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Dynamical model of J/ψ photoproduction on the nucleon
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A dynamical model based on a phenomenological charm quark-nucleon (c-N) potential vcN and the Pomeron-
exchange mechanism is constructed to investigate the J/ψ photoproduction on the nucleon from threshold to
invariant mass W = 300 GeV. The J/ψ-N potential, VJ/ψN (r), is constructed by folding vcN into the wave
function φJ/ψ (cc̄) of J/ψ within a constituent quark model (CQM) of Segovia et al. [Int. J. Mod. Phys. E
22, 1330026 (2013)]. A photoproduction amplitude is also generated by vcN by a cc̄-loop integration over the
γ → cc̄ vertex function and φJ/ψ (cc̄). No commonly used vector meson dominance assumption is used to define
this photoproduction amplitude which is needed to describe the data near the threshold. The c-N potential vcN (r)
is parameterized in a form such that the predicted VJ/ψN (r) at large distances has the same Yukawa potential
form extracted from a lattice QCD (LQCD) calculation of Kawanai and Sasaki, [Phys. Rev. D 82, 091501(R)
(2010)]. The parameters of vcN are determined by fitting the total cross-section data of Jefferson Laboratory
(JLab) by performing calculations that include J/ψ-N final-state interactions (FSI). The resulting differential
cross sections dσ/dt are found in good agreements with the data. It is shown that the FSI effects dominate the
cross section in the very near-threshold region, allowing for sensitive testing of the predicted J/ψ-N scattering
amplitudes. By imposing the constraints of J/ψ-N potential extracted from the LQCD calculation of Kawanai
and Sasaki, [Phys. Rev. D 82, 091501(R) (2010)], we have obtained three J/ψ-N potentials which fit the JLab
data equally well. The resulting J/ψ-N scattering lengths are in the range of a = [−0.05, −0.25] fm. With the
determined vcN (r) and the wave functions generated from the same CQM, the constructed model is used to
predict the cross sections of photoproduction of ηc(1S) and ψ (2S) mesons for future experimental tests.

DOI: 10.1103/PhysRevC.109.065204

I. INTRODUCTION

It is well recognized [1] that the information on the in-
teractions between the J/ψ meson and the nucleon (N) can
improve our understanding of the roles of gluons (g) in
determining the structure of hadrons and hadron-hadron in-
teractions. In addition, a model of the J/ψ-N interaction is
needed to understand the nucleon resonances N∗(Pc) reported
by the LHCb collaboration [2–5]. It is also needed to extract
the gluonic distributions in nuclei and to study the existence
of nuclei with hidden charms [6–10].

The leading J/ψ-N interaction is the two-gluon exchange
mechanism, as illustrated in Fig. 1. Higher-order multigluon
exchange effects cannot be neglected in the nonperturba-
tive region. By using continuum and lattice studies at low
energies and the heavy quark effective field theory and per-
turbative QCD at high energies, the J/ψ-N interaction can be
estimated.

Several attempts had been made to determine the J/ψ-N
interactions. Peskin [11] applied the operator product expan-
sion to evaluate the strength of the color field emitted by heavy
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qq̄ systems and suggested [12] that the van der Waals force
induced by the color field of J/ψ on nucleons can generate an
attractive short-range J/ψ-N interaction. The results of Peskin
were used by Luke, Manohar, and Savage [13] to predict,
using the effective field theory method, the J/ψ-N forward
scattering amplitude which was then used to get an estima-
tion that J/ψ can have a few MeV-per-nucleon attraction
in nuclear matter. The J/ψ-N forward scattering amplitude
of Ref. [13] was further investigated by Brodsky and Miller
[14] to derive a J/ψ-N potential which gives a J/ψ-N scat-
tering length of −0.24 fm. The result of Peskin was also
used by Kaidalov and Volkovitsky [15], who differed from
Ref. [14] in evaluating the gluon content in the nucleon, to
give a much smaller scattering length of −0.05 fm. In a lattice
QCD (LQCD) calculation using the approach of Refs. [16,17],
Kawanai and Sasaki [18–20] obtained an attractive J/ψ-N
potential of the Yukawa form VJ/ψN,J/ψN = −αe−μr/r with
α = 0.1 and μ = 0.6 GeV, which gives a scattering length
of −0.09 fm.

To make progress, it is necessary to have experimental
information on the J/ψ-N scattering to test the theoreti-
cal results described above and future LQCD calculations.
One can employ the traditional approach to determine the
vector meson-nucleon (VN) interaction by applying the vec-
tor meson dominance (VMD) assumption. This method is
commonly used to extract J/ψ-N cross sections from the
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FIG. 1. Two gluon exchange mechanism of γ + N → J/ψ + N
reaction.

data of J/ψ photoproduction reactions. In this approach,
the incoming photon is converted into a vector meson V
which is then scattered from the nucleon, as illustrated in
Fig. 2. However, the approach based on VMD is not valid for
J/ψ because the VMD coupling constant is determined by
the J/ψ → γ → e+e− decay width at q2 = m2

J/ψ ≈ 9 GeV2

which is far from q2 = 0 of the γ + p → J/ψ + p reaction.
Furthermore, the use of VMD for J/ψ is questionable as dis-
cussed in Refs. [21,22]. In addition, the transition amplitude
tJ/ψN,J/ψN (k, q,W ) for J/ψ + N → J/ψ + N near threshold
is far off-shell. For instance, at W = (mN + mJ/ψ ) + 0.5 GeV,
the incoming γ N relative momentum is q = 0.8 GeV, which
is much larger than the outgoing J/ψ-N relative momen-
tum k = 0.1 GeV in the center-of-mass system. Thus, the
VMD approach is clearly not directly applicable for de-
scribing J/ψ + N → J/ψ + N in the near-threshold energy
region.

In this paper, we present a reaction model to extract the
J/ψ-N scattering amplitudes from the data of γ + N →
J/ψ + N reactions, specifically from the experiments at Jef-
ferson Laboratory (JLab) [23–25]. In the meantime, we will
obtain phenomenological J/ψ-N potentials, VJ/ψN,J/ψN , for
investigating nuclear reactions involving J/ψ meson. No
VMD is assumed by taking the cc̄ structure of J/ψ into
account to define the model Hamiltonian. For simplicity in
this exploring work, we will follow the Pomeron-exchange
model of Donnachie and Landshoff (DL) [26] to neglect the
quark substructure of the nucleon and assume that the inter-
actions between the charm-anticharm (cc̄) quarks in J/ψ and
the nucleon can be defined by a phenomenological quark-N
potential vcN . It follows that the γ + N → J/ψ + N transition
amplitude, Bγ N,J/ψN , and the J/ψ + N → J/ψ + N potential,
VJ/ψN , are defined by cc̄-loop mechanisms, as illustrated in
Fig. 3. Following the dynamical formulation [27–30] within

FIG. 2. The γ + N → J/ψ + N reaction within the model based
on the VMD assumption.

FIG. 3. Quark-antiquark loop mechanism of γ + N → J/ψ + N
and J/ψ + N → J/ψ + N due to a phenomenological charm quark-
nucleon (c-N) potential vcN .

which the unitarity condition requires that J/ψ-N final-state
interaction (FSI) effects must be included, the total amplitude
of γ + N → J/ψ + N then has the following form:

T D
γ N,J/ψN = Bγ N,J/ψN + T (fsi)

γ N,J/ψN ,

(1)

with

T (fsi)
γ N,J/ψN = Bγ N,J/ψN GJ/ψN TJ/ψN,J/ψN , (2)

where GJ/ψN is the J/ψ-N propagator and TJ/ψN,J/ψN is the
J/ψ-N scattering amplitude calculated from the J/ψ-N po-
tential, VJ/ψN , by solving the following Lippman-Schwinger
equation:

TJ/ψN,J/ψN = VJ/ψN,J/ψN + VJ/ψN,J/ψN GJ/ψN TJ/ψN,J/ψN .

(3)

To also describe data up to 300 GeV [23–25,31,32], we
add the Pomeron-exchange amplitude T Pom

γ N,J/ψN of DL [26],
reviewed in Ref. [1], such that the total amplitude can be
used to investigate nuclear reactions involving J/ψ at all
energies. To be consistent, the Pomeron-exchange amplitude
should also be defined by the similar cc̄-loop mechanism
of Fig. 3. By using a hadron model [33,34] based on
Dyson-Schwinger equation (DSE) of QCD, such a quark-loop
Pomeron-exchange model was explored in Refs. [35,36]. It
will be interesting to use the recent DSE models [37–44] to
improve the results of Refs. [35,36]. Within the Hamiltonian
formulation of this work, it requires a realistic constituent
quark model (CQM) to generate the J/ψ wave function
and careful treatments of relativistic kinematic effects within
Dirac’s formulation of relativistic quantum mechanics [45].
We therefore will not pursue this here. Rather we focus on
the near-threshold region, and any effects from Pomeron-
exchange which is very weak in the near threshold region, can
be considered as an estimate of the uncertainties of the results
presented in this paper.

Since the Pomeron-exchange amplitude T Pom
γ N,J/ψN has been

determined in Ref. [1], our task is to develop a model for
calculating the amplitude T D

γ N,J/ψN defined by Eqs. (1)–(3).
As defined by the loop-mechanism illustrated in Fig. 3, the
J/ψ-N potential VJ/ψN (r) is constructed by folding vcN (r)
into the J/ψ wave function φJ/ψ . By using φJ/ψ from the
CQM of Ref. [46], the amplitude T D

γ N,J/ψN is completely deter-
mined by vcN (r). To establish correspondence with the LQCD
calculations, the parametrization of vcN (r) is chosen such that
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the predicted VJ/ψN (r) at large distances exhibits the same
Yukawa potential form extracted from a LQCD calculation of
Refs. [18,20].

We determine the parameters of vcN by fitting the total
cross-section data from the JLab experiments [23,24]. As
will be presented later, the resulting differential cross sec-
tions dσ/dt are in reasonably good agreements with the data
[23–25] from JLab. More importantly, it is shown that the FSI
effects dominate the cross section in the very near-threshold
region, allowing for sensitive testing of the predicted J/ψ-N
scattering amplitudes. Within the experimental uncertainties,
this procedure allows us to obtain several J/ψ-N potentials
which all fit the available JLab data reasonably well. They,
however, predict rather different cross sections near threshold
and the resulting J/ψ-N scattering lengths. More extensive
and precise data in the very near threshold region are needed
for making further progress.

By using the determined c-N potential vcN (r) and the wave
functions generated from the same CQM of Ref. [46], we can
apply the constructed dynamical model to predict the cross
sections of photoproduction of the other charmonium states.
The results for the production of ηc(1S) and ψ (2S) mesons are
presented for future experimental tests at JLab and the future
electron-ion colliders (EIC).

Here we note that the JLab data of J/ψ photoproduc-
tion had also been investigated by using models based
on two- and three-gluons exchange mechanisms [47], gen-
eralized parton distribution of the nucleon [48], and the
holographic QCD [49]. All of these approaches have rather
different assumptions in treating the quark substructure of
J/ψ . They are distinctively different from our approach which
accounts for the cc̄-loop mechanisms in calculating both
the J/ψ photoproduction amplitudes and J/ψ-N final-state
interactions. Thus their objective is not to extract J/ψ-N in-
teractions at low energies, as we are trying to achieve in this
work.

Without using VMD, the JLab data had also been investi-
gated [21] by using the effective Lagrangian approach. Their
objective was to demonstrate that with appropriate param-
eters the cusp structure of JLab data at W ≈ 4.2–4.3 GeV
can be explained by the box-diagram mechanisms γ N →
D̄∗�c → J/ψN due to the exchanges of D̄∗ and �c mesons.
This approach can in principle be extended to extract J/ψ-N
interaction from J/ψ photoproduction data but has not been
pursued.

In Sec. II, we present our formulation. The results are
presented in Sec. III. In Sec. IV, we provide a summary and
discuss possible future improvements.

II. FORMULATION

We follow Ref. [50] to use the normalization 〈k|k′〉 =
δ(k − k′) for plane-wave state |k〉 and 〈φα|φβ〉 = δα,β for
bound state |φα〉. The J/ψ meson will be denoted as V in the
rest of the paper.

In the center-of-mass frame, the differential cross
section of vector meson (V ) photoproduction reaction,
γ (q, λγ ) + N (−q, ms) → V (k, λV ) + N (−k, m′

s), is calcu-

lated from [1]

dσV N,γ N

d�
= (2π )4

|q|2
|k| EV (k)EN (k)

W

|q|2EN (q)

W

× 1

4

∑
λV ,m′

s

∑
λγ ,ms

| 〈k, λV m′
s|TV N,γ N (W )|q, λγ ms〉 |2,

(4)

where ms (m′
s) denotes the z component of the initial- (final-)

state nucleon spin, and λV and λγ are the helicities of vec-
tor meson V and photon γ , respectively. The magnitudes
q = |q| and k = |k| are defined by the invariant mass W =
q + EN (q) = EV (k) + EN (k).

The reaction amplitude TV N,γ N (W ) can be decomposed
into the sum of the dynamical scattering amplitude T D

V N,γ N (W )
and the Pomeron-exchange amplitude T Pom

V N,γ N (W ) as [1]

TV N,γ N (W ) = T D
V N,γ N (W ) + T Pom

V N,γ N (W ). (5)

We shall describe each amplitude in the following
subsections.

A. Dynamical model for T D
V N,γN (W )

Following the dynamical approach of Refs. [27–30], the
amplitude T D

V N,γ N (W ) is calculated from using the following
Hamiltonian:

H = H0 + �γ ,cc̄ + vcc̄ + vcN , (6)

where H0 is the free Hamiltonian, vcN is a phenomenological
quark-nucleon potential to be determined, vcc̄ is the cc̄ po-
tential of CQM, and �γ ,cc̄ is the electromagnetic coupling of
γ → cc̄ defined by

〈q|�γ ,cc̄|k1, k2〉 = 1√
2|q|

1√
2Ec(k1)

1√
2Ec(k2)

× ec

(2π )3/2
[ū(k1)γ μεμ(q)v(k2)]. (7)

Here ec is the charge of the charmed quark, εμ(q) is the photon
polarization vector, and ū(k1) and v(k2) are the Dirac spinors
with the normalization ū(k)u(k) = v̄(k)v(k) = 1.

Using the potential vcc̄ in the Hamiltonian, the wave func-
tion |φV 〉 of the J/ψ is obtained by solving the bound-state
equation within a CQM developed by Segovia et al. [46],
expressed as:

(H0 + vcc̄) |φV 〉 = EV |φV 〉 . (8)

Here we assume a simple s-wave wave function defined in
momentum space as

φ
JV mV
V,pV

(kmsc , k′m′
sc

) = 〈
JV mV

∣∣ 1
2

1
2 msc m

′
sc̄

〉
φ(k̄)δ(pV − k − k′),

(9)

where pV is the momentum of J/ψ , k(k′) is the momentum
of c(c̄), and k̄ = (k − k′)/2. The total angular momentum
and its magnetic quantum number of J/ψ are denoted by JV

and mV , respectively, and msc (m′
sc̄

) is the magnetic quantum
number of c(c̄) spin angular momentum.

With the Hamiltonian given by Eq. (6) and neglecting
the quark-quark scattering, the scattering amplitude T (W )
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for γ + N → V + N process is defined by the following
Lippmann-Schwinger equation:

T (W ) = H ′ + T (W )
1

W − H0 + iε
H ′, (10)

where

H ′ = �γ ,cc̄ + vcN . (11)

Inserting the intermediate states of |V N〉 , |cc̄N〉 and keeping
only the first order in electromagnetic coupling e in Eq. (10),
we obtain

T D
V N,γ N (W ) = BV N,γ N (W ) + T (fsi)

V N,γ N (W ), (12)

where BV N,γ N (W ) is the Born term of J/ψ photoproduction
and the FSI term T (fsi)

V N,γ N (W ) is required by the unitary condi-
tion and is defined by

T (fsi)
V N,γ N (W ) = TV N,V N (W )

1

W − H0 + iε
BV N,γ N (W ). (13)

In this work, we assume that the V N potential can be
constructed by the Folding model [51] using the quark-N in-
teraction vcN and the wave function φV generated from Eq. (8),

VV N,V N = 〈φV , N |
∑

c

vcN |φV , N〉 . (14)

The wave function and vcN potential are also used to construct
the J/ψ photoproduction process with the following form:

BV N,γ N (W ) = 〈φV , N |
[∑

c

vcN
|cc̄〉 〈cc̄|
Ecc̄ − H0

�γ ,cc̄

]
|γ , N〉 ,

(15)

where Ecc̄ is the energy available to the propagation of cc̄.
In the following, we give explicit expressions of the matrix

elements of VV N,V N , BV N,γ N (W ), and T (fsi)
V N,γ N (W ).

1. Matrix elements of VV N,V N

To evaluate Eq. (14), we assume for simplicity that quark-
N interaction, vcN , is independent of spin variables,

〈k msc , p msN | vcN |k′ m′
sc
, p′ m′

sN
〉

= δmsc ,m′
sc
δmsN ,m′

sN
δ(k + p − k′ − p′) 〈q|vcN |q′〉 , (16)

where the relative momenta of quark and nucleon are
defined by

q = mN k − mcp
mN + mc

, (17)

q′ = mN k′ − mcp′

mN + mc
. (18)

Here mc and mN are the masses of the quark c and the nucleon,
respectively.

With the J/ψ wave function given in Eq. (9) and the spin-
independent quark-N potential defined by Eq. (16), we can
evaluate the matrix element of the potential VV N,V N given by
Eq. (14). In the center-of-mass frame, where pV = −p and

FIG. 4. J/ψ-N potential defined by the quark-nucleon potential
vcN , with the momentum variables in Eq. (20).

p′
V = −p′ as illustrated in Fig. 4, we then have

〈pV mV , pms|VV N,V N |p′
V m′

V , p′m′
s〉

= δmV ,m′
V
δms,m′

s
δ(pV + p − p′

V − p′) 〈p|VV N |p′〉 , (19)

where

〈p|VV N |p′〉 = 2
∫

dk φ∗(k − p
2

)
×

〈
p − mN

mN + mc
k

∣∣∣∣ vcN

∣∣∣∣ p′ − mN

mN + mc
k
〉

× φ
(

k − p′
2

)
. (20)

Here the factor 2 arises from the summation of the contribu-
tions from the two quarks within the J/ψ meson and we have
used the definitions of Eqs. (17) and (18).

For a potential vcN (r) depending only on the relative dis-
tance r between c and N , we have

〈q|vcN |q′〉 = vcN (q − q′)

= 1

(2π )3

∫
dr ei(q−q′ )·rvcN (r). (21)

The matrix element of vcN in Eq. (20) can then be written as〈
p − mN

mN + mc
k

∣∣∣∣ vcN

∣∣∣∣ p′ − mN

mN + mc
k
〉

= vcN (p − p′).

(22)
For later calculations, we note here that for a Yukawa form
vcN (r) = α e−μr

r , Eq. (21) leads to

vcN (p − p′) = α
1

(2π )2

1

(p − p′)2 + μ2
. (23)

Using Eq. (22), Eq. (20) can now be expressed in the
following factorized form:

〈p|VV N |p′〉 = FV (t)[2vcN (t)], (24)

where t = p − p′, and

FV (t) =
∫

dk φ∗
(

k − p
2

)
φ

(
k − p′

2

)

=
∫

dk φ∗
(

k − t
2

)
φ(k) (25)

is the form factor of the vector meson V and φ(k) is the wave
function of J/ψ in momentum space.

065204-4



DYNAMICAL MODEL OF J/ψ PHOTOPRODUCTION … PHYSICAL REVIEW C 109, 065204 (2024)

FIG. 5. J/ψ photoproduction on the nucleon target with the mo-
mentum variables indicated in Eq. (29).

2. Matrix element of BV N,γN (W )

By using the J/ψ wave function and Eq. (16) for quark-N
potential, the matrix element of photoproduction of Eq. (15)
can be calculated. With the variables in the center-of-mass
system, as illustrated in Fig. 5, we obtain

〈p′mV m′
s | BV N,γ N (W ) | qλms〉

=
∑

mc,mc̄

1

(2π )3

ec√
2|q|

∫
dk

〈
JV mV

∣∣∣∣1

2

1

2
mcmc̄

〉
φ

(
k − 1

2
p′

)

× δms,m′
s

〈
p′ − mN

mN + mc
k

∣∣∣∣ vcN

∣∣∣∣q − mN

mN + mc
k
〉

× 1

W − EN (q) − Ec(q − k) − Ec(k) + iε

× ūmc (k)[ελ · γ ]vmc̄ (q − k). (26)

If one chooses the Yukawa form for vcN (r), then one obtains
the following factorized form:

〈p′mV m′
s | BV N,γ N (W ) | qλms〉

= Cλ,mV δms,m′
s
B(p′, q,W )[2vcN (q − p′)], (27)

where

Cλ,mV =
∑

mc,mc̄

〈
JV mV

∣∣∣∣1

2

1

2
mcmc̄

〉
〈mc̄|σ · ελ|mc〉 , (28)

and

B(p′, q,W ) = 1

(2π )3

ec√
2|q|

∫
dk φ

(
k − 1

2
p′

)

× 1

W − EN (q) − Ec(q − k) − Ec(k) + iε

×
√

Ec(k) + mc

2Ec(k)

√
Ec(q − k) + mc

2Ec(q − k)

×
{

1 − k · (q − k)

[Ec(k) + mc][Ec(q − k) + mc]

}
.

(29)

3. Final-state interactions

Including the final-state interaction, as illustrated in Fig. 6,
the matrix element of the total amplitude in Eq. (12) is

〈p′mV m′
s|TV N,γ N (W )|qλms〉=〈p′mV m′

s | BV N,γ N (W ) | qλms〉
+ 〈p′mV m′

s|T (fsi)
V N,γ N |q(W )λms〉 ,

(30)

FIG. 6. J/ψ photoproduction on the nucleon with final-state in-
teraction given in Eq. (31).

with

〈p′mV m′
s | T (fsi)

V N,γ N (W ) | qλms〉

=
∑

m′′
V ,m′′

s

∫
dp′′〈p mV m′

s | TV N,V N (W ) | p′′m′′
V , m′′

s 〉

× 1

W − EN (p′′) − EV (p′′) + iε

× 〈p′′m′′
V m′′

s | BV N,γ N (W ) | qλ, ms〉. (31)

With the spin-independent quark-N potential defined by
Eq. (16), the V + N → V + N scattering amplitude in the
above equation can be written as

〈p mV ms | TV N,V N (W ) | p′ m′
V m′

s〉
= δmV ,m′

V
δms,m′

s
〈p′ | TV N (W ) | p〉, (32)

where 〈p′|TV N (W )|p〉 is defined by the following Lippmann-
Schwinger equation, as illustrated in Fig. 7:

〈p′|TV N (W )|p〉 = 〈p′|VV N |p〉

+
∫

dp′′ 〈p′|VV N |p′′〉 〈p′′|TV N (W )|p〉
W − EN (p′′) − EV (p′′) + iε

.

(33)

Here 〈p′|VV N |p〉 has been defined by Eq. (24).
We solve Eq. (33) in the partial-wave representation by

using the following expansions:

〈p′|VV N |p〉 =
∑

L

2L + 1

4π
VL(p′, p)PL (x), (34)

and

〈p′|TV N (W )|p〉 =
∑

L

2L + 1

4π
TL(p′, p,W )PL(x), (35)

where x = p̂ · p̂′ and PL(x) is the Legendre function of the
first kind. With Eq. (34) together with 〈p′|VV N (W )|p〉 defined
in Eq. (24), the partial-wave matrix element of potential can

FIG. 7. The VN scattering equation defined by Eq. (33).
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FIG. 8. The Pomeron-exchange model of Donnachie and Land-
shoff [26] for the γ + N → J/ψ + N reaction.

be calculated by

VL(p′, p) = (2π )
∫ +1

−1
dxPL(x) 〈p′|VV N |p〉 , (36)

If we set FV (t) = 1 in Eq. (24) and use Eq. (23) for a Yukawa
form of the c-N potential vcN (r) = α e−μr

r , one finds

VL(p′, p) = 2

π

(
α

2pp′

)
QL(Z ), (37)

where Z = p2+p′2+μ2

2pp′ and QL(Z ) is the Legendre function of
the second kind.

FIG. 9. Total cross sections from Pomeron-exchange amplitude
for two different energy ranges: 4 � W � 300 GeV (top) and for 4 �
W � 6 GeV (bottom). Data are taken from [31,32] (black circles)
and [24] (blue squares), respectively.

FIG. 10. Total cross sections for 4 � W � 5 GeV from the 1Y
model. The same data points are used as in Fig. 9.

By using Eqs. (34) and (35), Eq. (33) then leads to

TL(p′, p,W ) =VL(p′, p) +
∫

d p′′ p′′2
[
VL(p′, p′′)

× 1

W − EN (p′′) + EV (p′′) + iε

× TL(p′′, p,W )

]
. (38)

We solve Eq. (38) by using the standard numerical method
described in Ref. [52]. The scattering phase shifts δL are
calculated from the resulting TL(p′′, p,W ) as follows:

eiδL sin δL = −π
p0EN (p0)EV (p0)

EN (p0) + EV (p0)
TL(p0, p0,W ), (39)

where p0 represents the on-shell momentum and the invariant
mass W = EN (p0) + EV (p0). We will also calculate the scat-
tering length a, which is defined for the L = 0 partial-wave at
p0 → 0 as:

p0 cot δ0 = −1

a
. (40)

B. Pomeron-exchange amplitude T Pom
V N,γN (W )

Following the approach of Donnachie and Landshoff
[26,53–55], the Pomeron-exchange amplitude is constructed
within Regge phenomenology and is of the following:

〈k, mV m′
s|T Pom

V N,γ N (W )|q, λγ ms〉

= 1

(2π )3

√
mN mN

4EV (k)EN (p′)|q|EN (p)

× [
ū(p′, m′

s)ε∗
μ(k, λV )Mμν

P (k, p′, q, p)

× εν (q, λγ )u(p, ms)
]
. (41)

In this approach, the incoming photon is converted to a vec-
tor meson which is then scattered from the nucleon by the
Pomeron-exchange mechanism, as illustrated in Fig. 8. The
amplitude Mμν

P (k, p′, q, p) is given by

Mμν

P (k, p′, q, p) = GP (s, t )T μν

P (k, p′, q, p), (42)
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FIG. 11. The effect of the momentum cutoff kmax = 500 MeV
(top), and the effect of the form factor FV (t ) (bottom), on the total
cross section. The same data points are used as in Fig. 9.

and

T μν

P (k, p′, q, p) = i 2
e m2

V

fV
[2βqV FV (t )][3βu/d F1(t )]

× {/qgμν − qμγ ν}, (43)

where mV is the mass of the vector meson and fV = 5.3, 15.2,
13.4, 11.2, 40.53 for V = ρ, ω, φ, J/ψ,ϒ are traditionally
determined by the widths of the V → γ → e+e− decays. The
parameters βqV (βu/d ) define the coupling of the Pomeron with
the quark qV (u or d) in the vector meson V (the nucleon N). In
Eq. (43), a form factor for the Pomeron-vector meson vertex
is also introduced with

FV (t ) = 1

m2
V − t

(
2μ2

0

2μ2
0 + m2

V − t

)
, (44)

where t = (q − k)2 = (p − p′)2. By using the Pomeron-
photon analogy, the form factor for the Pomeron-nucleon
vertex is defined by the isoscalar electromagnetic form factor
of the nucleon as follows:

F1(t ) = 4m2
N − 2.8t(

4m2
N − t

)
(1 − t/0.71)2

. (45)

Here t is in the unit of GeV2 and mN is the proton mass.
The propagator GP of the Pomeron in Eq. (42) follows the

Regge phenomenology form:

GP =
(

s

s0

)αP (t )−1

exp

{
− iπ

2
[αP(t ) − 1]

}
, (46)

FIG. 12. Top panel: Total cross sections from 1Y model, and 2Y
model. Bottom panel: Short-range behavior of vcN (r) for the 1Y and
2Y models. The same data points are used as in Fig. 9.

where s = (q + p)2 = W 2, αP(t ) = α0 + α′
Pt , and s0 = 1/α′

P.
We use the value of s0 = 0.25 GeV from the works [26,53–55]
of Donnachie and Landshoff.

T Pom
V N,γ N (W ) has been determined in Refs. [1,56,57] by

fitting the data of total cross sections up to 300 GeV.
The resulting parameters for ρ0, ω, φ photoproduction [58]
have been determined as follows: μ0 = 1.1 GeV2, βu/d =
2.07 GeV−1, βs = 1.38 GeV−1, α0 = 1.08 for ρ and ω, and
α0 = 1.12 for φ. For the heavy quark systems, we find that
using the same μ2

0, βu/d , and α′
P values, the photoproduction

data for J/ψ and ϒ can be fitted by setting βc = 0.32 GeV−1

and βb = 0.45 GeV−1, along with a larger α0 = 1.25.
Figure 9 depicts the total cross section for the J/ψ

photoproduction on the nucleon obtained solely from the con-
tribution of the Pomeron-exchange amplitude and compares
it with the data from Refs. [23,24]1 and [31,32]. One can
see from Fig. 9 that while the Pomeron-exchange mecha-
nism effectively describes the data (black circles) [31,32] at
very high energies, it falls short in accurately describing the
the data (blue squares) [23,24] from the GlueX experiment
at JLab.

1To make clearer comparisons, this analysis includes only the latest
total cross-section data with higher statistics from Ref. [24].
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FIG. 13. Differential cross sections from the 1Y model and 2Y model. The data in the top three panels are taken from the GlueX
Collaboration [24]. The other data are taken from an experiment at JLab’s Hall-C [25].

III. RESULTS

A. Determination of quark-nucleon potential vcN

We are guided by the Yukawa form of J/ψ-N potential ex-
tracted from the LQCD calculation of Ref. [18] to determine
the quark-N potential vcN . We observe that the factorized form
of VV N,V N in Eq. (24) suggests that if vcN (r) is also in the
Yukawa form, the resulting VV N,V N can approach the J/ψ-N
potential of Ref. [18] at large distance r. We therefore consider

the following parametrization:

vcN (r) = α

(−μr

r
− cs

e−μ1r

r

)
. (47)

We first consider a model (1Y) with cs = 0, meaning that
the resulting J/ψ-N potential takes on the Yukawa form ex-
tracted from LQCD. The calculation then only has two free
parameters, α and μ. We find that the total cross-section data
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FIG. 14. Prediction of the differential cross sections near thresh-
old at W = 4.055 GeV by using 2Y model.

[23,24] from JLab for the small W region can be best fitted
by choosing α = −0.067 and μ = 0.3 GeV if the J/ψ wave
function is taken from the CQM model of Ref. [46]. We show
in Fig. 10 the total cross sections for the J/ψ photoproduction
in the small 4 � W � 5 GeV region obtained from the 1Y
model. The dotted, dot-dashed, and dashed lines represent the
results obtained from the Pomeron-exchange, Born term, and
the sum of Pomeron-exchange and Born term contributions,
respectively. The solid line represents the full result, including
the final-state interaction in addition to the Pomeron-exchange
and Born terms. As seen in Fig. 10, the Pomeron-exchange
mechanism alone is insufficient to fit the JLab data [23,24],
particularly for low-energy regimes. However, the contribu-
tion from the c-N interaction vcN is essential for fitting the
data in this 1Y model. In particular, the cross sections in

FIG. 15. Two different forms of J/ψ-N potential V LQCD(r):
αL

e−μL r

r (top panel) and αL ( e−μL r

r − e−NLμL r

r ) (bottom panel), obtained
from fitting the LQCD data [18,20].

FIG. 16. Total cross sections of J/ψ calculated from the three
models pot-1, pot-2, and fit-1 constrained by the LQCD data. Top
panel: For 4 � W � 5 GeV. Bottom panel: For the near threshold
region. The same data points are used as in Fig. 9.

FIG. 17. Total cross sections calculated from the three models
(a), (b), and (c) constrained by the LQCD data. Top panel: For 4 �
W � 5 GeV. Bottom panel: For the near threshold region. The same
data points are used as in Fig. 9.
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FIG. 18. Differential cross sections from the models 2Y, fit-1, and (c). The data in the top three panels are taken from the GlueX
Collaboration [24]. The other data are taken from an experiment at JLab’s Hall-C [25].

the very near threshold region are largely determined by the
FSI term. These results demonstrate that J/ψ-N interactions
can be extracted rather clearly from the J/ψ photoproduction
data within this model, which does not use the VMD assump-
tion. More importantly, the calculations properly account for
off-shell effects and satisfy the unitarity condition, a feature
that is not considered in most, if not all, previous approaches
discussed in Ref. [1].

To see the importance of using a realistic J/ψ wave
function, we compare the cross section from the full

calculation and that from using a wave function that em-
ploys a momentum cutoff in evaluating BV N,γ N amplitude.
Specifically, we replace the integral B = ∫ ∞

0 φ(k)(· · · )dk

with
∫ kmax

0 φ(k)(· · · )dk to evaluate the cut-off effect.
In the top panel of Fig. 11, we illustrate the impact of

the momentum cutoff kmax on the total cross section. The
solid line represents the result obtained without the cutoff
(i.e., kmax → ∞), while the dashed line corresponds to the
result obtained with the cut-off value of kmax = 500 MeV.
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FIG. 19. Differential cross sections obtained from each model
listed in Table I. The data are taken from Ref. [25].

Clearly, the high momentum tail of the J/ψ wave function is
crucial for fitting the data, particularly the JLab data [23,24]
in the low-energy region. We also note that using the Gaussian
wave function determined by J/ψ → e+e− of Ref. [1] results
in much larger cross sections, and fitting to the JLab data
requires a much smaller value of α.

As one can see from Eq. (24), the J/ψ-N potential is de-
termined by the form factor FV (t ), which is obtained from the
convolution of the initial and final-state J/ψ wave functions.
In the bottom panel of Fig. 11, we illustrate the impact of
FV (t ) on the total cross section by comparing the results from
including the momentum-dependent form factor FV (t ) (solid
line) and setting FV (t ) = 1 (dashed line). It is evident that
the effect of FV (t ) on the total cross section is significant,
underscoring the importance of using a realistic J/ψ wave
function in determining the J/ψ-N interaction and the FSI
effects.

B. The 2Y model

We now consider the model (2Y ) by incorporating the sec-
ond term with cs = 1 in addition to the first term in Eq. (47).
The cutoff of the short-range part is set as μ1 = Nμ. We
observe that for large values of N > 50, the 2Y model closely
approximates the 1Y model, and the JLab data can be fitted
with any N < 20 by adjusting the coupling constant α. The
result of the total cross section from the 2Y model with N = 5
and α = −0.145 is comparable to that of the 1Y model with
α = −0.067, as shown in the top panel of Fig. 12. The two
models fit the JLab data [24,25] equally well but have very

large difference at very near threshold, which is dominated
completely by FSI. The origin of it is that they have very dif-
ferent short range behaviors of the potentials vcN (r), as shown
in the bottom panel.2 We thus expect that their predictions on
the differential cross sections must be large at large t . This
is shown in Fig. 13, where the differential cross sections as
a function of t from the 1Y model with α = −0.067 and the
2Y model with α = −0.145 and N = 5 are compared. Both
models reasonably describe the JLab data from the GlueX
Collaboration [24] and Hall-C [25]. We observe notable dif-
ferences between the predictions of the 1Y and 2Y models
at large values of t . More precise data are clearly needed
for making further progress, while the 2Y model appears
to be better. For future experiments at very near threshold,
we present in Fig. 14 the differential cross sections at W =
4.055 GeV. We compare the predictions of the 2Y model with
(solid line) and without (dashed line) including the FSI.

C. LQCD constraints

We have found that the J/ψ-N potentials resulting from
fitting the JLab data in the previous section give the J/ψ-N
scattering lengths, −a ≈ 0.3–0.7 fm, which are rather differ-
ent from those extracted from the LQCD data of Ref. [18].
Thus, it raises the question of our parametrization of the
quark-N potential vcN (r). At low energies, the J/ψ-N system
has a small relative momentum, and the multigluon exchange
involving two quarks in J/ψ may play important roles. There-
fore, we need to extend our parametrization of vcN to include
two-body operator. However, we will not explore this pos-
sibility in this exploratory work because the model would
then have too many parameters, which cannot be determined
by the still very limited data in the near threshold region.
Instead, we next consider the models constructed by imposing
LQCD constraints on the calculations of the FSI. This is
done by using the LQCD data of Refs. [18,20] to determine
the parameters of vcN (r) in calculating the matrix elements
of the J/ψ-N potential VV N,V N defined by Eqs. (19)–(22),
while the Born term amplitude Bγ N,V N from the 2Y model
described in the previous section is kept in the calculations.
This allows us to investigate the extent to which the extracted
J/ψ-N scattering amplitudes can be related to the LQCD data
of Refs. [18,20].

The LQCD data of Ref. [20] for the J/ψ-N potential have
large uncertainties at small distances r. Therefore, we fit the
LQCD data for the region of large r using the following form
of J/ψ-N potential: V LQCD(r) = αL

e−μL r

r with two different
sets of parameters (αL, μL ), namely (αL, μL ) = (−0.06, 0.3)
and (−0.11, 0.5), which we denote as “pot-1” and “pot-2,”
respectively.

The results of V LQCD(r) = αL
e−μL r

r obtained from the “pot-
1” and “pot-2” are shown in the upper panel of Fig. 15. As
one can see from the figure, their short-range parts are rather

2To compare the potential for the 1Y model (black line), we eval-
uate for the 2Y model with N = 2 (red line) and N = 5 (blue line),
using the same α = −0.145 for both N values. This ensures clear
comparisons of their r dependence at short distances.
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TABLE I. The parameters for the models (a), (b), and (c) impos-
ing LQCD constraints on FSI.

Model αFSI μ (GeV) μ1 (GeV) a (fm) αB

(a) −0.03 0.3 — −0.15 −0.162
(b) −0.055 0.5 — −0.233 −0.152
(c) −0.1 0.9 1.8 −0.057 −0.163

different, while their long-range parts (i.e., r � 0.6 fm) are
almost similar. Following the derivations of Eqs. (20)–(25),
one can see that the matrix element of V LQCD(r) is of the form
of Eq. (24) with FV (t ) = 1 and vcN (r) calculated from the
1Y model, i.e., vcN (r) = α e−μr

r with α = 1/2αL and μ = μL.
Thus, the parameters of vcN (r) for this FSI calculation are
(α ≡ αFSI = αL/2, μ ≡ μL ) = (−0.03, 0.3) fixed from “pot-
1” and (−0.055, 0.5) fixed from “pot-2.”

In the lower panel of Fig. 15, we also fit the LQCD
data using another form of J/ψ-N potential, V LQCD(r) =
αL( e−μL r

r − e−NLμL r

r ) with (αL, μL, NL ) = (−0.2, 0.3, 2), which
we denote as “fit-1” and compare it with the result of “pot-
1.” The result of “fit-1” has a rather different short range
behavior compared with that of “pot-1.” The FSI calculation
with this potential can then be done by using the 2Y model of
vcN (r) = α( e−μr

r − e−Nμr

r ) to evaluate Eq. (24) with FV (t ) = 1
and (α ≡ αFSI = αL/2, μ ≡ μL, N ≡ N ) = (−0.1, 0.3, 2).

With the three J/�-N potentials, i.e., pot-1, pot-2, and
fit-1, we then have three models. They have the same Born
term Bγ N,V N (E ) from the 2Y model of the previous section,
but their FSI amplitude T (fsi)

γ N,V N defined in Eq. (31) are dif-
ferent because the V N → V N amplitude TV N,V N depends on
the chosen J/ψ-N potential. The resulting total cross sec-
tions are presented in Fig. 16 for 4 � W � 5 (GeV) region
(top) and for the near threshold region (bottom), respectively.
For comparison, we also show the result obtained from the 2Y
model of the previous section. As depicted in the top panel of
Fig. 16, no large difference is observed between the models
with LQCD constraints and the 2Y model in the higher-energy
region W � 4.2-GeV region. However, as illustrated in the
bottom panel, the 2Y model predicts a much larger cross
section in the very near threshold region W � 4.1 GeV. These
results suggest that imposing the LQCD constraints signifi-
cantly changes the threshold behavior and the predicted cross
sections are closer to the JLab data [23,24] than the 2Y model.

As illustrated in Fig. 14, we see that the cross sections near
the threshold shown in the lower panel of Fig. 16 are mainly
due to the FSI term T (fsi)

γ N,V N given by Eq. (31), which depends
on both the Born amplitude Bγ N,V N and the V N → V N ampli-
tude TV N,V N . Thus, the large difference between 2Y and three
models with the LQCD constraints could be reduced if each
model’s Born term is refined to fit the data at higher energies
as well as the 2Y model. To examine this model dependence of
our predictions, we next construct three models by modifying
the parameter α → αB of the quark-nucleon potential vcN (r)
used in the calculation of the Born term Bγ N,V N to fit the
total cross sections from the 2Y model for W � 4.1 GeV.
We denote the resulting models as (a), (b), and (c) for the
models pot-1, pot-2, and fit-1, respectively. The determined

FIG. 20. Top pandel: Predicted total cross sections of ηc(1S) and
ψ (2S) photoproduction, Bottom panel: The wave functions of J/ψ ,
ηc(1S), and ψ (2S).

parameter αB along with the other parameters of the three
models are listed in Table I. Note that the scattering length a is
calculated solely from the V N → V N amplitude TV N,V N (W ).
Our predictions for a obtained from models (a), (b), and
(c) are (−0.15,−0.233,−0.057) fm, respectively, while we
obtain a = −0.67 fm from the 2Y model. These different
scattering lengths are related to the differences in the total
cross sections between the four models. It will be interesting
to have data to distinguish these predictions and test LQCD.
This would allow for a comparison between the predicted
scattering lengths and the actual experimental results.

Using the model parameters listed in Table I, we obtain
the total cross sections shown in Fig. 17. They are almost
indistinguishable at high W , while their differences with the
2Y model at near threshold energy are large and comparable
to that shown in Fig. 16. Thus, our predictions near threshold
are rather robust for future experimental tests. We also find
that the differential cross sections from all models with LQCD
constraints, as given above, can describe the available data of
differential cross sections as well as the 2Y model. This is
illustrated in Fig. 18 for the model fit-1 and (c). For future
measurements at energies very close to the threshold, we
present predicted differential cross sections in Fig. 19.

D. Photoproduction of ηc(1S) and ψ(2S)

With the parameters of vcN determined from fitting the
JLab data [23–25], we proceed to predict the photoproduction
of ηc(1S) and ψ (2s) mesons. Because vcN is spin independent
and the wave functions for ηc(1S) and ψ (2S) are also of the
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FIG. 21. Top two panels: Predicted differential cross sections of etac(1S) photoproduction at 20 MeV (left) and 500 MeV (right) from
threshold. Bottom two panels: Predicted differential cross sections of etac(1S) at 20 MeV (left two panels) and 500 MeV (right two panels)
from the thresholds.

s-wave form given by Eq. (9), the calculations can be done
by using the same formula presented in Sec. III by simply
changing the wave functions and the kinematics associated
with the masses of mesons. By using the parameters of the 2Y
model presented in the previous section, the predicted total
cross sections for the photoproductions of ηc(1S), ψ (2s), and
J/ψ are presented in the top panel of Fig. 20, along with the
comparison of their wave functions in the bottom panel. In
Fig. 21, we present the predicted differential cross sections for
ηc(1S) (upper panels) and ψ (2S)(lower panels) at energies 20
MeV (left) and 500 MeV (right) above the thresholds.

As a validation test for our model, it would be intriguing to
compare our predictions with forthcoming data expected from
experiments at JLab and the future EIC.

IV. SUMMARY AND FUTURE IMPROVEMENTS

Within a Hamiltonian formulation [27–30], a dynamical
model based on the CQM and a phenomenological charm
quark-nucleon potential vcN (r) is constructed to investigate
the J/ψ photoproduction on the nucleon at energies near
threshold. The main feature of the model lies in the quark-N
potential, vcN , which generates a photoproduction amplitude
defined by a cc̄-loop integration over the γ → cc̄ vertex
function and the J/ψ wave function, φJ/ψ (cc̄), from the
CQM described in Ref. [46]. In addition, the J/ψ-N final-
state interaction is calculated from a J/ψ-nucleon potential
VJ/ψN (r), which is constructed by folding vcN (r) into the
same wave function φJ/ψ (cc̄). By also incorporating the
Pomeron-exchange amplitudes determined in Refs. [1,57], the

constructed model can describe the available data from thresh-
old to high energies, up to the invariant mass W = 300 GeV.

The parametrization of vcN (r) is chosen such that the con-
structed VJ/ψN (r) at large distances has the same Yukawa
potential form extracted from a LQCD calculation. The
parameters of vcN are determined by fitting the total cross-
section data of JLab [23,24] by performing calculations
that include J/ψ-N final-state interactions, as required by
the unitarity condition. The predicted differential cross sec-
tions dσ/dt are in reasonably good agreement with the data
from JLab [24,25]. Furthermore, it is shown that the FSI
effects dominate the cross section in the very near-threshold
region. This indicates that the low-energy J/ψ-N scattering
amplitudes and the associated models of J/ψ-N potentials
VJ/ψN (r) can be extracted from the J/ψ photoproduction data
with high sensitivity. The determined VJ/ψN (r) can be used
to understand the nucleon resonances N∗(Pc) reported by
the LHCb collaboration [2–5], to extract the gluonic distri-
butions in nuclei, J/ψ production in relativistic heavy-ion
collisions, and to study the existence of nuclei with hidden
charms [6–10].

By imposing the constraints of J/ψ-N potential extracted
from the LQCD calculation of Refs. [18–20], we have ob-
tained three J/ψ-N potentials which fit the JLab data equally
well. The resulting J/ψ-N scattering lengths are in the range
of a = [−0.05, −0.25] fm, which rule out the existence of free
J/ψ-N bound states. On the other hand, the available data near
threshold is far from sufficient to draw a conclusion. Clearly,
more extensive and precise experimental data are needed to
make further progress.
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With the determined quark-nucleon potential vcN (r) and
the wave functions generated from the same CQM of
Ref. [46], the constructed dynamical model has been used
to predict the cross sections of photoproduction of ηc(1S)
and ψ (2S) mesons. It will be interesting to have data from
experiments at JLab and EIC to test our predictions.

The model presented here needs to be improved in the
future. Our parametrization of quark-nucleon potential vcN is
guided by the Yukawa form extracted from a LQCD calcu-
lation of Ref. [18]. This must be improved by using more
advanced LQCD calculations of J/ψ-N scattering, in par-
ticular the short-range part of the potential. A recent LQCD
calculation of φ-N interaction leads to a more complex form
than the simple Yukawa form. In addition, the quark sub-
structure of the nucleon must be considered in the future
improvements of our model as well as most, if not all, of the
previous models (as reviewed in Ref. [1]). However, this is a
nontrival many-body problem similar to that encountered in
the investigations of nuclear reactions [51].

The results from the model based on the effective La-
grangian approach [21] suggest that we need to extend our
model to include the coupled-channel effects via the D̄ ∗ �c

channel in order to explain the cusp structure of the total
cross-section data near W ≈ 4.2–4.3 GeV. However, this im-
provement must also consider other coupled-channels effects
arising from the coupling with πN and ρN channels, as inves-
tigated in Ref. [57].

It is necessary to improve our model by developing cc̄-
loop calculations of Pomeron-exchange mechanism, which
are needed to fit the high-energy data. This requires an exten-
sion of our approach to include relativistic effects. This can be
done straightforwardly within the instant form of relativistic
quantum mechanics of Dirac [45], while the Light-front form
is also possible with much more works.
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