
Effects of Nð2000Þ5=2þ, Nð2060Þ5=2−, Nð2120Þ3=2−, and Nð2190Þ7=2− on
K�Λ photoproduction

Sang-Ho Kim,1,2,* Atsushi Hosaka,1,† and Hyun-Chul Kim2,3,‡

1Research Center for Nuclear Physics (RCNP), Osaka 567-0047, Japan
2Department of Physics, Inha University, Incheon 402-751, Republic of Korea

3School of Physics, Korea Institute for Advanced Study (KIAS), Seoul 130-722, Republic of Korea
(Received 7 February 2014; published 14 July 2014)

We reinvestigate K�Λð1116Þ photoproduction off the nucleon target, based on an effective Lagrangian
approach. We include higher nucleon resonances such as Nð2000Þ5=2þ, Nð2060Þ5=2−,Nð2120Þ3=2−, and
Nð2190Þ7=2−, of which the data are taken from the 2012 edition of Review of Particle Physics, in addition
to the t-channel diagrams (K, K�, and κ), the s-channel nucleon, and u-channel hyperon (Λ, Σ, and Σ�)
contributions. We find that the Nð2120Þ3=2− and Nð2190Þ7=2− resonances are essential in describing the
new CLAS Collaboration data for charged K� photoproduction. On the other hand, they rarely affect
neutral K� photoproduction.
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I. INTRODUCTION

The CLAS Collaboration at the Thomas Jefferson
National Accelerator Facility has recently reported the first
high-statistics experimental data for both the total and
differential cross sections for the reaction γp → K�þΛ [1].
As compared to the previous preliminary data shown in the
conference proceedings [2], the total cross section in the
resonance region is significantly larger. Though the original
motivation of Ref. [1] was to study the role of κð800Þ
mesons involved in the t-channel process, the new CLAS
data near the threshold gives us a clue to understanding the
role of higher nucleon (N�) resonances. In a previous work
[3], it was found that the N� resonances indeed played an
important role in describing the experimental data near the
threshold region. However, the new CLAS data indicates
that there are still missing parts in the previous analysis. As
discussed in Ref. [1] in detail, all theoretical results [3–6]
look different from the CLAS data. In this respect, it is of
great importance to reinvestigate the production mecha-
nism of K�þΛ photoproduction. In Ref. [3], it was pointed
out that certain N� resonances are essential in describing
the former experimental data near the threshold region. In
particular,D13ð2080Þwas shown to be crucial in explaining
the enhancement of the near-threshold production rate.
In the meanwhile, the data for the N� resonances in the

2012 edition of Review of Particle Physics [7] were much
changed from those in the 2010 edition [8]. This revision is
mainly due to a new multichannel partial wave analysis [9].
So far the evidence and properties of N� resonances were
determined by the partial wave analyses of πN scattering
data [10], but we are still far from complete understanding.

Anisovich et al. performed a multichannel partial wave
analysis taking both the πN and various photoproduction
data [9]. Based on this analysis, a few new N� resonances
were included and some were rearranged in the N�
spectrum [7]. In particular, four new N� resonances were
classified below 1.9 GeV: Nð1860Þ5=2þ, Nð1875Þ3=2−,
Nð1880Þ1=2þ, and Nð1895Þ1=2− [11,12]. Some of the N�
resonances above the K�Λ threshold were either newly
found or rearranged. For example, the mass of the
D15ð2200Þ was moved down to Nð2060Þ5=2− with its
photon decay amplitudes added. As for the Nð2190Þ7=2−,
its photon decay amplitudes were renewed. A noticeable
thing is that the D13ð2080Þ has disappeared in the Particle
Data Group (PDG) 2012 edition. Instead, two new reso-
nances with JP ¼ 3=2− are included: Nð1875Þ3=2− and
Nð2120Þ5=2−. The old D13ð2080Þ seems to correspond to
Nð1875Þ3=2− below the K�Λ threshold, though the new
data of the photon decay helicity amplitudes [7,9] are very
different from the old ones [8,13,14]. If one takes this
situation seriously, we have to reanalyze the production
mechanism of the γN → K�Λ with the new N� data
employed.
In the present work, we reexamine K�Λð1116Þ photo-

production off the nucleon, considering some of the N�
resonances of the PDG 2012 edition above the threshold.
We will take Nð2000Þ5=2þ, Nð2060Þ5=2−, Nð2120Þ3=2−,
andNð2190Þ7=2− into account. The last one was omitted in
the previous analysis [3] because of the complexity due to
its higher spin. The P11ð2100Þ is not included here because
of the lack of information. To reduce the ambiguity in
determining the coupling constants, we use the experimen-
tal data when they are available. As we will show later, the
results of the total cross section for the γp → K�þΛ
reaction are in remarkable agreement with the new
CLAS data [1]. Its differential cross sections are also well
reproduced, compared to those from previous works [3–6].
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We predict the total and differential cross sections of the
neutral process γn → K�0Λ. Anticipating the results from
future experiments, we compute the beam, recoil, and target
asymmetries of γN → K�Λ reactions. In addition, we
derive some of the double polarization observables.
We sketch the present paper as follows: In Sec. II, we

briefly explain the general framework. The effective
Lagrangians required for K�Λ photoproduction are pre-
sented explicitly. We also describe how to fix the coupling
constants and the cutoff masses. In Sec. III, the results of
the cross sections are compared with the experimental data
for the γp → K�Λ reaction. We also show the predictions of
the polarization observables and discuss them. Section IV is
devoted to summary and draws conclusions.

II. FORMALISM

In this section, we briefly explain the general formalism
of an effective Lagrangian approach. We refer to Ref. [3]
for more details. The tree-level Feynman diagrams relevant
to the γN → K�Λ reaction are shown in Fig. 1; k1 and p1

denote, respectively, the momenta of incoming photon and
nucleon, while k2 and p2 represent those of the outgoingK�
and Λ, respectively. Figure 1(a) stands for the t-channel
processes includingK�,K, and κ exchange, Fig. 1(b) shows
the s-channel processes containing the nucleon and N�
resonances, Fig. 1(c) corresponds to the u-channel ones
with Λ, Σ, and Σ� exchanges, and Fig. 1(d) is the contact
term required to preserve gauge invariance.
The basic forms of the effective Lagrangians were

already given in previous works. The photon-meson
interactions are described by the following effective
Lagrangians:

LγK�K� ¼ −ieK�AμðK�νK�†
μν − K�

μνK�†νÞ;
LγK�K ¼ gγK�Kε

μναβð∂μAνÞð∂αK�
βÞK̄ þ H:c:;

LγK�κ ¼ gγK�κAμνκ̄K�
μν þ H:c:; ð1Þ

where Aμ, K�
μ, K, and κ denote the photon, the

K�ð892; 1−Þ vector meson, the Kð495; 0−Þ pseudoscalar
meson, and the κð800; 0þÞ scalar meson, respectively.
The K�

μν represents the field-strength tensor for the K�

vector meson defined as K�
μν ¼ ∂μK�

ν − ∂νK�
μ. The elec-

tric charge of the K� vector meson is given as eK� . We
take the values of gγK�K from the experimental data from

the PDG [7], which lead to gchargedγK�K ¼ 0.254 GeV−1 and
gneutralγK�K ¼ −0.388 GeV−1. On the other hand, we utilize
the vector-meson dominance [15] to find the values of
gγK�κ: g

charged
γK�κ ¼0.12eGeV−1 and gneutralγK�κ ¼ −0.24e GeV−1

with the unit electric charge e.
The effective Lagrangians for the electromagnetic (EM)

interactions for the baryons are given as

LγNN ¼ −N̄
�
eNγμ −

eκN
2MN

σμν∂ν

�
AμN;

LγΛΛ ¼ eκΛ
2MN

Λ̄σμν∂νAμΛ;

LγΛΣ ¼ eμΣΛ
2MN

Σ̄σμν∂νAμΛþ H:c:;

LγΛΣ� ¼ −
ie

2MN

�
gVγΛΣ�Λ̄γν −

igTγΛΣ�

2MN
∂νΛ̄

�
γ5Σ�

μFμν þ H:c:;

ð2Þ

where N, Λ, Σ, and Σ� stand for the nucleon, Λð1116Þ,
Σð1192Þ, and Σ�ð1385; 3=2þÞ hyperon fields, respectively.
Mh denotes generically the mass of hadron h. The baryon
fields with spin s ¼ 3=2 are described by the Rarita-
Schwinger field [16,17]. Here, κB is the anomalous
magnetic moment of a baryon B and μΛΣ designates the
transition magnetic moment between the Λð1116Þ and the
Σð1192Þ. Note that the EM couplings for the spin-3/2
hyperon Σ� are related to the well-known magnetic dipole
(M1) and electric quadrupole (E2) moments. These cou-
pling constants are determined by the experimental data of
the radiative decay width ΓΣ�→γΛ [7], which leads
to ðgVγΛΣ� ; gTγΛΣ� Þ ¼ ð3.78; 3.18Þ.
The effective Lagrangians for the meson-baryon inter-

actions are

LKNΛ ¼ −igKNΛN̄γ5ΛK þ H:c:;

LκNΛ ¼ −gκNΛN̄Λκ þ H:c:;

LK�NY ¼ −gK�NYN̄

�
γμY −

κK�NY

2MN
σμνY∂ν

�
K�μ þ H:c:;

LK�NΣ� ¼ −
ifð1ÞK�NΣ�

2MK�
K̄�

μνΣ̄�μγνγ5N −
fð2ÞK�NΣ�

4M2
K�

K̄�
μνΣ̄�μγ5∂νN

þ fð3ÞK�NΣ�

4M2
K�

∂νK̄�
μνΣ̄�μγ5N þ H:c:; ð3ÞFIG. 1. The tree-level Feynman diagrams for the γN → K�Λ

reaction.
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where Σ ¼ τ · Σ and Σ�
μ ¼ τ · Σ�

μ. The strong coupling
constants are mainly determined by the flavor SUð3Þ
symmetry and hyperon-nucleon potential models (for
example, the Nijmegen potential [18]). Considering the
Lorentz structure for the vector-meson coupling to the
Σ�, we can write the interaction Lagrangian in terms of
the three form factors, which are similar to the case of
LγΛΣ� . From the flavor SUð3Þ symmetry, the value for

fð1ÞK�NΣ� can be estimated. Because of the lack of

experimental and theoretical information on fð2;3ÞK�NΣ� ,
we ignore these terms in the present work, which is
plausible, since these two coupling constants are smaller

than fð1ÞK�NΣ� . Finally, the contact term should be included
only for the charged K� production to preserve the Uð1Þ
gauge invariance. The corresponding Lagrangian is
written as

LγK�NΛ ¼ −
ieK�gK�NΛκK�NΛ

2MN
Λ̄σμνAνK�

μN þ H:c: ð4Þ

As for the details of the relevant coupling constants and
other parameters, we refer to Ref. [3].
In addition to the effective Lagrangians for the basic

processes discussed above, we now consider those for the
N� resonances. The EM Lagrangians for the N� resonances

from spin 1=2 to 7=2 are given as

LγNN�

�
1

2

��
¼ eh1

2MN
N̄Γð∓Þσμν∂νAμN� þ H:c:;

LγNN�

�
3

2

��
¼ −ie

�
h1

2MN
N̄Γð�Þ

ν −
ih2

ð2MNÞ2
∂νN̄Γð�Þ

�

× FμνN�
μ þ H:c:;

LγNN�

�
5

2

��
¼ e

�
h1

ð2MNÞ2
N̄Γð∓Þ

ν −
ih2

ð2MNÞ3
∂νN̄Γð∓Þ

�

× ∂αFμνN�
μα þ H:c:;

LγNN�

�
7

2

��
¼ ie

�
h1

ð2MNÞ3
N̄Γð�Þ

ν −
ih2

ð2MNÞ4
∂νN̄Γð�Þ

�

× ∂α∂βFμνN�
μαβ þ H:c:; ð5Þ

where N� denotes the corresponding nucleon resonance
field. The Γð�Þ and the Γð�Þ

μ are defined, respectively, as

Γð�Þ ¼
�
γ5

1

�
; Γð�Þ

μ ¼
�
γμγ5

γμ

�
: ð6Þ

The effective Lagrangians for the strong vertices including
the N� resonances are expressed as

LK�ΛN�

�
1

2

��
¼ −

1

2MN
N̄�

�
g1

�
� Γð∓Þ

μ Λ∂2

MR∓MN
− iΓð∓Þ∂μ

�
− g2Γð∓ÞσμνΛ∂ν

�
K�μ þ H:c:;

LK�ΛN�

�
3

2

��
¼ iN̄�

μ

�
g1

2MN
ΛΓð�Þ

ν ∓ ig2
ð2MNÞ2

∂νΛΓð�Þ � ig3
ð2MNÞ2

ΛΓð�Þ∂ν

�
K�μν þ H:c:;

LK�ΛN�

�
5

2

��
¼ N̄�

μα

�
g1

ð2MNÞ2
ΛΓð∓Þ

ν � ig2
ð2MNÞ3

∂νΛΓð∓Þ∓ ig3
ð2MNÞ3

ΛΓð∓Þ∂ν

�
∂αK�μν þ H:c:;

LK�ΛN�

�
7

2

��
¼ −iN̄�

μαβ

�
g1

ð2MNÞ3
ΛΓð�Þ

ν ∓ ig2
ð2MNÞ4

∂νΛΓð�Þ � ig3
ð2MNÞ4

ΛΓð�Þ∂ν

�
∂α∂βK�μν þ H:c: ð7Þ

The N� resonance field for a spin of 3=2 is treated as the Rarita-Schwinger field [16,17], so that the corresponding
propagator with momentum p and mass M is written as

Δαβðp;MÞ ¼ iðpþMÞ
p2 −M2

�
−gαβ þ

1

3
γαγβ þ

1

3M
ðγαpβ − γβpαÞ þ

2

3M2
pαpβ

�
: ð8Þ

The propagators of the N� resonance fields for spins of 5=2 and 7=2 are expressed [19–22] as

Δα1α2;β1β2ðp;MÞ ¼ iðpþMÞ
p2 −M2

×

�
1

2
ðḡα1β1 ḡα2β2þ ḡα1β2 ḡα2β1Þ−

1

5
ḡα1α2 ḡβ1β2−

1

10
ðγ̄α1 γ̄β1 ḡα2β2þ γ̄α1 γ̄β2 ḡα2β1þ γ̄α2 γ̄β1 ḡα1β2þ γ̄α2 γ̄β2 ḡα1β1Þ

�
;

Δα1α2α3;β1β2β3ðp;MÞ ¼ iðpþMÞ
p2 −M2

1

36

X
PðαÞ;PðβÞ

�
−ḡα1β1 ḡα2β2 ḡα3β3 þ

3

7
ḡα1β1 ḡα2α3 ḡβ2β3 þ

3

7
γ̄α1 γ̄β1 ḡα2β2 ḡα3β3 −

3

35
γ̄α1 γ̄β1 ḡα2α3 ḡβ2β3

�
;

ð9Þ
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where the sum is over all permutations of α’s and β’s and

ḡαβ ¼ gαβ −
pαpβ

M2
; γ̄α ¼ γα −

pα

M2
p: ð10Þ

Here, the mass of the N� resonance in the N� propagator is
replaced as M → M − iΓ=2 with its decay width Γ. In
general, off-shell parameters may appear in resonance
propagators and vertices. However, such off-shell effects
are not significant because resonances come into play near
the on-mass shell region [23], which has been verified
numerically.
We employ the data for the N� resonances taken from the

PDG 2012 edition [7], as mentioned in detail in the
Introduction. We consider in this work Nð2000Þ5=2þ,
Nð2060Þ5=2−, Nð2120Þ3=2−, and Nð2190Þ7=2− near the
threshold region. The values of the masses and decay widths
are taken from the Breit-Wigner values [9,24]. The transition
magnetic moments h1 and h2 given in Eq. (5) are determined
by the Breit-Wigner helicity amplitudes taken from
Refs. [9,24] or by the predictions from the relativistic quark
model [25]: the parameters forNð2000Þ5=2þ,Nð2060Þ5=2−,
andNð2120Þ3=2− are taken fromRefs. [9,24], whereas those
for Nð2190Þ7=2− are determined by using the results in
Ref. [25].
The strong coupling constants in Eq. (7), gi, are found by

the following relation,

ΓN�→K�Λ ¼
X
l;s

jGðl; sÞj2; ð11Þ

where the explicit form of the decay amplitudes Gðl; sÞ is
given in Ref. [26]. Here, we take into account the lowest
partial wave contribution for Gðl; sÞ and therefore only the
lowest multipole—i.e., the first term of Eq. (7)—is con-
sidered, as in Ref. [3]. This assumption is reasonable, as
will be shown in the next section. The signs of these
strong coupling constants are determined phenomeno-
logically. Because of a lack of information, we also assume
that Nð2000Þ5=2þ, Nð2060Þ5=2−, Nð2120Þ3=2−, and
Nð2190Þ7=2− may correspond respectively to F15ð2000Þ,
D15ð2200Þ, D13ð2080Þ, and G17ð2190Þ in the PDG 2010
edition [8]. However, as will be discussed in the next
section, the Nð2120Þ3=2− turns out to be distinguished
from the oldD13ð2080Þ that played an important role in the
previous work [3]. In fact, the D13ð2080Þ more or less

corresponds to the lower-lying three-star N� resonance
Nð1875Þ3=2−. Thus, we have to fit the parameters of the
Nð2120Þ3=2− to the experimental data. Table I lists the
relevant parameters for the N� resonances used in
this work.
Using the Lagrangians for the various vertices, we can

obtain the scattering amplitudes of t, s, and u channels and
contact terms, where the s channel includes N� resonances.
Furthermore, for the K�, κ, and Σ� exchanges, we take into
account the decay widths in their propagators, 50.8, 550,
and 36 MeV, respectively [7].
In an effective Lagrangian approach, it is essential to

consider a form factor at each vertex, since it parametrizes
the structure of the hadron. However, it is in fact rather
difficult to handle the form factors at an EM vertex since it
is well known that it breaks the gauge invariance due to its
nonlocality [27]. To circumvent this problem, we follow a
prescription explained in Refs. [28–30]. Though it is
phenomenological, it provides a convenient way of han-
dling the form factors for an EM vertex. The form factors
for off-shell mesons and baryons are given, respectively, as

FΦ ¼ Λ2
Φ −M2

Φ

Λ2
Φ − p2

; FB ¼ Λ4
B

Λ4
B þ ðp2 −M2

BÞ2
; ð12Þ

whereMðΦ;BÞ and p denote the mass and the momentum of
the off-shell hadron, respectively. In order to preserve
gauge invariance for the charged K� production, we
consider a common form factor for K� and N exchanges as

Fcom ¼ FK�FN − FK� − FN: ð13Þ
The neutral K� production does not require this. The cutoff
parameters are determined phenomenologically. However,
to reduce theoretical ambiguities due to the wide range of
the cutoff values, we limit their values to around 1 GeV.

III. RESULTS AND DISCUSSION

Before we start the detailed discussions for the present
results in comparison with the new data, we would like to
briefly summarize the current and past situations of the
experimental and theoretical studies for the γp → K�þΛ
reaction. Before the new CLAS data was announced in
Ref. [1], there were two preliminary data that were already
reported in Refs. [2,31]. In Ref. [2], only the preliminary

TABLE I. The masses, the decay widths, and the relevant parameters for the N� resonances. The helicity amplitudes A1;3
[10−3 GeV−1

2] are obtained from Refs. [9,24,25] and the decay amplitudes Gðl; sÞ [GeV
1
2] are estimated from Ref. [26]. Those in

parentheses correspond to the neutron resonances.

PDG MBW ΓBW A1 A3 h1 h2 Gðl; sÞ g1 g1ðfinalÞ
Nð2000Þ5=2þ 2090 460 þ32ð−18Þ þ48ð−35Þ þ0.114ð−0.395Þ þ1.22ð−0.500Þ þ0.3 þ1.37 þ1.37
Nð2060Þ5=2− 2060 375 þ67ðþ25Þ þ55ð−37Þ −2.45ðþ0.027Þ −3.81ð−2.85Þ þ0.2 þ5.42 þ5.42
Nð2120Þ3=2− 2150 330 þ130ðþ110Þ þ150ðþ40Þ −0.827ð−1.66Þ þ2.14ðþ2.31Þ þ3.8 þ1.29 þ0.30
Nð2190Þ7=2− 2180 335 −34ðþ10Þ þ28ð−14Þ þ7.87ð−2.94Þ −7.36ðþ2.49Þ þ2.5 −44.3 −44.3
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total cross sections were shown, while in Ref. [31] only the
differential cross sections were presented. Using those
preliminary data, the previous theoretical studies were
done [3,4]. Now in the new CLAS data, both the total
and differential cross sections are given.
One of the differences between Ref. [3] and Ref. [4]

is the choice of the cutoff values for the K and κ exchanges
in the t channel, which are ΛK;κ ¼ 1.25 GeV and ΛK;κ ¼
1.1 GeV, respectively, to reproduce the used experimental
data. Another difference is that in Ref. [3], resonances are
included, while in Ref. [4] they are not. Now using the new
data, it turns out that the cutoff ΛK;κ should be taken at
around 1.1 GeV. In Fig. 2, we show total cross sections
when using ΛK;κ ¼ 1.25 GeV (thicker curves) and 1.1 GeV
(thinner ones).
As we can see from this figure, the result of ΛK;κ ¼

1.25 GeV overestimates the total cross section. The one
of ΛK;κ ¼ 1.1 GeV agrees better, especially at higher

energies. The discrepancy near the threshold region is
improved by the nucleon resonances, but not enough to
describe the experimental data, which is the issue of the
present paper.
Now in Fig. 3, we show the new results for the total cross

section with various contributions. In the left panel, the
total cross section with the background contribution and
with the total contributions of all the N� resonances are
shown. The dashed curve includes the Born diagrams
presented in Fig. 1 without the N� resonances. The result
more or less corresponds to that of Ref. [4]. The dotted
one depicts the contribution of the N� resonances. The
cutoff parameters are set as ΛK�;N;Λ;Σ;Σ� ¼ 0.9 GeV,
ΛK;κ ¼ 1.1 GeV, and ΛR ¼ 1.0 GeV. With the inclusion
of the N� resonances, the present theoretical result is drawn
as the solid curve, which describes the experimental data
very well.
Let us discuss the details of resonance contributions as

shown in the right panel of Fig. 3. The contribution from
Nð2000Þ5=2þ turns out to be almost negligible. The
Nð2060Þ5=2− makes a small contribution to the total cross
section. Concerning Nð2120Þ3=2−, we first assume that it
corresponds to the old D13ð2080Þ since their masses are
similar to each other with the same spin quantum numbers.
As done in Ref. [3], we have computed the effect of
Nð2120Þ3=2− but it turns out to be overestimated in
comparison with the experimental data. In fact, it has
yielded approximately ∼1.9 μb for the total cross section.
Thus, we determine the strong coupling constant of
Nð2120Þ3=2− by fitting it to the data for the total cross
section. As a result, the coupling constant g1 is changed
fromþ1.29 toþ0.30, as shown in Table I. Bearing in mind
this fact, we show in the right panel of Fig. 3 that the
Nð2120Þ3=2− makes an important contribution to the total
cross section, with a peak of around 2 GeV. The
Nð2190Þ7=2− also turns out to be equally as important
as Nð2120Þ3=2−. In particular, it governs the dependence
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FIG. 3 (color online). The results of the total cross sections for the γp → K�þΛ reaction in the left panel. The dashed curve includes the
Born diagrams presented in Fig. 1 without the N� resonances. The dotted curve shows the contribution of the N� resonances. The solid
curve draws the total contribution of all diagrams. The black circles denote the new CLAS data [1]. The right panel illustrates each
contribution of the N� resonances.
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FIG. 2 (color online). Total cross sections when using ΛK;κ ¼
1.25 GeV (thicker curves) and 1.1 GeV (thinner ones). The
dashed curves are the results only with the Born terms, and the
solid ones for the inclusion of resonances of Ref. [3].

EFFECTS OF Nð2000Þ5=2þ, Nð2060Þ; 5=2−, … PHYSICAL REVIEW D 90, 014021 (2014)

014021-5



of the total cross section on the photon energy Eγ in higher
Eγ regions. With these two N� resonances taken into
account, the experimental data for the total cross section
are well reproduced.

In Fig. 4, the differential cross sections are plotted as a
function of cos θ in the range of 1.7 GeV ≤ Eγ ≤ 3.9 GeV.
The effects of the N� resonances seem to be negligible in
the vicinity of the threshold energy, as shown in the first
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FIG. 4 (color online). Differential cross sections for the γp → K�þΛ reaction as a function of cos θ in the range of
1.7 GeV ≤ Eγ ≤ 3.9 GeV. The notations are the same as in the left panel of Fig. 3.
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panel of Fig. 4. However, as the photon energy increases,
theN� resonances come into play. Apart from the structures
of a broad bump in the experimental data in the range
1.8 GeV ≤ Eγ ≤ 2.3 GeV, the present results are in good
agreement with the data in general. Experimentally, the
differential cross sections in the forward direction start to
increase as Eγ does. This feature is qualitatively explained
by the Born terms but can be described quantitatively only
by including the N� resonances. The experimental data in
the forward direction remain almost constant with little
energy dependence in the range of 3.2 GeV ≤ Eγ ≤
3.5 GeV, then start to fall off drastically above 3.5 GeV.
The present model is not able to describe this behavior of
the data. Considering the fact that the present approach of
effective Lagrangians is built for lower Eγ regions, one has
to take into account more degrees of freedom or a more
sophisticated theoretical method to explain the γp → K�þΛ
at higher photon energies. On the other hand, as shown
in some energy range, i.e., 2.1 GeV ≤ Eγ ≤ 2.6 GeV, we
find with the main contribution of D13ð2080Þ [3] that the
theoretical calculations slightly overestimate the CLAS
data, which is expected from Fig. 2. We want to mention
that the role of the N� resonances for the γN → K�Λ
reaction look very different from that for γp → K�Σ, where
the N� resonances are almost negligible. We refer to
Refs. [32,33] for details.
In the left panel of Fig. 5, we predict the total cross

section for the γn → K�0Λ reaction. The neutral charge of
the K�0 makes the K� exchange and the contact term absent
in this reaction. Nevertheless, the magnitude of this total
cross section is quite a bit larger than that of the charged
process γp → K�þΛ because of the large neutral coupling
constant of the γKK� interaction, as discussed in detail in
Ref. [3]. Thus, the main contribution to the total cross
section for the γn → K�0Λ reaction arises from the K
exchange. Moreover, the effects of the N� resonances are
almost marginal for the neutral process. Each contribution
of the four N� resonances drawn is illustrated in the right

panel of Fig. 5. Figure 6 depicts the differential cross
section as a function of cos θ with Eγ varied from 1.9 GeV
to 2.7 GeV. The experimental data for the γn → K�0Λ
reaction will soon appear.
We now want to discuss the polarization observables

[34–36], which provide crucial information on the helicity
amplitudes and spin structure of a process. To define the
polarization observables, the reaction takes place in the x −
z plane with the photon beam. We first start with the single
polarization observables. Since we also consider the double
polarization observables, we will follow the notation for the
polarized differential cross sections defined in Ref. [36]:

dσðB; T;R;VÞ ¼ dσ
dΩ

ðB; T;R;VÞ; ð14Þ

where B, T, R, and V denote the polarizations of the photon
beam (B), the target nucleon (T), the recoil Λ (R), and the
produced K� vector meson (V), respectively, involved in
the γN → K�Λ process. According to the notation defined
in Eq. (14), we define the photon-beam asymmetry (Σx),
the target asymmetry (Ty), and the recoil asymmetry (Py) as

Σx ¼
dσð⊥; U;U;UÞ − dσð∥; U;U;UÞ
dσð⊥; U;U;UÞ þ dσð∥; U;U;UÞ ;

Ty ¼
dσðU; y;U;UÞ − dσðU;−y;U;UÞ
dσðU; y;U;UÞ þ dσðU;−y;U;UÞ ;

Py ¼
dσðU;U; y; UÞ − dσðU;U;−y; UÞ
dσðU;U; y;UÞ þ dσðU;U;−y;UÞ ; ð15Þ

where ∥ and⊥ denote the linear polarizations of the photon
along the direction of the x and y axes, respectively; y and
−y represent the polarization states of the N (Λ), which lie
in the direction of the y and −y axes, respectively. The U
means that the corresponding particle state is unpolarized.
These three asymmetries satisfy the following collinear
condition:
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FIG. 5 (color online). The results of the total cross sections for the γn → K�0Λ reaction in the left panel. The solid curve draws the total
contribution of all diagrams, whereas the dashed one shows that of the Born terms except for the N� resonances. The dotted curve
depicts the contribution of theN� resonances to the total cross section. The right panel illustrates each contribution of theN� resonances.
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Σx ¼ Ty ¼ Py ¼ 0 at cos θ ¼ �1: ð16Þ

The upper panel of Fig. 7 depicts the results of the
photon-beam asymmetries for the charged process γp →
K�þΛ at two different photon energies, Eγ ¼ 2.15 GeV
and Eγ ¼ 2.65 GeV. As was already discussed in Ref. [3],
the beam asymmetry is almost compatible with zero
without the N� resonances. Including them, we find that
Σx becomes positive and has broad bump structures. Thus,
the measurement of the beam symmetry can already tell
whether the N� resonances are indeed important in

understanding the production mechanism of the γp →
K�þΛ reaction. In the lower panel of Fig. 7, we draw the
results of the Σx for the neutral γn → K�0Λ reaction. It is
interesting to see that the effects of the N� resonances turn
out to be rather small in this case. We already saw that
their contribution to the total and differential cross
sections are marginal since the contribution of the K
meson exchange governs the γn → K�0Λ reaction. By the
same token, the effects of the N� resonances seem to be
suppressed in the beam asymmetries for the neutral
process.
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FIG. 7 (color online). The photon-beam asymmetries as functions of cos θ with two different photon energies, Eγ ¼ 2.15 GeV and
Eγ ¼ 2.65 GeV. In the upper panel, we draw the Σx for the γp → K�þΛ reaction, while in the lower panel we do so for the γn → K�0Λ
reaction. The solid curves represent the total results including the N� resonances, whereas the dashed ones show those without them.
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FIG. 6 (color online). Differential cross sections for the γn → K�0Λ reaction as a function of cos θ in the range of
1.9 GeV ≤ Eγ ≤ 2.7 GeV. The notations are the same as in the left panel of Fig. 5.

SANG-HO KIM, ATSUSHI HOSAKA, AND HYUN-CHUL KIM PHYSICAL REVIEW D 90, 014021 (2014)

014021-8



In Figs. 8 and 9, the results of the target and recoil
asymmetries are drawn, respectively. As in Fig. 7, the upper
panel is for the γp → K�þΛ reaction and the lower panel
corresponds to the γn → K�0Λ reaction. The dependence of

the Ty on cos θ is distinguished from that of the beam
asymmetry. The values of the Ty become positive from the
very forward angle till the backward angle and then turn
negative around cos θ ¼ −0.5ðθ ¼ 120∘Þ. In the case of the
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FIG. 8 (color online). The target asymmetries as functions of cos θ with two different photon energies, Eγ ¼ 2.15 GeV and
Eγ ¼ 2.65 GeV. In the upper panel, we draw the Ty for the γp → K�þΛ reaction, while in the lower panel we do so for the γn → K�0Λ
reaction. Notations are the same as in Fig. 7.
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FIG. 9 (color online). The recoil asymmetries as functions of cos θ with two different photon energies, Eγ ¼ 2.15 GeV and
Eγ ¼ 2.65 GeV. In the upper panel, we draw the Py for the γp → K�þΛ reaction, while in the lower panel we do so for the γn → K�0Λ
reaction. Notations are the same as in Fig. 7.
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recoil asymmetries, the results are just the opposite of those
of the target asymmetries. Both the target and recoil
asymmetries become smaller in magnitude as the photon
energy increases, while the form of the dependence on the
scattering angle is kept. As found in the results of the
differential cross sections, the N� resonances mainly
explain the production mechanism in the vicinity of the
threshold energy. This can be seen also in the single spin
polarization observables.
We now discuss the double polarization asymmetries. In

fact, there are many different polarization observables in
the vector meson photoproduction. Here, we will consider
only some of the double polarization asymmetries, which
are defined as follows:

CBT
zz ¼ dσðr; z;U;UÞ − dσðr;−z;U;UÞ

dσðr; z;U;UÞ þ dσðr;−z;U;UÞ ;

CBR
zz ¼ dσðr; U; z; UÞ − dσðr; U;−z;UÞ

dσðr; U; z; UÞ þ dσðr; U;−z; UÞ ;

CTR
zz ¼ dσðU; z; z; UÞ − dσðU; z;−z;UÞ

dσðU; z; z; UÞ þ dσðU; z;−z; UÞ ;

CTV
zz ¼ dσðU; z;U; rÞ − dσðU;−z;U; rÞ

dσðU; z;U; rÞ þ dσðU;−z;U; rÞ ;

CRV
zz ¼ dσðU;U; z; rÞ − dσðU;U;−z; rÞ

dσðU;U; z; rÞ þ dσðU;U;−z; rÞ ; ð17Þ

where r denotes the circularly polarized photon beam (the
produced vector meson) with helicityþ1.�z stands for the

direction of the N (Λ) polarization. The CBT
zz , CBR

zz , CTR
zz ,

CTV
zz , and CRV

zz are respectively called the beam-target (BT)
asymmetry, the beam-recoil (BR) asymmetry, the target-
recoil (TR) asymmetry, the target-vector-meson (TV)
asymmetry, and the recoil-vector-meson (RV) asymmetry.
We will now see that the effects of the N� resonances are
even more dramatic, particularly in the case of the γp →
K�þΛ reaction.
As drawn in the upper panel of Fig. 10, the effects of the

N� resonances on the BT asymmetry for the γp → K�þΛ
reaction are prominent in comparison to the results
without the N�. While the CBT

zz vanishes at the very
backward angle (cos θ ¼ −1) without the N� resonances,
the inclusion of them brings its value down to be negative
(≈0.8). It indicates that the polarization of the proton
highly depends on the N� resonances. Interestingly, the
effects of the N� resonances are not at all lessened, even at
a higher Eγ. As Eγ increases, the value of the CBT

zz turns
positive in the forward angle. The effects of the N�
resonances on the neutral process are different from those
on the charged one, as depicted in the lower panel of
Fig. 10. However, in this case, the BTasymmetry becomes
positive in the very backward direction, then turns
negative as cos θ increases.
The upper and lower panels of Fig. 11 depict the BR

asymmetries for the γp → K�Λ and γn → K�0Λ reactions,
respectively. Again, the effects of the N� resonances on
CBR
zz are clearly seen in the case of the charged reaction. On

the other hand, the N� effects are marginal for the neutral
channel. We come to the same conclusion for the TR, TV,
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FIG. 10 (color online). The beam-target asymmetries as functions of cos θ with two different photon energies, Eγ ¼ 2.15 GeV and
Eγ ¼ 2.65 GeV. In the upper panel, we draw the CBT

zz for the γp → K�þΛ reaction, while in the lower panel we do so for the γn → K�0Λ
reaction. Notations are the same as in Fig. 7.
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and RV asymmetries, as shown in Figs. 12, 13, and 14,
respectively. Future measurements of the double polariza-
tion observables will be crucial to scrutinizing the role of
the N� resonances in the γN → K�Λ reactions.

IV. SUMMARY AND CONCLUSION

In the present work, we aimed at investigating the role of
the N� resonances in explaining the production mechanism
of K�Λ photoproduction. We included the following N�
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FIG. 11 (color online). The beam-recoil asymmetries as functions of cos θ with two different photon energies, Eγ ¼ 2.15 GeV and
Eγ ¼ 2.65 GeV. In the upper panel, we draw the CBR

zz for the γp → K�þΛ reaction, while in the lower panel we do so for the γn → K�0Λ
reaction. Notations are the same as in Fig. 7.
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FIG. 12 (color online). The target-recoil asymmetries as functions of cos θ with two different photon energies, Eγ ¼ 2.15 GeV and
Eγ ¼ 2.65 GeV. In the upper panel, we draw the CTR

zz for the γp → K�þΛ reaction, while in the lower panel we do so for the γn → K�0Λ
reaction. Notations are the same as in Fig. 7.

EFFECTS OF Nð2000Þ5=2þ, Nð2060Þ; 5=2−, … PHYSICAL REVIEW D 90, 014021 (2014)

014021-11



resonances, Nð2000Þ5=2þ, Nð2060Þ5=2−, Nð2120Þ3=2−,
and Nð2190Þ7=2− in the vicinity of the threshold, based on
the PDG 2012 edition. The coupling constants for the
electromagnetic and strong vertices were fixed by the

available experimental data or by theoretical predictions.
The cutoff masses were determined phenomenologically
within a limited range around 1 GeV. The results of the total
cross sections were in good agreement with the new CLAS
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FIG. 13 (color online). The target-vector-meson asymmetries as functions of cos θ with two different photon energies, Eγ ¼ 2.15 GeV
and Eγ ¼ 2.65 GeV. In the upper panel, we draw the CTV

zz for the γp → K�þΛ reaction, while in the lower panel we do so for the
γn → K�0Λ reaction. Notations are the same as in Fig. 7.
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FIG. 14 (color online). The recoil-vector-meson asymmetries as functions of cos θ with two different photon energies, Eγ ¼ 2.15 GeV
and Eγ ¼ 2.65 GeV. In the upper panel, we draw the CRV

zz for the γp → K�þΛ reaction, while in the lower panel we do so for the
γn → K�0Λ reaction. Notations are the same as in Fig. 7.
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data. In particular, the two N� resonances Nð2120Þ3=2− and
Nð2190Þ7=2− played very important roles in reproducing
the experimental data of the total cross section for the γp →
K�þΛ reaction. The differential cross sections were also well
described in the range of 1.7 GeV ≤ Eγ ≤ 3.9 GeV, except
for the forward angle data in higher photon energies. We
predicted the total and differential cross sections for the
γn → K�0Λ reaction. It turned out that the N� resonances
come into play in the charged channel, whereas their effects
on the neutral channel are marginal. Since the new data for
K�0Λ photoproduction will soon be reported [37], it will
be of great interest to compare the present results with the
upcoming CLAS data. We also computed the observables
of the single and double polarizations for the γN → K�Λ
reactions. First, the photon-beam asymmetries, the recoil
asymmetries, and the target asymmetries were studied. The
contribution of the N� resonances to the single spin
asymmetries is prominent in the γp → K�þΛ reaction, while
it is less noticeable for K�0Λ photoproduction. The five
double polarization observables were computed in addition
to the single polarization ones, that is, the BT, the BR, the
TR, the TV, and the RVasymmetries. We came to the similar
conclusion that the N� resonances govern the angular
dependence of the double polarization observables, while
their effects are, in general, marginal for the γn → K�0Λ
reaction.
As we discussed in the present work, vector-meson

photoproduction is especially interesting, since its spin
structure has a profound feature coming from the vector

meson. We have investigated the effects of the N� reso-
nances at the Born level in an effective Lagrangian
approach, though the N� resonances turned out to be
essential in describing K�Λ photoproduction; other effects
might be comparably important—in particular, for the spin
observables. For example, the γN → K�Λ can be regarded
as a subprocess of the γN → KπΛ reaction. It implies that
K�Λ photoproduction may be strongly coupled to another
subprocess such as the γN → KΣ�ð1385Þ reaction. Thus, it
is also of great interest to investigate both the γN → K�Λ
and γN → KΣ�ð1385Þ processes within a coupled-channel
formalism. The corresponding investigation is under way.
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