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We investigate the possibility of studying the strange hidden-charm pentaquark state Pcsð4459Þ by
photon-induced reactions on a proton target in an effective Lagrangian approach. The production process is
described by the t-channel K− exchange, the u-channel Λ exchange, the contract term, and the s- channel
nucleon pole. Our theoretical approach is based on the assumption that Pcsð4459Þ with JP ¼ 1=2− or

JP ¼ 3=2− can be interpreted as a molecule composed of D̄�Ξc. Using the coupling constants of the PJP
cs to

γΛ and K−p channels obtained from molecule picture of the PJP
cs ð4459Þ, the total cross-sections of the

process γp → PJP
csKþ is evaluated. Our calculation indicates that the cross-section for γp → P1=2−

cs Kþ and

γp → P3=2−
cs Kþ are of the order of 10.0 pb and 5.0 pb, respectively. In addition, we compute the cross

section by assuming Pcsð4459Þ as a compact pentaquark and find it is quite different from the results of
D̄�Ξc molecule. Those results can be measured in future experiments, such as the Electron-Ion Collider in
China and the United States, and can be used to test the nature of the Pcs.
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I. INTRODUCTION

In the past few decades, more and more hadronic exotic
states were observed following the accumulation of the
precise data in high energy experiments [1]. These hadrons
have an internal structure more complex than the simple q̄q
configuration for mesons or the qqq configuration for
baryons in the traditional picture of the constituent quark
models. Studying the exotic hadron states is not only
conducive to the development of the hadron spectrum
but also provides an important opportunity for us to better
understand the strong interaction.
Very recently, the LHCb experiment reported a new

hadronic exotic state, namely Pcsð4459Þ, in the J=ψΛ
invariant mass distributions of the Ξ−

b → J=ψΛK− decay
[2]. Themass andwidth of thePcsð4459Þ aremeasured to be

M ¼ 4458.8� 2.9þ4.7
−1.1 MeV;

Γ ¼ 17.3� 6.5þ8.0
−5.7 MeV; ð1Þ

respectively. From the J=ψΛ decaymode, the new structures
Pcsð4459Þ contain at least fivevalence quarkswith isospin is
zero. Because the quark components of J=ψ meson and Λ
baryon are c̄c anduds, respectively, thePcsð4459Þ is another
new candidate of hidden-charm pentaquark states following
the previous discovery of three hidden-charm pentaquark
states [3,4]. However, its spin-parity quantum number was
not confirmed since the statistics is not large enough.
The discovery of the first strange hidden-charm penta-

quark immediately intrigues an active discussion on its
structure. Among the theoretical pictures in the field, the
molecular picture is a competitive one to explain existing
candidates of exotic states. The idea comes from the
molecular state interpretation of the deuteron, as the deu-
teron mass is a little below the corresponding threshold and
exhibit a sizable spatial extension. It immediately leads to a
conclusion that a molecular state is close to the threshold of
constituent hadrons. This feature can be used for defining a
hadronic molecule. Along this line, one can find that the
mass difference between the Pcsð4459Þ and D̄�Ξc threshold
is about 19 MeV, which indicates the Pcsð4459Þ could be a
candidate for the D̄�Ξc molecular state.
Indeed, the QCD sum rules support its interpretation as

the D̄�Ξc hadronic molecular state of either JP ¼ 1=2− or
3=2− [5]. Using the coupled channel unitary approach
combined with heavy quark spin and local hidden gauge
symmetries, Ref. [6] find a pole of 4459.07þ i6.89 MeV
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below the D̄�Ξc threshold consistent with the mass and
width of the Pcsð4459Þ state. In Ref. [7], the Pcsð4459Þwas
regarded as a D̄�Ξc molecular pentaquark state with
JP ¼ 3=2−, or possibly JP ¼ 1=2− with more uncertainties
about its mass. The partial decay width of the molecular
Pcsð4459Þ into J=ψΛ is predicted to be larger for the
JP ¼ 3=2− configuration than the JP ¼ 1=2− case, in
agreement with the conclusions in Refs. [6,8]. With the
quasipotential Bethe-Salpeter equation approach, Ref. [9]
assigned the Pcsð4459Þ state to the D̄�Ξc molecular state
with JP ¼ 3=2−. By using a one-boson-exchange model,
Ref. [10] concluded that the Pcsð4459Þ state is not a pure
D̄�Ξc molecular state. This is the same with our result [8]
that the Pcsð4459Þ can be explained as S-wave coupled
molecular state with JP ¼ 3=2−. We also proposed that a
pure D̄�Ξc molecular state with mass about 4459 and JP ¼
1=2− could exist, and it mainly decays to DΞ0

c final state.
Its properties, however, such as the spectroscopy and

the decay width, can be well explained in the context of the
multiquark state [11–13] with the conclusion that the
Pcsð4459Þ can be assigned as hidden charm compact
pentaquark state with JP ¼ 1=2− or JP ¼ 3=2−. We also
noted that before the LHCb observation [2], the Pcsð4459Þ
state mass has been calculated in Ref. [14] with an
extension of the Gürsey and Radicati mass formula [15].
In this paper the authors suggested also to search for Pcs
states in the Ξ−

b → J=ΨΛK− channel and calculated the
Pcsð4459Þ → J=ΨΛ strong partial decay widths [14] with
the assumption that Pcsð4459Þ is a compact pentaquark
state.
An urgent question of high relevance is to understand the

nature of this state: how to distinguish the various inter-
pretations. One way to distinguish the various interpreta-
tions of the Pcsð4459Þ is to study its production processes.
The present knowledge about the Pcsð4459Þ was obtained
from the pp collision [2]. High energy photon beams are
available at Electron-Ion Collider in China (EicC) [16] or in
the United States (US-EIC) [17], which provide another
alternative to studying Pcsð4459Þ. Thus, it will be helpful to
understand the nature of the Pcsð4459Þ if we can observe
this state in γp → Pcsð4459Þ0Kþ production processes.
The production of the Pcsð4459Þ via a kaon-induced
reaction on a nucleon target was discussed in Ref. [18].
This paper is organized as follows. In Sec. II, we will

present the theoretical formalism. In Sec. III, the numerical
result will be given, followed by discussions and conclu-
sions in the last section. The Appendix contains technical
details to compute the partial decay widths of Pcs → γΛ
and Pcs → K−P reactions.

II. THEORETICAL FORMALISM

A. Pcs production as D̄�Ξc molecule

In this work, we study the process γp → Pcsð4459Þ0Kþ
within the effective Lagrangian approach, which has been

widely employed to investigate photoproduction processes.
The relevant Feynman diagrams for the process γp →
Pcsð4459Þ0Kþ are depicted in Fig. 1. Here we take into
account the nucleon-pole contribution in the s-channel, the
Λ-pole contribution in the u-channel, and K exchanges in
the t-channel. To ensure the gauge invariance of the total
amplitudes, the contact diagram must be included.
To compute the amplitudes of the diagrams shown in

Fig. 1, we need the effective Lagrangian densities for the
relevant interaction vertices. The spin parity of the
Pcsð4459Þ state was still not determined in experiments.
The theoretical studies suggested that possible assignments
of spin parity of the Pcsð4459Þ are JP ¼ 1=2− and 3=2−

[5–13]. In this work, we will consider these two possibil-
ities. Taking into account these different quantum numbers,
we can express the interactions by the effective
Lagrangians [18–20]

L1=2−

KNPcs
¼ −gKNPcs

P̄csNK þ H:c:; ð2Þ

L3=2−

KNPcs
¼ −

gKNPcs

mNmPcs

ϵμναβ∂μP̄cs;νγαN∂βK þ H:c:; ð3Þ

L1=2−

γΛPcs
¼ eh

2mΛ
Λ̄σμν∂νAμPcs þ H:c:; ð4Þ

L3=2−

γΛPcs
¼ −e

�
ih1
2mΛ

Λ̄γν þ h2
ð2mΛÞ2

∂νΛ̄
�
F μνP

μ
cs þ H:c:;

ð5Þ

LγKK ¼ −ieðK−∂μKþ − Kþ∂μK−ÞAμ; ð6Þ

Lγpp ¼ −ep̄
�
=A −

κp
2mN

σμν∂νAμ

�
pþ H:c:; ð7Þ

LKPΛ ¼ gKNΛ

mN þmΛ
p̄γμγ5Λ∂μKþ þ H:c:; ð8Þ

(a)

(b) (c)

(d)

FIG. 1. Feynman diagrams for the process γp → KþPcsð4459Þ.
The contributions from the t-channel K− exchange (a), s-channel
nucleon pole (b), u-channel Λ hadron (c), and contact term (d) are
considered. In the first diagram, we also show the definition of the
kinematics ðp1; p2; p3; p4Þ that we use in the present calculation.
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with F μν ¼ ∂μAν − ∂νAμ, σμν ¼ i
2
ðγμγν − γνγμÞ, and the

electromagnetic fine structure constant α ¼ e2=4π ¼
1=137. The anomalous magnetic momentum reads
κp ¼ 1.79, and ϵμναβ is the Levi-Cività tensor with
ϵ0123 ¼ 1. Pcs, Λ, N, A, and K are the Pcs state, Λ baryon,
nucleon, photon, and K meson fields, respectively. mPcs

,
mΛ, and mN represent the masses of Pcsð4459Þ, Λ, and the
nucleon, respectively.

Here, we discuss relevant coupling constants that we
need. First, the coupling constant gKNΛ can be determined by
flavor SUð3Þ symmetry relations, which give gKNΛ ¼ 13.4
[21,22]. According to the quark components of Pcsð4459Þ
and Λ, the decay of the Pcs state into γΛ should perform via
the cc̄ annihilation. For the Pcsð4459Þ with JP ¼ 3=2−,
there are two different coupling structures for the vertex
PcsΛγ. Their values can be computed by the radiative decay
width of P3=2−

cs → γΛ, which is obtained from Eq. (5)

ΓðP3=2−
cs → γΛÞ ¼ e2jp⃗j3γ

12π

�
h21
4m2

Λ

�
3þ m2

Λ
m2

Pcs

�
þ
�
1þ mΛ

mPcs

��
h1h2mPcs

8m3
Λ

�
3þ mΛ

mPcs

�
þ h22m

2
Pcs

16m4
Λ

�
1þ mΛ

mPcs

���
; ð9Þ

where jp⃗jγ is the photon three momenta in the center of
mass frame.
As argued in Refs. [19,20], for hidden charm pentaquark

state decays into J=ψp the momentum of the final states are
fairly small compared to the nucleon mass. Thus, the higher
partial wave terms proportional to ðp=mNÞ2 and ðp=mNÞ3
can be neglected. It means that the value of the coupling
constant h2 related to the higher partial wave term is zero.
In this work we will only consider the leading order s-wave
P3=2−
cs Λγ coupling and leave the higher partial waves to

further studies by following the same pattern in
Refs. [19,20]. Thus, we can relate h1 to the radiative decay
width of P3=2−

cs → γΛ

ΓðP3=2−
cs → γΛÞ ¼ e2jp⃗j3γ

12π

h21
4m2

Λ

�
3þ m2

Λ
m2

Pcs

�
: ð10Þ

However, only one coupling structure exist for the
Pcsð4459Þ with JP ¼ 1=2−. With the help of Eq. (4), the
coupling constant h can be determined by the radiative
decay width of P1=2−

cs → γΛ

ΓðP1=2−
cs → γΛÞ ¼ e2h2

4πm2
Λ
jp⃗j3γ : ð11Þ

The coupling constants of gKNPcs
are needed as well in

our calculation. The decay processes of Pcs → K−p are
calculated and the relevant coupling constants gKNPcs

can
be obtained from their partial decay widths with different
JP assignments of the Pcs states. The decay rates read

ΓðP1=2−
cs →K−pÞ¼g2KNPcs

8π

ðmPcs
þmNÞ2−m2

K−

m2
Pcs

jp⃗jK− ; ð12Þ

ΓðP3=2−
cs →K−pÞ¼g2KNPcs

24π

ðmPcs
−mNÞ2−m2

K−

m2
Nm

2
Pcs

jp⃗j3K− ; ð13Þ

where MK− is the masses of the K− meson and jp⃗jK− is the
three-momenta of the decay products in the center of
mass frame.
In evaluating the production amplitudes of the γp →

KþPcs reaction, we need to include the form factors
because hadrons are not pointlike particles. For the
t-channel K− meson exchange diagram, we take the form
factor as [22]

FMðqex; mexÞ ¼
�
Λ2
M −m2

ex

Λ2
M − q2ex

�
m
: ð14Þ

For s- and u-channel diagrams, we adopt the form factor
[21,22]

FBðqex; mexÞ ¼
�

nΛ4
B

nΛ4
B þ ðq2ex −m2

exÞ2
�
n
; ð15Þ

which approaches a Gaussian form as n → ∞. qex and mex
are the four-momentum and the mass of the exchanged
particle, respectively. ΛM, ΛB, m, and n will be taken as
parameters and discussed later.
With the vertices Lagrangian densities described in

Eqs. (2)–(8), we can further work out the scattering
amplitudes of the γp → KþPcs reaction

M1=2−
a ¼ −ieg1=2

−

KNPcs
ūðp4; scsÞuðp2; s2Þ

1

q2t −m2
K−

× ðpμ
3 − qμt Þϵμðp1; s1ÞFK−ðqtÞ; ð16Þ

M1=2−

b ¼ ieg1=2
−

KNPcs
ūðp4; scsÞ

=qs þmp

q2s −m2
p

×

�
γμ −

κp
4mp

ðγμ=p1 − =p1γ
μÞ
�

× uðp2; s2Þϵμðp1; s1ÞFNðqsÞ; ð17Þ
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M1=2−
c ¼−

ehg1=2
−

KNΛ
4mΛðmpþmΛÞ

ūðp4;scsÞðγμp1−p1γ
μÞ

×
quþmΛ

q2u−m2
Λ
p3γ5uðp2;s2Þϵμðp1;s1ÞFΛðqμÞ; ð18Þ

M1=2−

d ¼ ieg1=2
−

KNPcs
ūðp4; scsÞCμ1=2−ϵμðp1; s1Þuðp2; s2Þ ð19Þ

and

M3=2−
a ¼−i

eg3=2
−

KNPcs

mpmPcs

ϵμναβp4μqtβðpρ
3−qρt Þϵρðp1;s1ÞFK−ðqtÞ

×
1

q2t −m2
K−

ūνðp4;scsÞγαuðp2;s2Þ; ð20Þ

M3=2−

b ¼−i
eg3=2

−

KNPcs

mpmPcs

ϵμναβp4μp3βϵρðp1;s1ÞFNðqsÞūνðp4;scsÞ

×γα
=qsþmp

q2s−m2
p

�
γρ−

κp
4mp

ðγρ=p1−=p1γ
ρÞ
�
uðp2;s2Þ;

ð21Þ

M3=2−
c ¼ eh1g

3=2−

KNPcs

2mΛðmΛ þmpÞ
ϵρðp1; s1ÞFΛðquÞūμðp4; scsÞ

× ðpμ
1γ

ρ − p1gμρÞ
qu þmΛ

q2u −m2
Λ
p3γ5uðp2; s2Þ; ð22Þ

M3=2−

d ¼ i
eg3=2

−

KNPcs

mpmPcs

ϵμναβp4μūνðp4; scsÞCβρ3=2−γαuðp2; s2Þ

× ϵρðp1; s1Þ; ð23Þ

where qs ¼ p1 þ p2 ¼ p3 þ p4, qt ¼ p1 − p3 ¼ p4 − p2,
and qu ¼ p2 − p3 ¼ p4 − p1. The Cμ1=2− and Cβρ3=2− are
introduced to ensure that the full photoproduction ampli-
tude satisfies the generalized Ward-Takahashi identity and
thus is fully gauge invariant. Here, we choose

Cμ1=2− ¼ 2FK−ðqtÞ
q2t −m2

K−
pμ
3 −

2FNðqsÞ
q2s −m2

p
pμ
2; ð24Þ

Cβρ3=2− ¼ 2FK−ðqtÞ
q2t −m2

K−
pρ
3q

β
t þ

2FNðqsÞ
q2s −m2

p
pρ
2p

β
3: ð25Þ

The differential cross section in the center of mass (c.m.)
frame for the process γp → PcsKþ is calculated using

dσ
d cos θ

¼ mNmPcs

32πq2s

jp⃗c:m:
3 j

jp⃗c:m:
1 j

X
s1;s2;s3;s4

jMJP¼1=2−;3=2− j2 ð26Þ

where MJP ¼ MJP
a þMJP

b þMJP
c þMJP

d is the total
scattering amplitude of the γp → PcsKþ reaction. θ is
the scattering angle of the outgoing Kþ meson relative to
the beam direction, while p⃗c:m:

1 and p⃗c:m:
3 are the photon and

Kþ meson three momenta in the c.m. frame, respectively,
which are

jp⃗c:m:
1 j¼ λ1=2ðq2s ;0;m2

NÞ
2

ffiffiffiffiffi
q2s

p ; jp⃗c:m:
3 j¼ λ1=2ðq2s ;m2

Kþ ;m2
Pcs

Þ
2

ffiffiffiffiffi
q2s

p
ð27Þ

where the λ is the Källen function with
λðx; y; zÞ ¼ ðx − y − zÞ2 − 4yz.

B. Pcs production as compact pentaquark

It is helpful if we could estimate the cross section to
make a comparison by assuming Pcsð4459Þ as a compact
pentaquark. Thus, we can judge the different explanations
for the structure of Pcsð4459Þ if there exist experimental
signals. Fortunately, a compact pentaquark P0

cs with a mass
of about 4520� 47 MeV and isospin I ¼ 0 is predicted
[14]. And the decay width of this state into J=ψΛ is
7.94 MeV [14]. Considering it as one particle, which is
Pcsð4459Þ found in the LHCb experiment [2], the cross-
section of the process γp → PcsKþ can be computed with
the vector meson dominance mechanism and relevant
Feynman diagrams plotted in Fig. 2. The effective
Lagrangian with spin-parity quantum numbers for Pcs
given [18]

L1=2−

PcsΛJ=ψ
¼ −gPcsΛJ=ψ ūPcs

γμγ5uΛJ=ψμ; ð28Þ

L3=2−

PcsΛJ=ψ ¼ i
gPcsΛJ=ψ

2mΛ
ūPcs;μγνð∂μJ=ψν − ∂νJ=ψμÞuΛ; ð29Þ

where the gPcsΛJ=ψ is the coupling constant and can be
determined by the decay width of Pcs → ΛJ=ψ

(a) (b)

FIG. 2. Feynman diagrams for the process γp → KþPcsð4459Þ
by assuming Pcsð4459Þ as a compact pentaquark. The contribu-
tions from the t-channel Λ exchange (a) and contact term (b) are
considered. We also show the definition of the kinematics
ðp1; p2; p3; p4Þ that we use in the present calculation.
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ΓðP1=2−
cs → J=ψΛÞ ¼ g2PcsΛJ=ψ jP⃗jJ=ψ

8πm2
Pcs

m2
J=ψ

½m4
Pcs

þm2
Pcs

ðm2
J=ψ − 2m2

ΛÞ þ 6mPcs
m2

J=ψmΛ − 2m4
J=ψ þm2

J=ψm
2
Λ þm4

Λ�; ð30Þ

ΓðP3=2−
cs →J=ψΛÞ¼g2PcsΛJ=ψ jP⃗jJ=ψ

288πm4
Pcs

m2
Λ
½3m6

Pcs
−m4

Pcs
ðm2

J=ψ þ5m2
ΛÞþ12m3

Pcs
m2

J=ψmΛ−m2
Pcs

ðm4
J=ψ −m4

ΛÞ−ðm2
J=ψ −m2

ΛÞ3�: ð31Þ

where mJ=ψ is the mass of J=ψ meson. Using the
corresponding strong decay width Γ½Pcs → ΛJ=ψ � ¼
7.94 MeV and the mass mPcs

¼ 4458 MeV, we obtain

g1=2
−

PcsΛJ=ψ ¼ 0.299 and g3=2
−

PcsΛJ=ψ ¼ 0.453.
The effective Lagrangians for the J=ψγ and ΛNK

vertices are expressed as [18,23]

LΛNK ¼ −
fΛNK

mπ
Λ̄γμγ5N∂μK þ H:c:; ð32Þ

LJ=ψγ ¼
em2

J=ψ

fJ=ψ
J=ψμAμ; ð33Þ

where mπ ¼ 139.57 MeV is the mass of the πþ meson and
fΛNK ¼ −0.2643. There are several ways to determine the
coupling constants e=fJ=ψ . In this work, we derive the
coupling constant e=fJ=ψ ¼ 0.0221 with the experimental
partial decay width ΓJ=ψ→eþe− [1].
With above details, the scattering amplitudes of the

γp → KþPcs reaction can be written as

M1=2−
a ¼ i

gPcsΛJ=ψfΛNK

mπ

e
fJ=ψ

ūðp3;s3Þγμγ5
qtþmΛ

q2t −m2
Λ
p4γ5

×uðp2;s2Þð−gμνþpμ
1p

ν
1=m

2
J=ψ Þϵνðp1;s1ÞFΛðqtÞ;

ð34Þ

M3=2−
a ¼ −i

gPcsΛJ=ψfΛNK

2mΛmπ

e
fJ=ψ

ūμðp3; s3Þðpμ
1γ

η − p1gμηÞ

×
qt þmΛ

q2t −m2
Λ
p4γ5uðp2; s2Þð−gηρ þ pη

1p
ρ
1=m

2
J=ψÞ

× ϵρðp1; s1ÞFΛðqtÞ; ð35Þ

The contact term illustrated in Fig. 2(b) serves to keep the
full amplitude gauge invariant. For the present calculation,
we adopt the form

M1=2−

b ¼ −i
gPcsΛJ=ψfΛNK

mπ

e
fJ=ψ

2p1 · p3 −mPcs
þmΛ

q2t −m2
Λ

× ūðp3; s3Þγμp4uðp2; s2Þϵμðp1; s1ÞFΛðqtÞ; ð36Þ

M3=2−

b ¼ 0: ð37Þ

III. RESULTS

According to Refs. [5–10], Pcsð4459Þ may be a molecu-
lar state. However, currently, we cannot fully exclude other
possible explanations such as a compact pentaquark state
[11–14]. Further research is required to decide whether it
is a molecular or compact multi-quark state. The photon
coupling with a quark [24] is significantly different from
the coupling of the photon to the molecular constituent
D̄�Ξc of Pcsð4459Þ [25,26]. Hence, a precise measurement
of the photoproduction is useful to test different interpre-
tations of Pcsð4459Þ.
We first consider the Pcsð4459Þ as pentaquark molecule,

its productions in the γp → PcsKþ reaction is evaluated.
The mechanism including the t-channel K− meson
exchange, the u-channel Λ exchange, the contract term,
and the s-channel where the nucleon is considered as
intermediate state. To make a reliable prediction for the
cross section of the process γp → PcsKþ, two issues we
need to clarify are, respectively, the relation of the
parameters ΛM, ΛB, m, and n to the form factors and
the coupling of the Pcsð4458Þ with γΛ and K−p.
Unfortunately, there is no experimental information on

the decay widths for ΓðPcs → γΛÞ and ΓðPcs → K−pÞ, as
these are very difficult to determine. Thus, it is necessary to
rely on theoretical predictions, such as those of Ref. [8].
The authors in Ref. [8] conclude that the total decay width
of the Pcsð4459Þ was reproduced with the assumption that
Pcsð4459Þ is a pure D̄�Ξc bound state with JP ¼ 1=2−,
while in spin-parity JP ¼ 3=2− case may be S-wave
coupled bound state with lager D̄�Ξc component. Based
on the molecular scenario, the partial decay widths of the
Pcsð4459Þwith JP ¼ 1=2− and 3=2− into γΛ andK−p final
states through hadronic loops are evaluated with the help of
the effective Lagrangians. The loop diagrams are shown in
Fig. 3. The obtained partial decay widths are listed in
Table I (more details can be found in the Appendix). With
these decay widths, the coupling constants can be obtained,
as in Table I.
It is worth noting that the decay width of the process

Pcs → γΛ is larger than that of the process Pcs → K−P. A
possible explanation for this may be that the decay of Pcs
into γΛ should be easier via cc̄ annihilation than via the
Okubo-Zweig-Iizuka mechanism existing in the process
Pcs → K−P. The larger Pcs → γΛ decay in Fig. 3 also can
be understood due to the fact that the D-meson exchange
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plays the main role compared to the Σc-baryon exchange.
This mainly originates from the idea that the meson
exchange plays an indispensable role compared to the
baryon exchanges in the hadrons interaction. Therefore,
only π-meson exchange contribution is allowed in studying
the nuclear force [27].
At present, the parameters ΛM, ΛB,m and n could not be

determined by first principles. They are usually determined
from the experimental branching ratios. The free param-
eters ΛM, ΛB, m and n are fixed by fitting the experimental
data of the process γp → K�þΛ [28], by procedures
illustrated in Ref. [22]. In this work, we adopt the values
ΛM¼½1.0;1.019;0.993;1.030;1.018�GeV, ΛB ¼ 0.9 GeV,
and m ¼ n ¼ 2 because these value are determined from
the experimental data of Ref. [28] within the same K−, p,
and Λ form factors adopted in the current work.
Once the model parameters and coupling constants are

determined, the total cross section versus the beam momen-
tum of the photon for γp → PcsKþ transition can be
evaluated. In Fig. 4, the total cross section of process γp →
PcsKþ with different ΛK− is presented, where we restrict
the value of ΛK− by a reasonable range from 0.993 to
1.030 GeV. We find that the value of the cross section
increases with the increasing of ΛK− . It is worth mentioning
that the value of the cross section is not very sensitive to the

model parameter ΛK−. To see how much it depends on the
cutoff parameter ΛK−, as an example we take the cross
section at an energy about Eγ ¼ 18.0 GeV. The obtained
cross section ranges from 4.02 pb to 4.77 pb for the process
γp → P1=2−

cs Kþ and from 1.07 pb to 1.27 pb for the process
γp → P3=2−

cs Kþ. Hence, we only compute the total cross
section of the process γp → PcsKþ with ΛK− ¼ 1.0 GeV.
With ΛK− ¼ 1.0 GeV, the total cross section for the

beam momentum Eγ from reaction threshold up to
22.0 GeV are shown in Fig. 5. We find that the total cross
section increases sharply near the KþPcs threshold. At
higher energies, the cross section increases continuously
but relatively slowly compared to the behavior near thresh-
old. With the increase of the beam momentum, the total
cross section increases. The results also show that the total
cross section for Pcs production for JP ¼ 1=2− is larger
than for JP ¼ 3=2−. Taking the cross section at an energy
about 19.00 GeV as example, the cross section is of the

order of 5.515 pb for PJP¼1=2−
cs production and 1.464 pb for

PJP¼3=2−
cs production. Such a result is very challenging to

search for at EICC [16] but possible at US-EIC [17] due to
a higher luminosity. We also find that the t-channel K−

meson exchange plays a predominant role near the thresh-
old, while the contributions from the contact term become
most important when the beam energy Eγ is larger than
14.63 GeV. Moreover, the line shapes of the cross sections
for those two case are the same.
Figure 5 also tells us that the contributions from the s-

channel nucleon pole and Λð1116Þ as an intermediate state
in the u-channel are small. The interferences among them
are quite small, especially at high energies, with the
consequence that the t-channel K− meson exchange and
contact term contributions almost saturate the total cross
section. From Eqs. (24) and (25), we can address that the
dominant contribution from t-channel K− exchange and
negligible s-channel contribution make the contact term
contribution become most important at high energies.

(a)

(c) (d)

(b)

FIG. 3. Feynman diagrams for Pcs → γΛ and K−p decay
processes. The contributions from the t-channel D exchange(a)
and Σc exchange(b) are considered. We also show the definition
of the kinematical ðk0; p; q; p1; p2; k1Þ that we use in the present
calculation.

TABLE I. The values of the partial decay widths and coupling
constants for different JP states.

Decay model JP Γ (KeV) Coupling constants

Pcsð4459Þ → γΛ 1=2− 63.83 h ¼ 0.035
Pcsð4459Þ → γΛ 3=2− 34.18 h1 ¼ 0.05, h2 ¼ 0
Pcsð4459Þ → K−p 1=2− 2.05 gKNPcs

¼ 0.0041
Pcsð4459Þ → K−p 3=2− 0.24 gKNPcs

¼ 0.0017

(a) (b)

FIG. 4. The total cross section for the process γp → PcsKþ
with different ΛK− .
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The dominant K− meson exchange contribution can be
easily understood since the P1=2−

cs and P3=2−
cs are assumed as

molecular state with a D̄�Ξc component. Note that the
molecule picture [5–10] is different from the compact
pentaquark picture [11–13].
Our calculation indicates that the contributions from s-

channel nucleon pole and u-channel Λð1116Þ exchange are
quite small and the values are smaller than about the order
of 10−5 pb. A possible explanation for this may be that the
nucleon and Λð1116Þ are far off the threshold. It naturally
reminds us of what could be the contribution of so many
excited states of the nucleon and Λð1116Þ, or other
baryonic states in the light quark sector, which can enhance
the cross section of γp → PcsKþ reaction make the EicC
easily detect with current luminosity design. Unfortunately,
there is no information on such studies. Thus, we do not
consider the contributions from other states with heavier
mass in this work.
Now we turn to the cross section for γp → PcsKþ by

assuming Pcsð4459Þ as a compact pentaquark. The cross
section for the beam momentum Eγ from reaction threshold
up to 22.0 GeV are shown in Fig. 6. We find that the total
cross section increases sharply near the threshold. At higher
energies, the cross section increases continuously but
relatively slowly compared to the behavior near threshold.
With the increase of the beam momentum, the total cross
section increases. The results also show that the total cross

section for Pcs production for JP ¼ 1=2− is much larger
than for JP ¼ 3=2−. Such as the total cross sections at an
energy about Eγ ¼ 20.0 GeV can reach 1509.36 pb for

PJP¼1=2−
cs production and 7.84 pb for PJP¼3=2−

cs production.
Moreover, the contributions from the contact term for
JP ¼ 1=2− plays a predominant role, which almost equal
to the total cross section.
Comparing the cross sections shown in Figs. 5 and 6, we

can find that if the Pcs is produced as a compact pentaquark
state, the cross section and the line shapes of the cross
sections are different from the results that are obtained by
assuming Pcsð4459Þ as D̄�Ξc bound state. These
differences will be very useful to help us to test various
interpretations of the Pcsð4459Þ.

IV. SUMMARY

In this paper, we made a detailed exploration of the
nonresonant contribution to the γp → PcsKþ reaction,
intending to find a reasonable estimate of the Pcs produc-
tion rates at relatively high energies, where no data are
available up to now. The production process is described by
the t-channel K− exchange, s-channel nucleon pole, u-
channel Λð1116Þ exchange, and the contact term. Based on
the theoretical conclusion in Ref. [8] that Pcsð4459Þ can be
interpreted as D̄�Ξc bound state by studying the strong
decay width, the coupling constants of the Pcs to γp and
K−p needed in this work can be studied. The relevant
Feynman diagrams are shown in Fig. 3 and the results are
given in Table I. For comparison, the cross section for

(a)

(b)

FIG. 5. The cross section for the γp → PcsKþ reaction as a
function of the beam momentum Eγ for (a) Pcs with JP ¼ 1=2−

case and (b) the Pcs with JP ¼ 3=2− case. The contributions
including the s-channel nucleon pole (blue dot line), the t-channel
K− exchange (red dash line), Λð1116Þ as an intermediate state in
the u-channel (magenta dash dot line) and the contact term (olive
dash dot line). The black solid line is the total cross section.

(a)

(b)

FIG. 6. The cross section for the γp → PcsKþ reaction as a
function of the beam momentum Eγ for (a) Pcs with JP ¼ 1=2−

case and (b) the Pcs with JP ¼ 3=2− case by assuming Pcsð4459Þ
as a compact pentaquark. The contributions including the
t-channel Λ exchange (red dash line) and the contact term (blue
dash dot). The black solid line is the total cross section.
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γp → PcsKþ is given also by assuming Pcsð4459Þ as a
compact pentaquark.
With assuming Pcs as a D̄�Ξc bound state, the cross

section for γp → P1=2−
cs Kþ and γp → P3=2−

cs Kþ reactions
can reach 10.0 pb and 5.0 pb, respectively. However, the

cross section for γp → P1=2−
cs Kþ and γp → P3=2−

cs Kþ reac-
tions can reach 2000.0 pb and 13.0 pb, respectively, by
considering Pcs as a compact pentaquark. Although the
photoproduction cross section is quite small, it is enough to
test various interpretations of the Pcsð4459Þ thanks to the
low background of the exclusive and specific reaction
proposed in this work. The future electron-ion colliders
(EIC) of high luminosity in China (2 − 4 × 1033 cm−2 s−1)
[16] and the United States (US-EIC) (1034 cm−2 s−1) [17]
provide a good platform for this purpose.
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APPENDIX: PARTIAL DECAY WIDTHS Pcs → γΛ
AND K −P

In this Appendix, we show how to compute the partial
decay widths of Pcs → γΛ and Pcs → K−P reactions. The
corresponding Feynman diagrams are shown in Fig. 3. To
compute the diagrams, we require the effective Lagrangian
densities for the relevant interaction vertices. The corre-
sponding Lagrangian densities, theoretical formalism and
coupling constants can be found in Ref. [8]. Here, we do
not go into details. The amplitudes for Pcs with JP ¼ 1

2
−

case can be shown as

Ma ¼ μ̄ðp1Þ
�
−

e

4
ffiffiffi
2
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Z
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and for JP ¼ 3
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Mc ¼ μ̄ðp2Þ
�
−i

1ffiffiffi
2

p gΞþ
c Σþþ

c K−gD�−pΣþþ
c
g1=2pcs

Z
d4k1
ð2πÞ4

×ΦððpωD̄�− − qωΞþ
c
Þ2Þγρ =k1 þmΣþþ

c

k21 −m2
Σþþ
c

× γ5
=pþmΞþ

c

p2 −m2
Ξþ
c

−gλσ þ qλqσ=m2
D�−

q2 −m2
D�−

�
μσðk0Þ; ðA7Þ

Md ¼ μ̄ðp2Þ
�
i
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where ωi ¼ mi=ðmi þmjÞ. In the above Lagrangians, the
effective correlation function Φðy2Þ show the distribution
of the components in the hadronic molecule Pcsð4459Þ
state. Moreover, the role of the correlation function Φðy2Þ
also is to avoid the Feynman diagrams ultraviolet diver-
gence, as the Fourier transform should vanish quickly in the

ultraviolet region in the Euclidean space. We adopt the
form as used in Refs. [29,30],

Φð−p2Þ ≐ expð−p2
E=α

2Þ; ðA9Þ

where pE is the Euclidean Jacobi momentum. At present,
the experimental total widths of the Pcsð4459Þ that can
be considered as a molecule can be well explained with
α ¼ 1.0 GeV [8]. Therefore we take α ¼ 1.0 GeV in this
work to compute the partial decay widths of Pcs → γΛ and
Pcs → K−P reactions.
Once the amplitudes are determined, the corresponding

partial decay widths can be obtained, which read

ΓðPcs →Þ ¼
Z

1

2J þ 1

1

32π2
jp⃗1j
m2

Pcs

jM̄j2dΩ; ðA10Þ

where the J is the total angular momentum of Pcsð4459Þ,
jp⃗1j is the three-momenta of the decay products in the
center of mass frame, the overline indicates the sum
over the polarization vectors of the final hadrons. The Ω
is the space angle of the final particle in the rest frame
of Pcsð4459Þ.
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