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Wen-Ya Tian ,1 Neng-Chang Wei ,2 Yu-Fei Wang ,1 Fei Huang ,1,* and Bing-Song Zou 3,4,5,6,†

1School of Nuclear Science and Technology, University of Chinese Academy of Sciences, Beijing 101408, China
2School of Physics, Henan Normal University, Henan 453007, China
3Department of Physics, Tsinghua University, Beijing 100084, China

4CAS Key Laboratory of Theoretical Physics, Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, China
5School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China

6Southern Center for Nuclear-Science Theory (SCNT), Institute of Modern Physics,
Chinese Academy of Sciences, Huizhou 516000, China

(Received 8 April 2025; revised 15 September 2025; accepted 3 October 2025; published 12 November 2025)

In our previous work [Phys. Rev. C 101, 014003 (2020)], we analyzed all available data on differential
cross sections and spin density matrix elements for the γ p → K∗+� reaction using an effective Lagrangian
approach. There, the t-channel K , K∗, and κ exchanges, the u-channel �, �, and �∗ exchanges, the s-
channel N , N (2060)5/2−, and N (2000)5/2+ exchanges, and the interaction current were taken into account
in constructing the reaction amplitudes. It was found that, overall, the agreement of the theoretical results
with the corresponding data is fairly good. However, noticeable discrepancies between the model results and
the data on spin density matrix elements ρ00 are still observed in the center-of-mass energy region around
W ≈ 2.08 GeV, indicating the need for additional reaction mechanisms. On the other hand, the hidden-strange
pentaquark-like state N (2080)3/2−, which is proposed to be a K∗� molecular state as the strange partner of
the Pc(4457) hadronic molecule, has been found to play quite active roles in reproducing the data for K∗+�0,
K∗0�+, and φp photoproduction reactions. Based on these observations, in the present work, we reanalyze the
data for the γ p → K∗+� reaction by incorporating the pentaquark-like state N (2080)3/2− in our previously
proposed model. The results show that, with the inclusion of the contributions of N (2080)3/2−, the quality
of the theoretical description of the γ p → K∗+� data can be considerably improved. In particular, the data
on spin density matrix elements ρ00 and Re ρ10 in the near-threshold energy region are significantly better
reproduced. This achievement indicates that the hypothesis of the N (2080)3/2− molecular state is compatible
with the available data for the γ p → K∗+� reaction. The reaction mechanism of γ p → K∗+� is analyzed and
the N (2080)3/2−, N (2060)5/2−, N (2000)5/2+, and K exchanges are found to provide dominant contributions.

DOI: 10.1103/qp7h-tshk

I. INTRODUCTION

Quantum chromodynamics (QCD) is the foundational the-
ory of the strong interactions among quarks, and possesses
two main features: asymptotic freedom and color confine-
ment. The simplest compositions for quarks to form color
singlet hadrons are triplets of quarks, qqq, which constitute
baryons, and quark-antiquark pairs, qq̄, which form mesons.
These normal hadrons have been extensively studied and ob-
served in numerous experiments, forming the basis of our
current understanding of particle physics. However, QCD
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does not limit itself to these traditional configurations. The
theory also allows for the existence of exotic hadronic states
composed of more than the typical number of quarks, such
as baryons made of five quarks (pentaquark states) or six
quarks (hexaquark states), as well as mesons made of two
quarks and two antiquarks (tetraquark states). Since the early
2000s, experimental collaborations such as LHCb, CMS,
Belle, BESIII, Fermilab, and others have provided compelling
evidence for the existence of a series of tetraquark mesons
and pentaquark baryons [1–7]. These discoveries challenge
the conventional understanding of quark combinations and
their interactions, and have ignited ongoing debates regarding
the internal structures and quantum numbers of these exotic
hadrons.

In the pentaquark sector, the first compelling evidence was
reported by the LHCb Collaboration, confirming the exis-
tence of the P+

c (4312), P+
c (4380), P+

c (4440), and P+
c (4457)

states [6,7]. These states cannot be accommodated as three-
quark excitation states, as their excitation energies exceed
3 GeV, significantly higher than those of the traditional N∗
and �∗ states, which are typically less than 2 GeV. Instead,
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they are interpreted as hidden-charm pentaquark states or
baryon-meson states as predicted in Refs. [8–12]. In the
literature, one of the most plausible explanations for the
P+

c (4380) and P+
c (4457) states is that they are hadronic

molecules composed of D̄�∗
c and D̄∗�c, respectively, as their

reported masses are approximately 2 MeV below the thresh-
olds of D̄�∗

c (4382 MeV) and D̄∗�c (4459 MeV). See, for
example, a recent study on this topic [13]. It is worth not-
ing that the theoretically predicted D̄�∗

c hadronic molecule
is more narrow compared with the P+

c (4390) reported by
LHCb in 2015, which disappeared in later experimental
analyses [14,15].

In the light quark sector, the N (1875)3/2− and
N (2080)3/2− states have been proposed to be the strange
partners of the P+

c (4380) and P+
c (4457) molecular states

[16–18]. They are hypothesized to be hadronic molecular
states composed of K�∗ and K∗� whose thresholds are
at 1880 and 2086 MeV, respectively, and are referred to
as Ps hidden-strange states. Recently, the roles of these Ps

states have been investigated in the K∗+�0, K∗0�+, and
φp photoproduction reactions that involve ss̄ content in the
final states [19–21]. In these studies, a phase factor was
introduced to model the molecular nature of Ps, and it was
found that these Ps states are rather helpful in explaining
the data for these reactions. Reference [22] reports that
the 3/2−-nucleon resonance around 2080 MeV is strongly
coupled with the K∗� final state, supporting the molecular
picture of N (2080)3/2−.

In the present work, we focus on the γ p → K∗+� reac-
tion, with the primary objective of assessing the compatibility
of the hadronic molecular picture of the Ps states with the
available data for this process. Unlike the aforementioned
studies in Refs. [19–21] where the molecular nature of the
Ps states was modeled by additional phase factors attached to
the tree-level reaction amplitudes, here we directly calculate
the full triangle loop diagrams for couplings of the Ps states
to the initial γ p and final K∗+� states. After the main analy-
ses, we will also briefly investigate the parametrization using
phase factors. This exploration is expected to provide further
insights into the nature of these exotic Ps states and their role
in the dynamics of photoproduction reactions.

Actually, in our previous work [23], we have already
analyzed all available data [24,25] on differential cross sec-
tions and spin density matrix elements for the γ p → K∗+�

reaction using a tree-level effective Lagrangian approach.
There, the reaction amplitudes were constructed by includ-
ing the t-channel K , K∗, and κ exchanges, the u-channel
�, �, and �∗ exchanges, the s-channel N , N (2060)5/2−,
and N (2000)5/2+ exchanges, and the interaction current.
It was found that the built model can provide an overall
good description of all the available data, with the domi-
nant contributions arising from the t-channel K exchange and
the s-channel exchanges of N (2060)5/2− and N (2000)5/2+.
In spite of these successes, noticeable discrepancies be-
tween the model results and the data for the spin density
matrix elements ρ00 were still observed in the center-of-
mass energy region around W ≈ 2.08 GeV, as illustrated
in Fig. 1, where one sees clearly that the data on ρ00

around W ≈ 2.08 GeV are significantly underestimated by
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FIG. 1. The model results for the spin density matrix elements
ρ00 for γ p → K∗+� as a function of cos θ in the center-of-mass
frame at W = 2041 and 2086 MeV from Ref. [23] compared with the
corresponding experimental data [25]. The numbers in parentheses
on the left denote the photon laboratory incident energies, in MeV.

the model. This discrepancy suggests the need for additional
reaction mechanisms within our theoretical framework to bet-
ter describe the data in this energy range. A natural candidate
for such a mechanism is the exchange of N (2080)3/2−, a
K∗� molecular state proposed as the strange partner of the
P+

c (4457) [16–18].
In the present work, we reanalyze all available data for

the γ p → K∗+� reaction by further considering the contri-
butions from the N (2080)3/2− molecular state based on our
previous work of Ref. [23]. We anticipate that, after the inclu-
sion of the N (2080)3/2− exchange, the theoretical description
of the γ p → K∗+� data in our model can be much im-
proved, and thus a more reliable understanding of the reaction
mechanisms especially the resonance parameters and their
contributions can be achieved. If really so, this, in turn, would
provide support for the hadronic molecular interpretation of
the N (2080)3/2− state, demonstrating its compatibility with
the available data for the γ p → K∗+� reaction.

The paper is organized as follows. In Sec. II, we briefly
introduce the theoretical framework of our calculation. The
results of the model, along with relevant discussions, are pre-
sented in Sec. III. Finally, a brief summary and conclusions
are given in Sec. IV.

II. FORMALISM

As developed in Ref. [23] and schematically depicted in
Fig. 2, the reaction amplitudes for γ N → K∗� in our ef-
fective Lagrangian model are constructed by including the
s-channel N and N∗ exchanges, the t-channel K , K∗, and κ

exchanges, the u-channel �, �, and �∗ exchanges, as well
as the interaction current. In Ref. [23], it was found that the
exchanges of the N (2060)5/2− and N (2000)5/2+ resonances
in the s channel are needed to explain the near-threshold
structures exhibited in the angular distribution data and are
essential for providing an overall description of the available
data on both the differential cross sections and the spin density
matrix elements for γ p → K∗+�. As the data on spin density
matrix elements ρ00 near W ≈ 2.08 GeV are much underes-
timated in Ref. [23], as shown in Fig. 1, in this work, we
further include in s channel the exchange of the pentaquark-
like state N (2080)3/2− and reanalyze all available data for
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FIG. 2. Generic structure of the photoproduction amplitude for
γ N → K∗�. Time proceeds from left to right. (a) s channel, (b) u
channel, (c) t channel, and (d) interaction current.

γ p → K∗+� within the theoretical framework proposed in
our previous work, Ref. [23].

The full reaction amplitude M for γ N → K∗� can be
written as

M = Ms + Mt + Mu + Mint, (1)

where Ms, Mt , and Mu denote the amplitudes calculated
from the s-, t-, and u-channel reaction mechanisms, respec-
tively. Mint denotes the term calculated from the interaction
current which is introduced to ensure the gauge invariance of
the full amplitude, M, of the K∗� photoproduction [26–29].

For the s-channel exchange of N (2080)3/2− which is pro-
posed to be a hadronic molecular state of S-wave K∗�, its
couplings to K∗� and γ N are obtained by directly calculating
the triangle diagrams as shown in Fig. 3. Note again that
we start with the full triangle diagrams rather than simplified
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FIG. 3. Couplings of N (2080)3/2− as K∗� molecule to K∗�
and γ N .

parametrizations by phase factors in Refs. [19–21]. The rele-
vant effective Lagrangians contain

LR�K∗ = gR�K∗ R̄μK∗μ� + H.c., (2)

Lγ K∗K∗ = −ie(K∗+ν
K∗−

μν − K∗−ν
K∗+

μν )Aμ, (3)

Lγ KK∗ = e
gγ KK∗

MK
εαμλν (∂αAμ)(∂λK )K∗

ν , (4)

L��γ = − e�̄

[(
êγ μ − κ̂�

2MN
σμν∂ν

)
Aμ

]
�, (5)

L��γ = e
κ��

2MN
�̄σμν (∂νAμ)�0 + H.c., (6)

L�NK = −g�NK

2MN
�̄γ 5γ μ(∂μK )N + H.c., (7)

L�NK∗ = − g�NK∗�̄

[(
γ μ − κ�NK∗

2MN
σμν∂ν

)
K∗

μ

]
N + H.c.,

(8)

L�NK∗ = − g�NK∗�̄

[(
γ μ − κ�NK∗

2MN
σμν∂ν

)
K∗

μ

]
N + H.c.,

(9)

L��ρ = − g��ρ�̄

[(
γ μ − κ��ρ

2MN
σμν∂ν

)
ρμ

]
� + H.c.,

(10)

L��π = −g��π

2MN
�̄γ 5γ μ(∂μπ )� + H.c., (11)

L��K∗ = − g��K∗�̄

[(
γ μ − κ��K∗

2MN
σμν∂ν

)
K̄∗

μ

]
� + H.c.,

(12)

L��K∗ = − g��K∗�̄

[(
γ μ − κ��K∗

2MN
σμν∂ν

)
K̄∗

μ

]
� + H.c.,

(13)

LK∗K∗π = gK∗K∗π

Mω

εμναβ (∂μK∗
ν )(∂αK∗

β )π, (14)

LK∗K∗ρ = − igK∗K∗ρ (K∗μ†ρνK∗
μν − K∗†

μνρ
νK∗μ

+ K∗ν†ρμνK∗μ), (15)

where the factors in isospin spaces are omitted, e is the
elementary charge unit, and ê is the charge operator. The
operator κ̂� is given by κ̂� ≡ κ�+ (1 + ê)/2 + κ�− (1 − ê)/2.
The field tensor for the vector meson is defined as V μν ≡
∂μV ν − ∂νV μ.

For the coupling of N (2080)3/2− to K∗�, due to the in-
terpretation of N (2080)3/2− as a K∗� molecule, we follow
Ref. [19] to assign the value based on Weinberg’s composite-
ness criterion [30]:

g2
R�K∗ = 4π

4mRm�

(mK∗ + m� )5/2

(mK∗m� )1/2

√
32ε, (16)

where ε ≡ mK∗ + m� − mR is the binding energy; mR, m� ,
and mK∗ are the masses of N (2080)3/2−, �, and K∗, respec-
tively. Then the resulting value is gR�K∗ = 1.72.

The electromagnetic couplings needed for the calculation
of triangle vertices in Fig. 3 are determined as follows. The
γ KK∗ coupling is determined by K∗ → Kγ decay, yielding
gγ K±K∗± = 0.41 and gγ K0K∗0 = −0.63. The sign difference
stems from the difference in the electric charges of the con-
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stituent quarks. The anomalous magnetic moments κ�+ =
1.46, κ�− = −0.16, and κ�� = −1.61.

Most of the hadronic couplings needed for the calculation
of triangle vertices in Fig. 3 are determined based on SU(3)
flavor symmetry [28,31]:

g�NK =1

5
gNNπ = 2.69, (17)

g�NK∗ = − 1

2
gNNω + 1

2
gNNρ = −4.26, (18)

κ�NK∗ =1

2

fNNρ

g�NK∗
= −2.33, (19)

g�NK∗ = − 1

2
√

3
gNNω −

√
3

2
gNNρ = −6.21, (20)

κ�NK∗ = −
√

3

2

fNNρ

g�NK∗
= 2.76, (21)

g��ρ = − 1

2
√

3
gNNω +

√
3

2
gNNρ = −0.58, (22)

κ��ρ =
√

3

2

fNNρ

g��ρ

= −29.59, (23)

g��π =2
√

3

5
gNNπ = 9.32, (24)

g��K∗ = 1√
3

gNNω = 6.79, (25)

κ��K∗ = 1√
3

fNNω

g��K∗
= 0, (26)

g��K∗ = − gNNρ = −3.25, (27)

κ��K∗ = − fNNρ

g��K∗
= 6.10. (28)

Here the empirical values gNNπ = 13.46, gNNρ = 3.25,
gNNω = 11.76, κNNρ = fNNρ/gNNρ = 6.1, and fNNω = 0
from Refs. [28,31] are used. The hadronic couplings gK∗K∗π =
−5.0 and gK∗K∗ρ = 3.02 are taken from Ref. [16] (The value
gK∗K∗π = −5.0 differs from that in Ref. [16] because of the
different forms of the Lagrangian LK∗K∗π ).

To account for the weakly bound molecular nature of the
N (2080)3/2− resonance, a form factor is introduced in each
triangle loop of Fig. 3 to suppress short-distance contribu-
tions, which are not expected to dominate in such a shallow
binding regime. The adopted form factor reads

f (q2) = �4
M,B

�4
M,B + (q2 − m2)2

, (29)

with m and q being the mass and four-momentum of the
exchanged particle in the triangle loop diagram. The cutoff
�M and �B (for meson and baryon exchanges, respectively)
are determined by fitting the experimental data.

The contributions of interaction terms to Ms, Mt , and Mu

in Eq. (1) can be obtained straightforwardly by calculating
the corresponding Feynman diagrams. The necessary vertex
Lagrangians, resonance propagators, and phenomenological
form factors required for these calculations, as well as the
construction of the interaction current Mint and the formulas
for the differential cross section dσ/d� and the spin density

matrix elements ρ, have been thoroughly introduced and de-
tailed in Refs. [23,32]. For the sake of brevity and simplicity,
we do not repeat them here.

III. RESULTS AND DISCUSSION

Originally, we studied the γ p → K∗+� reaction within
an effective Lagrangian model in Ref. [32]. There, the
high-precision cross-section data for γ p → K∗+� [24] were
analyzed, and it was found that, apart from the t-channel K , κ ,
and K∗ exchanges, the s-channel N exchange, the u-channel
�, �, and �∗(1385) exchanges, and the generalized contact
term, the contributions from at least two near-threshold nu-
cleon resonances in the s channel should be considered in
constructing the reaction amplitude to achieve a satisfactory
description of the cross-section data. One of these required
resonances is the N (2060)5/2−, which is responsible for
the shape of the angular distributions near the K∗� thresh-
old, and the other needed resonance could be one of the
N (2000)5/2+, N (2040)3/2+, N (2100)1/2+, N (2120)3/2−,
and N (2190)7/2− resonances. Further in Ref. [23], we re-
analyzed the γ p → K∗+� reaction by incorporating the
later published data on spin density matrix elements for
K∗ [25] into the data set. By doing so, more constraints
were imposed on the theoretical model, and it was found
that, with the new data on spin density matrix elements be-
ing taken into account, the N (2000)5/2+ resonance, rather
than one of the N (2040)3/2+, N (2100)1/2+, N (2120)3/2−,
and N (2190)7/2− resonances, is necessary alongside the
N (2060)5/2− resonance to achieve a satisfactory description
of the data on both the differential cross sections and the spin
density matrix elements for γ p → K∗+�. The t-channel K
exchange and the s-channel N (2060)5/2− and N (2000)5/2+

exchanges were found to make dominant contributions.
Although our previous work of Ref. [23] provides so

far the most recent and most comprehensive analysis of all
available data on both differential cross sections and spin
density matrix elements for the γ p → K∗+� reaction, there
is a problem: the data on spin density matrix elements ρ00

in the center-of-mass energy region around W ≈ 2.08 GeV
are much underestimated despite the overall agreement of the
theoretical results with the data being rather satisfactory. This
discrepancy, as mentioned previously, indicates that additional
reaction mechanisms may be needed in our theoretical model.
A natural candidate to address this issue is the N (2080)3/2−,
a K∗� molecular state proposed as the strange partner of
the P+

c (4457) [16–18], as its active role has already been
demonstrated in the K∗+�0, K∗0�+, and φp photoproduction
reactions [19,20].

With the inclusion of the contributions from the s-channel
N (2080)3/2− exchange to the effective Lagrangian model
proposed in our previous works of Refs. [23,32], we refit
all available data on both differential cross sections and spin
density matrix elements for the γ p → K∗+� reaction. The
fitted model parameters are listed in Tables I and II. Note that
the mass and width of N (2080)3/2− in the present work are
fixed at 2080 and 141 MeV, respectively, as given in Ref. [16].
One can see from Tables I and II that, after including the
contributions from N (2080)3/2−, the fitted masses, widths,
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TABLE I. Fitted values for parameters of N (2000)5/2+ and
N (2060)5/2+.

N (2000)5/2+ N (2060)5/2−

MR (MeV) 2009 ± 1 2035 ± 1

�R (MeV) 400 ± 1 70 ± 4

�R (MeV) 1080 ± 8 1318 ± 10√
β�K∗ A1/2 (10−3 GeV−1/2) 0.11 ± 0.01 0.44 ± 0.01√
β�K∗ A3/2 (10−3 GeV−1/2) 0.37 ± 0.01 −0.94 ± 0.01

g(2)
R�K∗/g(1)

R�K∗ −2.29 ± 0.04 0.35 ± 0.25

g(3)
R�K∗/g(1)

R�K∗ −0.97 ± 0.05 5.54 ± 0.54

and cutoff parameters for the N (2060)5/2− and N (2000)5/2+
resonances are comparable to those obtained in Ref. [23]. Ad-
ditionally, the value of the cutoff parameter for the t-channel
K exchange in the new fit is rather close to that obtained in
Ref. [23]. This is not difficult to understand if we notice that,
as found in Ref. [23], the contributions of the t-channel K
exchange are primarily constrained by the differential cross-
section data at forward angles in the high-energy region,
while the contributions of the s-channel N (2060)5/2− and
N (2000)5/2+ exchanges are largely restricted by the shape
of the angular distributions in the near-threshold energy re-
gion. Unsurprisingly, the s-channel N (2080)3/2− exchange
is expected to provide complementary contributions to the
differential cross sections and considerable contributions to
the spin density matrix elements through its interference with
other terms in the reaction amplitude.

To visually access the improvement or deterioration in
the fitting quality for the considered data, in Table III, the
evaluated χ2 per number of data points, χ2

i /Ni, for a given
type of observable specified by the index i = dσ (differential
cross section), ρ00, Re ρ10, and ρ1−1, with Ni being the cor-
responding number of data points considered, are listed and
compared to those obtained in Ref. [23]. There, the numbers
in the parentheses denote the corresponding values for the
data in the energy range W � 2217 MeV, while the last row
corresponds to the global χ2/N , with N being the total number
of data points considered. One can see that, overall, the inclu-
sion of N (2080)3/2− can significantly improve the fit quality
of the data for γ p → K∗+�, especially in the near-threshold
energy region with W � 2217 MeV. Specifically, the inclu-
sion of the N (2080)3/2− has led to a better description of
the data on ρ00 and ρ1−1, and a slightly worse description of
the data on Re ρ10 and differential cross sections. Focusing
on the near-threshold energy region (W � 2217 MeV) where
the contributions of the N (2080)3/2− are most relevant, one

TABLE II. Fitted values for K , �∗, and N (2080)3/2− exchanges.

�K (MeV) 945 ± 4
g(1)

γ��∗ −1.29 ± 0.34
�M (MeV) 837 ± 7
�B (MeV) 733 ± 9

TABLE III. Evaluated χ 2
i /Ni in the present work and Ref. [23]

for a given type of observable specified by the index i = dσ (dif-
ferential cross section), ρ00, Re ρ10, and ρ1−1, with Ni being the
corresponding number of data points considered. The numbers in the
brackets denote the corresponding values for the data in the energy
range W � 2217 MeV. The last row corresponds to the global χ2/N ,
where N is the total number of data points including all the types of
observables considered.

Ref. [23] The present work

χ 2
dσ /Ndσ 2.79 (1.23) 2.94 (1.29)

χ 2
ρ00

/Nρ00 6.26 (9.03) 5.73 (7.70)

χ 2
Re ρ10

/NRe ρ10 5.28 (2.35) 5.98 (1.51)

χ 2
ρ1−1

/Nρ1−1 6.91 (5.52) 5.65 (5.26)

χ 2/N 5.27 (4.53) 5.04 (3.94)

sees that the inclusion of the N (2080)3/2− has helped to
provide an overwhelmingly better description of the data on
spin density matrix elements ρ00. In addition, it has resulted
in a much better description of the Re ρ10 and ρ1−1, while
maintaining same quality description of the differential cross
section data. A more detailed analysis of the effects of the
N (2080)3/2− will be presented below.

The results for the differential cross sections dσ/d cos θ

and the spin density matrix elements ρ00, Re ρ10, and ρ1−1

calculated by use of the parameters listed in Tables I and
II are presented in Figs. 4 and 5–7, respectively. There, the
numbers in parentheses denote the photon laboratory incident
energy (left number) and the total center-of-mass energy of
the system (right number), both in MeV.

In Fig. 4, the black solid lines denote the differential
cross sections as a function of cos θ in the center-of-mass
frame, calculated from the full reaction amplitude. The red
dotted, blue dashed, green dash-dotted, and orange double-
dot-dashed lines represent the individual contributions from
the K , N (2000)5/2+, N (2060)5/2−, and N (2080)3/2− ex-
changes, respectively. Contributions from the other terms are
too small to be clearly seen with the scale used and are
therefore not shown in Fig. 4. One can see from Fig. 4
that the contributions from the K exchange are significant
across the entire energy region considered, and, especially,
they dominate the angular distributions at forward angles
in the high-energy region. The exchanges of N (2060)5/2−,
N (2000)5/2+, and N (2080)3/2− contribute mainly in the
low-energy region, responsible for the shapes of the angu-
lar distributions. Compared to the cross-section results in
Fig. 5 of Ref. [23], the individual contributions of the K ,
N (2060)5/2−, and N (2000)5/2+ exchanges in the present
work remain almost unchanged but are slightly smaller. This
observation is consistent with the fact that the parameters
for the K , N (2060)5/2−, and N (2000)5/2+ exchanges deter-
mined in the present work, as listed in Tables I and II, are close
to those determined in Ref. [23].

In Figs. 5–7, the black solid lines represent the spin den-
sity matrix elements ρ00, Re ρ10, and ρ1−1, respectively, as
functions of cos θ in the center-of-mass frame, calculated
from the full reaction amplitude. The red dotted, blue dashed,
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FIG. 4. Differential cross sections for γ p → K∗+� as a function of cos θ in the center-of-mass frame (black solid line). The red dotted, blue
dashed, green dash-dotted, and orange double-dot-dashed lines represent the individual contributions from the K , N (2000)5/2+, N (2060)5/2−,
and N (2080)3/2− exchanges, respectively. Data are taken from the CLAS Collaboration [24]. The numbers in parentheses denote the photon
laboratory incident energy (left number) and the total center-of-mass energy of the system (right number), both in MeV.

green dash-dotted, and orange double-dot-dashed lines de-
note the effects of the individual contributions from the K ,
N (2000)5/2+, N (2060)5/2−, and N (2080)3/2− exchanges,
respectively, obtained by switching off the corresponding am-
plitude in the full reaction amplitude. Effects from other terms
on ρ00, Re ρ10, and ρ1−1 are relatively small and are therefore
not shown in these figures. From Figs. 5–7, it is evident
that, overall, the theoretical results for ρ00, Re ρ10, and ρ1−1

agree satisfactorily well with the corresponding data. The K ,
N (2000)5/2+, and N (2060)5/2− exchanges have significant
effects on ρ00, Re ρ10, and ρ1−1 across the entire energy re-
gion considered. The contributions from the N (2000)5/2+
and N (2060)5/2− exchanges in the high-energy region are
mainly due to their interference with the K-meson exchange.

Similar to the situation with the differential cross sections,
the N (2080)3/2− exchange has noticeable effects mainly in
the low-energy region, indicating that its interference with
the K exchange in the high-energy region is relatively weak,
in contrast to those of the N (2000)5/2+ and N (2060)5/2−
resonances. Additionally, it is observed that the effects of
the N (2080)3/2− exchange on ρ00 are much stronger than
on Re ρ10 and ρ1−1. Actually, it is the inclusion of the
N (2080)3/2− exchange that makes the distinct improvement
in the theoretical description of the ρ00 data in the near-
threshold energy region. Compared to the results for the
spin density matrix elements in Figs. 6–8 of Ref. [23], the
main features of the effects of the K , N (2000)5/2+, and
N (2060)5/2− exchanges in the present work remain roughly

055203-6



EFFECTS OF THE HADRONIC MOLECULE … PHYSICAL REVIEW C 112, 055203 (2025)

0

0.3

0.6

0.9

0

0.3

0.6

0.9

0

0.3

0.6

0.9

ρ 00

0

0.3

0.6

0.9

-1 -0.5 0 0.5

0

0.3

0.6

0.9

-1 -0.5 0 0.5

cosθ
-1 -0.5 0 0.5 -1 -0.5 0 0.5 1

(1750, 2041) (1850, 2086) (1950, 2131) (2050, 2174)

(2150, 2217) (2250, 2259) (2350, 2300) (2450, 2340)

(2550, 2380) (2650, 2419) (2750, 2458) (2850, 2496)

(2950, 2533) (3050, 2570) (3150, 2606) (3250, 2642)

(3350, 2677) (3450, 2712) (3550, 2746) (3650, 2780)

FIG. 5. Spin density matrix elements ρ00 for γ p → K∗+� as a function of cos θ in the center-of-mass frame (black solid line). The
red dotted, blue dashed, green dash-dotted, and orange double-dot-dashed lines denote effects of the individual contributions from the K ,
N (2000)5/2+, N (2060)5/2−, and N (2080)3/2− exchanges, respectively, obtained by switching off the corresponding amplitude in the full
reaction amplitude. Data are taken from the CLAS Collaboration [25]. The numbers in parentheses denote the photon laboratory incident
energy (left number) and the total center-of-mass energy of the system (right number), both in MeV.

unchanged but are slightly softer, leaving some room for the
contributions of the N (2080)3/2− exchange. In terms of fit-
ting quality, visually the agreement of the theoretical results
for ρ00 and the corresponding data in the near-threshold en-
ergy region is overwhelmingly better in the present work than
in Ref. [23], especially in the lowest two energy bins, with the
credit going to the newly considered N (2080)3/2− exchange
in the present work. For Re ρ10 and ρ1−1, the results in the
present work are visually similar to those from Ref. [23].

The total cross sections for γ p → K∗+� predicted in the
present work are shown in Fig. 8, where the contributions
from various important individual terms are also displayed.
Consistent with the situation of the differential cross sections,
the model results can describe the total cross-section data
very well. Note that these total cross-section data are not
included in the fitting procedure. One sees from Fig. 8 that
the contributions from the N (2000)5/2+, N (2060)5/2−, and
N (2080)3/2− exchanges are significant, with the sum of them
dominating the cross sections in the low-energy region and

responsible for the bump structure observed in the data around
the center-of-mass energy W ≈ 2.2 GeV. The K exchange
also provides significant contributions across the entire energy
region considered, and, in particular, it becomes more and
more prominent as the energy increases. Compared to the total
cross-section results of Ref. [23], the major difference is that
in the near-threshold energy region, the combined contribu-
tions from the resonances in the present work are noticeably
larger than those in Ref. [23], due to the inclusion of the
newly considered N (2080)3/2− exchange. Correspondingly,
the contributions from the K exchange in the present work are
smaller than those in Ref. [23], as the fitted value of the cutoff
parameter �K is smaller in the present work.

From all the results presented above, it is evident that by
incorporating the N (2080)3/2− exchange into our effective
Lagrangian model for γ p → K∗+�, the theoretical descrip-
tion of the data on differential cross sections and spin density
matrix elements ρ00 in the near-threshold energy region is
significantly improved. In particular, the results for ρ00 in
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FIG. 6. Real part of the spin density matrix elements ρ10 for γ p → K∗+� as a function of cos θ in the center-of-mass frame (black solid
line). Notations are the same as Fig. 5.

the lowest two energy bins are now quite well described,
effectively resolving the issue of the large underestimation
of these data in Ref. [23]. This achievement indicates that
the hypothesis of the N (2080)3/2− as a K∗� molecular state
is compatible with the available data for the γ p → K∗+�

reaction. It is worth noting that similar findings have also been
reported in theoretical investigations of the K∗+�0, K∗0�+,
and φp photoproduction reactions [19,20].

Finally, we note that the exchange of the N (2270)3/2−,
which was proposed as a molecular state composed of K∗�∗
whose threshold lies at 2277 MeV and has been shown to
play significant roles in the K∗+�0, K∗0�+, and φp photo-
production reactions [19,20], is not included in the present
study of the γ p → K∗+� reaction. Actually, we have tested
replacing either the N (2000)5/2+ or N (2060)5/2− reso-
nance with the N (2270)3/2− molecular state in our model.
However, this substitution resulted in a noticeable deterio-
ration of the fit quality. Incorporating the contributions of
N (2270)3/2− as an additional interaction mechanism along-
side the N (2000)5/2+, N (2060)5/2−, and N (2080)3/2−
exchanges could improve the agreement between the model
results and the data, since this would introduce additional

model parameters. We postpone such refinements until more
data become available for the γ p → K∗+� reaction in the
future.

As a final remark, note that, besides the direct calculations
of these triangle diagrams using the LoopTools package, one
can also partially mimic the corresponding loop diagrams in
Fig. 3 by a phase factor exp[iφR] multiplied to the amplitude
of the corresponding resonance exchange with φR being a
fit parameter, as done in Refs. [19,20]. To test the effects of
different parametrizations, we also performed this method,
with the results presented in Table IV. Actually, in this alter-
native parametrization we need to introduce four additional
parameters compared to the two-resonance case [23]. The
triangle loop contribution is represented by exp[iφR] herein.
Although the resulting χ2/N is slightly smaller than that in
our main analysis (cf. Table III), it yields a much worse de-
scription of ρ1−1 in the lower-energy region. In both cases, the
N (2000)5/2+, N (2060)5/2− resonances and the K-exchange
play important roles and yield the same descriptive tendencies
for the observables. In general, the two parametrizations do
not differ significantly to each other in the quality of the fit. We
choose the explicit triangle loops as our main parametrization,
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FIG. 7. Spin density matrix elements ρ1−1 for γ p → K∗+� as a function of cos θ in the center-of-mass frame (black solid line). Notations
are the same as Fig. 5.

since they exhibit a clearer physical picture for a hadronic
molecule.

IV. SUMMARY

In our previous work of Ref. [23], we analyzed the avail-
able data on differential cross sections [24] and spin density
matrix elements [25] for the γ p → K∗+� reaction within an
effective Lagrangian approach. There, the t-channel K , K∗,
and κ exchanges, the u-channel �, �, and �∗ exchanges,
the s-channel N , N (2060)5/2−, and N (2000)5/2+ exchanges,
and the interaction current were taken into account in con-
structing the reaction amplitudes. It was found that the overall
agreement of the theoretical results with the corresponding

TABLE IV. The values of χ 2
i /Ni obtained from the phase

parametrization. Notations are the same as in Table III.

χ 2
dσ /Ndσ χ 2

ρ00
/Nρ00 χ 2

Re ρ10
/NRe ρ10 χ 2

ρ1−1
/Nρ1−1 χ 2/N

2.98 (0.83) 5.55 (4.66) 5.33 (2.42) 5.85 (7.42) 4.90 (3.83)

data is satisfactory, with the dominant contributions arising
from the K , N (2060)5/2−, and N (2000)5/2+ exchanges.
Nevertheless, the model significantly underestimates the data
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FIG. 8. Total cross sections with individual contributions for
γ p → K∗+� as a function of the center-of-mass energy of the sys-
tem. The data are taken from the CLAS Collaboration [24] but not
included in the fitting procedure.
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for the spin density matrix elements ρ00 in the center-of-mass
energy region around W ≈ 2.08 GeV. This discrepancy sug-
gests that additional interaction mechanisms are needed to
improve the description of the data for γ p → K∗+� in our
model proposed in Ref. [23].

The P+
c (4457) state observed by the LHCb Collaboration

[7] has sparked extensive discussions regarding its structure
and decay properties. One plausible interpretation is that it is
a hadronic molecule composed of D̄∗�c. This interpretation
is rather natural, as the reported mass of the P+

c (4457) state is
approximately 2 MeV below the D̄∗�c threshold, which lies
at 4459 MeV. In the light quark sector, the N (2080)3/2− state
has been proposed to be the strange partner of the P+

c (4457)
molecule [16–18]. Analogously, it is assumed to be a hadronic
molecular state composed of K∗�, whose threshold is at 2086
MeV.

In the present work, we investigate the effects of the
N (2080)3/2− molecular state in the γ p → K∗+� reaction.
Assuming that the N (2080)3/2− exchange represents the
interaction mechanism missed in our previously proposed
model [23], we reanalyze all available data on both differential
cross sections and spin density matrix elements for the γ p →
K∗+� reaction. The results demonstrate that, with the inclu-
sion of the N (2080)3/2− exchange in our model, the overall
agreement of the theoretical results with the corresponding
data is significantly improved. In particular, the data on spin
density matrix elements ρ00 and Re ρ10 in the near-threshold
energy region are now considerably better described, perfectly
solving the issue of pronounced discrepancies between the
model results of ρ00 and the corresponding data in the low-
est two energy bins in Ref. [23] (see illustration in Fig. 1).
This achievement indicates the compatibility of the hadronic

molecular picture of N (2080)3/2− with the available data for
the γ p → K∗+� photoproduction reaction.

To further elucidate the reaction mechanisms for γ p →
K∗+�, contributions from various individual terms that com-
pose the full reaction amplitude are analyzed. It is found
that the contributions from the N (2000)5/2+, N (2060)5/2−,
and N (2080)3/2− exchanges are dominant in the low-energy
region, while the K exchange contributes significantly across
the entire energy region considered and becomes particularly
prominent at forward angles in the higher-energy region.

In the future, this study can be developed in various di-
rections. For example, as already mentioned, the inclusion
of N (2270) is feasible once more experimental data become
available. Moreover, the current model is still based on in-
dividual tree-level and one-loop Feynman diagrams, without
the two-body unitarity of K∗�. As the next step, unitarization
approaches can be performed so that more precise dynamics
can be embedded, which will likely improve the description
of the data significantly. In addition, unitarity allows the rig-
orous definition of the resonances as the poles on the second
Riemann sheet.
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