

0 , helicity amplitude Al for
N
⇤ ! gN of Eq. (84), and GLS for N

⇤ ! J/YN of Eq. (86).
These parameters can be related to the partial decay widths
defined by

GN⇤,gN =
Z

dqd (MR �EN(q)� |q|)

⇥ 2p
2J+1 Â

MJ

Â
lg lN

|hq,lg lN |F̄†
N⇤,gN

|JMJi |2

=
q

2
N⇤

4p
mN

MR

8
2J+1

(|A1/2|2 + |A3/2|2), (88)

and

GN⇤,J/YN =
Z

dkd (MR �EJ/Y (k)�EN(k))

⇥ 2p
2J+1 Â

MJ

Â
mJ/Y m0

s

|hk,mJ/Y m
0
s
|F̄N⇤,J/YN |JMJi |2

= Â
LS

|GJ

LS
|2. (89)

Our objective here is to investigate the extent to which
the available JLab data can be related to the Pc(4337) state
reported recently by the LHCb Collaboration [4]. We will
assume that the non-resonant amplitude in Eq. (11) is de-
fined by the amplitude generated from either the Pom�pot
or 2g+ 3g models described in the previous sections. The
spin-parity of Pc(4337) state was not well determined and
has four possible specifications. For our illustrative purposes,
it is sufficient to only consider J

p(LS) = 1
2
�
(0, 1

2 ),
3
2
�
(2, 1

2 ),
and use their values of decay widths G tot = 29 MeV and
GN⇤,J/yN = 6.8 MeV. For simplicity, we set A3/2 = 0 and
hence A1/2 is the only parameter in fitting the JLab data.

We first consider the specification J
p(LS) = 1

2
�
(0, 1

2 ).
We find that the total cross section calculated with A1/2 .
1⇥10�3 GeV�2 are within the uncertainties of the available
data. Our results with A1/2 = 1⇥10�3 GeV�2 and A3/2 = 0
are shown in Fig. 21. At the resonance energy W = MR =
4.337 GeV, the results from Pom-pot and 2g� 3g models
are almost the same, indicating that our determination of
A1/2 is rather model independent. It appears that the avail-
able JLab data can not unambiguously exclude or confirm
the Pc(4337) state of LHCb.

We next consider J
p(LS) = 3

2
�
(2, 1

2 ). We find that by
also setting the helicity amplitude A1/2 = 1⇥ 10�3 GeV�2

and A3/2 = 0, the total cross sections are almost indistin-
guishable with that of J

p(LS) = 1
2
�
(0, 1

2 ). However their
differential cross sections are rather different at large |t|, as
shown in Fig. 22. The cross sections for J

p(LS) = 3
2
�
(2, 1

2 )
raise at large t can be a clear signal for identifying this N

⇤

state.

4 4.5 5 5.5 6 6.5 7
W   (GeV)

10
−2

10
−1

10
0

10
1

10
2

σ
 to

t    
(n

b)
2g+3g

Pom-pot 

Fig. 21 Fits to the total cross section data of g + p ! J/Y + p. The
Pc(4337) (Jp (LS) = 1

2
�
(0, 1

2 1) , A1/2 = 1⇥ 10�3 GeV�2) is included
in the fits with the non-resonant amplitudes calculated from either the
Pom-pot (solid curve) or 2g+3g (dashed curve) models.

6 Pom-CQM model

In this section we describe the Pom-CQM model which can
be used to relate the J/Y -N potentials extracted from LQCD
calculation [45, 108] to the g + p ! J/Y + p cross sections.
It is obtained by removing the VMD assumption within the
Pom-pot model and using the CQM to evaluate the cc̄-loop
mechanisms, illustrated in the upper part of Fig. 7. Since the
resulting model is also applicable to heavy quark system ° ,
we will use the notation V for J/Y in this section.

We start with the following Hamiltonian,

H = H0 +Hem + vcc̄ + vcN , (90)

where H0 is the free Hamiltonian, vcc̄ is a quark-quark po-
tential of CQM, vcN is a quark-nucleon potential, and the
electromagnetic g ! e

+
e
�, cc̄ couplings are defined by

Hem = e

Z
dxȳe(x)gµ ye(x)Aµ(x)

+ ec

Z
dxȳc(x)gµ yc(x)Aµ(x), (91)

where ye(x) and yc(x) are the field operators of the electron
with charge e and the charm quark with charge ec, respec-
tively.

With the quark-quark potential vcc̄ in the Hamiltonian
of Eq. (90), we can generate the J/Y wavefunction |fV i in
the rest frame of J/Y by solving the following bound-state
equation,

(H0 + vcc̄) |fV i= EV |fV i , (92)

where EV is the mass of J/Y . The wavefunction fV can then
be used to define J/Y -N potential VV N,V N from vcN by using
the folding procedure [111]:

VV N,V N = hfV ,N|Â
c

vcN |fV ,Ni . (93)

N* Contribution



In the near threshold region, all models for J/ψ photo-production can 
describe the available Jlab data equally well, but give rather large 
differences at large momentum-transfer and in the very near threshold 
region.


 
These observations lead to

 
1. Each model needs improvements for determining N*.

2. Need high precision data at large momentum-transfer and very close to 
threshold.

3. More detailed and complete understanding of the models is needed to 
distinguish them. (Spin polarization?)
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Summary



Thank you


