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The most recent data on beam asymmetries Σ and beam-target asymmetries E from the CLAS
Collaboration, together with the previous data on differential cross sections and beam asymmetries from the
CLAS and LEPS Collaborations, for the γn → KþΣ− reaction are studied based on an effective Lagrangian
approach in the tree-level Born approximation. The t-channel K and K�ð892Þ exchanges, the u-channel Σ
exchange, the interaction current, and the exchanges of N, Δ, and their excited states in the s channel are
considered in constructing the reaction amplitudes to describe the available experimental data. The reaction
mechanisms of γn → KþΣ− are analyzed, and the associated resonances’ parameters are extracted.
The numerical results show that the Δ exchange and the Nð1710Þ1=2þ, Nð1880Þ1=2þ, Nð1900Þ3=2þ,
and Δð1920Þ3=2þ resonance exchanges in the s channel dominate the γn → KþΣ− reaction in the lower
energy region, and the t-channel K�ð892Þ exchange plays a crucial role at forward angles in the higher
energy region.
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I. INTRODUCTION

The study of the properties of excited baryons such as
their masses, widths, and transition form factors provides
essential information in helping to understand the non-
perturbative regime of quantum chromodynamics (QCD)
and, in particular, the internal structure of baryons. Today,
however, it is still a challenge to match the observed baryon
spectrum with predictions from QCD-inspired phenomeno-
logical models [1,2] and/or lattice QCD calculations [3–6],
since, theoretically,more resonances are predicted thanwhat
have been found in experiments as listed in the most recent
Review of Particle Physics (RPP) [7]. This is known as the
“missing resonance problem” in baryon spectroscopy.
Most of our earlier knowledge of baryon excitations

have been gained from πN scattering experiments or
single-pion photoproduction experiments. As such, those
“missing resonances” might have been escaped from detec-
tions due to their weak couplings to the πN channel. In this
regard, concerted efforts are being made at electron
accelerator facilities worldwide such as the Thomas
Jefferson National Accelerator Facility (JLab), Mainz

Microtron (MAMI), Electron Stretcher Accelerator
(ELSA), and Super Photon Ring-8 GeV (Spring-8) to
measure the production reactions of mesons other than the
pion. In this respect, in the past few years, theKY (Y ¼ Σ;Λ)
photoproduction reaction has been receiving increasing
attention, both experimentally and theoretically.
Experimentally, as has been reviewed in Refs. [8,9], a

large number of data on differential cross sections and
polarization observables have been measured in the past
20 years for the four elementary KΣ photoproduction
reactions, namely, γp → K0Σþ, γp → KþΣ0, γn → K0Σ0,
and γn → KþΣ− [10–25]. A large body of these data have
been measured in the proton channel, while the measure-
ments of the neutron channel are comparatively scarce.
Measurements ofKY photoproduction off neutron can offer
additional constraints to learn more about the underlying
reaction dynamics and, in particular, to determine theN� and
Δ resonances that are excited in this reaction. Also, there are
studies ofKaonphotoproduction reactions involving excited
hyperon in the final states, both experimentally [26–29] and
theoretically [30–38].
Very recently, the CLAS Collaboration has just released

the data on beam asymmetries Σ [39] and beam-target
asymmetries E [40] for the γn → KþΣ− reaction. Their
measurements of E are the world’s first measurement of this
observable for γn → KþΣ−, and their measurements of Σ,
compared with the very limited previous data from the LEPS
Collaboration [14], cover broader ranges of kaon emission
angle and photon energy. These new data on Σ and E are
expected to help provide further constraints in the determi-
nation of the reaction dynamics in the γn → KþΣ− reaction.
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Theoretically, several works [8,41–43] have already been
devoted to analyze the data for KþΣ− photoproduction
published before 2010 in Refs. [14,25]. In Ref. [41], a
Regge-plus-resonance model was adapted to analyze the
LEPS data [14] with amplitudes being constructed by K
and K� Regge-trajectory exchanges supplemented with a
selection of s-channel resonance diagrams. In a series
works [8,42,43], the data from Refs. [14,25] for KþΣ−

photoproduction were analyzed together with the data for
K0Σ0, KþΣ0, and K0Σþ photoproduction reactions. In
Ref. [8], an isobar model was constructed from the
Feynman diagrammatic approach for the background terms
and multipoles formulation for the resonance terms to
analyze the data, and all the resonances rated with two or
more stars in RPP with spins ranging from 1=2 to 13=2
were included in the fit. In Ref. [42], an updated isobar
model with resonance terms also being constructed from
the Feynman diagrammatic approach was developed for
KΣ photoproduction. In Ref. [43], the effects of the nucleon
and Δ resonances with spin 11=2, 13=2, and 15=2 in KΛ
and KΣ photoproduction reactions were investigated.
Stimulated by the recently released data on Σ [39] and E

[40], in the present work we perform an analysis of all the
available data for γn → KþΣ− [14,25,39,40] based on an
effective Lagrangian approach in the Bonn approximation.
We consider the t-channel K and K�ð892Þ exchanges, the
u-channel Σ exchange, the interaction current, and the s-
channel N, Δ, and their excited states (N�’s and Δ�’s)
exchanges in constructing the reaction amplitude. It is
shown that all the available data for γn → KþΣ− can be
well reproduced in our model. The reaction mechanisms of
γn → KþΣ− are analyzed and the parameters of the
relevant N and Δ resonances are extracted and compared
with those quoted by RPP [7].
We mention that, in principle, a coupled-channels

approach that properly accounts for the unitarity and
analyticity of the reaction amplitude should be employed
to analyze the data. This is beyond the scope of the present
work, which may be considered as a first step toward
performing such a more complete model calculation.
The paper is organized as follows. In Sec. II, we

introduce the framework of our theoretical model by
explicitly giving the effective interaction Lagrangians,
the resonance propagators, and the phenomenological form
factors employed in this work. In Sec. III, our numerical
results are shown and discussed. Finally, a brief summary
and conclusion of the present work is given in Sec. IV.

II. FORMALISM

In the present work, we analyze the available data for
γn → KþΣ− within a tree-level effective Lagrangian
approach. As diagrammatically depicted in Fig. 1, the
following diagrams are taken into account in constructing
the reaction amplitude: Fig. 1(a) the s-channel N, N�, Δ,

and Δ� exchanges, Fig. 1(b) the t-channel K and K�ð892Þ
exchanges, Fig. 1(c) the u-channel Σ exchange, and
Fig. 1(d) the interaction current. We mention that the u-
channel Σ� exchange and t-channel K1 exchange are not
considered in the present work as we do not have
experimental information on their radiative decays to
constrain the corresponding coupling constants, and more-
over, as can be seen in Fig. 2, the cross section data for the
considered reaction at high-energy backward angles and
forward angles where the Σ� and K1 exchanges contribute
dominantly are scarce to fix the strengths of the exchanges
of these two hadrons. The full photoproduction amplitude
of γn → KþΣ− can be written as [44–47]

Mμ ≡Mμ
s þMμ

t þMμ
u þMμ

int; ð1Þ

with μ denoting the Lorentz index of the incoming photon
γ. The first three terms in Eq. (1) represent the amplitudes
arising from the s-, t-, and u-channel diagrams, respec-
tively, and they can be straightforwardly calculated from
the effective Lagrangians, propagators, and form factors,
which will be given in detail in the following part of this
section. The last term in Eq. (1), Mμ

int, denotes the
interaction current which contains contributions from other
diagrams that do not have s-, t-, or u-channel poles. An
exact calculation of Mμ

int is impractical as it includes very
complicated nonlinear interaction dynamics. In practice,
we follow Refs. [45,47] to model the interaction current
Mμ

int by a generalized contact current

Mμ
int ¼ ΓΣNKðqÞCμ þMμ

KRft; ð2Þ

with ΓΣNKðqÞ being the vertex function of ΣNK interaction
obtained from the Lagrangian of Eq. (10),

ΓΣNKðqÞ ¼ gΣNKγ5

�
λþ 1 − λ

2MN
q

�
: ð3Þ

FIG. 1. Generic structure of the amplitude for γN → KΣ. Time
proceeds from left to right.
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Here q is the four-momentum of the outgoing K meson,
and λ is the mixing parameter for pseudoscalar (λ ¼ 1) and
pseudovector (λ ¼ 0) ΣNK couplings.Mμ

KR in Eq. (2) is the
Kroll-Ruderman term obtained from the Lagrangian of
Eq. (17),

Mμ
KR ¼ −gΣNK

1 − λ

2MN
γ5γ

μτQK; ð4Þ

with τ denoting the isospin factor and QK representing the
electric charge of the K meson. In Eq. (2) ft is the
phenomenological form factor attaching to the ΣNK vertex
in t-channel K exchange amplitude, and its form will be
given in Eq. (36). Also in Eq. (2) Cμ is an auxiliary current
introduced to ensure that the full photoproduction ampli-
tude given in Eq. (1) satisfies the generalized Ward-
Takahashi identity and thus is fully gauge invariant.

Following Refs. [44–47], for the γn → KþΣ− reaction,
we choose the following prescription for Cμ:

Cμ ¼−QKτ
ft− F̂
t−q2

ð2q−kÞμ−QΣτ
fu− F̂
u−p02 ð2p0−kÞμ; ð5Þ

with

F̂ ¼ 1 − ĥð1 − ftÞð1 − fuÞ; ð6Þ

where k and p0 are the four-momenta for the incoming
photon γ and outgoing Σ, respectively; QΣ is the electric
charge of Σ; fu is the phenomenological form factor
attaching to the ΣNK vertex in u-channel Σ exchange
amplitude and will be given in Eq. (37); ĥ ¼ 1 is used for
simplicity as usual [48–50].
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FIG. 2. Differential cross sections for γn → KþΣ−. The solid (black), dotted (red), and long-dashed (green) lines represent the results
from the full calculation, the t-channel amplitudes [K andK�ð892Þ exchanges], and s-channel amplitudes (N,N�,Δ, andΔ� exchanges),
respectively. Data with red circles and blue triangles are taken from the CLAS Collaboration [25] and the LEPS Collaboration [14],
respectively. The numbers in parentheses denote the incident energies (left number) and the corresponding center-of-mass energies of
the system (right number), in MeV.
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A. Effective Lagrangians

In this section, we present the explicit expressions of the
Lagrangians employed in the present work. For the sake of
brevity, we define the following operators:

ΓðþÞ ¼ γ5 and Γð−Þ ¼ 1; ð7Þ

and the field-strength tensor of the photon field Aμ

Fμν ¼ ∂μAν − ∂νAμ: ð8Þ

The following Lagrangians are used for nonresonant
production amplitudes:

LγKK ¼ ie½Kþð∂μK−Þ − K−ð∂μKþÞ�Aμ; ð9Þ

LΣNK ¼ −gΣNKΣ̄γ5
��

iλþ 1 − λ

2MN
∂
�
K

�
N þ H:c:; ð10Þ

LγKK� ¼ e
gγKK�

MK
εαμλνð∂αAμÞð∂λKÞK�

ν; ð11Þ

LΣNK� ¼−gΣNK� Σ̄
��

γμ−
κΣNK�

2MN
σμν∂ν

�
K�

μ

�
NþH:c:; ð12Þ

LΣΣγ ¼ −eΣ̄
��

êγμ −
κ̂Σ

2MN
σμν∂ν

�
Aμ

�
Σ; ð13Þ

LγNN ¼ −eN̄
��

êγμ −
κ̂N
2MN

σμν∂ν

�
Aμ

�
N; ð14Þ

LΔΣK ¼ gΔΣK
MK

Σ̄ð∂μKÞΔμ þ H:c:; ð15Þ

LΔNγ ¼ −ie
gð1ÞΔNγ

2MN
Δ̄μγνγ5FμνN

þ e
gð2ÞΔNγ

ð2MNÞ2
Δ̄μγ5Fμν∂νN þ H:c:; ð16Þ

LΣNKγ ¼ igΣNK
1 − λ

2MN
Σ̄γ5γμAμQ̂KKτN: ð17Þ

Here, e stands for the elementary charge unit and ê stands
for the charge operator acting on the N field or the Σ field.
Q̂K is the charge operator acting on the K field. κ̂N ≡
κpêþ κnð1 − êÞ with κp ¼ 1.793 being the anomalous
magnetic moment of proton and κn ¼ −1.913 the anoma-
lous magnetic moment of neutron. κ̂Σ ≡ κΣþð1þ êÞ=2þ
κΣ−ð1 − êÞ=2 with κΣþ ¼ 1.458 being the anomalous mag-
netic moment of Σþ and κΣ− ¼ −0.16 the anomalous
magnetic moment of Σ−. MK and MN denote the masses
of K and N, respectively. εαμλν is the totally antisymmetric
Levi-Civita tensor with ε0123 ¼ þ1. In Eq. (10) λ is the

pseudoscalar-pseudovector mixing parameter for ΣNK
coupling and we use the pure pseudovector coupling,
namely, λ ¼ 0, in our calculations. The coupling constant
gγK�K�� ¼ 0.413 is obtained by using the radiative decay
width of K� → Kγ reported by RPP [7] with the sign
determined by the flavor SU(3) symmetry [51]. The

coupling constants gð1ÞΔNγ ¼ −4.18 and gð2ÞΔNγ ¼ 4.327 are
determined by the helicity amplitudes of Δ → Nγ from
RPP [7]. The strong interaction coupling parameters are
obtained via the flavor SU(3) symmetry [48,49,52,53],

gΣNK ¼ 1

5
gNNπ ¼ 2.69; ð18Þ

gΣNK� ¼ 1

2
gNNρ −

1

2
gNNω ¼ −4.26; ð19Þ

κΣNK� ¼ fΣNK�

gΣNK�
¼ fNNρ − fNNω

gNNρ − gNNω
¼ −2.33; ð20Þ

gΔΣK ¼ MK

Mπ
gΔNπ ¼ 7.89; ð21Þ

where the empirical values gNNπ ¼ 13.46, gNNρ ¼ 3.25,
gNNω ¼ 11.76, κNNρ ¼ fNNρ=gNNρ ¼ 6.10, fNNω ¼ 0, and
gΔNπ ¼ 2.23 are used. We mention that the SU(3) relation
is not “exact” but a rough approximation. Its applicability
needs to be tested by the capability of the model to describe
the data.
For the s-channel N� and Δ� exchanges, we use the

following Lagrangians for the electromagnetic interactions:

L1=2�
RNγ ¼ e

gð1ÞRNγ

2MN
R̄Γð∓Þσμνð∂νAμÞN þ H:c:; ð22Þ

L3=2�
RNγ ¼ −ie

gð1ÞRNγ

2MN
R̄μγνΓð�ÞFμνN

þ e
gð2ÞRNγ

ð2MNÞ2
R̄μΓð�ÞFμν∂νN þ H:c:; ð23Þ

L5=2�
RNγ ¼ e

gð1ÞRNγ

ð2MNÞ2
R̄μαγνΓð∓Þð∂αFμνÞN

� ie
gð2ÞRNγ

ð2MNÞ3
R̄μαΓð∓Þð∂αFμνÞ∂νN

þ H:c:; ð24Þ

L7=2�
RNγ ¼ ie

gð1ÞRNγ

ð2MNÞ3
R̄μαβγνΓð�Þð∂α∂βFμνÞN

− e
gð2ÞRNγ

ð2MNÞ4
R̄μαβΓð�Þð∂α∂βFμνÞ∂νN

þ H:c:; ð25Þ
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and use the following Lagrangians for the hadronic
interactions:

L1=2�
RΣK ¼ −gRΣKN̄Γð�Þ

��
iλþ 1 − λ

MR �MΣ
∂
�
K

�
R

þ H:c:; ð26Þ

L3=2�
RΣK ¼ � gRΣK

MK
N̄Γð∓Þð∂αKÞRα þ H:c:; ð27Þ

L5=2�
RΣK ¼ i

gRΣK
M2

K
N̄Γð�Þð∂α∂βKÞRαβ þ H:c:; ð28Þ

L7=2�
RΣK ¼ ∓ gRΣK

M3
K
N̄Γð∓Þð∂α∂β∂γKÞRαβγ þ H:c:; ð29Þ

where R denotes theN� orΔ� resonance and the superscript
of L denotes the spin and parity of the resonance R. The
pseudoscalar-pseudovector mixing parameter λ ¼ 0 is
employed in Eq. (26). When the resonance helicity ampli-
tudes of R → Nγ are available in RPP [7], they will be used
to fix the resonance electromagnetic couplings. Otherwise,
the products of the hadronic coupling constant gRΣK and the

electromagnetic coupling constants gðiÞRNγ (i ¼ 1, 2), which
are relevant to the photoproduction amplitudes in the
present work, will be determined by a fit to the data
for γn → KþΣ−.

B. Resonance propagators

The following prescriptions for propagators of the
resonances with spin 1=2, 3=2, 5=2, and 7=2 are employed
in the present work [48]:

S1=2ðpÞ ¼
i

p −MR þ iΓR=2
; ð30Þ

S3=2ðpÞ ¼
i

p −MR þ iΓR=2

�
g̃μν þ

1

3
γ̃μγ̃ν

�
; ð31Þ

S5=2ðpÞ ¼
i

p −MR þ iΓR=2

�
1

2
ðg̃μαg̃νβ þ g̃μβg̃ναÞ

−
1

5
g̃μνg̃αβ þ

1

10
ðg̃μαγ̃νγ̃β þ g̃μβγ̃νγ̃α

þ g̃ναγ̃μγ̃β þ g̃νβγ̃μγ̃αÞ
�
; ð32Þ

S7=2ðpÞ ¼
i

p −MR þ iΓR=2
1

36

X
PμPν

�
g̃μ1ν1 g̃μ2ν2 g̃μ3ν3

−
3

7
g̃μ1μ2 g̃ν1ν2 g̃μ3ν3 þ

3

7
γ̃μ1 γ̃ν1 g̃μ2ν2 g̃μ3ν3

−
3

35
γ̃μ1 γ̃ν1 g̃μ2μ3 g̃ν2ν3

�
; ð33Þ

with g̃μν and γ̃μ being defined as

g̃μν ¼ −gμν þ
pμpν

M2
R
; ð34Þ

γ̃μ ¼ −γμ þ
pμp

M2
R
: ð35Þ

HereMR and ΓR are the mass and width for the resonance R
with four-momentum p, respectively. The summation over
Pμ ðPνÞ in Eq. (33) goes over all the 3! ¼ 6 possible
permutations of the indices μ1μ2μ3 ðν1ν2ν3Þ.

C. Form factors

In the present work, each hadronic vertex obtained from
the Lagrangians given in Sec. II A is accompanied with a
phenomenological form factor. For t-channel meson
exchanges, the following form factor is employed [47–49]:

fMðq2MÞ ¼
�
Λ2
M −M2

M

Λ2
M − q2M

�
2

; ð36Þ

whereMM and qM denote the mass and four-momentum of
the intermediate meson, respectively, and ΛM is the cutoff
parameter for meson exchange diagrams. For s- and u-
channel baryon exchanges, we use the following form
factor [47–49]:

fBðp2
xÞ ¼

�
Λ4
B

Λ4
B þ ðp2

x −M2
BÞ2

�
2

; ð37Þ

where MB and px (x ¼ s, u) represent the mass and four-
momentum of the exchanged baryon in s or u channel,
respectively, and ΛB is the cutoff parameter for baryon
exchange diagrams.

III. RESULTS AND DISCUSSION

The main purpose of the present work is to perform a
combined analysis of all the available data, especially the
very recently released photobeam asymmetry data Σ and
the beam-target asymmetry data E, for the γn → KþΣ−

reaction in an effective Lagrangian approach as introduced
in Sec. II. We consider the s-channel N, N�, Δ, and Δ�
exchanges, the t-channel K and K�ð892Þ exchanges, the u-
channel Σ exchange, and the interaction current in con-
structing the reaction amplitudes.
As can be seen from Fig. 2, the differential cross section

data for γn → KþΣ− from the CLAS Collaboration [25]
indicate possible contributions from the s-channel resonance
exchanges in the energy range from the ΣK threshold up to
Eγ ∼ 1850 MeV (W ∼ 2088 MeV). In the most recent RPP
[7], there are in total seven N and Δ resonances with masses
M ≤ 2100 MeV that have considerableKΣ branching ratios,
namely, the Nð1880Þ1=2þ, Nð1895Þ1=2−, Nð1900Þ3=2þ,
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Nð2060Þ5=2−, Δð1910Þ1=2þ, Δð1920Þ3=2þ, and
Δð1950Þ7=2þ resonances. Among these seven resonances,
the Nð1895Þ1=2−, Nð1900Þ3=2þ, Δð1910Þ1=2þ, and
Δð1950Þ7=2þ are rated as four-star resonances, and the
other three are rated as three-star resonances in RPP [7].
As a first step, we try to see if the available experimental data
for KþΣ− photoproduction can be well described by con-
sidering in the s channel the contributions from these
seven resonances. Their masses and widths will be varied
within the ranges advocated by RPP [7] to fit the data
for γn → KþΣ−.
We use MINUIT to fit the model parameters, and numer-

ous different starting values of the model parameters have
been tested to achieve the best converged fitted results. It
turns out, however, that with only the seven resonances
mentioned above being taken into account in the calcu-
lation, we were unable to obtain an acceptable description
of the available data for γn → KþΣ−. In particular, the near-
threshold angular distribution data cannot be well repro-
duced. This hints for contribution of additional resonance
(s) located near this reaction threshold.
Actually, in addition to the above-mentioned seven

resonances which have considerable KΣ branching ratios,
in the KΣ near-threshold region, there is another four-star
resonance, i.e., the Nð1710Þ1=2þ, that is marked as “seen”
in its decay branching ratio to the KΣ channel in RPP [7].
We then try to refit the model parameters by further
including this resonance in our model. It turns out that a
satisfactory description of all the available data for γn →
KþΣ− can be obtained, as we shall show and discuss in
detail in the following.

As a result, we include five nucleon resonances and three
Δ resonances with 38 fitting parameters for resonances and
background contributions in our model. These parameters
are determined by a fit to 780 available data for KþΣ−

photoproduction within the energy range from threshold up
toEγ ¼ 3550 MeV.The resulted χ2 per degree of freedom is
χ2=N ¼ 3.11. In Table I we list the fitted values of resonance
parameters and the extracted resonance branching ratios.
There, the number of asterisks below the resonance names
denote the overall status of each resonance evaluated byRPP
[7]. The values in the brackets below the resonance masses
and widths denote the ranges of the corresponding values
given by RPP [7]. As for the resonance couplings, since the
reaction amplitudes are only sensitive to the products of the
electromagnetic and hadronic coupling constants, we show
in Table I these products instead of individual electromag-
netic and hadronic coupling constants. For the four-star
resonances Δð1910Þ1=2þ and Δð1950Þ7=2þ, their helicity
amplitudes are available in RPP, which can be used to fix the
resonance electromagnetic coupling constants. The results

give gð1ÞRNγ ¼ −0.103 for the Δð1910Þ1=2þ resonance, and

gð1ÞRNγ ¼ −12.92, gð2ÞRNγ ¼ 12.65 for the Δð1950Þ7=2þ reso-
nance. Hence, the hadronic coupling constants gRΣK ¼
−5.252 for Δð1910Þ1=2þ and gRΣK ¼ −0.574 for
Δð1950Þ7=2þ can be extracted from the products of had-
ronic and electromagnetic couplings listed in Table I. For
other resonances, the helicity amplitudes are not available in
RPP. The last two columns in Table I show the extracted
decay branching rations of R → Nγ and R → KΣ, respec-
tively. The values in brackets denote the ranges of the

TABLE I. Fitted values of resonant parameters and the extracted resonance decay branching ratios. The asterisks below the resonance
names denote the overall rating of each resonance evaluated by RPP [7]. The values in the brackets below resonances’ masses, widths,
and branching ratios are corresponding values advocated by RPP [7].

MR (MeV) ΓR (MeV) gð1ÞRNγgRΣK gð2ÞRNγgRΣK βNγ (%) βKΣ (%)

Nð1710Þ1=2þ 1692� 1 161� 1 1.661� 0.012 0.01 0.008
� � �� [1680–1740] [80–200] [0.0–0.02] [seen]

Nð1880Þ1=2þ 1893� 1 400� 2 1.252� 0.001 0.05 18.531
� � � [1830–1930] [200–400] [0.002–0.63] [10–24]
Nð1895Þ1=2− 1870� 1 200� 1 0.054� 0.001 0.027 8.795
� � �� [1870–1920] [80–200] [0.003–0.05] [6–20]
Nð1900Þ3=2þ 1942� 1 122� 2 −0.116� 0.001 0.024� 0.004 0.04 6.999
� � �� [1890–1950] [100–320] ½<0.04� [3–7]
Nð2060Þ5=2− 2030� 2 450� 2 −0.648� 0.023 0.254� 0.034 0.036 1.024
� � � [2030–2200] [300–450] [0.003–0.07] [1–5]
Δð1910Þ1=2þ 1913� 2 200� 1 0.541� 0.006 0.01 13.980
� � �� [1850–1950] [200–400] [0.0–0.02] [4–14]
Δð1920Þ3=2þ 1870� 1 360� 1 −1.204� 0.003 −0.103� 0.034 0.2 3.019
� � � [1870–1970] [240–360] [2–6]
Δð1950Þ7=2þ 1915� 1 235� 5 7.416� 0.220 −7.261� 0.215 0.001 0.300
� � �� [1915–1950] [235–335] [0.3–0.5]
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corresponding branching ratios available in RPP [7]. The
electromagnetic branching ratios in bold fonts are fixed
and the hadronic branching ratios are then extracted from
the products of the resonance electromagnetic and
hadronic coupling constants. For the Δð1910Þ1=2þ and
Δð1950Þ7=2þ resonances, the electromagnetic partial decay
widths are calculated from their electromagnetic coupling
constants, and for the Nð1710Þ1=2þ, Nð1895Þ1=2−, and
Nð2060Þ5=2− resonances, the electromagnetic branching
ratios are fixed to be the centroid values of the corresponding
ranges given by RPP. For the Nð1880Þ1=2þ resonance, a
value βNγ ¼ 0.05%, which is smaller than the centroid RPP
value of 0.316% but still within the range quote by RPP, is
used to avoid that the corresponding hadronic branching
ratio fall outside the range given in RPP. For the
same reason, a value βNγ ¼ 0.04% is adopted for the
Nð1900Þ3=2þ resonance. For the Δð1920Þ3=2þ resonance,
there is no information about its electromagnetic branching
ratio fromRPP and a value βNγ ¼ 0.2% is adopted to extract
the hadronic branching ratio. One can see from Table I that,
for all the resonances, the electromagnetic branching ratios
and hadronic branching ratios are all consistent to those
advocated by RPP [7]. The fitted values of cutoff parameters
for resonances and background diagrams are given in
Table II. Note that, based on the facts that the contributions
of K and N exchanges are rather small and the results are
insensitive to the values of ΛK and ΛN when both of these
two cutoffs are treated as free parameters, we simply set
ΛK ¼ ΛK� and ΛN ¼ ΛΔ to reduce the number of fitting
parameters. The values of the cutoff parameters for reso-
nances, which are determined by fitting the data, vary in a
wide range. As will be shown later, a small cutoff means the
s-channel resonance contributes in a narrow energy range,
while a big value of the cutoff allows contributions at large
energies.
We remark that a proper extraction of the resonances’

parameters should be done, in principle, by searching for
the poles of the reaction amplitude in the complex energy
plane [54,55]. In particular, the resonance coupling con-
stants are related to the residues at those poles. This is
beyond the scope of the present work which is a first step
toward such a more complete analysis.
In Fig. 2, our numerical results for differential cross

sections (black-solid lines) are shown and compared to the
data from the CLAS [25] Collaboration (red circles) and
LEPS [14] Collaboration (blue triangle). Here the numbers
in parentheses denote the incident energies (left number)
and the corresponding center-of-mass energies of the
system (right number), in MeV. Note that the CLAS data

are measured for KþΣ− photoproduction off quasifree
neutron. We have checked and found that the Fermi motion
effect here is very tiny and thus is ignored in our
calculations. One sees that, overall, the model results agree
with the data quite well in the whole energy region
considered. The contributions from individual terms are
also shown. The red-dotted and green-long-dashed lines
represent the results from the t-channel amplitudes [K and
K�ð892Þ exchanges] and s-channel amplitudes (N, N�, Δ,
and Δ� exchanges), respectively. It is seen that, in the lower
energy region, the contributions from the s-channel mech-
anisms dominate the differential cross sections of theKþΣ−

photoproduction. As the energy increases, the contributions
from the t-channel mechanism become more and more
prominent and are essential in describing the data at
forward angles. Furthermore, the K� exchange is largely
responsible for the forward-angle-peaked behavior
exhibited at higher energies. This explains that ΛK�ðKÞ,
which is the only parameter in the t-channel amplitudes, is
well determined to be ΛK�ðKÞ ¼ 584� 1 MeV as shown in
Table II. Note that the data seem to show a backward-angle
enhancement in the energy region of Eγ¼2250–2450MeV,
although they have large error bars. The model results seem
to underestimate these data, but they are still within the
experimental error range. The contributions of u-channel
mechanism and the interaction current are negligible to the
differential cross sections and they are not plotted out in
this figure. We mention that, in principle, a stronger
contribution at backward angles could be obtained if one
includes the exchange of one more Σ� resonance in the u
channel. But in this case, one needs to introduce extra
parameters as both the theoretical and experimental infor-
mation on Σ�Nγ interaction are quite scarce. These param-
eters cannot be well determined at present due to the large
error bars of the backward-angle differential cross section
data. We postpone the inclusion of more u-channel reso-
nances until more precision data for this reaction become
accessible.
Our numerical results for beam asymmetries Σ and

beam-target asymmetries E are shown and compared to
the experimental data [14,39,40] in Figs. 3 and 4, respec-
tively. Here, the black-solid lines represent the results of the
full reaction amplitude. One can see that the overall
agreement of the theoretical predictions with the data is
rather reasonable. The red-dotted, blue-dashed, green-long-
dashed, and magenta-dot-dashed lines represent the results
obtained by switching off the t-channel amplitudes [K and
K�ð892Þ exchanges], u-channel amplitude (Σ exchange), s-
channel amplitudes (N, N�, Δ, and Δ� exchanges), and the

TABLE II. Fitted values of cutoff parameters (in MeV).

ΛNð1710Þ ΛNð1880Þ ΛNð1895Þ ΛNð1900Þ ΛNð2060Þ ΛΔð1910Þ ΛΔð1920Þ ΛΔð1950Þ ΛK�ðKÞ ΛΔðNÞ ΛΣ

1932� 9 980� 5 982� 16 2000� 8 1620� 8 1222� 25 1317� 6 800� 1 584� 1 1140� 2 1092� 8
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interaction current, respectively. For photobeam asymme-
tries Σ in Fig. 3, one sees that the s- and the t-channel
contributions (green-long-dashed lines and red-dotted
lines, respectively) have significant effects on the photo-
beam asymmetries. Noticeable influence of the u-channel
contribution (blue-dashed lines) can be also seen at higher
energies and backward angles. The contribution from the
interaction current is negligible, similar to the situation
encountered in the angular distributions as shown in Fig. 2.
For the beam-target asymmetries E in Fig. 4, one sees that
the dominant contribution is coming from the s-channel
resonance exchanges. The t- and u-channels also contribute

significantly. The contribution from the interaction current
is negligible, the same as the situation seen in the differ-
ential cross sections and photobeam asymmetries Σ as
shown in Figs. 2 and 3, respectively.
The prediction of the total cross section for γn → KþΣ− is

shown in Fig. 5 (left panel), where its dynamical content is
also exhibited. It is clearly seen that the contributions from
the s-channel resonance exchanges dominate the total cross
sections in the lower energy region and are responsible for
the bump structure exhibited around W ∼ 1900 MeV. As
displayed in Fig. 5 (right panel), the resonance contributions
are dominated by theNð1710Þ1=2þ resonance, followed by
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FIG. 3. Photobeam asymmetries Σ for γn → KþΣ−. The solid (black) lines represent the results from the full calculation. The dotted
(red), dashed (blue), long-dashed (green), and dot-dashed (magenta) lines represent the results obtained by switching off the t-channel
amplitudes [K and K�ð892Þ exchanges], u-channel amplitude (Σ exchange), s-channel amplitudes (N, N�, Δ, and Δ� exchanges), and
interaction current, respectively. Data with red circles and blue triangles are taken from the CLAS Collaboration [39] and the LEPS
Collaboration [14], respectively. The numbers in parentheses denote the incident energies (left number) and the corresponding center-of-
mass energies of the system (right number), in MeV.
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the Nð1880Þ1=2þ, Δð1920Þ3=2þ, and Nð1900Þ3=2þ reso-
nances. The Nð2060Þ5=2− resonance also contributes con-
siderably at energies above W ∼ 2100 MeV, while the
contributions from other resonances are rather small.
Note that the Nð1710Þ1=2þ resonance contributes in a
much wider energy range with a stronger strength than
the Nð1880Þ1=2þ resonance. This is because that the
Nð1710Þ1=2þ has a much bigger cutoff and a bigger
coupling constant than the Nð1880Þ1=2þ, as listed in
Tables I and II. Nevertheless, the Nð1710Þ1=2þ resonance
has a much smaller branching ratio into KΣ than the
Nð1880Þ1=2þ resonance. The reason is that the fitted mass
of Nð1710Þ1=2þ is rather close to the KΣ threshold,

resulting in a much smaller phase space which suppresses
the resonance decay width to KΣ channel. Getting back to
Fig. 5 (left panel), the s-channel Δ exchange provides a
significant contribution in the low-energy region, while the
t-channel K� exchange provides significant contribution at
higher energies. The contributions from other nonresonant
diagrams to the total cross sections are negligible, and they
are not plotted in Fig. 5.
In Ref. [56], the data for γn → KþΣ− were analyzed

within an isobar model. There are two sets of fit results, i.e.,
fit M and fit L, which were obtained by using, respectively,
the standard MINUIT and the so-called Least Absolute
Shrinkage and Selection Operator method for fitting
the data. The latter method, together with an information
criterium, allows a blindfold determination of the relevant
baryon resonances by the data from a given set of
resonances considered within a specified model.
Compared with our present work, in fit M of Ref. [56],
an additional K1ð1270Þ meson exchange was considered in
the t channel and six more nucleon resonances in the s
channel, namely, the Nð1535Þ1=2−, Nð1650Þ1=2−,
Nð1675Þ5=2−, Nð1720Þ3=2þ, Nð1875Þ3=2−, and
Nð2120Þ3=2− resonances. For Δ resonances, the
Δð1900Þ1=2− exchange was considered, while the
Δð1910Þ1=2þ, Δð1920Þ3=2þ, and Δð1950Þ7=2þ resonan-
ces which are included in our present work were not
considered in Ref. [56]. In fit L of Ref. [56], the K1ð1270Þ
meson exchange in the t channel was not considered. Apart
from the three nucleon resonances, Nð1895Þ1=2−,
Nð1900Þ3=2þ, andNð2060Þ5=2−, also found in the present
work, the fit L also finds the Nð1650Þ1=2−, Nð1675Þ5=2−,
Nð1720Þ3=2þ, Nð1875Þ3=2−, and Nð2120Þ3=2− resonan-
ces to be relevant. In contrast, in the present work we
include the Nð1710Þ1=2þ, Nð1880Þ1=2þ, Δð1910Þ1=2þ,
Δð1920Þ3=2þ, and Δð1950Þ7=2þ resonances, in addition
to those three nucleon resonances mentioned above which
are also found in fit L of Ref. [56]. Note that, in our present
work, the resonances are selected in such a way that only
the resonances that have considerable branching ratios to
KΣ channel in RPP [7] are considered, while in Ref. [56]
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the resonances were determined by a fit to the data for the
γn → KþΣ− reaction. The differential cross sections and
the photobeam asymmetries Σ for γn → KþΣ− were well
described in Ref. [56], but their description of the data on
beam-target asymmetries Ewere worse than the description
in the present work. We mention that the data on beam-
target asymmetries E have not been included in the fits of
Ref. [56]. It was concluded in Ref. [56] that the s-channel
Nð1720Þ3=2þ resonance exchange is very important to
describe the data. This conclusion was reached based on the
fact that the Nð1720Þ3=2þ resonance exchange had a big
influence in reproducing the photobeam asymmetry data
(see Figs. 7 and 8 of Ref. [56]).
The fact that the two independent analyses of Ref. [56]

and the present work have led to different resonance
contents in describing the same data and have drawn
different conclusions about the reaction mechanisms indi-
cates that the currently available data for γn → KþΣ− are
insufficient to uniquely determine the reaction amplitude in
theoretical models. More data are needed to further learn
about the resonance content in this reaction. In fact, we
mention that a pseudoscalar-meson photoproduction proc-
ess requires at least eight carefully chosen independent
observables to determine the corresponding reaction ampli-
tude up to an overall phase [57–59].

IV. SUMMARY AND CONCLUSION

Quite recently, the CLAS Collaboration has released the
data on beam asymmetriesΣ and beam-target asymmetriesE
for the γn → KþΣ− reaction [39,40]. Stimulated by these
new measurements, in the present work, we have performed
an analysis of all the available data, including the differential
cross sections [14,25], the beam asymmetries Σ [14,39], and
the beam-target asymmetries E [40], for the reaction γn →
KþΣ− in an effective Lagrangian approach. The purpose is to
understand the reaction mechanisms and to extract the
information on the N and Δ resonances involved.
We have constructed the reaction amplitude for γn →

KþΣ− by considering the t-channel K and K�ð892Þ
exchanges, the u-channel Σ exchange, the s-channel N,
N�, Δ, and Δ� exchanges, and the interaction current. The
gauge invariance of the production amplitude, dictated
by the generalized Ward-Takahashi identity, has been
strictly implemented. The Nð1710Þ1=2þ, Nð1880Þ1=2þ,

Nð1895Þ1=2−, Nð1900Þ3=2þ, Nð2060Þ5=2−,
Δð1910Þ1=2þ, Δð1920Þ3=2þ, and Δð1950Þ7=2þ resonan-
ces are considered in the s channel with their masses and
widths being varied within the ranges advocated by the most
recent RPP [7] to fit the data.
All the available data for γn → KþΣ− are well repro-

duced. The present analysis reveals that the contributions
from the s-channel mechanisms dominate the γn → KþΣ−

reaction in the lower energy region. The most prominent
resonance contributions come from the Nð1710Þ1=2þ,
Nð1880Þ1=2þ, Nð1900Þ3=2þ, and Δð1920Þ3=2þ resonan-
ces. The Nð2060Þ5=2− resonance contributes considerably
at energies above W ∼ 2100 MeV. The contributions from
the t-channel K� exchange are crucial to reproduce the
differential cross section data at forward angles in the
higher energy region and are also significant to the photo-
beam asymmetries Σ and beam-target asymmetries E.
The interaction current turns out to contribute slightly
for all the observables considered, namely, the cross
sections, beam asymmetries Σ, and beam-target asymme-
tries E of the γn → KþΣ− reaction. However, the resonance
content in this reaction is far from being understood. In this
regard, more independent data on this reaction are required.
A combined analysis of all the available data for

γp → K0Σþ, γp → KþΣ0, γn → K0Σ0, and γn → KþΣ−

will provide more constraints on theoretical models,
especially, in helping to disentangle the hadronic and
electromagnetic resonance couplings. Further work in this
direction is under consideration and will be presented
elsewhere. This will help prepare for a more complete
analysis within a dynamical coupled-channels approach to
better understand the reaction dynamics of the KΣ photo-
production reactions and to extract the resonance param-
eters from the poles of the reaction amplitude in the
complex energy plane.
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