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We compare two different propagator and vertex factor formulations of spin-3=2 and −5=2 nucleon
resonances by using isobar models for kaon photoproduction on the proton γ þ p → Kþ þ Λ. All nucleon
resonances listed in the Particle Data Group listing with spin up to 5=2 and with at least a two-star rating are
included in the model. The unknown coupling constants are extracted from fitting to around 7400 data
points. It is found that the gauge-invariant formulation of the spin-3=2 and −5=2 interactions leads to a
better agreement with experimental data. An extensive comparison of model calculation with experimental
data and comparison with the previous analyses are presented. A short discussion on the cross section near
the production threshold is also provided.
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I. INTRODUCTION

The existence of abundant kaon photo- and electro-
production data obtained from continuous electron beam
accelerators combined with modern high-resolution detec-
tors in the last two decades indicates the enormous
advances in the investigation of strangeness physics.
These accurate data obviously deserve modern and sophis-
ticated analyses by means of the model that is not only
containing as much as possible physics ingredients but
also able to accurately reproduce the data. Achieving the
two objectives simultaneously would be a daunting task,
because imposing more physics constraints on the model
would commonly worsen the agreement between model
calculation and experimental data.
Meanwhile, substantial achievements have been also

made on the theoretical side. A number of coupled-
channels calculations have included kaon photo and elec-
troproduction channels in their fits [1,2]. The advantage of
the coupled-channels formalism is clear, since within this
formalism all related reactions can be simultaneously
analyzed in a unified and more consistent framework.
However, to achieve a very good agreement with exper-
imental data for a certain channel, e.g., the kaon photo-
production channel, is not easy within this framework,
especially because the kaon photoproduction is not the
dominant channel in this case (see Figs. 37–45 of Ref. [1],
for instance).
A single-channel analysis is certainly simpler and easier

to perform. Although with the risk of destroying the
unitarity of the scattering amplitude, by using a single-
channel analysis, one can easily investigate any structure
appearing in the differential and total cross section [3]
or other observables [4,5]. The unitarity in this tree-level
calculation could be partly restored by imposing an energy-
dependent width [6], in which the required relative branch-
ing ratios can be obtained from the latest Review of Particle

Properties of the Particle Data Group (PDG) [7] or the
results from previous coupled-channel calculations [1,2].
Furthermore, the elementary operator obtained from the
single-channel analysis is very useful and practical for
applications in the hypernuclear physics [8], kaon photo-
production on a deuteron [9], or other related phenomeno-
logical studies [10]. Obviously, an accurate elementary
operator is a prerequisite for a reliable prediction of the
hypernuclear production observables.
Despite its simplicity, the single-channel analysis is also

plagued with some notorious problems. One of them is the
large number of nucleon and hyperon resonances that are
involved in the process, whereas the corresponding cou-
pling constants and hadronic form factors are hardly
known. In the energy range from threshold up to
2.8 GeV, where most of the experimental data exist, there
exist 26 nucleon resonances and 19 hyperon resonances
as listed by PDG [7]. There has been a new strategy to
overcome this problem, i.e., by using the Bayesian infer-
ence method [11]. However, the analysis has been only
performed in a single-channel analysis of kaon photo-
production and by excluding the resonances with the mass
below the production threshold and those with spin higher
than 5=2. As is pointed out in Ref. [11], the nature of the
background terms in this reaction is also a delicate problem.
There is no unique procedure to determine the background
terms in the single-channel analysis, whereas in the coupled
channels one, the background terms of one channel are
strongly connected to other channels.
In this paper, we aim to study the effects of using

different models for spin-3=2 and −5=2 nucleon resonan-
ces in the γ þ p → Kþ þ Λ photoproduction process. This
study is primarily motivated by our experience that it is
difficult to simultaneously fit the presently available exper-
imental data by using the amplitudes for spin-3=2 and
−5=2 nucleon resonances obtained from the propagator and

PHYSICAL REVIEW D 92, 094019 (2015)

1550-7998=2015=92(9)=094019(35) 094019-1 © 2015 American Physical Society

http://dx.doi.org/10.1103/PhysRevD.92.094019
http://dx.doi.org/10.1103/PhysRevD.92.094019
http://dx.doi.org/10.1103/PhysRevD.92.094019
http://dx.doi.org/10.1103/PhysRevD.92.094019


vertex factors given in Refs. [12,13]. Since the problem
of a consistent spin-3=2 propagator has generated consid-
erable discussion in the literature [14–20], comparison
with other prescriptions of the propagator is certainly of
interest. Furthermore, the spin-3=2 prescription given in
Refs. [12,13] has received a number of criticisms in the
literature [17–20].
It is clear that the various versions of the spin-3=2

propagator will reduce to the Rarita–Schwinger form [14]
in the case of an on-shell baryon. In the case of an off-shell
baryon, Ref. [17] pointed out that a correct form of the spin-
3=2 propagator amounts for additional explicit off-shell
terms. Meanwhile, Ref. [21] obtained that a correct gauge-
invariant coupling chosen in the model leads to a consistent
spin-3=2 theory that removes the so-called “spin-1=2
background.” Put in other words, a consistent interaction
should not activate the extra unphysical degrees of freedom
[22]. In this paper, we use this prescription in Model 2,
whereas Model 1 utilizes the method developed in
Refs. [12,13]. We note that the prescription of Ref. [21]
has been also extended to the spin-5=2 case [20].
There have been attempts to compare the effects of

different propagator prescriptions in the kaon photopro-
duction. Reference [18], e.g., has reported that the inclusion
of off-shell terms leads to a small effect, whereas Ref. [19]
found that the propagator choice has a small effect and is
only sizable for certain polarization observables. In this
paper, however, we obtain a different result. The use of the
propagator and vertex factors constructed in a gauge-
invariant fashion [16,21,22] results in a much better
agreement with the experimental data. Note that in this
investigation we use a significantly larger database than
that of Ref. [19].
The organization of this paper is as follows. In Sec. II, we

describe the ingredient of our isobar model. In Sec. III, we
present the different prescriptions of propagator and vertex
factors of spin-3=2 and −5=2 nucleon resonances used in
our calculation. Section IV explains the energy-dependent
width used in our calculation. The numerical result as well
as comparison of our calculation with experimental data are
given in Sec. V. In Sec. VI, we compare the calculated
observables obtained in the present work with those
obtained from previous analyses. Comparison of the
calculated Chew-Goldberger-Low-Nambu (CGLN) ampli-
tudes and multipoles is presented in Sec. VII. Finally, in
Sec. VIII, we summarize our discussion and conclude our
finding. The calculated amplitudes for spin-3=2 and −5=2
nucleon resonances are given in Appendixes A and B.

II. ISOBAR MODEL

We consider the elementary process for the electro-
production of a kaon and a hyperon on a nucleon target,

eðkiÞ þ pðpÞ → e0ðkfÞ þ KþðqÞ þ ΛðpΛÞ; ð1Þ

which is depicted in Fig. 1. The production amplitude M
can be modeled by using the appropriate Feynman dia-
grams as shown in Fig. 2.
The formulation of this process is equivalent to that of

the virtual photoproduction, i.e., the photoproduction by a
virtual photon,

γvðkÞ þ pðpÞ → KþðqÞ þ ΛðpΛÞ; ð2Þ

with k ¼ ki − kf . The following calculation is performed
by using the latter, where in general k2 ≠ 0. However, the
present analysis will focus on the photoproduction process.
For the sake of completeness, as well as for our future
studies on kaon electroproduction, we will in this paper
prepare the general electroproduction formulation, where
the photoproduction reaction is only a special case with
k2 ¼ 0. Since in the present analysis we will only focus on
the photoproduction, we will, for the sake of brevity,
exclude the electromagnetic form factors of the nucleon
resonance. Later, for the electroproduction case, these form
factors can be simply inserted in the resonance coupling
constants.
Following the convention of Refs. [23,24], we can

decompose the scattering amplitude obtained from the
Feynman diagrams shown in Fig. 2 into the gauge and
Lorentz invariant matrices Mi,

M ¼ Mback þMres

¼ ūΛ
X6
i¼1

Aiðs; t; u; k2ÞMiup; ð3Þ

where we have separated the background and resonance
contributions to the scattering amplitude explicitly and
ūΛ ¼ ūðpΛÞ and up ¼ uðpÞ are the Λ and proton spinors in
the final and initial states, respectively. The Mandelstam
variables, s, t, and u, are defined by

s ¼ ðkþ pÞ2 ¼ W2; ð4Þ

t ¼ ðk − qÞ2; ð5Þ

(   )

(   )

(    )

(    )

(   ) (    )

K + q

v kγ
e ki

e’ kf

p p ΛpΛ

FIG. 1 (color online). Kinematics of the kaon electroproduction
process eþ p → e0 þ Kþ þ Λ. The process can be also consid-
ered as a virtual kaon photoproduction, i.e., kaon photoproduc-
tion by the virtual photon γv.
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u ¼ ðk − pΛÞ2: ð6Þ

The gauge and Lorentz invariant matrices Mi are given
by [23,24]

M1 ¼
1

2
γ5ðϵk − kϵÞ; ð7Þ

M2 ¼ γ5½ð2q − kÞ · ϵP · k − ð2q − kÞ · kP · ϵ�; ð8Þ

M3 ¼ γ5ðq · kϵ − q · ϵkÞ; ð9Þ

M4 ¼ iϵμνρσγμqνϵρkσ; ð10Þ

M5 ¼ γ5ðq · ϵk2 − q · kk · ϵÞ; ð11Þ

M6 ¼ γ5ðk · ϵk − k2ϵÞ; ð12Þ

where γμ is the Dirac matrix and throughout this paper we
have used the notation of Bjorken and Drell [25], i.e.,
p ¼ pμγ

μ, 2gμν ¼ γμγν þ γνγμ, gμν ¼ diagð1;−1;−1;−1Þ.
Furthermore, in Eq. (8), we have also defined P ¼
1
2
ðpþ pΛÞ, and in Eq. (10), ϵμνρσ is the four-dimensional

Levi-Civitá tensor with ϵ0123 ¼ þ1. Note that for photo-
production, in the transverse gauge ϵ · k ¼ k2 ¼ 0, only
the matrices M1 to M4 contribute. The cross section and
other polarization observables can be calculated from the
amplitudes Ai [26–28].
All intermediate states that contribute to this process are

symbolically depicted in Fig. 2. Based on our previous
studies [3,29–36], the background terms consist of the
standard s-, u-, and t-channel Born terms along with the
K�þð892Þ and K1ð1270Þ t-channel vector mesons. Two
hyperon resonances that have been found to be important to
maintain a reasonable value of the hadronic form factor
cutoff of the Born terms [32] are also included.
Since both the baryon and meson are not pointlike

particles, we have to account for the hadronic structures
of interacting baryons and mesons. For this purpose, we
include the hadronic form factors in the hadronic vertices

by adopting the method developed by Haberzettl to main-
tain the gauge invariance of the amplitudes [37]. By writing
x as the Mandelstam variables s, t, and u, the form factor
reads

FðΛ; xÞ ¼ Λ4

Λ4 þ ðx −m2Þ2 ; ð13Þ

where Λ and m are the form factor cutoff and the
intermediate state mass, respectively [37]. We also note
that this method introduces two more free parameters
which come from the freedom of the form factor for the
electric amplitude A2 [see Eq. (3)]. To this end, the form
factor can be written as [37]

~F ¼ FðΛ; sÞsin2θhadcos2ϕhad

þ FðΛ; uÞsin2θhadsin2ϕhad

þ FðΛ; tÞcos2θhad; ð14Þ

where the combination of sinusoidal functions ensures the
correct normalization of the form factor. Both θhad. and
ϕhad. are obtained from the fit.
For the nucleon resonances, we include all nucleon

resonances listed by the 2014 PDG listing [7] with the
status at least a two-star rating and having spin up to
5=2. Their masses, widths, and status are listed in
Table I.
We note that the formulation for the nucleons and

hyperons with spin 1=2, as well as that of the mesons
with spin 0 and 1, have been well established. Therefore, in
the present paper, we will not discuss this issue in detail.
Instead, we will only refer the reader to Refs. [12,13] for a
good discussion to this end. As previously discussed in the
Introduction, this is, however, not the case for spin-3=2 and
−5=2 baryons, for which two models of nucleon reso-
nances with spin 3=2 and 5=2 are the main topic of
discussion in the present paper and the formulation of
their amplitudes will be given in Sec. III.

(a) (b) (c)
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FIG. 2 (color online). Feynman diagrams for the elementary operator of the kaon electroproduction process eþ p → e0 þ Kþ þ Λ.
The intermediate states in these diagrams are (a) the s-channel proton and nucleon resonances; (b) the u-channel Λ, Σ0, and hyperon
resonances; and (c) the t-channel kaon and kaon resonances.
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III. MODELS FOR THE SPIN-3=2 AND
SPIN-5=2 NUCLEON RESONANCES

A. Model 1

1. Spin-3=2 in Model 1

In Model 1, we follow the formulation of the spin-3=2
propagator, the electromagnetic and hadronic vertices, as
given in Ref. [12]. This formulation was also adopted by
Ref. [13]. In this formulation, the spin-3=2 propagator is
written as

P3=2
μν ¼ pþ kþ ffiffiffi

s
p

3ðs −m2
N� þ imN�ΓN� Þ

×
h
gμν þ γνγμ −

2

s
ðpþ kÞμðpþ kÞν

−
1ffiffiffi
s

p fγμðpþ kÞν − γνðpþ kÞνg
i
: ð15Þ

The electromagnetic N�pγ vertex for the nucleon reso-
nance with parity �1 reads

Γνð�Þ
N�pγ ¼

�
gaN�pγ

�
ϵν −

ϵkνffiffiffi
s

p �mp

�
þ gbN�pγ

p · ϵkν − p · kϵν

ð ffiffiffi
s

p �mpÞ2

þ gcN�pγ
k · ϵkν − k2ϵν

ð ffiffiffi
s

p �mpÞ2
�
Γ�; ð16Þ

where Γþ ¼ iγ5 and Γ− ¼ 1 [13]. Note that the last term
in Eq. (16) represents the longitudinal contribution of this
vertex [38].
In the case of electroproduction, the first term in Eq. (16)

is not explicitly gauge invariant. To this end, we can impose
the gauge transformation [13]

ϵν → ϵν − ðk · ϵ=k2Þkν ð17Þ

on Eq. (16), which only modifies the first term, i.e.,

ϵν −
ϵkνffiffiffi
s

p �mp
→

1

k2

�
ðk2ϵν − k · ϵkνÞ

−
1ffiffiffi

s
p �mp

ðk2ϵ − k · ϵkÞkν
�
: ð18Þ

Therefore, the gauge-invariant electromagnetic vertex has
the form of

Γνð�Þ
N�pγ ¼

�
gaN�pγ

k2

�
ðk2ϵν − k · ϵkνÞ

−
1ffiffiffi

s
p �mp

ðk2ϵ − k · ϵkÞkν
�

þ gbN�pγ
p · ϵkν − p · kϵν

ð ffiffiffi
s

p �mpÞ2

þ gcN�pγ
k · ϵkν − k2ϵν

ð ffiffiffi
s

p �mpÞ2
�
Γ�: ð19Þ

The hadronic vertex is simpler than the electromagnetic
one because we use the pseudoscalar theory that nicely
works in the case of kaon photoproduction [30]. The vertex
reads

Γμð�Þ
KΛN� ¼ gKΛN�

mN�
pμ
ΛΓ∓: ð20Þ

Hence, the amplitude for spin-3=2 nucleon resonance
with parity �1 can be written as

M3=2
res ¼ ūΛΓ

μ
KΛN�PμνΓν

N�pγup

¼ ∓ūΛγ5p
μ
Λðpþ k∓ ffiffiffi

s
p Þ

�
gμν þ γνγμ −

2

s
qμqν

� 1ffiffiffi
s

p ðγμqν − γνqμÞ
�
½G1fðk2ϵν − k · ϵkνÞ

� c�ðk2ϵ − k · ϵkÞkνg þ G2ðp · ϵkν − p · kϵνÞ
þ G3ðk · ϵkν − k2ϵνÞ�up; ð21Þ

where

G1 ¼
igKΛN�gaN�pγ

3mN�k2ðs −m2
N� þ imN�ΓN� Þ ; ð22Þ

TABLE I. The status, mass, and width of the resonances used in
our calculation [7].

Resonance Status a Mass (MeV) Width (MeV)

Nð1440ÞP11 **** 1430� 20 350� 100

Nð1520ÞD13 **** 1515� 5 11510−15

Nð1535ÞS11 **** 1535þ20
−10 150� 25

Nð1650ÞS11 **** 1655þ15
−10 140� 30

Nð1675ÞD15 **** 1675� 5 150þ15
−20

Nð1680ÞF15 **** 1685� 5 130� 10

Nð1700ÞD13 *** 1700� 50 150þ100
−50

Nð1710ÞP11 *** 1710� 30 100þ150
−50

Nð1720ÞP13 **** 1720þ30
−20 250þ150

−100

Nð1860ÞF15 ** 1860þ100
−40 270þ140

−50
b

Nð1875ÞD13 *** 1875þ45
−55 200� 25

b

Nð1880ÞP11 ** 1870� 35
b

235� 65

Nð1895ÞS11 ** 1895� 15
b

90þ30
−15

Nð1900ÞP13 *** 1900 250

Nð2000ÞF15 ** 2050� 100 198� 2
b

Nð2060ÞD15 ** 2060 375� 25

Nð2120ÞD13 ** 2120 330� 45
b

aStatus according to the PDG [7].
bEstimated value taken from a reference listed in PDG.
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G2 ¼
igKΛN�gbN�pγc

2
�

3mN� ðs −m2
N� þ imN�ΓN� Þ ; ð23Þ

G3 ¼
igKΛN�gcN�pγc

2
�

3mN� ðs −m2
N� þ imN�ΓN� Þ ; ð24Þ

with c� ≡ 1=ð ffiffiffi
s

p �mpÞ.
By decomposing the amplitude in terms of the Mi

matrices given in Eqs. (7)–(12),

M3=2
res ¼ ūΛ

X6
i¼1

AiMiup; ð25Þ

we obtain the amplitudes A1;…; A6 for the spin-3=2 nucleon
resonance of Model 1 as shown by Eqs. (A1)–(A6) in
Appendix A.

2. Spin 5=2 in Model 1

The propagator for spin-5=2 resonance in Model 1 is
adopted from Ref. [13], i.e.,

P5=2
μναβ ¼

pþ kþ ffiffiffi
s

p
10ðs −m2

N� þ imN�ΓN�Þ
× ½5PμαPνβ − 2PμνPαβ þ 5PμβPνα

þ Pμργ
ργσPσαPνβ þ Pνργ

ργσPσβPμα

þ Pμργ
ργσPσβPνα þ Pνργ

ργσPσαPμβ�; ð26Þ

with

Pμν ¼ −gμν þ
1

s
ðpþ kÞμðpþ kÞν: ð27Þ

As in the case of the spin 3=2 [Eq. (19)], the modified
electromagnetic vertex is [13,38]

Γαβð�Þ
N�pγ ¼

�
gaN�pγ

k2mN�

�
ðk2ϵα − k · ϵkαÞkβ

−
1ffiffiffi

s
p �mp

ðk2ϵ − k · ϵkÞkαkβ
�

þ gbN�pγ

mN�

ðp · ϵkα − p · kϵαÞkβ
ð ffiffiffi

s
p �mpÞ2

þ gcN�pγ

mN�

ðk · ϵkα − k2ϵαÞkβ
ð ffiffiffi

s
p �mpÞ2

�
Γ∓; ð28Þ

whereas the hadronic vertex is

Γμνð�Þ
KΛN� ¼ gKΛN�

m2
N�

pμ
Λp

ν
ΛΓ�; ð29Þ

and the scattering amplitude can be decomposed into the
Mi matrices as in the case of spin 3=2,

M5=2
res ¼ ūΛΓ

μνð�Þ
KΛN�PμναβΓ

αβð�Þ
N�pγ up

¼ �ūΛγ5p
μ
Λp

ν
Λðpþ k� ffiffiffi

s
p Þf5PμαPνβ − 2PμνPαβ þ 5PμβPνα þ Pμργ

ργσPσαPνβ

þ Pνργ
ργσPσβPμα þ Pμργ

ργσPσβPνα þ Pνργ
ργσPσαPμβg½G1fðk2ϵα − k · ϵkαÞkβ

∓c∓ðk2ϵ − k · ϵkÞkαkβg þ G2ðp · ϵkα − p · kϵαÞkβ þ G3ðk · ϵkα − k2ϵαÞkβ�up

¼ ūΛ
X6
i¼1

AiMiup; ð30Þ

where

G1 ¼
igKΛN�gaN�pγ

10m3
N�k2ðs −m2

N� þ imN�ΓN� Þ ; ð31Þ

G2 ¼
igKΛN�gbN�pγc

2∓
10m3

N� ðs −m2
N� þ imN�ΓN� Þ ; ð32Þ

G3 ¼
igKΛN�gcN�pγc

2∓
10m3

N� ðs −m2
N� þ imN�ΓN� Þ : ð33Þ

The result is given by Eqs. (A13)–(A18) in Appendix A.

B. Model 2

1. Spin 3=2 in Model 2

In this model, we choose the propagator of spin-3=2
nucleon resonance given in Ref. [21], which has a slightly
different form compared to Model 1, i.e.,

P3=2
μν ¼ pþ kþmN�

3ðs −m2
N� þ imN�ΓN� Þ

×

�
−3gμν þ γμγν þ

1

s
fðpþ kÞγμðpþ kÞν

þ ðpþ kÞμγνðpþ kÞg
�
; ð34Þ
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where Pμν is given by Eq. (27).
The Lagrangian for the electromagnetic N�pγ vertex is

given by [22]

LN�pγ ¼
1

M2
½gaN�pγ

~Gμν þ gbN�pγγ5Gμν

þ gcN�pγγμγ
ρ ~Gρν

þ gdN�pγγ5γμγ
ρGρν�Fμν þ H:c:; ð35Þ

with ~Gμν¼ 1
2
ϵμνρσGρσ ¼ 1

2
ϵμνρσð∂ρψσ−∂σψρÞ and Fμν is the

field strength tensor. From Eq. (35), we can construct the
electromagnetic vertex factor, which in our notation is
given by

Γν
N�pγ ¼

1

m2
N�

½gaN�pγϵ
νμρσpσðkμϵρ − kρϵμÞ

þ gbN�pγγ5ðp · kϵν − p · ϵkνÞ
þ gcN�pγϵ

νμρσpσðkϵμ − ϵkμÞγρ
þ gdN�pγγ5fðkpϵν − ϵpkνÞ
− ðp · ϵk − p · kϵÞγνg�: ð36Þ

Thisvertex factor is explicitlygauge invariant, i.e.,pμΓ
μ
e:m:¼0

and Γμ
e:m:jϵ→k ¼ 0. Therefore, we do not need a gauge trans-

formation for Eq. (36), as in the case of Model 1.
By exploiting the relation

iϵμνρσγμ ¼ γ5ð−γνγργσ þ gνργσ þ gρσγν − gνσγρÞ; ð37Þ

we can simplify Eq. (36) to

Γνð�Þ
N�pγ ¼ −

i
m2

N�
½gð1Þðϵνk − kνϵÞp

þ gð2Þðkνp · ϵ − ϵνp · kÞ
þ gð3Þpνðϵk − kϵÞ
þ gð4Þγνðkϵ − ϵkÞp
þ gð5Þγνðp · kϵ − p · ϵkÞ�Γ�; ð38Þ

where

gð1Þ ¼ −2igaN�pγ þ 3igcN�pγ þ gdN�pγ; ð39Þ

gð2Þ ¼ −2igaN�pγ − gbN�pγ þ 2igcN�pγ − 2gdN�pγ; ð40Þ

gð3Þ ¼ −igaN�pγ þ igcN�pγ; ð41Þ

gð4Þ ¼ −igaN�pγ þ igcN�pγ; ð42Þ

gð5Þ ¼ −2igaN�pγ þ igcN�pγ − gdN�pγ: ð43Þ

The hadronic vertex reads [16]

Γμð�Þ
KΛN� ¼ gKΛN�

m2
N�

Γ∓iϵμνρσpΛνγ5γρqσ

¼ gKΛN�

m2
N�

Γ∓½ðpΛ · q − pΛqÞγμ þ pΛqμ − qpμ
Λ�;

ð44Þ
where the second line of Eq. (44) is obtained by using
Eq. (37). Therefore, the scattering amplitude can be derived
and decomposed to the Mi matrices,

M3=2
res ¼ ūΛΓ

μð�Þ
KΛN�P3=2

μν Γνð�Þ
N�pγup

¼ ūΛγ5fðpΛ · q − pΛqÞγμ þ pΛqμ − qpμ
Λgðpþ k∓mN� Þð3Pμν þ γργσPμρPνσÞ

× fGð1Þðϵνk − kνϵÞpþ Gð2Þðkνp · ϵ − ϵνp · kÞ þ Gð3Þpνðϵk − kϵÞ þ Gð4Þγνðkϵ − ϵkÞp
þGð5Þγνðp · kϵ − p · ϵkÞgup: ð45Þ

Note that in Eq. (45) we have defined

GðiÞ ¼ sgðiÞgKΛN�

3m6
N� ðs −m2

N� þ imN�ΓN� Þ ; ð46Þ

where gðiÞ are given by Eqs. (39)–(43) for i ¼ 1;…; 5 and a
factor of s=m2

N� has been included in order to regularize the
propagator [20,39].
Note that the terms proportional to the Gð4Þ and Gð5Þ in

Eq. (45) vanish because they contain γν, whereas it is clear
that

�
−3gμν þ γμγν þ

1

s
fðpþ kÞγμðpþ kÞν

þ ðpþ kÞμγνðpþ kÞg
�
γν ¼ 0: ð47Þ

Therefore, the remaining terms are

M3=2
res ¼ ūΛγ5ðpΛqμ − qpμ

ΛÞðpþ k∓mN� Þ
× ð3Pμν þ γργσPμρPνσÞ
× fGð1Þðϵνk − kνϵÞpþGð2Þðkνp · ϵ − ϵνp · kÞ
þ Gð3Þpνðϵk − kϵÞgup: ð48Þ
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By decomposing Eq. (48) in terms of the matrices Mi,
we obtain the amplitudes A1;…; A6 given in Appendix B
by Eqs. (B1)–(B6).

2. Spin 5=2 in Model 2

In the case of spin 5=2, Model 2 utilizes the propagator
similar to the case of Model 1, i.e., Eq. (26). However, in
this model, we replace the factor

ffiffiffi
s

p
in Eq. (26) with the

resonance mass mN� . The electromagnetic vertex is also
similar to Eq. (38), but in this case, it has two indices, i.e., it
is multiplied with the photon momentum kβ,

Γαβð�Þ
N�pγ ¼ −

i
m3

N�
fgð1Þðϵαk − kαϵÞp

þ gð2Þðkαp · ϵ − ϵαp · kÞ
þ gð3Þpαðϵk − kϵÞ þ gð4Þγαðkϵ − ϵkÞp
þ gð5Þγαðp · kϵ − p · ϵkÞgkβΓ∓; ð49Þ

whereas the hadronic vertex [see Eq. (44)] has also two
indices, i.e., it is multiplied with the hyperon momentum
pν
Λ,

Γμνð�Þ
KΛN� ¼ gKΛN�

m3
N�

Γ�iϵμαρσpΛαγ5γρqσpν
Λ

¼ gKΛN�

m3
N�

Γ�fðpΛ · q − pΛqÞγμ

þ pΛqμ − qpμ
Λgpν

Λ: ð50Þ

As a consequence, the scattering amplitude reads

M5=2
res ¼ ūΛΓ

μνð�Þ
KΛN�P5=2

μναβΓ
αβð�Þ
N�pγ up

¼ ūΛγ5fðpΛ · q − pΛqÞγμ þ pΛqμ − qpμ
Λgpν

Λ

× ðpþ k�mN� Þð5PμαPνβ þ 5PμβPνα

− 2PμνPαβ þ Pμργ
ργσPσαPνβ þ Pνργ

ργσPσβPμα

þ Pμργ
ργσPσβPνα þ Pνργ

ργσPσαPνβÞ
× fGð1Þðϵαk − kαϵÞpþGð2Þðkαp · ϵ − ϵαp · kÞ
þ Gð3Þpαðϵk − kϵÞgkβup; ð51Þ

where

GðiÞ ¼ s2gðiÞgKΛN�

10m10
N� ðs −m2

N� þ imN�ΓN�Þ ð52Þ

and gðiÞ are given by Eqs. (39)–(41) for i ¼ 1;…; 3.
Similar to the case of spin 3=2 discussed above,

a factor of s2=m4
N� has been included in Eq. (52) in order

to regularize the propagator [20,39]. Note also that in
Eq. (51) the terms proportional to gð4Þ and gð5Þ, i.e.,
Eqs. (42) and (43), have been excluded because they
vanish after contracting γα in these terms [see Eq. (49)]

with the propagator as in the case of spin 3=2 above.
Explicitly, we can prove this by calculating

P5=2
μναβγ

α ∝ ð5PμαPνβ þ 5PμβPνα − 2PμνPαβ

þ Pμργ
ργσPσαPνβ þ Pνργ

ργσPσβPμα

þ Pμργ
ργσPσβPνα þ Pνργ

ργσPσαPνβÞγα
¼ 5PμαPνβγ

α þ 5PμβPναγ
α − 2PμνPαβγ

α

− 3Pμργ
ρPνβ − 2Pνργ

ρPμβ þ 2PμνPαβγ
α

þ Pμργ
ργσPαβPνσγ

α − 2Pμργ
ρPνβ

− Pμργ
ργσPνσPαβγ

α − 3Pνργ
ρPμβ

¼ 0; ð53Þ

where we have reordered the indices and used the fact that

gμνPμαPνβ ¼ −Pαβ: ð54Þ

By decomposing Eq. (51) into the Mi matrices via
Eq. (3), we obtain the amplitudes Ai given in
Appendix B by Eqs. (B15)–(B20).

IV. ENERGY-DEPENDENT WIDTH OF THE
NUCLEON RESONANCE

Since the unitarity of the scattering amplitude is violated
in a single-channel calculation, a proper correction at tree
level is required. For this purpose, we include energy-
dependent width in the resonance propagator [40]

ΓðqÞ ¼ ΓN�

ffiffiffi
s

p
mN�

X
i

xi

� jqij
jqN�

i j
�

2lþ1 DlðjqijÞ
DlðjqN�

i jÞ ; ð55Þ

where the sum runs over the possible decay channels into a
meson and a baryon with massmi andmb, respectively, and
a relative momentum angular l.
The ΓN� in Eq. (55) represents the total decay width,

whereas xi is the relative branching ratio of the resonance to
the i channel given in Table II. The final state momenta are
given by

jqN�
i j ¼

�ðm2
N� −m2

b þm2
i Þ2

4m2
N�

−m2
i

�
1=2

; ð56Þ

and

jqij ¼
�ðs −m2

b þm2
i Þ2

4s
−m2

i

�
1=2

; ð57Þ

while the fission barrier function DlðqÞ reads [6]

DlðqÞ ¼ exp

�
−

q2

3α2

�
; ð58Þ
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which is independent of l [6], with α ¼ 410 MeV. Since
for a number of resonances the branching ratios are not
known, we need to estimate their numerical values as
shown in Table II. Note that this energy-dependent width
prescription has been used in our previous studies
[3,29–36].

V. RESULTS AND DISCUSSION

A. General results

We have included all the latest KþΛ photoproduction
data in our fitting database. They consist of a differential
cross section [41–45], recoil polarization [41,46], photon
Σ and target T asymmetries [46], beam-recoil double
polarization Cx and Cz [47], as well as Ox0 and Oz0 [48]
data. We do not use the SAPHIR data [49] because they
do not agree with other data used in this analysis.
Including the SAPHIR data in the fitting database would
result in a model which is inconsistent to all data sets
[29]. For the sake of comparison between model calcu-
lations and experimental data near the threshold
(Sec. V B), we will, however, show the SAPHIR data,
because at this kinematics, the SAPHIR data are still
consistent with other data.
In total, our fitting database consists of almost 7500

data points, i.e., two times larger than that used in our

latest analysis [31]. So far, this is the largest KþΛ
photoproduction database used to fit a single-channel
isobar model.
The possible combinations of using Model 1 and

Model 2 formulations in the spin-3=2 and spin-5=2 nucleon
resonance amplitudes of our isobar model are summarized
in Table III. As a consequence, we have four different
combinations, which are referred to as models A, B, C,
and D. The number of fitted resonance coupling constants
is between 28 (Model A) and 50 (Model D). In addition to
that, we also fit 12 background parameters as shown in
Table IV. The leading coupling constants gKΛN and gKΣN
are limited to the SU(3) values with 20% symmetry
breaking [50], i.e., gKΛN=

ffiffiffiffiffiffi
4π

p ¼ −4.40 � � � − 3.00 and
gKΣN=

ffiffiffiffiffiffi
4π

p ¼ þ0.90 � � � þ 1.30. We also allow the mass
and width of resonances to vary within the PDG error bars

TABLE II. Relative branching ratios ðxiÞ used in Eq. (55) for
the resonances used in the model. Values are taken or estimated
from the PDG and references therein [7].

Resonance πN ππN ηN KΛ KΣ

Nð1440ÞP11 0.65 0.35 0.00 0.00 0.00

Nð1520ÞD13 0.65 0.35 0.00 0.00 0.00

Nð1535ÞS11 0.50 0.05 0.45 0.00 0.00

Nð1650ÞS11 0.68 0.15 0.10 0.07 0.00

Nð1675ÞD15 0.40 0.59 0.00 0.01 0.00

Nð1680ÞF15 0.65 0.35 0.00 0.00 0.00

Nð1700ÞD13 0.10 0.87 0.00 0.03 0.00

Nð1710ÞP11 0.10 0.55 0.20 0.15 0.00

Nð1720ÞP13 0.11 0.77 0.04 0.08 0.00

Nð1860ÞF15 0.20 0.80 0.00 0.00 0.00

Nð1875ÞD13 0.12 0.84 0.04 0.00 0.00

Nð1880ÞP11
a 0.30 0.30 0.30 0.05 0.05

Nð1895ÞS11a 0.30 0.30 0.30 0.05 0.05

Nð1900ÞP13
a 0.30 0.30 0.30 0.05 0.05

Nð2000ÞF15
a 0.30 0.30 0.30 0.05 0.05

Nð2060ÞD15
a 0.30 0.30 0.30 0.05 0.05

Nð2120ÞD13
a 0.30 0.30 0.30 0.05 0.05

aOnly estimated. The value is not available in the PDG listing.

TABLE III. Four combinations of the spin-3=2 and −5=2
formulations used in the isobar model of the present analysis.

Model Spin 3=2 Spin 5=2

Model A Model 1 Model 1
Model B Model 2 Model 1
Model C Model 1 Model 2
Model D Model 2 Model 2

TABLE IV. Extracted background parameters and the reso-
nance hadronic cutoff ΛR from the fit to experimental data for all
models considered in the present analysis. See our previous
works [3,29–36] for the notation of the parameters. The number
of fitted parameters is given by Npar, whereas the number of used
data is N ¼ 7433.

Parameters A B C D

gKΛN=
ffiffiffiffiffi
4π

p
−3.37 −3.00 −3.00 −3.00

gKΣN=
ffiffiffiffiffi
4π

p
0.90 0.90 1.30 1.27

GV
K�=4π −0.25 0.12 −0.37 0.15

GT
K�=4π 0.17 −0.08 0.72 0.26

GV
K1
=4π 0.42 0.43 0.23 1.46

GT
K1
=4π −0.72 −0.08 −0.91 0.07

GΛð1600Þ=4π −6.30 −9.00 5.12 8.41

GΛð1810Þ=4π 10.00 10.00 −4.48 −9.61

ΛB (GeV) 0.72 0.89 0.70 0.70

ΛR (GeV) 2.00 2.0 2.00 1.31

θhad (deg) 180 122 56 130

ϕhad (deg) 72 180 180 177

χ2 15736 13192 14679 11724

Npar 74 86 84 96

χ2=N 2.14 1.77 1.97 1.58
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[7]. The minimization process is performed by using the
CERN-MINUIT code.
The extracted background parameters for all models

(A–D) are shown in Table IV. It is apparent that, except in
Model B, the background hadronic cutoff ΛB tends to be
small (soft form factor), whereas the leading coupling
constants in all models tend to reach their lower bounds.
Therefore, in most cases, there is a tendency that the
background terms are suppressed, whereas the resonance
terms are not, which is indicated by the relatively large
cutoff (hard form factor) in the latter. The same finding
has been obtained in our previous works [3,29,31,32],
although in Ref. [32], we have shown that we could slightly
soften the hadronic cutoff by using the Λð1600ÞP01 and
Λð1810ÞP01 hyperon resonances. The different result
obtained in the present work can be understood as the
consequence of using a large number of data, which is
clearly stretching the limit of validity of the model to high
energies. To this end, a small background contribution is
inevitably required.
The values of total χ2 as well as χ2=N given in the lower

part of Table IVare as expected; i.e., the largest (smallest)
χ2 is obtained in the model using the smallest (largest)
number of free parameters. Nevertheless, the improve-
ment obtained after using the vertex and propagator
formula of Model 2 for both spins 3=2 and 5=2 is quite
significant. As discussed later, the agreement of model
calculation and experimental data is excellent for Model
D. Note that by looking at the values of χ2=N given in the
lower part of Table IVand the spin model combinations in
Table III we may suspect that the spin-3=2 formalism of
Model 1 could become the origin of the large χ2 value or
the difficulty to nicely reproduce the data [51], since the χ2

value does not significantly decrease if the spin-3=2
formalism of Model 1 is used (Model A and Model C).
We will come back to this problem later when we discuss
the calculated cross section near threshold in the next
subsection.
The extracted resonance coupling constants are listed

in Table V. In this case, comparison between coupling
constants of different models is difficult, except for
the spin-1=2 resonances, since all models use the same
spin-1=2 formulation. For completeness, we also display
the extracted masses and widths of nucleon resonances,
where the values have been varied within the error bars of
the PDG values [7].
The total cross sections obtained in the present work

compared with the prediction of Kaon–Maid [3] as well as
the experimental data from CLAS [41] are shown in Fig. 3.
Obviously, Kaon–Maid cannot explain the data for
W ≥ 1.7 GeV. The reason has been discussed in detail
in Ref. [29]. Interestingly, Model A exhibits an oscillation
around the experimental data from threshold up to
W ¼ 2 GeV. Note that Model A utilizes the propagator

TABLE V. Extracted resonance coupling constants from the fit
to experimental data for all models considered in the present
analysis.

Coupling A B C D

GNð1440Þ=4π −0.44 0.85 −0.31 1.52

Gð1Þ
Nð1520Þ=4π

0.07 −0.05 0.06 −0.00

Gð2Þ
Nð1520Þ=4π

0.06 −0.63 0.11 0.68

Gð3Þ
Nð1520Þ=4π

� � � −0.08 � � � 0.07

Gð4Þ
Nð1520Þ=4π

� � � 0.26 � � � −0.32

GNð1535Þ=4π −0.24 −0.04 0.28 −0.15

GNð1650Þ=4π 0.76 0.16 0.21 −0.04

Gð1Þ
Nð1675Þ=4π

2.07 −0.12 −0.67 0.01

Gð2Þ
Nð1675Þ=4π

0.68 1.09 −1.99 0.87

Gð3Þ
Nð1675Þ=4π

� � � � � � −0.73 0.07

Gð4Þ
Nð1675Þ=4π

� � � � � � 1.01 −0.01

Gð1Þ
Nð1680Þ=4π

6.72 6.25 −0.80 2.74

Gð2Þ
Nð1680Þ=4π

3.96 2.87 9.99 0.05

Gð3Þ
Nð1680Þ=4π

� � � � � � −1.69 2.54

Gð4Þ
Nð1680Þ=4π

� � � � � � −4.42 0.44

Gð1Þ
Nð1700Þ=4π

0.14 −0.14 0.08 0.25

Gð2Þ
Nð1700Þ=4π

0.05 −1.03 −0.02 0.62

Gð3Þ
Nð1700Þ=4π

� � � −0.34 � � � 0.51

Gð4Þ
Nð1700Þ=4π

� � � 0.39 � � � −0.20

GNð1710Þ=4π 0.50 0.21 0.16 −0.41

Gð1Þ
Nð1720Þ=4π

0.47 0.31 0.45 0.28

Gð2Þ
Nð1720Þ=4π

0.78 −0.09 1.40 −0.36

Gð3Þ
Nð1720Þ=4π

� � � 0.25 � � � 0.17

Gð4Þ
Nð1720Þ=4π

� � � 0.06 � � � −0.21

Gð1Þ
Nð1860Þ=4π

−3.82 −6.60 3.06 −2.20

Gð2Þ
Nð1860Þ=4π

−1.44 −4.37 −9.53 −9.99

Gð3Þ
Nð1860Þ=4π

� � � � � � 7.76 −2.28

Gð4Þ
Nð1860Þ=4π

� � � � � � 4.38 3.12

Gð1Þ
Nð1875Þ=4π

0.05 0.17 0.03 −0.13

Gð2Þ
Nð1875Þ=4π

0.04 1.50 0.02 −0.09

(Table continued)
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and vertex factors that are commonly used in the analysis
of kaon photo- or electroproduction [13]. We have also
observed the difficulty to obtain small χ2 by using this
model. The origin of the oscillation in the total cross section

shown in Fig. 3 will be discussed in detail in Sec. V B,
when we discuss the production near threshold.
From Fig. 3, we might suspect that the agreement of the

best model (Model D) with experimental data seems to be
valid only up to W ≈ 2.3 GeV. Above this energy, the
calculated cross section starts to underpredict the data. This
happens because, compared to the older CLAS data [41]
(from now on called CLAS 2006), the more recent ones
[42] (from now on called CLAS 2010) have a smaller
differential cross section at forward angles. A small fraction
of these data is shown in the bottom panel of Fig. 4. Clearly,
the best fit will be only achieved by lowering the cross
section at this kinematics, especially because the CLAS
2010 data [42] have smaller error bars (see the bottom panel
of Fig. 4). It is also important to note that the situation is
quite different in the low-energy region, i.e., near the
threshold, where the CLAS 2010 data overshoot the
CLAS 2006 data.
The differential cross section at the very forward angle

shown in the bottom panel of Fig. 4 reveals the current
problem in the analysis of both hyperon and hypernuclear
photoproductions. Because of the high momentum trans-
fer, the cross section of the hypernuclear photoproduction
is sizable only at the forward kinematics. Therefore, an
accurate information of the elementary photoproduction
of kaon-hyperon on the proton is urgently required, since
the effect on the hypernuclear prediction is substantial.
However, as can be seen in the bottom panel of Fig. 4, the
currently available data are significantly scattered and, as
a consequence, produce a large uncertainty in the forward
angle. The best model is only able to reproduce the
average values of the cross section, in order to minimize
the χ2. Thus, future experimental proposals should be
focused on this problem before considering the high-
energy regions.
Near the threshold, there seems to be a problem, since

the CLAS 2010 and Crystal Ball [45] data show a sharp
peak at W ≈ 1650 MeV. All models fail to reproduce this

Coupling A B C D

Gð3Þ
Nð1875Þ=4π

� � � 0.46 � � � −0.54

Gð4Þ
Nð1875Þ=4π

� � � −0.61 � � � 0.11

GNð1880Þ=4π −0.11 0.19 −0.08 0.33

GNð1895Þ=4π 0.01 −0.01 0.03 0.01

Gð1Þ
Nð1900Þ=4π

−0.18 −0.33 −0.09 0.02

Gð2Þ
Nð1900Þ=4π

0.02 0.19 −0.23 −0.21

Gð3Þ
Nð1900Þ=4π

� � � −0.26 � � � 0.05

Gð4Þ
Nð1900Þ=4π

� � � −0.10 � � � 0.38

Gð1Þ
Nð2000Þ=4π

−3.89 −4.47 −3.10 −1.44

Gð2Þ
Nð2000Þ=4π

−2.68 −2.43 −9.99 9.75

Gð3Þ
Nð2000Þ=4π

� � � � � � −7.51 0.33

Gð4Þ
Nð2000Þ=4π

� � � � � � 4.31 −4.13

Gð1Þ
Nð2060Þ=4π

−1.27 0.02 1.07 −0.69

Gð2Þ
Nð2060Þ=4π

2.83 −1.83 3.32 0.82

Gð3Þ
Nð2060Þ=4π

� � � � � � 1.24 −0.91

Gð4Þ
Nð2060Þ=4π

� � � � � � −1.71 −1.51

Gð1Þ
Nð2120Þ=4π

0.01 −0.03 0.02 0.05

Gð2Þ
Nð2120Þ=4π

0.03 1.53 0.07 1.40

Gð3Þ
Nð2120Þ=4π

� � � −0.02 � � � 0.06

Gð4Þ
Nð2120Þ=4π

� � � −0.60 � � � −0.57

TABLE V. (Continued)
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FIG. 3 (color online). Calculated total cross sections obtained from Kaon–Maid [3], models A, B, C, and D, compared with the experi-
mental data from the CLAS Collaboration [41]. Note that the experimental data shown in this figure are not included in the fitting database.
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peak. Nevertheless, since the present analysis is focused on
the different effects of the spin-3=2 and −5=2 models, we
do not worry too much about this problem. Furthermore,
the CLAS 2006 data do not show this phenomenon, the

peak only appears at the backward direction, and the data
error bars at this kinematics are significantly large. In the
previous analysis [4,5], it was shown that this peak can be
nicely explained by including a special resonance with a
very narrow width in the model. This very resonance
belongs to the nonstrange member of the antidecuplet
baryons predicted by the chiral quark soliton model [52].
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FIG. 4 (color online). Differential cross sections for the γ þ p →
Kþ þ Λ channel as a function of the total c.m. energy W for
different values of the kaon c.m. angle. Experimental data are from
the CLASCollaboration (solid squares [41] and open squares [42]),
LEPS Collaboration (solid triangles [43]), and Crystal Ball Col-
laboration (open circles [45]). Notation of the curves is as in Fig. 3.
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We refer the reader to Refs. [4,5] for a thorough discussion
on this subject.
The deficiency of Model A is clearly elucidated in

the top panel of Fig. 5, where at low energy Model A
yields a backward peaking differential cross section, in
contrast to the experimental data and other models. The

difficulty to obtain a small χ2 can be understood from
Fig. 5, where the discrepancy between the CLAS 2006
and CLAS 2010 cross section data clearly appears for
W ≲ 1.9 GeV and only by reproducing the average
values of these cross sections could the lowest χ2 be
obtained. In general, however, Model D displays the
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FIG. 6 (color online). Λ recoil polarization as a function of the
total c.m. energy W for different values of the kaon c.m. angle.
Notation of the curves and experimental data is as in Fig. 4.

−1.0 −0.5 0.0 0.5 1.0

0.5

0.0

−0.5

−1.0

cos θ

2.785 GeV

0.5

0.0

−0.5

−1.0

2.415 GeV

0.5

0.0

−0.5

−1.0

2.225 GeV

0.5

0.0

−0.5

−1.0
P

2.125 GeV

0.5

0.0

−0.5

−1.0

1.885 GeV

0.5

0.0

−0.5

−1.0

1.785 GeV

1.0

0.5

0.0

−0.5

−1.0

1.635 GeV

p ( γ , K + ) Λ
→

FIG. 7 (color online). As in Fig. 6, but for the angular
distribution of the Λ recoil polarization with different values
of the total c.m. energy W.

T. MART, S. CLYMTON, AND A. J. ARIFI PHYSICAL REVIEW D 92, 094019 (2015)

094019-12



best agreement with experimental data, as compared to
other models.
To our knowledge, reproducing the recoil polarization

observable accurately is extremely difficult. This is because
the recoil polarization depends sensitively on the ingredient
of the scattering amplitude M. Therefore, the recoil
polarization data could provide a tough constraint on the
theoretical or phenomenological explanations of the kaon
photoproduction. Furthermore, the recoil polarization
could also reveal the phenomena that do not show up in
the differential cross section, e.g., the indication of the
1650 MeV narrow nucleon resonance [4].
The calculated recoil polarization obtained from

Models A, B, C, and D are displayed in Figs. 6 and 7.
It is obvious from the two figures that Model D pro-
duces the best agreement with experimental data. At high
energies (W ≳ 2.0 GeV) and backward direction, the dis-
crepancy between models starts to become significant.
Unfortunately, the accuracy of the experimental data is
the worst at this kinematics, although some interesting
structures are indicated by the data at 2.0 Ge V≲
W ≲ 2.5 GeV.

The target and photon asymmetries shown in Figs. 8
and 9, respectively, could also become the important
constraints to select the best model for kaon photoproduc-
tion, since the asymmetries calculated from the four models
show a large variance. In the case of target asymmetry, it is
found that no model can perfectly reproduce the whole data
shown in Fig. 8. Presumably, this is due to the number of
experimental data for the target asymmetry, which is very
small as compared to that of the differential cross section as
well as the recoil polarization data. Moreover, the average
error bars of the target asymmetry are relatively large.
Actually, this problem could be solved by introducing a
weighting factor for this observable in the fitting process.
However, we believe that this is not urgent since in the
present analysis only comparison between the models is
required.
In contrast to the target asymmetry, experimental data

for the photon asymmetry shown in Fig. 9 can be nicely
reproduced by Model D, whereas other models show
significant disagreement with experimental data, especially
with the LEPS data. This fact is interesting, because in the
case of the target asymmetry, the number of data is also
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FIG. 9 (color online). Photon asymmetry as functions of the
total c.m. energy and kaon angles. Notation of the curves is as in
Fig. 3. Experimental data are from the LEPS [43] (open circles)
and GRAAL [46] (closed circles) collaborations.
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small, but the agreement with Model D is only fair. The
relatively smaller error bars in the photon asymmetry case
could become the reason behind this phenomenon.
The double polarization observables Cx, Cz,Ox0 , andOz0

displayed in Figs. 10, 11, 12, and 13, respectively, are
interesting observables because they indicate that the Λ
hyperons are produced with 100% polarization as seen
by combining Cx, Cz, and the induced polarization P via

R≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2
x þ C2

y þ P2
q

¼ 1.01� 0.01 [53]. In the case of

Ox0 and Oz0 , the relation R≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
O2

x0 þO2
y0 þ P2

q
≈ 1 is only

partially fulfilled [48]. Figures 10–13 show that Model D
can nicely explain these observables, in contrast to other
models.

B. Kaon photoproduction near threshold

Meson photoproduction near threshold plays an impor-
tant role in the investigation of the low-energy theorem,
chiral perturbation theory, as well as quark models [54].
In the case of kaon photoproduction, the main advantage
is, however, slightly different, i.e., reducing the number of

participating resonances in the model. As it is well known
in kaon production, the number of contributing resonances
at the energies, where most of the experimental data are
available, is quite large. Therefore, limiting the number of
resonances is clearly desired, because the number of
uncertainties in the model is proportional to the number
of resonances. For instance, by limiting the energy of
interest up to 50 MeV above the KþΛ photoproduction
threshold, only the Nð1650ÞS11 resonance state can con-
tribute to the process [30].
There have been a number of investigations devoted to

the kaon photoproduction near the threshold energy in the
literature [30,36,55–57]. The results of previous studies
based on multipoles analysis [30] and chiral perturbation
theory [55] compared with that obtained in the present
analysis are shown in Fig. 14, where we have limited the
energy only up to 1.75 GeV, i.e., about 140 MeV above
the threshold. As discussed in our previous work [30], the
prediction of chiral perturbation theory underestimates
the data, whereas the result of the multipoles model with
pseudoscalar coupling is in good agreement with the
experimental data. From Fig. 14, it is apparent that, except
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FIG. 10 (color online). As in Fig. 9, but for the beam-recoil
double polarization observable Cx. Experimental data are from
the CLAS Collaboration [47].
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for Model A, all models in the present analysis can nicely
reproduce the total cross section data within their error bars.
However, in spite of having the smallest χ2, the best model
(Model D) seems to slightly underpredict the CLAS total
cross section data. As in the case of higher energies
discussed in the previous subsection, we can understand
this phenomenon as the effect of other differential cross
section data used in the fit, i.e., the Crystal Ball data [45]
(open circles in Fig. 15).
The oscillating cross section that is obtained from Model

A and shown previously in Fig. 3 can be clearly seen in
Fig. 14. We have investigated this oscillation and found that
it originates from the extra large contributions of the
Nð1650ÞS11 and Nð1700ÞD13 resonances. As shown in
the second column of Table V, the coupling constant of
the Nð1650ÞS11 is much larger than those of the other S11
resonances, i.e., the Nð1535ÞS11 and Nð1895ÞS11. This is
also obvious if we compare it with the corresponding
coupling constant in other models, except in Model C.
By comparing the coupling constants of the Nð1700ÞD13

resonance with those of the Nð1520ÞD13, Nð1875ÞD13, and
Nð2120ÞD13 resonances in model A (second column of
Table V), we observe also the same pattern. Note that

comparing the coupling constants of the Nð1700ÞD13

resonance in Model A with those in other models is
complicated since in the latter the formulation of spin
3=2 is different, except in Model C. In Model C, we can
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FIG. 12 (color online). As in Fig. 9, but for the beam-recoil
double polarization observable Ox. Experimental data are from
the GRAAL Collaboration [48].
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see that the coupling constants of the Nð1650ÞS11 and
Nð1700ÞD13 resonances are comparable to those of Model
A. This fact explains the existence of a small oscillation in
the cross section of Model C, as depicted in Fig. 14.
We note that a large contribution of the Nð1650ÞS11

resonance near the kaon production threshold is natural and
was found in our previous investigations [4,30]. However,
we found that in Model A the Nð1650ÞS11 contribution
alone yields a total cross section an order of magnitude
larger than the experimental data at W ¼ 1650 MeV. The
same result is also obtained by using the Nð1700ÞD13

resonance alone. In contrast to this, in our previous
investigations, we obtained that this resonance yields a
smaller cross section compared to the experimental data
at W ¼ 1650 MeV (see Fig. 2 of Ref. [30] and Fig. 2
of Ref. [4]).
To reproduce the experimental data, a destructive inter-

ference between the Nð1650ÞS11 and Nð1700ÞD13 contri-
butions is inevitable. However, the result of this
interference cannot be easily smoothed by a complicated
interference with contributions from the other resonances.
Therefore, an oscillating cross section could be the best
solution for reproducing the experimental data, in which
the large error bars of the new Crystal Ball data fortunately
allow for an oscillation of the differential cross section as
shown in Fig. 15. As noted in Ref. [45], the new Crystal
Ball data are consistent with the SAPHIR data [49], and this
is surprisingly proven in the bottom panel of Fig. 15,
although the SAPHIR data [49] were not used in the fitting
process. It is also important to mention at this stage that
our previous multipole analysis [29] indicates that both
Nð1650ÞS11 and Nð1700ÞD13 resonances are more (and
very) important in the case of fitting to the SAPHIR data
rather than to the CLAS data (see Fig. 2 of Ref. [29]).
Figure 16 emphasizes the result shown previously in

Fig. 5, i.e., the wrong backward peaking differential cross
section obtained by Model A. Indeed, this problem appears
up to W ≈ 1.66 GeV. Interestingly, such behavior is not
shown by Model C, that also exhibits the oscillating cross
section, although milder than Model A. The effect of the
spin-5=2 formalism of Model 2 could be the origin of this
phenomenon.
The above results and the χ2 obtained by Model A and

Model C given in Table IV indicate that the formalism of
spin 3=2 in Model 1 leads to a problem in reproducing the
experimental data. To some extent, replacing the spin-3=2
formalism with that of Model 2 improves substantially the
model. Nevertheless, the best result would be obtained by
using Model 2 in the formalisms of both spins 3=2 and 5=2.

VI. COMPARISON WITH OTHER MODELS

Although the main purpose of this paper is to
compare the effects of different formulations of
spin-3=2 and spin-5=2 nucleon resonances in kaon
photoproduction, comparison of the best model obtained

in the present work, i.e., Model D, with other existing
models is of course of interest.
The extracted nucleon resonance masses and widths

can be compared with the Breit–Wigner ones estimated
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FIG. 15 (color online). As in Fig. 4, but limited to the threshold
region. The solid inverted triangles display the SAPHIR data
[49], which were not used in the fitting process.
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by the PDG [7] as well as those obtained by the
Giessen [58] and Bonn–Gatchina [59] models. The
comparison is shown in Figs. 17 and 18. The extracted
masses and widths are clearly consistent with the PDG

estimate since during the fit process we only allow the
variation of the masses and widths within the PDG
error bars [7]. The small mass and width uncertainties
obtained in the present work, as shown in Figs. 17 and
18, indicates that the fit is sensitive to the variation of
the masses and widths of the nucleon resonances. There
are no special trends or patterns shown by the extracted
masses and widths, except we observe that for higher
nucleon resonance mass the fit tends to prefer the upper
values of the masses (see Fig. 17). Contrary to this, the
extracted widths mostly tend to choose their lower
limits.
Comparison between the calculated observables

obtained from different models is shown in Figs. 19–24.
For this purpose, we compare the calculated observables
obtained from Model D with those from the Bonn–
Gatchina model [59] and the Argonne National
Laboratory (ANL)-Osaka dynamical coupled-channel
model [1]. Note that we choose the same kinematics
as that given in the ANL-Osaka paper [1], because the
web version of this model is not available. The case of
the differential cross section is shown in Fig. 19, where
we can see that the agreement of our best model (Model
D) with experimental data is excellent. In fact, it is
comparable with the result from the Bonn–Gatchina
partial wave analysis [59], although the number of the
nucleon and hyperon resonances used in the present
analysis is much smaller. Especially remarkable is in the
forward directions for medium and high energies, where
we see that the ANL-Osaka dynamical coupled-channel
analysis show significant deficiencies. The present
analysis seems to underpredict the experimental data
only for 1.665≲W ≲ 1.705 GeV in the forward direc-
tion. However, as previously shown in Fig. 16, the old
[41] and new [42] CLAS data show a relatively
significant discrepancy at this kinematics. Figure 16
also exhibits that the SAPHIR data are consistent with
the present analysis, although they are not included in
the fitting database. Note that the problem of incon-
sistency between the CLAS [41] and SAPHIR [49] data
appears at W ≳ 1.7 GeV [29].
For the recoiled Λ polarization displayed in Fig. 20, our

best model can nicely reproduce the experimental data.
Except for W ¼ 1.625 GeV, where theoretically the
polarization should be small and no model can explain
the existing data, the calculated polarization obtained
from Model D has the best agreement with experimental
data. In the higher energy regions, all three models tend
to converge, except for very few and certain kinematics.
A reliable description of this polarization is demanded,
because it has been shown that there is an indication of the
narrow resonance which originates from this polarization at
W ¼ 1.650 GeV [4,5].
In the case of photon asymmetry given in Fig. 21, we

can see that all models can in principle reproduce the data.
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Our best model shows the best agreement with the data
for 1.70≲W ≲ 2.00 GeV, whereas in the other energy
regions, the Bonn–Gatchina analysis exhibits the best
agreement.
Compared to other observables, the target asymmetry

has fewer experimental data. Clearly, the agreement

with experimental data is rather difficult to achieve
during the fit process due to the competition with other
observables that have more data points and smaller
error bars. Nevertheless, as shown in Fig. 22, our best
model can still fit the data for W ≳ 1.7 GeV. In the
lower energy region, both the Bonn–Gatchina and
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ANL-Osaka models exhibit a better agreement, whereas
our model can only reproduce the shape (or sign). It is
also important to note that in the high-energy region all
models cannot reproduce the data at backward angles.
We hope that the new measurement performed by the
FROST Collaboration at Jefferson Laboratory (JLab)
can settle this problem in the future [60].

The beam-recoil polarizations Cx and Cz are shown in
Fig. 23. Our present analysis can nicely reproduce the Cx
data in the low-energy region, whereas in the higher
energy region the Bonn–Gatchina model exhibits a better
agreement. On the other hand, for the Cz observable, our
model shows good agreement with experimental data,
except near the threshold, where all models fail to
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FIG. 19 (color online). Comparison between differential cross sections obtained from the best model of the present work (Model D,
solid lines), the Bonn–Gatchina partial wave analysis (dash-dotted lines) [59], and the ANL-Osaka dynamical coupled-channel analysis
(dashed lines) [1]. Notation for experimental data is as in Fig. 4.
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reproduce the structures shown by the data at this
kinematics.
As shown in the previous section, Model D tends to

produce small polarization observables at the threshold

region except for Cz, where the polarization is þ1 at this
kinematics (see Figs. 8–13). Therefore, a sudden increase
of these observables near the threshold region is difficult
to achieve by Model D. This behavior also appears in the
case of photon-recoil double polarization Ox and Oz as
shown in Fig. 24. Nevertheless, for other kinematical
regions, we can see that our model fits the data nicely,
except in the case where other phenomenological models
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FIG. 20 (color online). As in Fig. 19, but for the recoiled Λ polarization.
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FIG. 24 (color online). As in Fig. 19, but for the photon-recoil double polarization Ox and Oz.
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also fail to reproduce experimental data, e.g., for Oz0

at W ¼ 1.808 GeV.

VII. CGLN AMPLITUDES AND
EXTRACTED MULTIPOLES

The CGLN amplitudes for the isobar models described
in the present work can be directly calculated from the
amplitudes Ai given by Eq. (3), i.e., [61,62],

ūΛ
X6
i¼1

Aiðs; t; u; k2ÞMiup ¼ χ†fFχi; ð59Þ

where

F ¼ σ · bF1 − iσ · q̂σ · ðk̂ × bÞF2 þ σ · k̂ q̂ ·bF3

þ σ · q̂ q̂ ·bF4 − σ · q̂b0F5 − σ · k̂b0F6 ð60Þ

with

bμ ¼ ϵμ −
k̂ · ϵ
jkj kμ: ð61Þ

For the photoproduction of the kaon, only F1;…; F4 exist,
and their relations to Ai are given by [23,28,62]

F1;2 ¼
1

8πW
½ðEp �mpÞðEΛ �mΛÞ�1=2

× ½�ðW∓mpÞA1 þ qK · kðA3 − A4Þ
þ ðW∓mpÞðW∓mΛÞA4�; ð62Þ

F3;4 ¼
jqK∥kj
8πW

�
EΛ �mΛ

Ep �mp

�
1=2

½�ðs −m2
pÞA2

þ ðW �mpÞðA3 − A4Þ�: ð63Þ

The calculated CGLN amplitudes obtained from Eqs. (62)
and (63) will be compared with those obtained from the
Kaon–Maid and the Bonn–Gatchina models. For the Kaon–
Maid model, the amplitudes are obtained directly from its
homepage [63]. Since the homepage for the Bonn–Gatchina
model [64] does not provide the CGLN amplitudes for the
kaon photoproduction, we can directly calculate the ampli-
tudes by using the provided multipoles, i.e.,

F1 ¼ E0þ þ E2− þ 3M2− −
3
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F2 ¼ M1− þ 2M1þ −
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The calculated CGLN amplitudes, F1…F4, obtained
from Model D, Bonn–Gatchina, and Kaon–Maid calcu-
lations are shown in Fig. 25. It is obvious that the
amplitude obtained from these models cannot be identical
because they depend on the number of resonances used
in the model and the fitted experimental database, while it
is clear that the models utilize different nucleon reso-
nances and were fitted to different experimental data-
bases. Nevertheless, we expect to observe a consistent
behavior of the amplitudes, and if the models gives
different values for a certain amplitude, then this must
be compensated by different values of other amplitudes.
In general, all models indicate a similar angular

distribution of the amplitudes in the low-energy region,
whereas in the high-energy region, the models show
different amplitudes for certain kinematics. Presumably,
this originates from the fact that all three models utilize a
similar combination of low mass nucleon resonances. For
the higher mass nucleon resonances, both the number of
resonances and the resonance properties used in the
models are quite different. Therefore, it is natural if
more variations would be expected for higher energies as
shown in Fig. 25. Especially remarkable is the real part
of F1 obtained for Model D (solid line) at a forward
angle, where its value changes significantly as the energy
increases above 1.8 GeV. We have noted that the real part
of this amplitude changes its sign at W ≈ 1.890 GeV. On
the other hand, the real part of F2 also changes at this
energy, and therefore we could expect that the observ-
ables obtained from the combined contribution are
comparable to other models.

The CGLN amplitudes shown in Fig. 25 are obviously
consistent with the calculated electric and magnetic multi-

poles given in Fig. 26 (will be discussed later), since in

the low-energy region the amplitudes exhibit almost a

linear function of cos θ. This can be understood from
Eqs. (64)–(67), where we can see that the low momentum
angular multipoles (with l ≤ 1) only contribute to the terms
proportional to 1 or cos θ. From Fig. 26, it is apparent that
the low momentum angular multipoles are only significant
at low energies.
Comparison between the extracted multipoles could

reveal more information compared to the comparison of
the CGLN amplitudes discussed above. Moreover, both
the Kaon–Maid as well as the Bonn–Gatchina models
provide an interactive program for calculating the multi-
poles at their homepages [63,64]. The relations between
these multipoles and the CGLN amplitudes are given, e.g.,
in Ref. [28]. To facilitate the reader, we, however,
represent these relations in this paper, which are used
to calculate the multipoles shown by the solid lines in
Fig. 26. Since we only need the photoproduction multi-
poles, only four relations are needed to calculate the
multipoles from Model D, i.e., [28],

Elþ ¼
Z þ1

−1
dx

�
1

2ðlþ 1ÞPlF1 −
1

2ðlþ 1ÞPlþ1F2

þ l
2ðlþ 1Þð2lþ 1Þ ðPl−1 − Plþ1ÞF3

þ 1

2ð2lþ 3Þ ðPl − Plþ2ÞF4

�
; ð68Þ
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Z þ1

−1
dx
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�
; ð69Þ

Mlþ ¼
Z þ1

−1
dx
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Ml− ¼
Z þ1

−1
dx

�
−

1

2l
PlF1 þ

1

2l
Pl−1F2

þ 1

2lð2lþ 1Þ ðPl−1 − Plþ1ÞF3

�
; ð71Þ

where x ¼ cos θ and both Pl and Fi are functions of x.
The Bonn–Gatchina and Kaon–Maid multipoles are
obtained directly from their homepages [63,64].
As in the case of the CGLN amplitudes, it is apparent

that the values of the multipoles given in Eqs. (68)–(71)
depend on the number of nucleon resonances included
in the models, as well as the experimental data used in
the fits. Comparison between the multipoles obtained
from Model D, along with the Bonn–Gathcina [64] and
Kaon–Maid [63] models, shown in Fig. 26 proves this.
In fact, in Ref. [29], it is shown that fitting a model to
different databases, i.e., SAPHIR [49] and CLAS [41]
ones, leads to very different values of multipoles. Note
that, since the number of nucleon resonances used in
Kaon–Maid is much less than that of the other two
models, not all multipoles shown in Fig. 26 can be
compared with the Kaon–Maid model. On the other
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FIG. 25 (color online). Angular distribution of the CGLN amplitudes for different values of the total c.m. energy W. Solid lines
indicate the result obtained from the present analysis, whereas the dashed and the dash-dotted lines are obtained from the Bonn–
Gatchina and Kaon–Maid models, respectively.
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hand, only a small number of Bonn–Gatchina multipoles
are displayed in this figure (i.e., l ≤ 3).
However, although the three different models exhibit

different energy distributions of multipoles, it is remarkable
that the general pattern of the multipoles seems to be
consistent. In some cases, e.g., E0þ, E1þ, and E2−, we can
observe that the Bonn–Gathcina model displays more
structures in their multipoles because more nucleon reso-
nances are involved.
For the low spin state, e.g., we can see in Fig. 26

that the E0þ multipole shows the structures near 1660
and 1900 MeV that correspond to the two S11 states
used in our model, i.e., the Nð1650Þ and Nð1895Þ

resonances (see Table VI and Fig. 17). The structures
are also exhibited by the Bonn–Gatchina model,
whereas only the Nð1650Þ structure is shown by the
Kaon-Maid, because the Nð1895Þ resonance is not
included. In the M1− multipole, all three models clearly
indicate the Nð1710Þ, a P11 state, around 1700 MeV,
whereas the Nð1880Þ state creates the structure near
1900 MeV.
To conclude, in spite of the differences found in the

magnitude and shapes of certain multipoles, we might
say that the calculated multipoles from Model D are still
consistent with those obtained from the Bonn–Gatchina
model and, to some extent, from Kaon–Maid.
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FIG. 26 (color online). Electric and magnetic multipoles of the nucleon resonances used in the present analysis. Notation of the curves
is as in Fig. 25.

T. MART, S. CLYMTON, AND A. J. ARIFI PHYSICAL REVIEW D 92, 094019 (2015)

094019-26



VIII. SUMMARY AND CONCLUSIONS

We have analyzed the kaon photoproduction process
γ þ p → Kþ þ Λ by using isobar models that contain
different formulations of spin-3=2 and spin-5=2 propa-
gators and vertices. For this purpose, we have derived
the corresponding amplitudes and decomposed them into
the standard gauge and Lorentz invariant matrices. The
amplitudes are written in a compact form and include
also the longitudinal terms. Therefore, our present
formalism is useful not only for photoproduction but
also for electroproduction. All available nucleon reso-
nances with spins up to 5=2 listed by the PDG are taken
into account in the model, and the corresponding
coupling constants are extracted by fitting all available
kaon photoproduction data, consisting of more than 7000
data points. By using two different formalisms (Models 1
and 2) for spins 3=2 and 5=2, four isobar models
(Models A, B, C, and D) are available in this analysis.
It is found that the use of the spin-3=2 formalism of
Model 1 in Models A and C leads to a serious problem
in reproducing the experimental data, whereas Model D
that utilizes the gauge-invariant formulation of the spin-
3=2 and −5=2 interactions yields the best agreement
with experimental data. The results obtained from Model
D have been also compared to those obtained from
previous analyses. It is found that Model D provides a
good description of experimental data, comparable with
the previous analyses. The same conclusion can be also
drawn from the comparison of the calculated CGLN
amplitudes and multipoles.
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APPENDIX A: SPIN-3=2 AND −5=2 RESONANCE AMPLITUDES FOR MODEL 1

1. Amplitudes for the spin-3=2 resonances
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TABLE VI. Extracted resonance mass (m) and width (Γ) from
the fit to experimental data for all models considered in the
present analysis compared with those of the PDG [7].

m or Γ (MeV) A B C D PDG

mNð1440Þ 1470 1420 1420 1420 1430� 20

ΓNð1440Þ 450 450 450 450 350� 100

mNð1520Þ 1515 1515 1515 1515 1515� 5

ΓNð1520Þ 100 100 125 100 11510−15
mNð1535Þ 1525 1545 1532 1534 1535þ20

−10
ΓNð1535Þ 175 125 125 125 150� 25

mNð1650Þ 1645 1670 1670 1657 1655þ15
−10

ΓNð1650Þ 180 180 120 120 140� 30

mNð1675Þ 1670 1670 1670 1680 1675� 5

ΓNð1675Þ 165 165 151 130 150þ15
−20

mNð1680Þ 1680 1690 1680 1680 1685� 5

ΓNð1680Þ 120 120 140 120 130� 10

mNð1700Þ 1695 1682 1690 1703 1700� 50

ΓNð1700Þ 164 100 153 117 150þ100
−50

mNð1710Þ 1704 1680 1690 1740 1710� 30

ΓNð1710Þ 154 250 74 135 100þ150
−50

mNð1720Þ 1700 1700 1700 1700 1720þ30
−20

ΓNð1720Þ 400 153 391 347 250þ150
−100

mNð1860Þ 1820 1820 1960 1960 1860þ100
−40

ΓNð1860Þ 351 410 334 220 270þ140
−50

mNð1875Þ 1920 1820 1920 1820 1875þ45
−55

ΓNð1875Þ 320 263 193 320 200� 25

mNð1880Þ 1835 1905 1835 1905 1870� 35

ΓNð1880Þ 300 300 170 300 235� 65

mNð1895Þ 1880 1894 1880 1910 1895� 15

ΓNð1895Þ 100 075 115 120 90þ30
−15

mNð1900Þ 1869 1981 1938 1863 1900
ΓNð1900Þ 287 266 259 300 250
mNð2000Þ 2120 2150 2150 2150 2050� 100

ΓNð2000Þ 410 510 410 410 198� 2

mNð2060Þ 1989 2160 1960 2029 2060
ΓNð2060Þ 350 350 400 350 375� 25

mNð2120Þ 2220 2143 2109 2209 2120
ΓNð2120Þ 375 31 375 375 330� 45
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Note that the definition ofG1 is slightly different from that of G1 in Eq. (22), i.e.,G1 ¼ G1k2, whereas in Eqs. (23) and (24),
G2 ¼ G2 and G3 ¼ G3, respectively. In the fitting process, the fitted coupling constants in this case are
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N� ≡ gKΛN�gaN�pγ; ðA10Þ
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Gð3Þ
N� ≡ gKΛN�gcN�pγ: ðA12Þ

Therefore, in the photoproduction process, only Gð1Þ
N� and Gð2Þ

N� are relevant, since in the amplitudes A1;…; A4 the Gð3Þ
N�

coupling constant is proportional to k2, whereas A5 and A6 contribute only to the electroproduction process.

2. Amplitudes for the spin-5=2 resonances
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As in the case of spin 3=2, the definition of G1 here is
slightly different from that in Eq. (31), i.e., G1 ¼ G1k2,
whereas G2 ¼ G2 and G3 ¼ G3. Here, the fitted coupling
constants are

Gð1Þ
N� ≡ gKΛN�gaN�pγ; ðA22Þ

Gð2Þ
N� ≡ gKΛN�gbN�pγ; ðA23Þ

Gð3Þ
N� ≡ gKΛN�gcN�pγ; ðA24Þ

and only Gð1Þ
N� and Gð2Þ

N� are relevant to the photoproduction
process. Furthermore, in the formulation of both spin 3=2
and 5=2, we have used the following definitions:

bp ¼ p · k ¼ 1

2
ðs − k2 −m2

pÞ; ðA25Þ

bΛ ¼ pΛ · k ¼ 1

2
ðk2 þm2

Λ − uÞ; ðA26Þ

bq ¼ q · k ¼ 1

2
ðk2 þm2

K − tÞ; ðA27Þ

cΛ ¼ ðpþ kÞ · pΛ; ðA28Þ

ck ¼ ðpþ kÞ · k; ðA29Þ

cs ¼ 1 −
1

s
cΛ; ðA30Þ

c1 ¼ bΛ −
1

s
cΛck; ðA31Þ

c2 ¼ m2
Λ −

1

s
c2Λ; ðA32Þ

c3 ¼
1

s
c2k − k2; ðA33Þ

c4 ¼ 2bp þ k2; ðA34Þ

c5 ¼ 4bp þ k2; ðA35Þ
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c� ¼ 1ffiffiffi
s

p �mp
; ðA36Þ

d� ¼ 1

s
ðmΛ

ffiffiffi
s

p � cΛÞ: ðA37Þ

With an additional definition of cp ¼ s − ck, the above definitions will also be used in the formulas of spin-3=2 and −5=2
resonances of Model 2.

APPENDIX B: SPIN-3=2 AND −5=2 RESONANCE AMPLITUDES FOR MODEL 2

1. Amplitudes for the spin-3=2 resonance

A1 ¼ mp

��
1

2
ðmp þmΛÞðcΛ −mΛmp − 3scsÞ þmΛð2scs − ckÞ

�
�mN�

�
1

2
ðmp þmΛÞ

×

�
mΛ − 3mpcs −

1

s
cΛmp

�
þ 2cΛ − 2m2

Λ − 3c1 −
1

s
cΛck

��
G1 þ

��
1

2
ðmp þmΛÞ½mpcΛ

þmΛðk2 − sÞ� þ bpcΛ

�
�mN�

�
mΛbp þ

1

2
ðmp þmΛÞ

�
3ðc1 − bpcsÞ þ

1

s
cΛðk2 − sÞ

þmΛmp

���
G2 þ 2fðbpcΛ − ckm2

Λ − 3sc1Þ �mN�mΛðckcs − 3c1 − k2ÞgG3; ðB1Þ

A2 ¼
1

t −m2
k

�
mp

�
mΛk2 �mN�

�
3ðk2 − 2bqÞ −

2

s
cΛk2

��
G1 þ

�
f3sðc1 − bpcsÞ −mΛmpk2g

�mN�mp

�
3ðbpcs − c1Þ −

1

s
cΛk2

��
G2 þ 4k2ðcΛ �mN�mΛÞG3

�
; ðB2Þ

A3 ¼
1

2
mp

�
3s −mΛmp �mN�f3ðmp −mΛÞ þ

2

s
cΛmpg

�
G1 þ

1

2

�
fmpcΛ þmΛðk2 − sÞg

�mN�

�
mΛmp þ

1

s
cΛðk2 − sÞ þ 3

�
c1 þ bp

�
1þ 1

s
cΛ

����
G2 − 2

�
mΛck �mN�

�
3c1 þ

1

s
cΛck

��
G3; ðB3Þ

A4 ¼ −
1

2
mp

�
f3ðcΛ þ scsÞ þmΛmpg �mN�

�
3ðmp þmΛÞ −

2

s
mpcΛ

��
G1 þ

1

2

�
fmpcΛ þmΛðk2 − sÞg

�mN�

�
mΛmp þ

1

s
cΛðk2 − sÞ þ 3ðc1 − bpcsÞ

��
G2 − 2

�
mΛck �mN�

�
3c1 þ

1

s
cΛck

��
G3; ðB4Þ

A5 ¼
1

t −m2
k

�
1

2
mp

�
−mΛc5 �mN�

�
3ðk2 − 2bqÞ þ

2

s
cΛc5

��
G1 þ

1

2

��
mΛmpc5 − 3sðc1 þ 3bpcs − 2bpÞ

�

�mN�mp

�
3ðbp þ bΛÞ −

2

s
cΛc5

��
G2 − 2c5ðcΛ �mN�mΛÞG3

�
; ðB5Þ

A6 ¼
1

2
mp

�
fmΛmp þ 3scs − cΛg �mN�

�
3mpcs þ

1

s
mpcΛ −mΛ

��
G1 þ

1

2

�
mpfcΛ −mpmΛg

�mN�

�
3ðc1 þ bpcsÞ −

1

s
cΛm2

p þmpmΛ

��
G2 þ 2fmpcΛ −mΛs�mN� ðmpmΛ − cΛÞgG3; ðB6Þ

where in this case

Gi ¼
sgigKΛN�

3m6
N� ðs −m2

N� þ imN�ΓN�Þ ; ðB7Þ

with i ¼ 1, 2, 3, and
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g1 ¼ −2igaN�pγ þ 3igcN�pγ þ gdN�pγ; ðB8Þ

g2 ¼ −2igaN�pγ − gbN�pγ þ 2igcN�pγ − 2gdN�pγ; ðB9Þ

g3 ¼ −igaN�pγ þ igcN�pγ: ðB10Þ

Therefore, the fitted coupling constants for the spin-3=2 resonance of Model 2 are

Gð1Þ
N� ≡ gKΛN�gaN�pγ; ðB11Þ

Gð2Þ
N� ≡ gKΛN�gbN�pγ; ðB12Þ

Gð3Þ
N� ≡ gKΛN�gcN�pγ; ðB13Þ

Gð4Þ
N� ≡ gKΛN�gdN�pγ: ðB14Þ

However, different from the case of Model 1, in the case of Model 2, all coupling constants may contribute to the
photoproduction process. Hence, in Model 2, we practically have two more parameters.

2. Amplitudes for the spin-5=2 resonance

A1 ¼ 4

�
−s

�
5c21 þ c2c3 þ 2c1

�
1

s
ckm2

Λ −
1

s
bpcΛ

��
�mN�mΛ

�
5c21 þ c2c3 þ 2c1

�
1

s
ckcΛ − bp

���
G1

þ
�
fðmp þmΛÞc1ðsmΛ −mΛk2 − cΛmpÞ − 2cΛbpc1 þ ðc1 − bpcsÞðmp þmΛÞðcpmΛ

− cΛmpÞg �mN�fðc1 − bpcsÞðmp þmΛÞ
�
5c1 −

1

s
cpcΛ þmpmΛ

�
þ ðmp þmΛÞc1

× ðmΛmp − cΛÞ þ
1

s
k2ðmp þmΛÞðc1cΛ − cpc2Þ þ 2bpmΛc1Þg

�
G2 þmp½fðmp þmΛÞ½5sc1cs

þ ckc2 þmpmΛðc1 þ ckcsÞ − cΛðc1 þ bpcsÞ� þ 2mΛc1ð2ck − 3scsÞg �mN�

�
ðmp þmΛÞ

×

�
−mp

�
5c1cs þ

1

s
ckc2

�
þ c1

�
mΛ −

1

s
mpcΛ

�
þ cs

�
bpmΛ −

1

s
ckcΛmp

��
− ð10c21 þ 2c2c3Þ

þ 6c1ðcΛ −m2
ΛÞ −

4

s
ckcΛc1

��
G3; ðB15Þ

A2 ¼
1

t −m2
k

�
16½c1cΛk2∓mN�c1k2mΛ�G1 þ 2

�
s

�
ðbpcs − c1Þ

�
5c1 −

1

s
ckmpmΛ þ 1

s
cΛbp

�

þ 1

s
k2ðcpc2 þ c1mpmΛÞ

�
�mN�

�
ðbpcs − c1Þ

�
5c1mp þ

1

s
ckcΛmp − bpmΛ

�
þ 1

s
mpk2ðcpc2

− c1cΛÞ
��

G2 þ 2mp

�
−fk2mΛc1 þ 2ckmΛðc1 − bpcsÞ þ k2csðcpmΛ þ cΛmpÞg �mN�

�
2ðc1

− bpcsÞ
�
5c1 þ

1

s
ckcΛ

�
þ k2cs

�
1

s
cpcΛ þmΛmp − 5c1

�

þ k2
�
1

s
c1cΛ −

1

s
c2cp − c2

���
G3

�
; ðB16Þ
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A3 ¼ 4

�
−2c1ckmΛ �mN�

�
5c21 þ c2c3 þ

2

s
ckcΛc1

��
G1 þ

�
s

�
c1

�
mΛ −

1

s
k2mΛ −

1

s
cΛmp

�
þ
�
c1 þ bp

×

�
1þ 1

s
cΛ

���
1

s
cpmΛ −

1

s
cΛmp

��
�mN�

��
c1 þ bp

�
1þ 1

s
cΛ

���
5c1 −

1

s
cpcΛ þmpmΛ

�
þ 1

s
k2

× ðcΛc1 − cpc2Þ þ c1ðmpmΛ − cΛÞ
��

G2 þmp

���
1þ 1

s
cΛ

�
ðcΛbp −mpmΛck − 5sc1Þ

þ ckc2 þ c1ð5cΛ þmpmΛÞ
�
�mN�

��
1þ 1

s
cΛ

��
5c1mp þ

1

s
ckcΛmp − bpmΛ

�
−
1

s
ckc2mp

− c1

�
1

s
cΛmp þ 5mΛ

���
G3; ðB17Þ

A4 ¼ 4

�
−2c1ckmΛ �mN�

�
5c21 þ c2c3 þ

2

s
ckcΛc1

��
G1 þ

�
s

�
c1

�
mΛ −

1

s
k2mΛ −

1

s
cΛmp

�
þ ðc1 − bpcsÞ

×
�
1

s
cpmΛ −

1

s
cΛmp

��
�mN�

�
ðc1 − bpcsÞ

�
5c1 −

1

s
cpcΛ þmpmΛ

�
þ 1

s
k2ðcΛc1 − cpc2Þ

þ c1ðmpmΛ − cΛÞ
��

G2 þmp

�
f−csðcΛbp −mpmΛck − 5sc1Þ þ ckc2 þ c1ð5cΛ þmpmΛÞg

∓mN�

�
cs

�
5c1mp þ

1

s
ckcΛmp − bpmΛ

�
þ 1

s
ckc2mp þ c1

�
1

s
cΛmp þ 5mΛ

���
G3; ðB18Þ

A5 ¼
1

t −m2
k

�
8c1c5½−cΛ �mN�mΛ�G1 þ

���
bp þ bΛ −

1

s
cΛc5

�
ð5sc1 − ckmpmΛ þ cΛbpÞ

− c5ðcpc2 þ c1mpmΛÞ
�
�mN�

��
bp þ bΛ −

1

s
cΛc5

��
5c1mp þ

1

s
ckcΛmp − bpmΛ

�

−
1

s
mpc5ðcpc2 − c1cΛÞ

��
G2 þmp

��
c5mΛc1 þ 2ckmΛ

�
bp þ bΛ −

1

s
cΛc5

�

þ
�
4bΛ − k2 −

1

s
cΛc5

�
ðcpmΛ þ cΛmpÞ

�
∓mN�

�
2

�
bp þ bΛ −

1

s
cΛc5

��
5c1 þ

1

s
ckcΛ

�

þ
�
4bΛ − k2 −

1

s
cΛc5

��
1

s
cpcΛ þmΛmp − 5c1

�
þ c5

�
1

s
c1cΛ −

1

s
c2cp − c2

���
G3

�
; ðB19Þ

A6 ¼ 8c1½cΛmp − smΛ �mN�ðcΛ −mpmΛÞ�G1 þ
�
c1mpðmpmΛ − cΛÞ þ ðc1 þ bpcsÞðcpmΛ −mpcΛÞ

�mN�

�
ðc1 þ bpcsÞ

�
5c1 −

1

s
cpcΛ þmpmΛ

�
þ 1

s
c4ðc1cΛ − cpc2Þ þ c1ðmpmΛ − cΛÞ

��
G2

þmp

�
fcsðbpcΛ −mpmΛck − 5sc1Þ þ c2ð2s − ckÞ þ c1ð3cΛ −mpmΛÞg �mN�

×

�
cs

�
5c1mp þ

1

s
mpckcΛ − bpmΛ

�
þ c1

�
1

s
mpcΛ − 3mΛ

�
−
�
2 −

1

s
ck

�
mpc2

��
G3: ðB20Þ

Similar to the spin-3=2 case, here we have

Gi ¼
s2gigKΛN�

10m10
N�ðs −m2

N� þ imN�ΓN� Þ ; ðB21Þ

with i ¼ 1, 2, 3, and
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g1 ¼ igaN�pγ − igcN�pγ; ðB22Þ

g2 ¼ −2igaN�pγ − gbN�pγ þ 2igcN�pγ − 2gdN�pγ; ðB23Þ

g3 ¼ −2igaN�pγ þ 3igcN�pγ þ gdN�pγ: ðB24Þ

As in the case of spin-3=2 resonance, here the fitted
coupling constants for the spin-5=2 resonances in Model
2 read

Gð1Þ
N� ≡ gKΛN�gaN�pγ; ðB25Þ

Gð2Þ
N� ≡ gKΛN�gbN�pγ; ðB26Þ

Gð3Þ
N� ≡ gKΛN�gcN�pγ; ðB27Þ

Gð4Þ
N� ≡ gKΛN�gdN�pγ; ðB28Þ

where all coupling constants contribute to the photopro-
duction process.
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