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We investigate near-threshold J=ψ photoproduction off the nucleon, focusing on hadronic rescattering
effects induced by open-charm meson-baryon intermediate states. Beyond the conventional Pomeron-
exchange mechanism, the D̄0Λþ

c and D̄�0Λþ
c channels are incorporated within an effective Lagrangian

framework. The relevant production amplitudes are constructed at tree level from t-, s-, and u-channel
diagrams in a gauge-invariant manner. The resulting total and t-dependent differential cross sections are
compared with recent near-threshold data from the GlueX, J=ψ -007, and CLAS experiments at Jefferson
Laboratory. We find that the open-charm rescattering contributions improve the description of the data,
especially for the differential cross sections at large momentum transfer, and can generate cusplike
enhancements near the D̄0Λþ

c and D̄�0Λþ
c thresholds within the present hadronic model. We further present

model estimates for the associated open-charm production processes γp → D̄ð�Þ0Λþ
c , with total cross

sections of the order of a few nanobarns.

DOI: 10.1103/sh13-grfw

I. INTRODUCTION

Near-threshold photoproduction of the J=ψ meson off
the nucleon has attracted considerable interest as a sensitive
probe of the nucleon’s gluonic structure and the QCD
dynamics of the charmonium-nucleon interaction. Early
measurements were performed at SLAC [1] and
Fermilab [2,3] and later extended to much higher energies
at HERA, where the H1 [4,5] and ZEUS [6] Collaborations
measured exclusive γp → J=ψp cross sections up to
W ≈ 300 GeV. In this high-energy regime, the data are
well described by soft- and hard-Pomeron exchanges
within the Donnachie-Landshoff (DL) model [7–11], as
well as by the soft-dipole Pomeron approach [12,13].
More recently, Jefferson Laboratory (JLab) has car-

ried out high-precision measurements near threshold
(4.0 ⩽ W ⩽ 4.8 GeV) through the GlueX [14,15],
J=ψ -007 [16,17], and CLAS [18] experiments. These data
provide new constraints on the reaction mechanisms under-
lying J=ψ photoproduction [19]. A variety of theoretical
descriptions have been proposed, including the two-gluon
exchange model [20], perturbative QCD approaches based
on the nucleon’s generalized parton distributions [21], and

scalar (0þþ) and tensor (2þþ) glueball exchanges within
holographic QCD frameworks [22–25]. Complementary to
these gluon-based approaches, Ref. [26] suggests that the
J=ψN final-state interaction (FSI) may play an important
role very close to threshold (W ⩽ 4.2 GeV), based on a
phenomenological quark-nucleon potential combined with
Pomeron exchange. In Refs. [27,28], the γ → cc̄þ P →
J=ψ transition amplitude is formulated in terms of dressed-
quark degrees of freedom, following the formalism
of Ref. [29].
Beyond these partonic descriptions, Ref. [30] considered

tree-level t-channel exchanges involving both light mesons
and charmonium states. Although light mesons and char-
monium exchanges are generally expected to be suppressed
by the Okubo-Zweig-Iizuka rule [31–33] and by the heavy-
quark mass, respectively, the light-meson contribution can
nevertheless be non-negligible. In addition, the J=ψN FSI
mediated by gluon exchange can further enhance the cross
section very close to threshold.
Open-charm meson-baryon intermediate states have

been studied extensively [34–37]. They are known to play
an essential role in the formation of heavy-pentaquark
candidates [38–45] and may also influence near-threshold
J=ψ photoproduction. The closest open-charm channels,
D̄0Λþ

c and D̄�0Λþ
c , lie approximately 116 and 258 MeV

above the J=ψ photoproduction threshold, respectively
[46]. Whether cusp structures associated with these chan-
nels exist in this energy region remains under debate. For
example, cusplike structures near these thresholds have
been reported by the GlueX Collaboration [14,15] and
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supported by theoretical studies [47,48]. Meanwhile, very
recent measurements of the differential cross sections
through the dimuon decay channel (J=ψ → μþμ−) have
been reported by the J=ψ-007 Collaboration [17].
However, the corresponding integrated cross sections
show no clear evidence for open-charm contributions.
Measurements of the total cross section by the CLAS
Collaboration likewise suggest only a small contribution
from open-charm channels, with a more gradual energy
dependence [18].
In parallel, the LHCb Collaboration reported several

hidden-charm pentaquark states in the J=ψp invariant-mass
spectrum of Λb → J=ψpK− decays, including one narrow
state below the D̄Σc threshold, Pcc̄ð4312Þ, and two narrow
states below the D̄�Σc threshold, Pcc̄ð4440Þ and
Pcc̄ð4457Þ [49,50]. More recently, Ref. [51] reported a
new state, Pcc̄ð4337Þ, in B0

s → J=ψpp̄ decays, while the
previously reported broad state Pcc̄ð4380Þ below the D̄Σ�

c
threshold was not observed. These observations have
motivated coupled-channel studies that explore the role of
open-charm channels in the formation of heavy-pentaquark
states [52–54].
We investigate the γp → J=ψp reaction by incorporating

hadronic rescattering contributions [55,56] beyond the
conventional Pomeron-exchange mechanism [7–11].
Specifically, we include the D̄0Λþ

c and D̄�0Λþ
c open-charm

meson-baryon intermediate states and evaluate all relevant
t-, s-, and u-channel diagrams at tree level within an
effective Lagrangian framework, while constructing the
resulting production amplitudes in a gauge-invariant man-
ner. We show that, within the present hadronic model, the
inclusion of these rescattering contributions can improve
the description of recent near-threshold JLab data and
generate cusplike enhancements near the corresponding
open-charm thresholds. We also present model estimates
for the associated open-charm production processes
γp → D̄ð�Þ0Λþ

c .
The present work is organized as follows. In Sec. II, we

outline the general formalism for the Pomeron-exchange
and rescattering amplitudes in the γp → J=ψp reaction and
describe in detail how the rescattering diagrams are con-
structed. In Sec. III, we present the results for the total and
t-dependent differential cross sections and compare them
with the JLab data. Predictions for open-charm production
are also given. Finally, we summarize our findings and
present our conclusions in the last section.

II. THEORETICAL FRAMEWORK

In this section, we present the theoretical framework for
the process

γðqÞ þ pðpiÞ → J=ψðkÞ þ pðpfÞ: ð1Þ
We first consider Pomeron exchange as the background
mechanism within the DL model [7–11] in Sec. II A.

We then incorporate rescattering contributions involving
the intermediate D̄0Λþ

c and D̄�0Λþ
c states in a gauge-

invariant manner. The general formalism for the D̄0Λþ
c

and D̄�0Λþ
c rescattering contributions is presented in

Secs. II B 1 and II B 2, respectively.

A. Pomeron-exchange amplitude

The two-gluon exchange mechanism shown in Fig. 1 is
effectively described by the DL model [7–11]. In this
picture, the incoming photon first fluctuates into a qq̄ pair,
which subsequently interacts with the nucleon via Pomeron
exchange before forming the final J=ψ meson. The quark-
Pomeron vertex is constructed by analogy with the
Pomeron-photon coupling, treating the Pomeron as a
C ¼ þ1 isoscalar photon.
The Pomeron-exchange amplitude can be written as

TPðq; kÞ ¼ i
12e
fV

βqVFVðtÞβu=dFNðtÞ

× ūNε�ν½qgμν − γμqν�ϵμuNGPðs; tÞ; ð2Þ

where ϵμ and εν are the polarization vectors of the incoming
photon and outgoing J=ψ meson, respectively. Here, uN
denotes the nucleon spinor, e is the elementary electric
charge, and fV is the vector-meson decay constant defined
in the vector-meson dominance (VMD) convention; for
the J=ψ , we use fJ=ψ ¼ 11.18 [30]. All baryon Dirac
spinors are normalized as ūBuB ¼ 1. The Mandelstam
variables are defined by s¼W2¼ðqþpiÞ2, t ¼ ðq − kÞ2,
and u ¼ ðq − pfÞ2. The coupling constants βu=d ¼ 2.07
and βc ¼ 0.323 GeV−1 are chosen to reproduce the total
cross section data for diffractive photoproduction of vector
mesons at high photon energies.
The form factor for the Pomeron-vector-meson vertex

and the isoscalar electromagnetic (EM) form factor of the
nucleon are defined as [11,57]

FVðtÞ ¼
2μ20

ð1 − t=M2
VÞð2μ20 þM2

V − tÞ ;

FNðtÞ ¼
4M2

N − 2.8t
ð4M2

N − tÞð1 − t=0.71Þ2 ; ð3Þ

FIG. 1. Two-gluon exchange mechanism of γp → J=ψp.
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respectively, where μ20 ¼ 1.1 GeV2, and MV and MN

denote the vector-meson and nucleon masses, respectively.
The Regge propagator for the Pomeron is of the

form [10]

GPðs; tÞ ¼
�
s
s0

�
αPðtÞ−1

exp

�
−
iπ
2
½αPðtÞ − 1�

�
; ð4Þ

where the Pomeron trajectory is taken as αPðtÞ ¼
1.25þ α0Pt, with α0P ¼ 1=s0 ¼ 0.25 GeV−2.

B. Rescattering amplitudes

The meson-baryon (MB) rescattering amplitude is given
by [55,56]

TResðq; kÞ ¼
Z

d3q0Bγp→MBðq; q0Þ
1

2EMðq0Þ
MB

EBðq0Þ
×GMBðq0ÞVMB→J=ψpðq0; kÞ: ð5Þ

Equation (5) represents the two-step process in which the
initial γp state first produces an intermediate meson-baryon
state MB, which then propagates and rescatters into the
final J=ψp state. Here, Bγp→MB denotes the production
amplitude for the intermediate state, GMB the meson-
baryon propagator, and VMB→J=ψp the transition amplitude
for the rescattering process MB → J=ψp. The correspond-
ing Feynman diagram is shown in Fig. 2.
The meson-baryon propagator in Eq. (5) is given by

GMBðq0Þ ¼ 1

W − EMðq0Þ − EBðq0Þ þ iϵ
; ð6Þ

where EM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

M þ jq0j2
p

and EB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

B þ jq0j2
p

are,
respectively, the energies of the intermediate meson and
baryon with three-momentum q0, and W is the total center-
of-mass (c.m.) energy. Bγp→MB and VMB→J=ψp are con-
structed from t-, s-, and u-channel tree diagrams, as shown
in Figs. 2(a)–2(c) and 2(d)–2(f), respectively.
For simplicity, we write Bðq; q0Þ≡ Bγp→MBðq; q0Þ

and Vðq0; kÞ≡ VMB→J=ψpðq0; kÞ. Equation (5) can be
rewritten as

TResðq;kÞ¼P
Z

d3q0

2EMðq0Þ
MB

EBðq0Þ
Bðq;q0ÞVðq0;kÞ

W−EMðq0Þ−EBðq0Þ
− i

Z
dΩq0

2EMðq0Þ
MB

EBðq0Þ
ρMBðq0ÞBðq;q0ÞVðq0;kÞ

×θðW−MM−MBÞ; ð7Þ

where θðxÞ is the step function, dΩq0 denotes the solid-
angle element of the on-shell momentum q0, and ρMB is
given by

ρMBðq0Þ ¼
πjq0jEMðq0ÞEBðq0Þ
EMðq0Þ þ EBðq0Þ

: ð8Þ

From the on-shell condition W ¼ EMðq0Þ þ EBðq0Þ, the
magnitude of the on-shell momentum jq0j is given by

jq0j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½W2 − ðMM þMBÞ2�½W2 − ðMM −MBÞ2�

p
2W

: ð9Þ

The first term in Eq. (7) corresponds to the principal-value
part, while the second term represents the on-shell singular
part above the MB threshold. Summation over the polari-
zation and spin indices of the intermediate states is implied.
For clarity, the full amplitude used in the calculation is

written as

Tfullðq; kÞ ¼ TPðq; kÞ þ TResðq; kÞ; ð10Þ

where

(a)

(b)

(c)

(d)

(e)

(f)

FIG. 2. Feynman diagrams for the γp → D̄ð�Þ0Λþ
c → J=ψp

rescattering process. The t-, s-, and u-channel tree diagrams
for the production amplitude Bγp→MB and the transition amplitude
VMB→J=ψp are shown in (a)–(c) and (d)–(f), respectively.
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TResðq; kÞ ¼
X

MB¼D̄0Λþ
c ;D̄�0Λþ

c

TMB
Resðq; kÞ: ð11Þ

Here, TMB
Res represents the rescattering contribution through

the intermediate channel MB. The two intermediate-chan-
nel amplitudes in Eq. (11) are summed coherently, as are
the Pomeron and rescattering amplitudes in Eq. (10).
The unpolarized differential cross section is calculated as

dσγp→J=ψp

dt
¼ M2

N

16πW2jqc:m:j2
1

4

X
spin;pol

jTfullj2; ð12Þ

where jqc:m:j ¼ ðW2 −M2
NÞ=ð2WÞ is the magnitude of the

initial-state c.m. momentum. The factor 1=4 averages over
the two photon polarizations and two initial-proton spin
states, while the sum runs over all initial and final spin and
polarization states. The total cross section is then given by

σγp→J=ψpðWÞ ¼
Z

tmax

tmin

dt
dσγp→J=ψp

dt
; ð13Þ

where tmin and tmax are the kinematic limits determined by
the masses of the initial and final states at a given W. For
the associated open-charm production process γp → MB,
we use

dσγp→MB

dt
¼ MNMB

16πW2jqc:m:j2
1

4

X
spin;pol

jBγp→MBj2: ð14Þ

For the MB ¼ D̄�0Λþ
c channel, the summation also

includes the three physical polarization states of the vector
meson. The corresponding total cross section is obtained by
integrating Eq. (14) over the kinematic range appropriate to
the MB final state.
The production Bγp→MB and transition VMB→J=ψp ampli-

tudes are constructed from the effective Lagrangians. The
EM interaction can be written as

LγDD� ¼ g0γDD�ϵμναβ∂μAνð∂αD�0
β D̄0 þ ∂αD̄�0

β D0Þ;
LγD�D� ¼ −ig0γD�D�FμνD̄�

μD�
ν;

LγNN ¼ −eN̄
�
γμ −

κN
2MN

σμν∂
ν

�
AμN;

LγΛcΛc
¼ −eΛ̄c

�
γμ −

κΛc

2MΛc

σμν∂
ν

�
AμΛc; ð15Þ

where Aμ, D, D�μ, Λþ
c , and N denote the photon, pseudo-

scalar D, vector D�, Λc, and nucleon fields, respectively.
Here the D, D�, and Λc correspond to the Dð1864Þ0−,
D�ð2007Þ1−, and Λcð2286Þ1=2þ states, respectively. The
EM field-strength tensor is defined by Fμν ¼ ∂

μAν − ∂
νAμ.

Because the exchanged Dð�Þ0 mesons are neutral [see

Fig. 2(a)], only the magnetic-type EM couplings contribute,
through the γDD� and γD�D� interaction terms.
The relevant coupling constants are given by

g0γDD� ¼ 0.54 GeV−1;

g0γD�D� ¼ 0.64;

κp ¼ 1.79;

κΛc
¼ −0.025: ð16Þ

The coupling g0γDD� is extracted from the branching ratio
BrðD�0 → D0γÞ ¼ 35.3% [46], through the relation

ΓD�0→D0γ ¼
q3γ
12π

ðg0γDD� Þ2; ð17Þ

with qγ ¼ ðM2
D�0 −M2

D0Þ=ð2MD�0Þ. The total decay width
of the D�0 meson, which has not yet been measured, is
estimated using isospin symmetry [47]. The values in
Eqs. (16) and (17) correspond to ΓD�0 ≃ 56 keV. The
quantities κp [46] and κΛc

[58] denote the anomalous
magnetic moments of the proton and the Λc baryon,
respectively.
Since the D�0 is unstable, treating the D̄�0Λþ

c intermedi-
ate state as an effective stable two-body channel is an
approximation. To estimate the effect of the finite D�0
width, we make the replacement

1

W − ED� ðq0Þ − EΛc
ðq0Þ þ iϵ

⟶
1

W − ED� ðq0Þ − EΛc
ðq0Þ þ iΓD�0=2

; ð18Þ

with ΓD�0 ¼ 56 keV. Because the D�0 is exceptionally
narrow, the resulting smearing is expected to be small
on the energy scale relevant to the present analysis. Indeed,
the replacement in Eq. (18) introduces a characteristic
smearing scale ΔW ≃ ΓD�0=2 ≃ 28 keV in the total c.m.
energy. SinceW2 ¼ M2

N þ 2MNEγ, this corresponds, at the
D̄�0Λþ

c threshold, W ≃ 4.29 GeV, to a laboratory photon-
energy scale ΔEγ ≃ ðdEγ=dWÞΔW ¼ ðW=MNÞΔW ≃
0.13 MeV. This smearing scale is negligible compared
with both the characteristic Oð100 MeVÞ variation scale of
the calculated cusplike structures in Eγ and the photon-
energy bin widths used in the JLab measurements
[14,15,18]. We have also explicitly verified that the con-
stant-width prescription in Eq. (18) yields changes that
are indistinguishable on the scale of the figures.
Accordingly, the D̄�0Λþ

c propagator used in all numerical
results shown below is evaluated in the zero-width limit
using the iϵ prescription in Eq. (6), with its decomposition
into principal-value and on-shell singular parts given
in Eq. (7).

S. SAKINAH, SANG-HO KIM, and H. M. CHOI PHYS. REV. D 114, 054055 (2026)

054055-4



The effective Lagrangians involving the J=ψ meson are
given by

LψDD ¼ −igψDDψ
μðD̄∂μD − ∂μD̄DÞ;

LψDD� ¼ −gψDD�ϵμναβ∂μψνð∂αD�
βD̄þ ∂αD̄�

βDÞ;

LψD�D� ¼ igψD�D�ψμðD�ν
∂νD̄�

μ − ∂νD�
μD̄�ν −D�ν

∂

↔

μD̄�
νÞ;

LψΛcΛc
¼ gψΛcΛc

Λ̄cγμψ
μΛc;

LψNN ¼ −gψNNN̄γμψ
μN; ð19Þ

where ψμ denotes the J=ψð3096Þ1− field. The coupling
constants are obtained from VMD [59], yielding

gψDD ¼ gψD�D� ¼ 7.44;

gψDD� ¼ 3.84 GeV−1; ð20Þ

while gψΛcΛc
is determinedusingSU(4) flavor symmetry [60],

gψΛcΛc
¼ −1.4: ð21Þ

The ψpp coupling constant is extracted from the
branching ratio BrðJ=ψ → pp̄Þ ¼ 0.2120% and the total
decay width ΓJ=ψ ¼ 92.6 keV [46]. Using these values,
we obtain

jgψNN j ¼ jgψppj ¼ 2.18 × 10−3; ð22Þ

through the relation

ΓJ=ψ→pp̄ ¼ 2

3π

q3N
M2

J=ψ

g2ψpp; ð23Þ

with qN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

J=ψ − 4M2
N

q
=2.

The effective Lagrangians for the meson-baryon inter-
actions are given by

LDNΛc
¼ −igDNΛc

DΛ̄cγ5N þ H:c:;

LD�NΛc
¼ −gD�NΛc

D�μΛ̄cγμN þ H:c: ð24Þ

The coupling constants are determined using SU(4) flavor
symmetry [60],

gDNΛc
¼ −13.5; gD�NΛc

¼ −5.6: ð25Þ

These values are close to those obtained from the
light-cone sum rule approach [61,62]: gDNΛc

¼
−10.7; gD�NΛc

¼ −5.8.
We now describe how the Bγp→MB and VMB→J=ψp

amplitudes in Eq. (5) are constructed by considering the
intermediate D̄0Λþ

c and D̄�0Λþ
c states. We also describe

how gauge invariance is preserved when hadronic form

factors are introduced. The relevant four-momenta are
defined as

γðqÞ þ pðpiÞ → D̄ð�Þ0ðq0Þ þ Λþ
c ðp0Þ

→ J=ψðkÞ þ pðpfÞ: ð26Þ

1. D̄0Λ+
c intermediate state

We first consider the production amplitudeBγp→D̄0Λþ
c
. For

the t-channel diagram shown in Fig. 2(a),D0 exchange does
not contribute because the γD̄0D0 coupling vanishes for the
electrically neutralD0, whereas theD�-exchange amplitude
is gauge invariant by construction. The s- and u-channel
contributions in Figs. 2(b) and 2(c) are not individually
gauge invariant, but their sum is. Accordingly, the γp →
D̄0Λþ

c production amplitude is constructed in a gauge-
invariant form as follows:

Bγp→D̄0Λþ
c
¼ MD�

B;tF
D�
t þ ðMp

B;s þMΛc
B;uÞFC

s;u: ð27Þ

Here, M denotes an individual Born subamplitude.
Equation (27) shows that the production amplitude is
written as the sum of two separately gauge-invariant parts:
the D�-exchange t-channel contribution and the combined
s- and u-channel contributions. Since the latter become
gauge invariant only through their sum, a common form
factor FC

s;u is introduced for the combined (sþ u) contri-
bution in order to preserve gauge invariance after including
hadronic form factors.
The t-, s-, and u-channel amplitudes are given by

MD�
B;t ¼ −

g0γDD�gD�NΛc

q2t −M2
D�

ϵμναβūΛc
γμqtνqαϵβuN;

Mp
B;s ¼ i

egDNΛc

q2s −M2
N
ūΛc

γ5ð=qs þMNÞ

×

�
ϵ −

κp
4MN

ðϵ=q − =qϵÞ
�
uN;

MΛc
B;u ¼ i

egDNΛc

q2u −M2
Λc

ūΛc

�
ϵ −

κΛc

4MΛc

ðϵ=q − =qϵÞ
�

× ð=qu þMΛc
Þγ5uN; ð28Þ

where ϵμ is the polarization vector of the incoming photon,
and the exchanged four-momenta are defined by

qt ¼ q − q0; qs ¼ qþ pi; qu ¼ pi − q0: ð29Þ

Because of the finite size of hadrons, we introduce the
hadronic form factors in Eq. (27),
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FDð�Þ
t ¼

�
Λ4
1

Λ4
1 þ ðq2t −M2

Dð�Þ Þ2
�

2

;

FC
s;u ¼

�
Λ4
2

Λ4
2 þ ðq2s −M2

NÞ2
��

Λ4
2

Λ4
2 þ ðq2u −M2

Λc
Þ2
�
: ð30Þ

Next, the transition amplitude VD̄0Λþ
c →J=ψp can be

written as

VD̄0Λþ
c →J=ψp ¼ MD

V;t0F
D
t0 þMD�

V;t0F
D�
t0

þ ðMp
V;s0 þMΛc

V;u0 ÞFC
s0;u0 : ð31Þ

This expression is analogous to Eq. (27).
The D0- and D�0-exchange amplitudes in the t channel

[Fig. 2(d)], together with the proton- and Λþ
c -exchange

amplitudes in the s and u channels [Figs. 2(e) and 2(f)], are
given by

MD
V;t0 ¼ i

gψDDgDNΛc

q02t −M2
D

ε�μðq0 − q0tÞμūNγ5uΛc
;

MD�
V;t0 ¼

gψDD�gD�NΛc

q02t −M2
D�

ϵμναβūNγμq0tνkαε�βuΛc
;

Mp
V;s0 ¼ i

gψNNgDNΛc

q02s −M2
N

ūNε�ð=q0s þMNÞγ5uΛc
;

MΛc
V;u0 ¼ −i

gψΛcΛc
gDNΛc

q02u −M2
Λc

ūNγ5ð=q0u þMΛc
Þε�uΛc

; ð32Þ

where εμ is the polarization vector of the outgoing J=ψ
meson. The exchanged four-momenta are defined by

q0t ¼ k − q0; q0s ¼ kþ pf; q0u ¼ pf − q0: ð33Þ

For consistency, we adopt the same form for the form
factors in Eq. (31) as in Eq. (30),

FDð�Þ
t0 ¼

�
Λ4
1

Λ4
1þðq02t −M2

Dð�Þ Þ2
�

2

;

FC
s0;u0 ¼

�
Λ4
2

Λ4
2þðq02s −M2

NÞ2
��

Λ4
2

Λ4
2þðq02u −M2

Λc
Þ2
�
: ð34Þ

2. D̄�0Λ +
c intermediate state

We next consider the production amplitude Bγp→D̄�0Λþ
c
.

For the t-channel diagram shown in Fig. 2(a), the ampli-
tudes corresponding to both D0- and D�0-exchanges are
individually gauge invariant and are included in this work.
By contrast, the s- and u-channel contributions in Figs. 2(b)
and 2(c), as in the D̄0Λþ

c case, are not individually gauge
invariant, although their sum is. Accordingly, the γp →
D̄�0Λþ

c production amplitude is constructed in a gauge-
invariant form as

Bγp→D̄�0Λþ
c
¼ M̃D

B;tFD
t þ M̃D�

B;tFD�
t

þ ðM̃p
B;s þ M̃Λc

B;uÞFC
s;u: ð35Þ

Here, M̃ denotes an individual Born subamplitude for the
D̄�0Λþ

c channel, with the tilde distinguishing it from the
corresponding subamplitudes for the D̄0Λþ

c channel. We
use the same form factors as in Eq. (30), but with different
cutoff masses, Λ1 → Λ3;Λ2 → Λ4. The relevant ampli-
tudes are given by

M̃D0

B;t ¼ i
g0γDD�gDNΛc

q2t −M2
D

ϵμναβqμq0νϵαϵ0�β ūΛc
γ5uN;

M̃D�0
B;t ¼ −

g0γD�D�gD�NΛc

q2t −M2
D�

ūΛc

�
γμ −

1

M2
D�
=qtqtμ

�
uN

× ðqνϵμ − qμϵνÞϵ0�ν ;
M̃p

B;s ¼
egD�NΛc

q2s −M2
N
ūΛc

ϵ0�ð=qs þMNÞ

×

�
ϵ −

κp
4MN

ðϵ=q − =qϵÞ
�
uN;

M̃Λc
B;u ¼

egD�NΛc

q2u −M2
Λc

ūΛc

�
ϵ −

κΛc

4MΛc

ðϵ=q − =qϵÞ
�

× ð=qu þMΛc
Þϵ0�uN; ð36Þ

where the exchanged four-momenta are defined in Eq. (29).
ϵμ and ϵ0ν denote the polarization vectors of the incoming
photon and outgoing D� meson, respectively.
Similarly, the transition amplitude VD̄�0Λþ

c →J=ψp is con-
structed as

VD̄�0Λþ
c →J=ψp ¼ M̃D

V;t0F
D
t0 þ M̃D�

V;t0F
D�
t0

þ ðM̃p
V;s0 þ M̃Λc

V;u0 ÞFC
s0;u0 : ð37Þ

We use the same form factors as in Eq. (34), with the
replacements Λ1 → Λ3;Λ2 → Λ4. The amplitudes corre-
sponding to Figs. 2(d)–2(f) are given by

M̃D0

V;t0 ¼ −i
gψDD�gDNΛc

q02t −M2
D

ϵμναβq0μkνϵ0αε�βūNγ5uΛc
;

M̃D�0
V;t0 ¼

gψD�D�gD�NΛc

q02t −M2
D�

ūN

�
γμ −

1

M2
D�
=q0tq0tμ

�
uΛc

× ½ðε� · ϵ0Þq0μ − ðq0t · ϵ0Þε�μ − ε� · ðq0 − q0tÞϵ0μ�;
M̃p

V;s0 ¼
gψNNgD�NΛc

q02s −M2
N

ūNε�ð=q0s þMNÞϵ0uΛc
;

M̃Λc
V;u0 ¼ −

gψΛcΛc
gD�NΛc

q02u −M2
Λc

ūNϵ0ð=q0u þMΛc
Þε�uΛc

; ð38Þ

where the exchanged four-momenta are defined in Eq. (33),
and ϵ0μ and εν denote the polarization vectors of the
incomingD� meson and outgoing J=ψ meson, respectively.
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III. NUMERICAL RESULTS

We now present and discuss our numerical results. The
cutoff masses in Eqs. (30) and (34) are determined by
fitting to the near-threshold γp → J=ψp data [14–18] and
are fixed as

Λ1 ¼ 1.58; Λ2 ¼ 2.35;

Λ3 ¼ 1.18; Λ4 ¼ 2.25; ð39Þ

in units of GeV.
Figure 3 shows the total cross section for γp → J=ψp as

a function of the laboratory photon energy Eγ, calculated in
a model including Pomeron exchange and hadronic

rescattering through the intermediate D̄0Λþ
c and D̄�0Λþ

c

states, from threshold up to Eγ ≃ 104 GeV. The dotted,
dashed, and solid curves represent the Pomeron contribu-
tion, the rescattering contribution, and the full result,
respectively. At high energies, the cross section is domi-
nated by Pomeron exchange within the DL model [7–11]
and is consistent with the available data [2–6]. Although the
rescattering contribution becomes negligible at high ener-
gies, it can be significant near threshold and modify the
energy dependence of the cross section. The convergence
of the integration for the rescattering amplitude [see
Eq. (5)] has been verified.
To illustrate the near-threshold effects of the rescattering

mechanism, Fig. 4 presents the total cross section in the
range 8 ⩽ Eγ ⩽ 13 GeV. As shown in Fig. 4(a), Pomeron
exchange (blue dotted) alone underestimates the JLab
data [14,15,18], suggesting that additional near-threshold
mechanisms may be relevant. The meson-baryon rescatter-
ing contribution (blue dashed) can generate cusplike
enhancements near the D̄0Λþ

c and D̄�0Λþ
c thresholds,

thereby improving the description of the GlueX data [14,15]
within the present model. At the same time, the recent
CLAS data [18] do not favor such pronounced cusp
structures and instead exhibit a smoother energy depend-
ence, a trend that is also compatible with the recent
J=ψ -007 data [17]. These comparisons indicate that
rescattering effects can provide an important near-threshold
contribution, although the magnitude and detailed line
shape of the threshold enhancements remain model
dependent.
It is also worth noting that some of the JLab

data [14,15,18] suggest a possible structure around
Eγ ≃ 10.5 GeV, close to the nominal D̄�0Σ�þ

c threshold,
where Σ�þ

c denotes the Σcð2520Þþ. In contrast to the
exceptionally narrow D�0, the Σcð2520Þþ has a width of

FIG. 3. The total cross section for γp → J=ψp as a function of
the laboratory photon energy Eγ. The dotted, dashed, and solid
curves denote the Pomeron contribution, the rescattering con-
tribution, and the full result, respectively. The results are
compared with the SLAC [1], Fermilab [2,3], H1 [4,5], ZEUS
[6], GlueX [14,15], and CLAS [18] data from threshold
up to Eγ ≃ 104 GeV.

FIG. 4. (a) The total cross section for γp → J=ψp as a function of the laboratory photon energy Eγ, compared with the GlueX [14,15]
and CLAS [18] data in the near-threshold region. The blue dotted and dashed curves and the black solid curve represent the Pomeron
contribution, the rescattering contribution, and the full result, respectively. (b) Decomposition of the rescattering contribution. The green
dotted and magenta dot-dashed curves represent the t-channel-only contributions from the D̄0Λþ

c and D̄�0Λþ
c intermediate states,

respectively. The blue solid curve denotes the full rescattering result, obtained by coherently summing the two intermediate-state
amplitudes and including all t-, s-, and u-channel diagrams in both the production and transition amplitudes.
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Γ ≃ 17 MeV [46], so this channel does not produce a sharp
two-body branch point on the real axis. A realistic treat-
ment would require incorporating the Σ�

c spectral function
together with the corresponding stable multiparticle chan-
nels. Such an analysis is beyond the scope of the
present work.
The individual rescattering contributions are displayed in

Fig. 4(b). The blue solid curve represents the full rescatter-
ing result obtained from all t-, s-, and u-channel diagrams
in the production B and transition V amplitudes of Fig. 2
and is consistent with the blue dashed curve in Fig. 4(a).
The green dotted and magenta dot-dashed curves show the
contributions obtained by retaining only the t-channel
diagrams in Figs. 2(a) and 2(d) for the intermediate
D̄0Λþ

c and D̄�0Λþ
c states, respectively. These t-channel

terms provide the dominant part of the rescattering con-
tribution, whereas the s- and u-channel terms are sup-
pressed by 3–7 orders of magnitude in the cross section
relative to the corresponding t-channel terms, depending on
the energy and the intermediate channel. They also
decrease more rapidly with energy and are therefore not
shown separately.
The decomposition in Eq. (7) shows that the present

calculation includes the leading one-loop rescattering
contribution, Bγp→MBGMBVMB→J=ψp, with both its princi-
pal-value and on-shell singular parts. Since the production
and transition kernels are evaluated at the Born level and
repeated MB interactions are not resummed, this is not a
fully unitarized coupled-channel calculation. Accordingly,
while the nominal threshold positions are fixed kinemat-
ically within the zero-width approximation, the magnitudes
and detailed line shapes remain model dependent.
For clarity, the principal-value and on-shell singular parts

of the dominant t-channel rescattering contributions from
the D̄0Λþ

c and D̄�0Λþ
c intermediate states are presented

separately in Fig. 5. The on-shell singular parts vanish
below their thresholds and turn on at Eγ ≃ 8.72 and
9.36 GeV, respectively, whereas the principal-value parts
exhibit a nonanalytic change in slope at the same energies.
Within the zero-width approximation, this reflects the
square-root branch points associated with the opening of
the corresponding two-body channels, whose nominal
threshold positions are fixed by the hadron masses.
Since the tree-level t-channel kernels contain no absorptive
phases, the explicit factor of −i multiplying the on-shell
singular term in Eq. (7) places the two parts in quadrature,
so that their interference vanishes in the unpolarized cross
section. Their incoherent sum gives the solid curves in
Fig. 5 and produces the corresponding cusplike structure.
This incoherence, however, applies only to the principal-
value and on-shell singular parts of a given intermediate-
state t-channel amplitude. The two intermediate-channel
amplitudes themselves are summed coherently according
to Eq. (11), so their energy-dependent interference is
retained. The blue solid curve in Fig. 4(b), which also

includes the s- and u-channel diagrams in both the
production and transition amplitudes, is therefore not
obtained by simply adding the two individual t-channel
cross sections shown in that panel.
Figure 6 presents the differential cross sections dσ=dt at

12 different photon energies, compared with the
J=ψ -007 [16] (squares), GlueX-23 [15] (open circles),
CLAS [18] (filled circles), and GlueX-19 [14] (triangles)
data. While the Pomeron contribution decreases rapidly
with increasing jtj, the rescattering contribution becomes
increasingly important in the large-jtj region. As a result,
the full calculation provides a much improved description
of the JLab data over the Pomeron contribution alone,
especially at relatively large momentum transfer. Although
the full results still tend to slightly overestimate some data
points in the backward region, they remain in reasonable
agreement with the overall trend of the data, particularly in
the forward and intermediate regions.
Figure 7 compares our results for the total cross section

with those of Refs. [26,30], both of which employ the same
DL model for the Pomeron-exchange process. In Ref. [26],
a dynamical model based on a phenomenological charm-
quark–nucleon (c-N) potential, vcN , is additionally con-
sidered, as illustrated in Fig. 8. The potential is para-
metrized as

vcNðrÞ ¼ α

�
e−μ1r

r
−
e−μ2r

r

�
; ð40Þ

where α ¼ −0.145, μ1 ¼ 0.3GeV and μ2 ¼ 1.5GeV [26].
The form of vcNðrÞ is chosen such that the resulting
VJ=ψNðrÞ potential reproduces the Yukawa-type behavior
at large distances, consistent with lattice QCD
calculations [63]. It also provides a description of the
JLab data including the J=ψN FSI. The VN potential is

FIG. 5. Cross section contributions from the principal-value
(dot-dashed curves) and on-shell singular (dotted curves) parts of
the dominant t-channel rescattering amplitudes for the D̄0Λþ

c

(thin curves) and D̄�0Λþ
c (thick curves) intermediate states. The

solid curves show the incoherent sums of these two contributions
for the respective intermediate states and coincide with the
corresponding individual t-channel curves in Fig. 4(b).
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constructed by folding the charm-quark–nucleon interac-
tion vcN with the vector-meson wave function ϕV obtained
from a constituent quark model [64],

VVN;VN ¼ hϕV; Nj
X
c

vcNjϕV; Ni: ð41Þ

In this approach, the commonly used VMD assumption
is not employed. By contrast, Ref. [30] incorporates a

t-channel meson-exchange mechanism, in which light-
meson exchanges play an important role. As shown in
Fig. 7, the smooth energy dependence observed by the
CLAS Collaboration [18] is also supported by the results of
Refs. [26,30]. The existence and interpretation of cusplike
structures in near-threshold J=ψ photoproduction therefore
remain open issues, which need to be clarified by future
experimental and theoretical studies.
We note that the dynamical model of Ref. [26] includes

the J=ψN FSI but does not include explicit γp → D̄ð�Þ0Λþ
c

production vertices or a coupled-channel treatment of
the corresponding open-charm meson-baryon states. The
model therefore does not provide predictions for the

FIG. 6. Differential cross sections dσ=dt as functions of −t at various photon energies, compared with the J=ψ-007 [16] (squares),
GlueX-23 [15] (open circles), CLAS [18] (filled circles), and GlueX-19 [14] (triangles) data. The curve notations are the same as those
in Fig. 4(a).

FIG. 7. The total cross section obtained in this work is
compared with those of Refs. [26,30]. Experimental data are
taken from the GlueX [14,15] and CLAS [18] Collaborations.

FIG. 8. Quark-antiquark loop mechanism for γ; J=ψ þ N →
J=ψ þ N induced by a phenomenological charm-quark–nucleon
potential vcN .
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corresponding open-charm production cross sections;
obtaining such predictions would require a substantial
extension. Consequently, the corresponding open-charm
threshold discontinuities and associated cusp structures are
absent in that model.
A complementary description was recently presented in

Ref. [28]. In contrast to Ref. [26], where the J=ψN FSI is
argued to play a dominant role very close to threshold,
Ref. [28] describes the reaction through a dynamical
γ → cc̄þ P → J=ψ transition involving dressed-quark
degrees of freedom. In this framework, the photon-to-
J=ψ transition is treated using dressed-quark propagators, a
dressed-photon-quark vertex, and the J=ψ Bethe-Salpeter
amplitude. The resulting momentum-dependent quark-loop
dynamics plays an important role near threshold and
provides a reasonable description of the available near-
threshold data without invoking an explicit J=ψN FSI.
Figure 9 compares our results for the t-dependent

differential cross sections with those of Ref. [26]. The
two theoretical results are, in general, consistent with the
JLab data in the forward region, corresponding to small
momentum transfer (−t ⩽ 2 GeV2). The results of
Ref. [26] exhibit a steeper falloff with increasing −t and
remain in good agreement with the JLab data at relatively
large momentum transfer.

The size of the cusp structures is connected to the relevant
open-charm reactions γp → D̄0Λþ

c and γp → D̄�0Λþ
c . Our

model estimates for their total cross sections are presented in
Fig. 10. The total cross sections increasewith photon energy
up to Eγ ≃ 15 GeV, reaching values of the order of a few
nanobarns, and then gradually decrease at higher energies.
Their normalization is sensitive to the phenomenological
form factors and cutoff parameters. Our results are smaller

FIG. 9. Differential cross sections obtained in this work (black solid) are compared with those of Ref. [26] (blue dot-dashed).
Experimental data are taken from the J=ψ-007 [16] (squares), GlueX-23 [15] (open circles), CLAS [18] (filled circles), and GlueX-19
[14] (triangles) Collaborations.

FIG. 10. Model estimates for the total cross sections of the
γp → D̄0Λþ

c and γp → D̄�0Λþ
c reactions.
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than those of Ref. [48], where total cross sections of σ ≳
10 nb are obtained, and are much smaller than those of
Ref. [37], which predicts values on the order of 100–200 nb.

IV. SUMMARY AND CONCLUSIONS

In this work, we investigated near-threshold J=ψ photo-
production based on the DL Pomeron-exchange mecha-
nism supplemented by hadronic rescattering contributions
from the D̄0Λþ

c and D̄�0Λþ
c intermediate states. The

production and transition amplitudes were constructed
by combining tree-level subamplitudes in a gauge-invariant
manner. Within the present hadronic model, the rescattering
amplitudes can generate noticeable enhancements near the
D̄0Λþ

c and D̄�0Λþ
c thresholds and improve the description

of the GlueX total cross section data [14,15]. In addition,
while the Pomeron contribution decreases rapidly with
increasing jtj, the open-charm rescattering contributions
provide sizable effects at larger momentum transfer, lead-
ing to a better description of the differential cross
sections [14–16,18]. The dominant effect arises from the
t-channel parts of the production and transition subampli-
tudes, while the corresponding s- and u-channel contribu-
tions are strongly suppressed.
Comparison with more recent JLab data suggests that the

reaction mechanism for near-threshold J=ψ photoproduc-
tion is not yet fully understood. In particular, a smoother
energy dependence has been observed by the J=ψ-007 [17]
and CLAS [18] Collaborations. Moreover, the structure
around Eγ ≃ 10.5 GeV [14,15,18] may reflect the influence
of additional nearby open-charm channels, such as D̄�0Σ�þ

c ,
which are not included in the present analysis. A more
complete treatment of these additional channels within a
fully unitarized coupled-channel framework, including the
finite widths of unstable particles, will therefore be impor-
tant for achieving a deeper understanding of the threshold
region. If confirmed, such cusplike structures could indi-
cate significant coupled-channel dynamics and hadronic
rescattering effects in near-threshold J=ψ photoproduction.
This would also make the extraction of gluonic properties
of the nucleon, including possible information related to the
trace anomaly, more model dependent.
Similar cusplike structures have also been discussed

in the strange sector. In ϕN photoproduction [65], for
example, a pronounced cusp appears near W ≃ 2.2 GeV

only at very forward angles (cos θ ⩾ 0.9) [66], suggesting
an important role for intermediate strange-meson-baryon
loops, such as the K�Σð1385Þ, KΛð1670Þ, and KΣð1660Þ
channels. A similar forward-angle enhancement has been
reported in KþΣ0 photoproduction nearW ≃ 1.9 GeV [67].
These observations may indicate rescattering effects near
the open- and hidden-strangeness thresholds, in connection
with hadronic bound states such as KΛð1405Þ, KΣð1385Þ,
and ϕN. In K0Σþ photoproduction, on the other hand, the
cross section drops sharply near the K�Λ and K�Σ
thresholds [68], although it remains unclear whether this
behavior should be interpreted as a cusp. An alternative
explanation has been proposed in terms of a K�Σ molecu-
lar bound state in a coupled-channel approach [69,70],
possibly related to the light-pentaquark candidate
Pþ
s ð2071Þ3=2−. Such a state may be viewed as a light-

flavor partner of the heavy pentaquark Pcc̄ð4457Þ, although
its spin parity has not yet been determined.
These observations suggest that future measurements of

open-charm photoproduction reactions, such as γN →
D̄ð�ÞΛc and related channels involving Σc baryons, could
provide useful information on the possible role of heavy-
pentaquark states. In particular, our model estimates that
the total cross sections for γp → D̄0Λþ

c and γp → D̄�0Λþ
c

are of the order of a few nanobarns. Measurements of these
channels would provide a direct test of the rescattering
scenario explored in this work. Extending the present
model to the strangeness sector discussed above is also
of considerable interest, and work in this direction is
currently underway.
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