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A systematic analysis of the K�Σ photoproduction off proton is performed with all the available
differential cross section data. We carry out a strategy different from the previous studies of these reactions,
where, instead of fixing the parameters of the added resonances from PDG or pentaquark models, we add
the resonance with a specific JP and leave its parameters to be determined from the experimental data.
When adding only one resonance, the best result is to add a N�ð3=2−Þ around 2097 MeV, which
substantially reduces the χ2 per degree of freedom to 1.35. There are two best solutions when adding two
resonances, one is to add one N�ð3=2−Þ and one N�ð7=2−Þ, the other is to add one N�ð3=2−Þ and one
Δ�ð7=2−Þ, leading the χ2 per degree of freedom to be 1.10 and 1.09, respectively. The mass values of the
N�ð3=2−Þ in the two resonance solutions are both near 2070 MeV. Our solutions indicate that the 3=2−

nucleon resonance around 2080MeV is strongly coupled with theK�Σ final state and support the molecular
picture of Nð2080; 3=2−Þ.
DOI: 10.1103/2fhp-7fpz

I. INTRODUCTION

Baryon resonances have been widely studied since they
can help to understand the inner structure of hadrons and
reveal their underlying dynamics, as well as to explain the
puzzle of missing nucleon resonances [1,2]. The obser-
vations of the Pcð4312Þ, Pcð4440Þ, and Pcð4457Þ states by
LHCb experiments [3,4] have been the most convincing
evidence for pentaquark states [5–7]. These three narrow
states can be explained as molecular bound states with
hidden charm of the D̄Σc, D̄Σ�

c, and D̄�Σc systems [8–12],
respectively. The nucleon resonances Nð1875Þ3=2−
and Nð208Þ3=2−, which sit just below the KΣ� and
K�Σ thresholds, are proposed to be the strange partners

[13–15] of the Pc molecular states. In addition, some Pc

states are predicted as D̄�Σ�
c bound states from heavy

quark spin symmetry [16–18]. Their analogous strange-
ness partner is Nð2270Þ with JP ¼ 1=2− or 3=2− or 5=2−

as the K�Σ� molecular states [19]. The study of nucleon
resonances can help to verify these model predictions and
refine the baryon spectrum.
The photoproduction off nucleon processes are generally

used to study nucleon and Δ resonances. Among them, the
K�Σ final state reactions are of great interest [20] mainly
because of two reasons. One is that the K�Σ photoproduc-
tion has a higher threshold, which is advantageous in
exploring resonances around and above 2 GeV. The other
is that, since the final state contains ss̄, it can help to
investigate nucleon resonances with hidden strangeness as
potential pentaquark states.
Current experimental data include the differential cross

sections from the CLAS Collaboration at the Thomas
Jefferson National Accelerator Facility (Jefferson Lab)
[21] (CLAS2007) and the CBELSA/TAPS Collaboration
at the Electron Stretcher and Accelerator [22] (CBELSA/
TAPS2008) for the γp → K�0Σþ reaction, and the CLAS

*Contact author: jun.shi@scnu.edu.cn
†Contact author: zoubs@mail.tsinghua.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 111, 114032 (2025)

2470-0010=2025=111(11)=114032(13) 114032-1 Published by the American Physical Society

https://orcid.org/0000-0001-9484-616X
https://orcid.org/0000-0002-3000-7540
https://ror.org/01kq0pv72
https://ror.org/03cve4549
https://ror.org/02xtbq882
https://ror.org/03va9g668
https://ror.org/03x8rhq63
https://crossmark.crossref.org/dialog/?doi=10.1103/2fhp-7fpz&domain=pdf&date_stamp=2025-06-25
https://doi.org/10.1103/2fhp-7fpz
https://doi.org/10.1103/2fhp-7fpz
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Collaboration at Jefferson Lab [23] (CLAS2013) for the
γp → K�þΣ0 reaction. Theoretically, Zhao et al. [24]
presented the first calculation of the γp → K�Σ reactions
using a quark model and provided a description
of collective resonance excitations. Oh and Kim [25]
studied the γp → K�0Σþ reaction with the preliminary
CLAS Collaboration data [26] focusing on the role of the
t-channel κ exchange. Kim et al. [27,28] investigated the
γp → K�Σ reactions, emphasizing the role of baryon
resonances near the threshold where Nð2080Þ3=2−,1
Nð2090Þ1=2−,Nð2190Þ7=2−,Nð2200Þ5=2−,Δð2150Þ1=2−,
Δð2200Þ7=2−, and Δð2390Þ7=2þ listed in the Particle Data
Group (PDG) review of 2012 [29] were added together, and
they found that these resonance contributions play a minor
role in producing the cross sections [21–23]. Wang et al.
[30] took into account a minimum number of additional
resonance in the s channel through checking the near-
threshold four- or three-star resonances advocated in the
2016 PDG review [31] and found that the four-star
Δð1905Þ5=2þ resonance is essential to describe the exper-
imental data [21,23]. Ben et al. [32] considered the
contributions of the molecular states Nð2080Þ3=2− and
Nð2270Þ3=2− coupled to K�Σ in the Swave and found that
adding these two resonances is compatible with the differ-
ential cross sections [21,23], leading to a χ2 per data point
as 1.648.
The previous studies [27,28,30,32] of γp → K�Σ reac-

tions usually considered the added resonances with fixed
parameter values from the PDG or the pentaquark model
predictions. In this work, we carry out a strategy different
from the previous literature, in which we add the nucleon or
Δ resonance with a specific quantum number JP and leave
its properties, namely, its mass, width, and coupling
constants, as free parameters. In this analysis, we first
add one resonance with specific JP and find the one with
the most significant contribution to the γp → K�Σ reac-
tions, then check the improvement when adding another
resonance. With our solutions determined from the differ-
ential cross section data, we present the predictions of the

polarization observables, which can be checked by future
experimental data.
This article is organized as follows. In Sec. II, we display

the basic formalism of our theoretical evaluation. Then we
show our results and the corresponding discussions in
Sec. III. A brief summary is presented in Sec. IV.

II. THEORETICAL FORMALISM

The Feynman diagrams of the reactions γp → K�0Σþ

and γp → K�þΣ0 are shown in Fig. 1. Contributions from
the t-channel κ, K, and K� exchanges, the u-channel Λ, Σ,
and Σ�ð1385Þ3=2þ exchanges, the s-channel nucleon and
Δð1232Þ1=2þ exchanges, as well as the interaction current
where the photon interacts with the hadronic structure
within the K�NΣ vertex are always included. Additional
nucleon or Δ resonances with specific JP would also be
added to the s channel to further improve the description of
the experimental data.
We employ the effective Lagrangian approach at the tree-

level Bonn approximation. The effective Lagrangians for
γp → K�0Σþ and γp → K�þΣ0 with respect to the electro-
magnetic interactions are expressed as [27,33]

LγκK� ¼ gγκK�Fμνκ̄K�
μν; ð1Þ

LγKK� ¼ gγKK�εμναβð∂μAνÞð∂αK�
βÞK̄ þ H:c:; ð2Þ

LγK�K� ¼ −ie�KAμðK�−νK�þ
μν − K�−

μνK�þνÞ; ð3Þ

LγΣΣ ¼ −Σ̄
�
eΣγμ −

eκΣ
2MN

σμν∂ν

�
AμΣ; ð4Þ

LγΣΛ ¼ eμΣΛ
2MN

Λ̄σμνð∂νAμÞΣ0 þ H:c:; ð5Þ

LγΣ�Σ ¼ eΣ̄�
μ

�
igð1ÞγΣ�Σ

2MN
γνγ5þ

gð2ÞγΣ�Σ

ð2MNÞ2
γ5∂ν

�
ΣFμνþH:c:; ð6Þ

LγNN ¼ −N̄
�
eNγμ −

eκN
2MN

σμν∂ν

�
AμN; ð7Þ

LγΔN ¼ eΔ̄μ

�
igð1ÞγΔN

2MN
γνγ5þ

gð2ÞγΔN

ð2MNÞ2
γ5∂ν

�
NFμνþH:c:; ð8Þ

FIG. 1. The Feynman diagrams of γp → K�Σ. (a)–(c) t, u, s channels; (d) interaction current.

1Note that, before the 2012 review of PDG [29], all the
evidence for 3=2− nucleon resonances above 1800 MeV was
assigned under a two-star Nð2080Þ. This resonance is not directly
related to the Nð2080Þ3=2− molecular state mentioned in the first
paragraph. In our following text, the notation Nð2080Þ refers to
the K�Σ molecular state.
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where e denotes the unit electric charge as e ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi
4παEM

p
with αEM ¼ 1=137.04, and κB represents the anomalous
magnetic moment of the baryon B with values listed in
Table I. For the associated meson-baryon-baryon inter-
actions, the effective Lagrangians are

LκNΣ ¼ −gκNΣΣ̄κN þ H:c:; ð9Þ

LKNΣ ¼ −igKNΣK̄ Σ̄ γ5N þ H:c:; ð10Þ

LK�NΣ ¼ −gK�NΣΣ̄
�
γμ −

κK�NΣ

2MN
σμν∂ν

�
K�

μN þ H:c:; ð11Þ

LK�NΛ ¼ −gK�NΛΛ̄
�
γμ −

κK�NΛ

2MN
σμν∂ν

�
K�

μN þ H:c:;

LK�NΣ� ¼ i
gð1ÞK�NΣ�

2MK�
N̄γνγ5Σ�

μK�μν þ gð2ÞK�NΣ�

ð2MK� Þ2 N̄γ5Σ�
μK�μν

∂ν −
gð3ÞK�NΣ�

ð2MK� Þ2 N̄γ5Σ�
μ∂νK�μν þ H:c:; ð12Þ

LK�ΔΣ ¼ −i
gð1ÞK�ΔΣ
2MK�

Δ̄μγνγ5ΣK�μν −
gð2ÞK�ΔΣ

ð2MK� Þ2 Δ̄μγ5∂νΣK�μν −
gð3ÞK�ΔΣ

ð2MK� Þ2 Δ̄μγ5Σð∂νK�μνÞ þ H:c: ð13Þ

In the above Lagrangians, the isospin structure is always embedded. For the coupling of isospin 1 and isospin 1=2 particles,
given the KNΣ coupling in Eq. (10) as an example,

K ¼
�
Kþ

K0

�
; Σ ¼ τ · Σ ¼

 
Σ0

ffiffiffi
2

p
Σþffiffiffi

2
p

Σ− Σ0

!
; N ¼

�
p

n

�
; ð14Þ

where τ indicates the Pauli matrices. The isospin structures of the Δ vertices in Eqs. (8) and (13) are, respectively, given as
follows [27]:

Δ̄I0N; Δ̄I · ΣK�; ð15Þ

where I stands for the isospin transition (3=2 → 1=2) matrices

I− ¼ 1ffiffiffi
6

p

0
BBB@

0 0

0 0ffiffiffi
2

p
0

0
ffiffiffi
6

p

1
CCCA; I0 ¼ 1ffiffiffi

6
p

0
BBB@

0 0

2 0

0 2

0 0

1
CCCA; Iþ ¼ 1ffiffiffi

6
p

0
BBBBB@

ffiffiffi
6

p
0

0
ffiffiffi
2

p

0 0

0 0

1
CCCCCA: ð16Þ

The effective Lagrangians for the s-channel resonance exchanges are [27]

LγNR
1=2�

¼ ef1
2MN

N̄Γð∓Þσμν∂νAμRþ H:c:; ð17Þ

TABLE I. The values and references of the fixed parameters in the background channels.

gγκþK�þ gγκ0K�0 gγKþK�þ gγK0K�0 κΣþ κΣþ κΣ0

Value 0.119e −0.238e 0.413 −0.631 1.458 −0.16 0.65
Note (Ref.) Vector-meson-dominance model [33,34] Decay width [35] PDG [35] PDG [35] ðκΣþ þ κΣ−Þ=2 [30]

κΣΛ κp gð1ÞγΔN gð2ÞγΔN gκNΣ gKNΣ gK�NΛ κK�NΛ

Value −1.61 1.793 −4.18 4.32 −5.32 2.692 −6.19 2.77
Note (Ref.) PDG [35] PDG [35] Helicity amplitude [35,36] Soft-core model [37] SU(3) [38] SU(3) [38] SU(3) [38]
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LγNR
3=2�

¼ −ie
�

f1
2MN

N̄Γð�Þ
ν −

if2
ð2MNÞ2

∂νN̄Γð�Þ
�
FμνRμ þ H:c:; ð18Þ

LγNR
5=2�

¼ e

�
f1

ð2MNÞ2
N̄Γð∓Þ

ν −
if2

ð2MNÞ3
∂νN̄Γð∓Þ

�
∂
αFμνRμα þ H:c:; ð19Þ

LγNR
7=2�

¼ ie

�
f1

ð2MNÞ3
N̄Γð�Þ

ν −
if2

ð2MNÞ4
∂νN̄Γð�Þ

�
∂
α
∂
βFμνRμαβ þ H:c:; ð20Þ

LK�ΣR
1=2�

¼ −
1

2MN
R̄

�
g1

�
� Γð∓Þ

μ Σ∂2

MR ∓ MN
− iΓð∓Þ

∂μ

�
− g2Γð∓ÞσμνΣ∂ν

�
K�μ þ H:c:; ð21Þ

LK�ΣR
3=2�

¼ iR̄μ

�
g1

2MN
Γð�Þ
ν Σ ∓ ig2

ð2MNÞ2
Γð�Þ

∂νΣ� ig3
ð2MNÞ2

Γð�ÞΣ∂ν
�
K�μν þ H:c:; ð22Þ

LK�ΣR
5=2�

¼ R̄μα

�
g1

ð2MNÞ2
Γð∓Þ
ν Σ� ig2

ð2MNÞ3
Γð∓Þ

∂νΣ ∓ ig3
ð2MNÞ3

Γð∓ÞΣ∂ν
�
∂
αK�μν þ H:c:; ð23Þ

LK�ΣR
7=2�

¼ −iR̄μαβ

�
g1

ð2MNÞ3
Γð�Þ
ν Σ ∓ ig2

ð2MNÞ4
Γð�Þ

∂νΣ� ig3
ð2MNÞ4

Γð�ÞΣ∂ν
�
∂
α
∂
βK�μν þ H:c:; ð24Þ

where RJP stands for the nucleon or Δ resonance with

specific spin J and parity P. Γð�Þ and Γð�Þ
ν in the above

expressions are defined as

Γð�Þ ¼
�
γ5

1

�
; Γð�Þ

μ ¼
�
γμγ5

γμ

�
: ð25Þ

As for the propagator with q as the momentum of the
exchanged particle, we use

1

q2 −M2
κ=K

ð26Þ

for κ and K meson exchanges,

−gμν þ qμqν=MK�

q2 −M2
K�

ð27Þ

for K� meson exchange,

=qþMR

q2 −M2
R

ð28Þ

for the spin-1=2 baryon exchange,

=qþMR

q2−M2
R

�
−gμνþ

1

3
γμγνþ

1

3MR
ðγμqν − γνqμÞþ

2

3M2
R
qμqν

�
ð29Þ

for the spin-3=2 baryon exchange,

=qþMR

q2 −M2
R
Sαβμνðq;MRÞ ð30Þ

for the spin-5=2 baryon exchange, and

=qþMR

q2 −M2
R
Δβ1β2β3;α1α2α3ðq;MRÞ ð31Þ

for the spin-7=2 baryon exchange, with

g̃μν ¼ gμν −
qμqν
M2

R
; γ̃μ ¼ γμ −

qμ
M2

=q; ð32Þ

Sαβμνðq;MRÞ ¼
1

2
ðg̃αμg̃βν þ g̃ανg̃βμÞ −

1

5
g̃αβg̃μν −

1

10
ðγ̃αγ̃μg̃βν þ γ̃αγ̃νg̃βμ þ γ̃βγ̃μg̃αν þ γ̃βγ̃νg̃αμÞ; ð33Þ

Δβ1β2β3;α1α2α3ðq;MRÞ ¼
1

36

X
PðαÞ;PðβÞ

�
−g̃β1α1 g̃β2α2 g̃β3α3 þ

3

7
g̃β1α1 g̃β2β3 g̃α2α3þ

3

7
γ̃β1 γ̃α1 g̃β2α2 g̃β3α3 −

3

35
γ̃β1 γ̃α1 g̃β2β3 g̃α2α3

�
; ð34Þ
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where PðαÞ and PðβÞ indicate the permutation over α1, α2,
α3 and β1, β2, β3, respectively. The decay width is included
by replacing M with M − iΓ=2 for the t-channel κ, K�,
u-channel Σ�ð1385Þ, and s-channel nucleon and Δ reso-
nance exchanges in the propagator expressions.
An optional form factor is attached to each vertex

to account for the composite structure of hadrons. For
the t-channel meson exchange, we adopt the form factor
expressed as

fMðq2;ΛÞ ¼
Λ2 −m2

M

Λ2 − q2
; ð35Þ

while for the u- and s-channel baryon exchanges, the form
factor takes the form

fBðq2;ΛÞ ¼
Λ4

Λ4 þ ðq2 −m2
BÞ2

; ð36Þ

where q and Λ represent the four-momentum and cutoff
parameter of the exchanged particle, respectively. Other
cutoff parametrizations are also tested and do not affect our
main results.
The total amplitude of γp → K�Σ reaction can be

expressed as

M ¼ Mt þMu þMs þMint

¼ ε�λ0;νū
s0
Σ ½Mμν

t þMμν
u þMμν

s þMμν
int�usNϵλ;μ; ð37Þ

where usN and us
0
Σ represent the Dirac spinors of the nucleon

and Σ with spin indices s and s0, respectively; ϵμλ and εμλ0
indicate the polarization vectors of the photon and K� with
polarization indices λ and λ0, separately. The polarization
vectors ϵμλ and εμλ0 are defined as

ϵμ ¼
�
ϵk ¼ ð0;1;0;0Þ
ϵ⊥ ¼ ð0;0;1;0Þ ; εμ ¼

8><
>:

ε1 ¼ ð0; cosθ;0;− sinθÞ
ε2 ¼ ð0;0;1;0Þ
ε3 ¼ 1

MK�
ðjk0j;E0 sinθ;0;E0 cosθÞ

; ð38Þ

where θ indicates the scattering angle between the incom-
ing photon and the outgoingK�, and k0 and E0 represent the
momentum and energy of K�. Mt, Mu, Ms, and Mint
represent the amplitudes of the t-, u-, and s-channel
contributions and the interaction current. Following
Refs. [30,39–41], the interaction current contribution can
be approximated in a generalized contact current form

Mμν
int ¼ CμΓν

K�NΣðk0Þ þMμν
KRft; ð39Þ

where μ, ν are Lorentz indices of the polarization vectors of
the photon and K�, Γν

K�NΣðqÞ indicates the vertex function
of K�NΣ coupling from Eq. (11) and is expressed as

Γν
K�NΣðk0Þ ¼ −gK�NΣ

�
γν − i

κK�NΣ

2MN
σναk0α

�
: ð40Þ

Cμ represents the auxiliary current formulated as

Cμ ¼−QK�
ft− F̂
t− k02

ð2p− kÞμ−QN
fs− F̂
s−p2

ð2pþ kÞμ

−QΣ
fu − F̂
u−p02 ð2p0 − kÞμ−QN

fs− F̂
s−p2

ð2pþ kÞμ; ð41Þ

with

F̂ ¼ 1 − ĥð1 − δsfsÞð1 − δufuÞð1 − δtftÞ; ð42Þ

where k; p; k0, and p0 represent the momentum of the initial
photon and proton and the outgoing K� and Σ, respectively,
and Q�

K , QN , and QΣ are the electric charge of K�, QN , and
QΣ. δs;t;u is an auxiliary constant that selects the channels
that contributed to a given scattering reaction. Specifically,
δs;u¼1 and δt ¼ 0 for γp → K�0Σþ reaction, while δs;t ¼ 1

and δu ¼ 0 for the reaction γp → K�þΣ0. ft, fu, and fs
indicate the form factor attached to the amplitude of the
t-channel K�, u-channel Σ, and s-channel nucleon, respec-
tively. Mμν

KR is the Kroll-Ruderman term expressed as

Mμν
KR ¼ igK�NΣ

κK�NΣ

2MN
σμνQK� : ð43Þ

Mμν
KR comes from the effective Lagrangian of γN → K�Σ,

LγNK�Σ ¼ −igK�NΣ
κK�NΣ

2MN
Σ̄σμνAνQ̂K�K�

μN þ H:c:; ð44Þ

which is obtained by the minimal gauge substitution
∂μ → Dμ ≡ ∂μ − iQ̂K�Aμ with Q̂K� as the electric charge
operator for the outgoing K� meson.
The differential cross section can be expressed as

dσ
d cos θ

¼ 1

4

1

32πs
jk0j
jkj jMj2; ð45Þ

where 1=4 indicates the average of the polarizations of the
initial photon and proton, k and k0 represent the three-
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momentum of the incoming photon and the outgoing K�,
respectively, and s is the center-of-mass (c.m.) energy of
the reaction.
Most of the coupling constants of the background

channels are determined either from the SU(3) symmetry,
the decay width of the exchanged particle from experi-
ments, or phenomenological models and would be fixed in
our analysis. We list their values and sources in Table I. For
the coupling constants of the K�NΣ interaction as listed in
Eq. (11), Ref. [37] presented two sets of values from the
Nijmegen soft-core models denoted as NSC97a and
NSC97f with the magnetic vector F=ðF þDÞ ratio αmV
being 0.4447 and 0.3647, respectively, as

gK�NΣ ¼ −2.46; κK�NΣ ¼ −0.47 ðNSC97aÞ; ð46Þ

gK�NΣ ¼ −3.52; κK�NΣ ¼ −1.14 ðNSC97fÞ; ð47Þ

while the estimated values of these two couplings from
SU(3) symmetry [38] is

gK�NΣ ¼ −4.23; κK�NΣ ¼ −2.34: ð48Þ

Since theK�NΣ interaction involves in many channels such
as the t-channel K� exchange, the u-channel Σ exchange,
and the s-channel N exchange, as well as the interaction
current, we choose gK�NΣ and κK�NΣ to be fitting parameters

with limits −4.23 ∼ −2.46 and −2.34 ∼ −0.47, respec-
tively. Other free parameters of the background contribu-

tions include2 gð1ÞK�NΣ�gð1;2ÞγΣ�þΣþ , g
ð1Þ
K�NΣ�gð1;2ÞγΣ�0Σ0 , g

ð1Þ
K�ΔΣ, and the

cutoff parameter of each channel. The terms with gð2;3ÞK�NΣ�

and gð2;3ÞK�ΔΣ are not considered in the present work following
Refs. [27,30].

III. RESULTS AND DISCUSSION

The differential cross section data we use for the reaction
γp → K�0Σþ are from CLAS2007 [21] with 48 data points
and CBELSA/TAPS2008 [22] with 24 data points, while
those for the γp → K�þΣ0 reaction are from CLAS2013
[23] with 178 data points. The fitting includes 15 free
parameters of the background contributions, that is, seven
coupling constants and eight cutoff parameters, together
with the parameters of the additional added s-channel
nucleon or Δ resonance. Adding one resonance would
result in five (for 1=2� resonance) or seven (for 3=2�, 5=2�

or 7=2� resonance) additional fitting parameters, including

FIG. 2. The differential cross sections for the reaction γp → K�0Σþ, where the blue dash-dotted line, the green solid line, and the red
dashed line represent the solutions with adding one N�ð3=2−Þ resonance, N�ð3=2−Þ plus N�ð7=2−Þ resonances, and N�ð3=2−Þ plus
Δ�ð7=2−Þ resonances, respectively, comparing to the experimental data of CBELSA/TAPS2008 [22] (thin diamond, upper row) and
CLAS2007 [21] (circle, lower rows).

2For gð1ÞK�NΣ� in Eq. (12), Ref. [27] takes the value 5.2 while
Ref. [30] uses 15.2, where the comparison has been adjusted to be
matchable according to different factors in the K�NΣ� Lagran-
gians of the two references. We thus take this constant multi-
plying the coupling constant of the electromagnetic interaction as
a free parameter.
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the cutoff parameter, the mass, width, and two or four
independent coupling constants3 of the resonance.
With only the background contributions, the χ2 per

degree of freedom is χ2=ndf ¼ 3.40 by using the
MINUIT algorithm [42,43], which is far from adequate
to describe the experimental data.
When adding only one nucleon or Δ resonance, the best

solution is to add one 3=2− nucleon resonance with its mass
around 2.097 GeV, and the corresponding χ2=ndf ¼ 1.35.
Adding this N�ð3=2−Þ substantially improves the descrip-
tion of the experimental data, which implies that the
N�ð3=2−Þ resonance at 2.097 GeV is strongly coupled with

the K�Σ final state. In Figs. 2 and 3, we show the respective
description of the experimental data for the reactions γp →
K�0Σþ and γp → K�þΣ0 in dash-dotted lines when adding
this resonance, where the energies noted in the plots
represent the c.m. energy of the system. We can see that
the experimental data can be well described by this solution.
The fitted parameters of this solution are listed in Table II.
We list other results with χ2=ndf less than 2.0 in Table III
together with the mass and width of the added resonance.
Their possible corresponding PDG listed particles with
ratings of establishment are also noted according to their
mass values.
When adding two additional nucleon or Δ resonances,

there are two best results. One is to add one N�ð3=2−Þ and
one N�ð7=2−Þ, the other is to add one N�ð3=2−Þ and one
Δ�ð7=2−Þ, with the resulting χ2=ndf being 1.10 and 1.09,
respectively. The corresponding parameters of these two
solutions are listed in Tables IV and V. Both solutions

FIG. 3. The differential cross sections for the reaction γp → K�0Σþ, with the three solutions noted the same as Fig. 2 comparing to the
experimental data of CLAS13.

3Only the multiplications of the coupling constants from the
electromagnetic interaction and the meson-baryon-meson inter-
action as listed in Eqs. (17)–(24) are independent. Given the 3=2�
resonance as an example, the independent coupling constants are
f1g1, f2=f1, g2=g1, and g3=g1.
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include a N�ð3=2−Þ around 2070 GeV, which again
supports the strong coupling of the N�ð3=2−Þ similar to
the adding one additional resonance condition. The mass of
the N�ð7=2−Þ resonance and Δ�ð7=2−Þ is 2433.3 and
2437.1 MeV, respectively. They may correspond to the
four-star Nð2190Þ and the three-star Δð2200Þ listed in PDG
[35]. Adding other resonances would result in an increase
of the χ2 by at least 30 and are not considered as appropriate
solutions.
We show the solutions with two resonances in com-

parison with the experimental data in Fig. 2 for γp →
K�0Σþ reaction and Fig. 3 for γp → K�þΣ0 reaction,

where the solid and dashed lines indicate the solutions
when adding one N�ð3=2−Þ and one N�ð7=2−Þ, and one
N�ð3=2−Þ and one Δ�ð7=2−Þ, respectively. The total cross
sections from these two solutions are shown in Fig. 4,
compared to the CLAS2007 [21] γp → K�0Σþ and
CLAS2013 [23] γp → K�þΣ0 reaction data. From these
figures, we can see that the experimental data can be well
described by these solutions, although the improvement of
adding the second resonance is relatively small. We also
see that the two solutions overlap to a large extent. In
principle, the combined fit of the γp → K�0Σþ and γp →
K�þΣ0 reactions would be able to distinguish the nucleon

TABLE III. The mass and width of the added resonance χ2=ndf lower than 2.0 when adding only one resonance, together with the
corresponding particles in the PDG [35] list with establishment status noted in one to four stars.

χ2=ndf MR (MeV) ΓR (MeV) PDG [35]

N�ð1=2−Þ 1.77 2072.1(9.8) 10.4(5.46) Four-star Nð1895Þ
N�ð5=2−Þ 1.67 2085.9(21.9) 317.5(77.8) Three-star Nð2060Þ
Δ�ð1=2−Þ 1.66 2081.7(6.1) 10.0(19.6) Four-star Δð1950Þ or one-star Δð2150Þ
Δ�ð3=2þÞ 1.81 2122.5(50.1) 400.0(240.9) Three-star Δð1920Þ
Δ�ð3=2−Þ 1.44 2092.0(11.7) 69.8(11.5) One-star Δð1940Þ
Δ�ð5=2−Þ 1.75 2065.8(26.9) 400.0(69.9) Three-star Δð1930Þ

TABLE IV. Fitted parameters when adding one N�3=2− and one N�7=2− with χ2=ndf ¼ 1.10.

gK�NΣ κK�NΣ gð1ÞK�NΣ�g
ð1Þ
γΣ�þΣþ gð1ÞK�NΣ�g

ð2Þ
γΣ�þΣþ gð1ÞK�NΣ�g

ð1Þ
γΣ�0Σ0 gð1ÞK�NΣ�g

ð2Þ
γΣ�0Σ0 gð1ÞK�ΔΣ

−2.46ð1.84Þ −2.34ð1.98Þ 157.21(167.35) 92.39(63.02) 4.10(6.38) 25.23(17.61) 40.00(4.83)

MR (MeV) ΓR (MeV) f1g1 f2=f1 g2=g1 g3=g1
N�ð3=2−Þ 2070.3(3.3) 78.5(9.1) −4.16ð0.11Þ 0.45(0.07) −0.45ð0.01Þ 1.43(0.01)
N�ð7=2−Þ 2433.3(17.6) 173.6(6.8) 7.93(2.03) −2.07ð0.35Þ −0.84ð0.25Þ 1.64(0.98)

TABLE II. Fitted parameters when adding one 3=2− resonance with χ2=ndf ¼ 1.35.

gK�NΣ κK�NΣ gð1ÞK�NΣ�g
ð1Þ
γΣ�þΣþ gð1ÞK�NΣ�g

ð2Þ
γΣ�þΣþ gð1ÞK�NΣ�g

ð1Þ
γΣ�0Σ0 gð1ÞK�NΣ�g

ð2Þ
γΣ�0Σ0 gð1ÞK�ΔΣ

−2.46ð1.41Þ −2.34ð2.01Þ 7.33(5.15) −0.003ð6.601Þ −0.33ð0.73Þ −8.13ð6.08Þ 40.00(9.05)

MR (MeV) ΓR (MeV) f1g1 f2=f1 g2=g1 g3=g1

2095.9(5.7) 66.3(10.0) −5.47ð0.31Þ −0.17ð0.072Þ −0.52ð0.06Þ 1.36(0.08)

TABLE V. Fitted parameters when adding one N�3=2− and one Δ�7=2− with χ2=ndf ¼ 1.09.

gK�NΣ κK�NΣ gð1ÞK�NΣ�g
ð1Þ
γΣ�þΣþ gð1ÞK�NΣ�g

ð2Þ
γΣ�þΣþ gð1ÞK�NΣ�g

ð1Þ
γΣ�0Σ0 gð1ÞK�NΣ�g

ð2Þ
γΣ�0Σ0 gð1ÞK�ΔΣ

−2.46ð1.82Þ −2.33ð2.39Þ 159.08(148.35) 77.93(55.21) 4.24(4.46) 17.71(23.28) 40.00(4.16)

MR (MeV) ΓR (MeV) f1g1 f2=f1 g2=g1 g3=g1
N�ð3=2−Þ 2070.6(3.1) 78.8(9.1) −4.12ð0.07Þ 0.47(0.04) −0.447ð0.003Þ 1.44(0.01)
Δ�ð7=2−Þ 2437.1(14.0) 149.6(40.3) 11.95(1.70) −2.08ð0.25Þ −0.86ð0.11Þ 1.54(0.14)
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and Δ resonances with the same quantum number,
accounting for the isospin factor that IN

K�0NΣþ=INK�þNΣ0 ¼ffiffiffi
2

p
and IΔK�0NΣþ=IΔK�þNΣ0 ¼ 1=

ffiffiffi
2

p
. However, considering

the two close solutions when adding two additional
resonances, it seems that the data are hard to distinguish
the nucleon and Δ resonances with the same JP. This can
be understandable considering the feature of the data we
analyze, where we have 178 data points with small
uncertainties for the γp → K�þΣ0 reaction, much more
than the 72 data points for the γp → K�0Σþ reaction with
relatively much larger errors. Additionally, the energy
region of the γp → K�0Σþ reaction concentrates upon
2.1–2.5 GeV, while that for the γp → K�þΣ0 reaction lies
in 2.1–2.8 GeV. From the total cross section plots of the
γp → K�0Σþ reaction depicted in Fig. 4 on the left, we can
see that the two solutions’ descriptions are close in the
analyzed region, while they separate in higher energies.
The discrepancies in the statistics, precision, and energy
region of the two datasets provide the possibility to balance
the two solutions by adjusting the background and the
common added N�ð3=2−Þ parameters. The relatively small
improvement in the description of the experimental data
with the second 7=2− resonance compared to adding only
one N�ð3=2−Þ may be another reason for the two close
results. This problem can be resolved once the available
data for the reactions γp → K�þΣ0 and γp → K�0Σþ have
comparable statistics and precision, as well as a wider
energy region.
Considering the facts that the best solution of adding one

resonance needs a N�ð3=2−Þ resonance near 2097 MeVand
both of the best two solutions in the case of adding two
resonances need a N�ð3=2−Þ around 2070 MeV, it demon-
strates the significant role of N�ð2080Þ3=2− in the γp →
K�Σ reactions and supports the picture of the molecular
bound state of the K�Σ system. Reference [32] considered
the contributions of Nð2080Þ3=2− and N�ð2270Þ3=2− as
the S-wave K�Σ and K�Σ� molecular states, respectively,
and found that the data [21,23] can be well described with a

1.648 χ2 per data point. The main difference of treating
Nð2080Þ3=2− is that, for the effective Lagrangian of the
nucleon resonance with K�Σ, Ref. [32] used the pure
S-wave form

L3=2−

K�ΣR ¼ gK�ΣRR̄μΣK�μ þ H:c:; ð49Þ

which is equivalent to the g3 term of Eq. (22) for
JP ¼ 3=2−, while the terms with g1 and g2 therein incor-
porate higher partial-wave, i.e., D-wave, contributions. Our
better fitting result may suggest that higher partial-wave
contributions are not negligible. We give a summary table of
the supported resonances from our primary solutions with
their matching to the molecular model or possible PDG [35]
listed particles in Table VI, where the parameters of
N�ð3=2−Þ are averaged from the three solutions.
Currently, polarization measurements of the γp → K�Σ

reactions have not been reported. We can use our solutions
to estimate the behavior of the polarization observables.
The single polarization observables of γp → K�Σ include
the photon-beam asymmetry Σγ, recoil asymmetry Py, and
target asymmetry Ty which can be expressed as [44,45]

Σγ ≡ dσðϵ⊥Þ − dσðϵkÞ
dσunpol

; ð50Þ

Py ≡ dσðsΣy ¼ 1
2
Þ − dσðsΣy ¼ − 1

2
Þ

dσunpol
; ð51Þ

Ty ≡ dσðsNy ¼ 1
2
Þ − dσðsNy ¼ − 1

2
Þ

dσunpol
; ð52Þ

where dσunpol indicates the unpolarized differential cross
section, and sBy ¼ 1=2ð−1=2Þ indicates the spin of the
baryon B along the y axis, which is perpendicular to
the reaction plane, in which the positive z axis is along the
photon three-momentum direction in the c.m. frame. The

FIG. 4. The total cross sections from the solution with adding one N�ð3=2−Þ (blue dash-dotted), one N�ð3=2−Þ plus one N�ð7=2−Þ
(green solid), and one N�ð3=2−Þ plus one Δ�ð7=2−Þ (red dashed), in comparison with the CLAS2007 γp → K�0Σþ (left) and
CLAS2013 γp → K�þΣ0 (right) data, where W indicates the c.m. energy.
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predicted polarization values of Σγ , Py, and Ty are plotted
in the upper and lower panels for the γp → K�0Σþ and
γp → K�þΣ0 reactions in Figs. 5–7, respectively, where the
blue dash-dotted lines, the solid green lines, and the red
dashed lines represent the solution of adding only
N�ð3=2Þ−, adding N�ð3=2Þ− and N�ð7=2Þ−, and adding
N�ð3=2Þ− and Δ�ð7=2Þ−, separately. We can see that the
solution of adding only N�ð3=2Þ− differs from other
solutions, while the two solutions of adding two resonances
overlaps a lot except at the c.m. energy of 2.35 and
2.42 GeV. Thus, the experimental polarization data includ-
ing the c.m. energy at 2.42 GeV can help to distinguish the
importance of the second added N�ð7=2Þ− or Δ�ð7=2Þ−
resonance. From a rough estimation, our results suggest
that, with an experimental precision of 10%–20%, the two
solutions can be resolved at a statistical significance of 3
standard deviations (3σ) around cos θ ¼ 0.5 and cos θ ¼
−0.3 at 2.42 GeV in the Py and Ty polarizations.

IV. SUMMARY AND OUTLOOK

We have analyzed all the available differential cross
section data of γp → K�0Σþ and γp → K�þΣ0 reactions
carrying out a different strategy from previous literature,
that is, instead of adding the additional resonance with
fixed parameters either from PDG or models, we inves-
tigate the additional resonance with specific JP while

keeping its parameters to be determined by experimental
data. The background contribution includes the t-channel κ,
K, and K� exchanges, the u-channel Λ, Σ, and Σð1385Þ
exchanges, and the s-channel nucleon and Δð1232Þ1=2þ
exchanges. With only the background contributions, the
fitted result is χ2=ndf ¼ 3.40 and cannot adequately
describe the experimental data. When only adding one
additional resonance, the best solution is to add one
N�ð3=2Þ− around 2.097 GeV, which substantially reduces
the χ2=ndf to 1.35. When adding two additional resonan-
ces, one of the best two solutions is to add one N�ð3=2Þ−
and one N�ð7=2Þ−, the other is to add one N�ð3=2Þ− and
one Δ�ð7=2Þ−, with χ2=ndf being 1.10 and 1.09, respec-
tively. Both solutions need a N�ð3=2Þ− resonance around
2070 MeV. Associated with the best solution in the case of
adding one resonance where a N�ð3=2Þ− resonance at
2097MeV is needed, these results suggest that theNð3=2Þ−
resonance near 2080 MeV provides significant contribu-
tions to the γp → K�Σ reactions and is strongly coupled
with the K�Σ final states. Our results support the possibility
of Nð2080Þ3=2− as the molecular bound state of the K�Σ
system. According to the solutions when adding two
additional resonances which need one N�ð3=2−Þ resonance
and one 7=2− nucleon or Δ resonance near 2433 MeV, it
seems that the present experimental data are difficult to
distinguish the two 7=2− resonances. This condition can be
improved when the differential cross section data of the

TABLE VI. The supported resonances’ parameters from our three solutions and their matching to the molecular
state or PDG [35] listings.

MR (MeV) ΓR (MeV) Matching

N�ð3=2−Þ 2078.9(2.4) 74.5(5.4) Molecular state of K�Σ, Nð2080Þ
N�ð7=2−Þ 2433.3(17.6) 173.6(6.8) PDG, four-star Nð2190Þ
Δ�ð7=2−Þ 2437.1(14.0) 149.6(40.3) PDG, three-star Nð2200Þ

FIG. 5. The predicted photon-beam asymmetry Σγ for γp → K�0Σþ reaction (upper row) and γp → K�þΣ0 reaction (lower row) from
the three solutions, when adding one Nð3=2−Þ resonance (blue dash-dotted), one Nð3=2−Þ resonance plus one Nð7=2−Þ resonances
(green solid), and one Nð3=2−Þ resonance plus one Δð7=2−Þ resonance (red dashed).
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γp → K�0Σþ and γp → K�þΣ0 reactions have comparable
statistics, precision, and energy regions and when the
polarization data are available. Although a dynamical
coupled-channel analysis that retains unitarity would be
more proper, it needs a simultaneous fit to all the involved
channels, which is not realistic at present due to the lack of
experimental data at such higher energies. Since the
resonances incorporated are not broad, the procedure we
carry out is a reasonable approximation, and we expect the
influence from the couple-channel analysis on the reso-
nance parameters to be very small. We show the predictions
of the polarization observables with our three solutions in
Figs. 5 and 6. We hope future experiments with higher
statistic and polarization observables can help to distin-

guish the role of the nucleon and Δ resonances and to
further verify the molecular identity of N�ð2080Þ3=2−.
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FIG. 6. The predicted recoil asymmetry Py for γp → K�0Σþ reaction (upper row) and γp → K�þΣ0 reaction (lower row) from the
three solutions with the same notation as Fig. 5.

FIG. 7. The predicted target asymmetry Ty for γp → K�0Σþ reaction (upper row) and γp → K�þΣ0 reaction (lower row) from the
three solutions noted the same as Fig. 5.
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