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Photoproduction γ p → K∗+� in a Reggeized model
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The high-precision differential cross-section data for the reaction γ p → K∗+� are reanalyzed within a Regge-
inspired effective Lagrangian approach. The model adopts Regge phenomenology to constrain the t-channel
contributions from the κ , K , and K∗ exchanges. A minimal number of resonances in the s channel are introduced
in constructing the reaction amplitudes in order to describe the data. It is shown that the differential cross-section
data for γ p → K∗+� can be satisfactorily described by introducing the only N (2060)5/2− resonance in the s
channel, which is quite different from our earlier work performed in an effective Lagrangian approach [A. C.
Wang et al., Phys. Rev. C 96, 035206 (2017)], where the amplitudes are computed by evaluating Feynman
diagrams and it is found that introducing at least one additional resonance apart from the N (2060)5/2− is
indispensable for reproducing the data. The roles of individual contributions from meson and baryon exchanges
on the angular distributions are found to be highly model dependent. The extracted mass of N (2060)5/2− turns
out to be well determined, independent of how the t-channel amplitudes are constructed, whereas the width
does not.
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I. INTRODUCTION

Photoproduction reaction of γ p → K∗+� provides an al-
ternative tool to investigate excited nucleon states (N∗’s) be-
sides πN scattering and pion photoproduction. As the K∗+�

couples to N∗’s with isospin 1/2 only, this reaction acts as
an “isospin filter” and is more selective to distinguish certain
resonances than pion production reactions. Also, since the
K∗+� has a much higher threshold energy, this reaction is
more suitable to study the N∗’s in a less-explored higher mass
region than pion production reactions.

Experimentally, all the available data for γ p → K∗+�

have been published by the CLAS Collaboration at the
Thomas Jefferson National Accelerator Facility (JLab). The
preliminary cross section data have been reported in 2006 [1]
and 2011 [2]. The first high precision differential cross-section
data in the energy range from threshold up to center-of-mass
energy W = 2.85 GeV were reported in 2013 [3].

Theoretically, the K∗+ photoproduction on the proton was
first studied in a quark model in 2001 [4]. In Refs. [5,6],
the preliminary total cross section data for the γ p → K∗+�

reported by the CLAS Collaboration in 2006 [1] were ana-
lyzed within an isobar model. Later in 2010, a Regge model
without considering any nucleon resonances was proposed to
study the preliminary total cross section data, and it is claimed
that the K∗ trajectory exchange and the contact term provide
sizable contributions [7]. In Ref. [8], the preliminary differ-
ential cross-section data reported by the CLAS Collaboration
in 2011 [2] were analyzed within an effective Lagrangian
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approach. When the first high precision differential cross-
section data were reported in 2013 [3], it was found that
all the previously published theoretical works underestimated
the cross sections in the range of photon laboratory energy
2.1 < Eγ < 3.1 GeV. In Ref. [9], Kim et al. reinvestigated the
γ p → K∗+� reaction by a fit to the high precision differential
cross-section data with several nucleon resonances considered
in an effective Lagrangian approach. The so far best theoreti-
cal description of the high precision differential cross-section
data for the γ p → K∗+� was published by our group in
Ref. [10], where a detailed review of the status of experimen-
tal and theoretical studies of the γ p → K∗+� reaction can
also be found. In Ref. [11], a Regge model is proposed for
this reaction focusing on the forward angle behavior of the
angular distributions and thus no N∗’s have been introduced
in constructing the reaction amplitudes. Note that in the
Regge model of Refs. [7,11], since no nucleon resonances are
considered, the details of the angular distributions, especially
the near-threshold structures of the differential cross sections,
are not expected to be well described. In Ref. [12], the K∗0

photoproduction off the neutron was studied.
In the literature, models based on the meson-exchange

picture have been widely used in investigating the pseu-
doscalar meson and vector meson photoproduction reactions.
In these models, a reliable extraction of resonance contents
and the associated resonance parameters suffers from the fact
that the background contributions, which play a substantial
role in the reaction mechanism, cannot be constrained in a
model-independent way. Of course, as is well known, the
t-channel or u-channel amplitudes are usually quite distinctive
if the considered meson or baryon exchanges are different
in various models. Nevertheless, there is a case in which,
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even if the exchanged mesons or baryons are the same, the
t-channel or u-channel amplitudes may still be quite different,
because the meson or baryon exchange amplitudes can be
constructed in totally different ways. In most cases, the t-
channel meson exchanges or the u-channel baryon exchanges
are described by Feynman amplitudes in a tree-level approxi-
mation [9,10,13]. The so-called Regge amplitudes, where the
Regge propagators are introduced to replace the traditional
Feynman propagators, are also commonly used to describe
the t-channel or u-channel interactions even in the low-energy
regions [7,11,14]. In recent years, a hybrid approach called
the interpolated Regge model was applied to reproduce the
data for the �(1520) and �(1385) photoproductions [15–18],
where in the t channel an interpolating form factor was intro-
duced so that the amplitudes behave as Feynman amplitudes
at low energies and Regge amplitudes at high energies. In
literature, these three different types of t-channel amplitudes,
i.e., the Feynman amplitudes, the Regge amplitudes and the
interpolated Regge amplitudes, are employed by different
groups to describe data for different reactions. Nevertheless,
it is so far not clear how different the results will be for a
specific reaction if one construct the t-channel amplitudes
in different ways. In particular, one is interested in how
strongly the reaction mechanism, the resonance contents and
the associated resonance parameters depend on the particular
way to construct the t-channel amplitudes.

In Ref. [10], we have presented a good description of the
high-precision differential cross-section data for the γ p →
K∗+� within an effective Lagrangian approach. One of the
most prominent features of this work is that the near-threshold
structures exhibited by the differential cross-section data are
satisfactorily described for the first time. It is found that it
is the t-channel K exchange and the s-channel N (2060)5/2−
exchange that dominate the dynamics of the γ p → K∗+�

reaction in the near-threshold region. Moreover, apart
from the N (2060)5/2− resonance, an additional resonance,
which could be one of the N (2000)5/2+, N (2040)3/2+,
N (2100)1/2+, N (2120)3/2−, and N (2190)7/2− resonances,
is also found to be indispensable to describe the data.

The t-channel meson exchanges in Ref. [10] are described
by the Feynman amplitudes. As mentioned above, it is worth
investigating whether the reaction mechanism keeps the same
and, in particular, how much the extracted resonance contents
and parameters change if the t-channel meson exchanges are
described by the Regge amplitudes or the interpolated Regge
amplitudes instead of the Feynman amplitudes.

In the present work, we reanalyze the high-precision dif-
ferential cross-section data for γ p → K∗+� within a Regge-
inspired effective Lagrangian approach. Both the traditional
Regge amplitudes and the so-called interpolated Regge ampli-
tudes are employed for the t-channel κ , K , and K∗ exchanges.
The purpose is to test how strongly the reaction mechanism,
the extracted resonance contents and the associated resonance
parameters depend on the way of constructing the t-channel
meson-exchange amplitudes.

We mention that a coupled-channel approach is required
for a more complete analysis of the data and a more reliable
extraction of the properties of nucleon resonances. So far,
such an approach has been developed mostly for pseudoscalar
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FIG. 1. Generic structure of the amplitude for γ N → K∗�. Time
proceeds from left to right.

meson production reactions [19–23]. The tree-level calcula-
tion performed in the present work may be considered as a
starting point toward developing such a more complete model.

The paper is organized as follows. In the next section, we
briefly introduce the formalism of the traditional Regge model
and the interpolated Regge model. The numerical results of
the cross sections from these two models are presented in
Sec. III, where a comparison of the results from these two
models and those from the model of Ref. [10] is also given.
Finally, a summary and conclusions are given in Sec. IV.

II. FORMALISM

Following our previous work [10], we consider the fol-
lowing contributions in constructing the s-, t-, and u-channel
amplitudes for the γ N → K∗� reaction: (a) the N and N∗’s
exchanges in the s channel, (b) the K , κ , and K∗ meson
exchanges in the t channel, and (c) the �, �, and �∗(1385)
hyperon exchanges in the u channel. These contributions are
schematically shown in Fig. 1. The full reaction amplitude can
then be expressed as

Mνμ = Mνμ
s + Mνμ

t + Mνμ
u + Mνμ

int , (1)

with Mνμ
s , Mνμ

t , and Mνμ
u standing for s-, t-, and u-channel

amplitudes, respectively, and Mνμ
int representing the general-

ized interaction current which is introduced to keep the full
amplitude Mνμ gauge invariant [24–27]. The explicit expres-
sion of Mνμ

int and the effective Lagrangians, propagators and
form factors introduced to evaluate the Feynman diagrams of
Mνμ

s , Mνμ
t , and Mνμ

u can be found in Ref. [10]. Here we just
present the new formalism that is relevant to the Reggeized
treatment of the t-channel K , K∗, and κ exchanges.

A. Reggeized t-channel amplitudes

The most economic way to take into account the effects
of high spin meson exchanges is to substitute the t-channel
Feynman amplitudes by Regge amplitudes. The standard
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Reggeization of the t-channel K , κ , and K∗ exchanges cor-
responds to the following replacements:

1

t − m2
K

�⇒ PK
Regge =

(
s

s0

)αK (t )
πα′

K

sin[παK (t )]

× 1

	[1 + αK (t )]
, (2)

1

t − m2
κ

�⇒ Pκ
Regge =

(
s

s0

)ακ (t ) 1 + e−iπακ (t )

2

× πα′
κ

sin[πακ (t )]

1

	[1 + ακ (t )]
, (3)

1

t − m2
K∗

�⇒ PK∗
Regge =

(
s

s0

)αK∗ (t )−1 1 − e−iπαK∗ (t )

2

× πα′
K∗

sin[παK∗ (t )]

1

	[αK∗ (t )]
. (4)

Here s0 is a mass scale which is conventionally taken as s0 =
1 GeV2, and α′

M is the slope of the Regge trajectory αM (t ). For
M = K , κ , and K∗, the trajectories are parametrized as [28]

αK (t ) = 0.7 GeV−2
(
t − m2

K

)
, (5)

ακ (t ) = 0.7 GeV−2
(
t − m2

κ

)
, (6)

αK∗ (t ) = 1 + 0.85 GeV−2
(
t − m2

K∗
)
. (7)

Note that in Eq. (2) a degenerate trajectory is employed for
the K exchange, thus the signature factor reduces to 1. Such
a choice is preferred by data, which has been tested by our
numerical calculation.

In Ref. [10], an appropriate prescription for the interaction
current Mνμ

int is chosen to guarantee that the full photoproduc-
tion amplitude Mνμ for γ p → K∗+� satisfies the generalized
Ward-Takahashi identity and thus is fully gauge invariant
[24–27]. Note that our prescription for Mνμ

int is independent of
any particular form of the t-channel form factor, ft , provided
that it is normalized as ft (t = m2

K∗ ) = 1. One observes that
the Reggeization of the amplitude for K∗ exchange in Eq. (4)
is equivalent to the following replacement:

ft �⇒ Ft = (
t − m2

K∗
)PK∗

Regge(t ) ft . (8)

Therefore, simply replacing ft by Ft in the prescription of
Mνμ

int in Ref. [10], the gauge invariance requirement will
still be satisfied for the Reggeized amplitude [29]. Explicitly
we have

Mνμ
int = 	ν

�NK∗ (q)Cμ + Mνμ
KRFt , (9)

where the auxiliary current Cμ reads

Cμ = −QK∗
Ft − F̂

t − q2
(2q − k)μ − QN

fs − F̂

s − p2
(2p + k)μ,

(10)
and F̂ is

F̂ = 1 − ĥ(1 − fs)(1 − Ft ). (11)

As usual, the parameter ĥ is chosen to be 1 for simplicity.
fs is the form factor for the s-channel nucleon exchange,
	ν

�NK∗ (q) is the �NK∗ vertex with q being the momentum

for the outgoing K∗, and Mνμ
KR is the Kroll-Ruderman term.

We refer the readers to Ref. [10] for more details.

B. Interpolated t-channel Regge amplitudes

Considering that the Regge amplitudes work properly in
the very-large-s and very-small-|t | region, while the Feyn-
man amplitudes work properly in the low energy region, in
Refs. [15–18], an interpolating form factor is introduced to
parametrize the smooth transition from the Feynman ampli-
tudes to the Regge amplitudes. Instead of Eq. (8), one has the
following replacement for the Feynman amplitudes:

ft �⇒ FR,t = Ft R + ft (1 − R), (12)

where R = RsRt with

Rs = 1

1 + e−(s−sR )/s0
, (13)

Rt = 1

1 + e−(t+tR )/t0
. (14)

Here sR, s0, tR, and t0 are parameters to be fixed by fitting the
data.

It is easy to see that by making the replacement in Eq. (12),
the t-channel amplitudes will be a combination of the Regge
amplitudes and the Feynman amplitudes, with a weight R for
the former and (1 − R) for the latter. In the low-energy and
small-|t | region, the factor ft R tends towards 0, ensuring that
one has almost pure Feynman amplitudes. In the high-energy
and small-|t | region, the factor ft (1 − R) tends towards 0,
ensuring that one has almost pure Regge amplitudes. In the
intermediate energy region, the amplitudes are calculated as
a mixture of the Feynman amplitudes and the Regge am-
plitudes, which could be considered as a phenomenological
prescription for the physical amplitudes in this energy region
and it depends on the newly introduced parameters sR, s0,
tR, and t0.

As discussed in Sec. II A, the gauge invariance for the full
amplitude is still kept when the replacement of Eq. (12) is also
performed in the interaction current Mνμ

int .

III. RESULTS AND DISCUSSION

For conciseness of the discussions, we refer to the model
discussed in Sec. II A as the Regge model (model I), and the
model discussed in Sec. II B as the interpolated Regge model
(model II).

In Ref. [10], a rather satisfactory description of the dif-
ferential cross section data for the γ p → K∗+� has been
achieved within an effective Lagrangian approach with the
amplitudes being constructed by use of Feynman propagators.
In this work, we reanalyze the high-precision differential
cross-section data for this reaction within a Regge-inspired
effective Lagrangian approach. The t-channel Feynman am-
plitudes in Ref. [10] have now been replaced by either the
Regge amplitudes as discussed in Sec. II A or the interpolated
Regge amplitudes as discussed in Sec. II B. The purpose
is to investigate how strongly the reaction mechanism, the
extracted resonance contents and the associated resonance
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FIG. 2. Differential cross sections for γ p → K∗+� as a function
of cos θ in the center-of-mass frame in the near-threshold region. The
black solid lines and the blue dashed lines correspond to the results
fitted with the N (2100)1/2+ resonance and the results fitted with the
N (2060)5/2− resonance in model II (the interpolated Regge model),
respectively. The scattered symbols denote the CLAS data from
Ref. [3]. The numbers in parentheses denote the photon laboratory
incident energy (left number) and the total center-of-mass energy of
the system (right number), in MeV.

parameters depend on the way of constructing the t-channel
amplitudes.

As has been done in Ref. [10], we introduce a mini-
mal number of resonances in the s channel in constructing
the reaction amplitudes in order to describe the data. If no
nucleon resonance is taken into account, it turns out that
one cannot reproduce the shape of the angular distribution
near the K∗+� threshold exhibited by the CLAS data with
reasonable model parameters. We then try to consider one
nucleon resonance. We test one by one the N (2000)5/2+,
N (2040)3/2+, N (2060)5/2−, N (2100)1/2+, N (2150)3/2−,
and N (2190)7/2− resonances which are located near the
K∗+� threshold and might potentially contribute to the

γ p → K∗+� reaction. After numerous tests, it is found that
in both the Regge model and the interpolated Regge model,
the differential cross-section data for γ p → K∗+� can be
satisfactorily described by introducing the N (2060)5/2− res-
onance, which is quite different from Ref. [10], where it was
found that apart from the N (2060)5/2− resonance, in order
to reproduce the data one needs to introduce in the s channel
at least one additional resonance, which could be one of the
N (2000)5/2+, N (2040)3/2+, N (2100)1/2+, N (2120)3/2−,
and N (2190)7/2− resonances. The fits with the inclusion of
other nucleon resonances are not considered acceptable, not
only because they have much larger χ2, but also because in
these fits the shape of the angular distributions near threshold
cannot be reproduced. As an illustration, we show in Fig. 2
a comparison of the near-threshold differential cross sections
from the fit with the N (2060)5/2− resonance and those from
the fit with the N (2100)1/2+ resonance in model II. One sees
clearly that the fit with the N (2100)1/2+ resonance fails to
describe the near-threshold differential cross sections and thus
is not treated as an acceptable fit.

The values of resonance parameters of the N (2060)5/2−

and other adjustable parameters determined in both the Regge
model and the interpolated Regge model are listed in Tables I
and II. Note that the contributions from the κ exchange are
found to be negligible in the interpolated Regge model and
thus they are not included in constructing the reaction ampli-
tudes. The other relevant parameters are nonadjustable, and
they are fixed by flavor SU(3) relations or taken from other
references, as explained in Ref. [10]. For comparison, the
corresponding values of the parameters in model I of Ref. [10]
(the Feynman model) are also listed in the last column of
Table I. Note that in this model, �K∗ and �κ are fixed to be
900 and 1100 MeV, respectively. One sees that the parameters
in the background contributions are quite different in model
I, model II, and model I of Ref. [10]. For example, the fitted
value for �K is 1940 MeV in model I, but it is 1000 MeV in
model I of Ref. [10]. This does not mean that the contributions
from the K exchange in model I are much bigger than those
in model I of Ref. [10], since the corresponding amplitudes
in these two models are constructed in quite different ways,

TABLE I. Fitted values of the parameters in model I (Regge model) and model II (interpolated Regge model). For comparison, the
corresponding values of the parameters in model I of Ref. [10] (Feynman model) are also listed in the last column. Here β�K∗ is the branching
ratio for the decay N (2060)5/2− → �K∗. A1/2 and A3/2 are the helicity amplitudes for the radiative decay N (2060)5/2− → γ p. Note that in
model I of Ref. [10], �K∗ and �κ are fixed to be 900 and 1100 MeV, respectively.

Model I Model II Model I of Ref. [10]

g(1)
�∗�γ −2.28 ± 0.07 −2.09 ± 0.09 0.74 ± 0.16

�K∗ (MeV) 900 ± 24 752 ± 2 900
�K (MeV) 1940 ± 25 762 ± 12 1000 ± 6
�κ (MeV) 900 ± 64 1100
N (2060)5/2− parameters
MR (MeV) 2033 ± 4 2028 ± 2 2033 ± 2
	R (MeV) 124 ± 7 57 ± 2 65 ± 4
�R (MeV) 1270 ± 6 1200 ± 5 1188 ± 20√

β�K∗ A1/2 (10−3 GeV−1/2) 0.66 ± 0.09 0.84 ± 0.08 0.69 ± 0.06√
β�K∗ A3/2 (10−3 GeV−1/2) −0.93 ± 0.14 −1.19 ± 0.11 −1.39 ± 0.13
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TABLE II. Fitted values of the parameters in interpolated form
factor in model II (interpolated Regge model).

s0 (GeV2) sR (GeV2) t0 (GeV2) tR (GeV2)

0.66 ± 0.06 4.95 ± 0.07 0.25 ± 0.01 0.46 ± 0.02

i.e., one is constructed in the Regge type while the other
is constructed in the Feynman type. Actually, as will be
discussed in connection with the total cross section (cf. Fig. 5),
the contributions from the K exchange in these two models
are comparable, although they are not the same. The values
of the coupling constant g(1)

�∗�γ in model I and model II are
quite different from that in model I of Ref. [10]. This is
mainly because the u-channel �∗ exchange has rather tiny
contributions and thus they are not well constrained by the
available cross-section data in the considered reaction. Note
that the coupling constant g(2)

�∗�γ is constrained by the �∗0 →
�γ decay width, 	�∗0→�γ = 0.45 MeV, which results in
g(2)

�∗�γ = −22.6, −25.23, and 40.76 in model I, model II,
and model I of Ref. [10], respectively. For the N (2060)5/2−

resonance, the masses determined in these three models are
consistent with each other, indicating that this parameter is
well determined, independently of how the t-channel ampli-
tudes are constructed. The values of the cutoff parameter and
the reduced helicity amplitudes for this resonance are also
found to be close to each other in these three models. The
values of the N (2060)5/2− width vary in different models,
indicating that this parameter cannot be well determined by
the considered data.

The differential cross sections produced in both the Regge
model and the interpolated Regge model are shown in Figs. 3
and 4, respectively, where the major individual contributions
are also shown. In these two figures, the black solid lines
represent the full results. The blue dashed and the green
dash-dotted lines show the contributions from the K and
N (2060)5/2− exchanges, respectively. In Fig. 4, the red dash-
double-dotted and the cyan dotted lines represent the con-
tributions from the K∗ exchange and the interaction current,
respectively.

From Figs. 3 and 4, one sees that the overall fitting qualities
of both the Regge model and the interpolated Regge model
are satisfactory: both are in agreement with the data and
comparable with that from the Feynman model of Ref. [10].
Nevertheless, at low energies near the �K∗ threshold, espe-
cially at the center-of-mass energy W = 2041 MeV, the results
from the interpolated Regge model are much closer to the data
than those from the Regge model and the Feynman model of
Ref. [10].

The reaction mechanisms from the Regge model, the inter-
polated Regge model and the Feynman model of Ref. [10] are
quite different, as can be seen from the dominant individual
contributions of the differential cross sections. In the near-
threshold region, the angular distributions are dominated by
the K exchange in the Regge model and N (2060)5/2− ex-
change in the interpolated Regge model, while in the Feynman
model of Ref. [10] both the K and N (2060)5/2− exchanges

are important in the near-threshold region. At higher energies,
in the Regge model the K exchange still dominates the reac-
tion, and the N (2060)5/2− exchange also offers significant
contributions with a maximum located around 2.2–2.3 GeV.
The contributions other than the K and N (2060)5/2− ex-
changes are tiny in this model. In the interpolated Regge
model, the contributions from the K exchange are rather small,
and the dominant contributions are from the N (2060)5/2−

exchange in the energy range from threshold up to W ≈
2.6 GeV. The K∗ exchange and the interaction current also
provide considerable contributions in this model in almost
the whole energy region considered. In the Feynman model
of Ref. [10], at higher energies, the K exchange dominates
the reaction, while the N (2060)5/2− and the other resonance
exchanges also provide considerable contributions. The κ, K∗
exchanges and the interaction current offer rather small contri-
butions in the Feynman model, similarly to the Regge model.

The N (2060)5/2− is the common resonance required in
all the Regge model, the interpolated Regge model and the
Feynman model of Ref. [10]. In the last model, the fitted mass
of the N (2060)5/2− is around 2009–2043 MeV and the fitted
width is around 65–213 MeV in different fits. From Table I
one sees that the fitted mass of this resonance is 2033 MeV in
the Regge model and 2028 MeV in the interpolated Regge
model. An interesting observation is that these two values
are very close to each other and they are both in the range
predicted by the Feynman model of Ref. [10]. The fitted width
of the N (2060)5/2− is 124 MeV in the Regge model and
57 MeV in the interpolated Regge model. Although not close
to each other, they both are almost in the range predicted
by the Feynman model of Ref. [10]. This finding might be
a hint that the N (2060)5/2− is really needed and plays a
significant role in the reaction γ p → K∗+�, independently
of how the t-channel amplitudes are constructed. The mass of
this resonance can be basically determined by the present data
for this reaction, while its width cannot be well determined
with the present data.

Figure 5 shows the predicted total cross sections (black
solid lines) together with the individual contributions from
the K exchange (blue dashed lines), the N (2060)5/2− ex-
change (green dash-dotted lines), the K∗ exchange (the red
dash-double-dotted lines), the interaction current (cyan dot-
ted lines) and the Born term (olive short-dash-dotted lines)
obtained by integrating the corresponding differential cross
sections in both the Regge model (model I) and the interpo-
lated Regge model (model II). The Born terms consist of the
coherent sum of all the contributions other than the s-channel
resonance exchanges. For comparison, we also show in this
figure the major contributions from model I of Ref. [10],
illustrating the results from a Feynman model. In this model,
the contributions from the N (2000)5/2+ exchange are plotted
with the double-dash-dotted line. The contributions from the
K∗ exchange and the interaction current in the left and right
graphs are not presented, and so are the contributions from
the other terms in these three graphs, since these contributions
are too small to be clearly seen with the scale used in this
figure. To see the high-energy behavior of the theoretical
total cross sections, we extend the plot up to W = 3.5 GeV.
One sees that in all the three models, the predicted total
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FIG. 3. Differential cross sections for γ p → K∗+� as a function of cos θ (black solid lines) from model I (Regge model). The scattered
symbols denote the CLAS data from Ref. [3]. The blue dashed and green dash-dotted lines represent the individual contributions from the K
and N (2060)5/2− exchanges, respectively. The numbers in parentheses denote the photon laboratory incident energy (left number) and the
corresponding total center-of-mass energy of the system (right number), in MeV.

cross sections are in fairly good agreement with the data
over the entire energy region considered, except that around
W ≈ 2.8 GeV where the theoretical total cross sections from
model II overestimates the corresponding data. Note that the
CLAS total cross section data are obtained by integrating the
measured differential cross sections, and thus they may suffer
from the limited angular acceptance of the CLAS detector
at forward angles [3]. In the energy region W > 2.7 GeV,
model II produces much bigger total cross sections than the
other two models. More elaborate data in this energy region
may help distinguish the theoretical models. The contributions

from the Born terms are found to be important in all the
three models, and in particular, they dominate the total cross
sections at high energies. Nevertheless, the Born terms have
different origins in various models. The K exchange is seen
to play a dominant role in the Regge model (model I) and
the Feynman model (model I of Ref. [10]), while it provides
rather small contributions in the interpolated Regge model
(model II). It also shows that the contributions from the K
exchange drop much faster in the Regge model than those
in the Feynman model with the increase of the center-of-
mass energy. In the interpolated Regge model (model II),
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FIG. 4. Differential cross sections for γ p → K∗+� as a function of cos θ (black solid lines) from model II (interpolated Regge model). In
addition to the same notations as in Fig. 3, the red dash-double-dotted and cyan dotted lines represent the contributions from the K∗ exchange
and the interaction current, respectively.

considerable contributions are also seen from the K∗ exchange
and the interaction current. These two together with the K ex-
change are the major sources of the Born term in this model. In
all the three models, the N (2060)5/2− exchange offers rather
important contributions, but the locations and the strengths
of the bumps caused by this resonance are quite different in
various models. In model I of Ref. [10], a second resonance
N (2000)5/2+ is found to provide considerable contributions
at higher energies, while in the other two models, only one
resonance, i.e., the N (2060)5/2−, is needed to describe the
data. Different roles/contributions of nucleon resonances in
these models clearly show how the resonance content and

parameters depend on the way in which the background
contributions are constructed for γ p → K∗+�. These obser-
vations establish those obtained from the differential cross
sections of Figs. 3 and 4.

IV. SUMMARY AND CONCLUSIONS

In this work, the high-precision differential cross-section
data for the reaction γ p → K∗+� are reanalyzed within a
Regge-inspired effective Lagrangian approach, where the t-
channel interactions are described by the Regge amplitudes
or the interpolated Regge amplitudes instead of the Feynman
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FIG. 5. Total cross sections with individual contributions for γ p → K∗+�. The left graph is for model I (Regge model), the middle
one corresponds to model II (interpolated Regge model), and the right one is for model I of Ref. [10] (Feynman model). The black solid
lines represent the full results. The green dash-dotted, blue dashed, red dash-double-dotted, and cyan dotted lines represent the individual
contributions from the N (2060)5/2−, K , K∗ exchanges and the interaction current, respectively. The olive short-dash-dotted lines represent the
contributions from the Born term which consists of the coherent sum of all the contributions other than the s-channel resonance exchanges. In
the right graph, the purple double-dash-dotted line represents the contributions from the N (2000)5/2+ exchange. The contributions from the
K∗ exchange and the interaction current in the left and right graphs are not presented, and so are the contributions from other terms in these
three graphs, since these contributions are too small to be clearly seen with the scale used in this figure. The scattered symbols are data from
CLAS Collaboration [3].

amplitudes as in our previous work [10]. The purpose is to test
how strongly the reaction mechanism, the extracted resonance
contents and the associated resonance parameters depend on
the way in which the t-channel meson-exchange amplitudes
are constructed.

It is found that in both the Regge model and the inter-
polated Regge model, one only needs to introduce a single
N (2060)5/2− resonance in constructing the s-channel reac-
tion amplitude in order to describe the cross-section data,
which is quite different from the Feynman model of Ref. [10],
where it was found that apart from N (2060)5/2−, the in-
troduction of an additional resonance in the s channel is
indispensable to get an acceptable description of the data.

The reaction mechanisms are found to be highly model
dependent. In the near-threshold region, especially at the
center-of-mass energy W = 2041 MeV, the angular distribu-
tions are dominated by the K exchange in the Regge model, by
the N (2060)5/2− exchange in the interpolated Regge model,
and by both the K exchange and the N (2060)5/2− exchange
in the Feynman model of Ref. [10]. At higher energies, the
angular distributions are found to be dominated by the K
and N (2060)5/2− exchanges in the Regge model, by the
N (2060)5/2− exchange in the interpolated Regge model, and
by exchanging the K , the N (2060)5/2−, and other resonances
in the Feynman model. The K exchange, which plays a very
significant role in almost the whole energy range considered

in both the Regge model and the Feynman model, provides
rather small contributions in the interpolated Regge model. In
contrast, the K∗ exchange and the interaction current, which
are negligible in both the Regge model and the Feynman
model, offer considerable contributions in the interpolated
Regge model.

The common feature of all these three models is that the
N (2060)5/2− resonance is needed and plays a very important
role for the angular distributions. The fitted mass of this
resonance is in a narrow range of about 2009–2043 MeV and
the fitted width varies in a broad range of about 57–213 MeV
in different models and various fits. This finding might be
a hint that the N (2060)5/2− is really needed and plays a
significant role in the reaction γ p → K∗+�, independently
of how the t-channel amplitudes are constructed. The mass
of this resonance can be basically determined by the present
data, while the width cannot.

ACKNOWLEDGMENTS

This work is partially supported by the National Natural
Science Foundation of China under Grants No. 11475181 and
No. 11635009, the Youth Innovation Promotion Association
of Chinese Academy of Sciences under Grant No. 2015358,
and the Key Research Program of Frontier Sciences of Chi-
nese Academy of Sciences under Grant No. Y7292610K1.

[1] L. Guo and D. P. Weygand (CLAS Collaboration), NSTAR 2005
(World Scientific, Singapore, 2005), pp. 306–309.

[2] K. Hicks, D. Keller, and W. Tang, in 12th International Confer-
ence on Meson-Nucleon Physics and the Structure of the Nucleon
(MENU 2010), 31 May–4 June 2010, Virginia, edited by D.

Armstrong et al., AIP Conf. Proc. No. 1374 (AIP, New York,
2011), p. 177.

[3] W. Tang et al. (CLAS Collaboration), Phys. Rev. C 87, 065204
(2013).

015203-8

https://doi.org/10.1103/PhysRevC.87.065204


PHOTOPRODUCTION γ P → K∗+� IN A REGGEIZED … PHYSICAL REVIEW C 102, 015203 (2020)

[4] Q. Zhao, J. S. Al-Khalili, and C. Bennhold, Phys. Rev. C 64,
052201(R) (2001).

[5] Y. Oh and H. Kim, Phys. Rev. C 73, 065202 (2006).
[6] Y. Oh and H. Kim, Phys. Rev. C 74, 015208 (2006).
[7] S. Ozaki, H. Nagahiro, and A. Hosaka, Phys. Rev. C 81, 035206

(2010).
[8] S. H. Kim, S. I. Nam, Y. Oh, and H. C. Kim, Phys. Rev. D 84,

114023 (2011).
[9] S. H. Kim, A. Hosaka, and H. C. Kim, Phys. Rev. D 90, 014021

(2014).
[10] A. C. Wang, W. L. Wang, F. Huang, H. Haberzettl, and K.

Nakayama, Phys. Rev. C 96, 035206 (2017).
[11] B.-G. Yu, Y. Oh, and K.-J. Kong, Phys. Rev. D 95, 074034

(2017).
[12] X. Y. Wang and J. He, Phys. Rev. C 93, 035202 (2016).
[13] A. C. Wang, W. L. Wang, and F. Huang, Phys. Rev. C 98,

045209 (2018).
[14] W.-T. Chiang, S. N. Yang, L. Tiator, M. Vanderhaeghen, and D.

Drechsel, Phys. Rev. C 68, 045202 (2003).
[15] H. Toki, C. Garcia-Recio, and J. Nieves, Phys. Rev. D 77,

034001 (2008).
[16] S. I. Nam and C. W. Kao, Phys. Rev. C 81, 055206 (2010).
[17] J. He and X. R. Chen, Phys. Rev. C 86, 035204 (2012).
[18] J. He, Phys. Rev. C 89, 055204 (2014).

[19] A. V. Anisovich, R. Beck, E. Klempt, V. A. Nikonov, A. V.
Sarantsev, and U. Thoma, Eur. Phys. J. A 48, 15 (2012).

[20] D. Rönchen, M. Döring, F. Huang, H. Haberzettl, J.
Haidenbauer, C. Hanhart, S. Krewald, U.-G. Meißner, and K.
Nakayama, Eur. Phys. J. A 49, 44 (2013).

[21] X. Cao, V. Shklyar, and H. Lenske, Phys. Rev. C 88, 055204
(2013).

[22] H. Kamano, S. X. Nakamura, T.-S. H. Lee, and T. Sato, Phys.
Rev. C 92, 025205 (2015).

[23] C. Fernandez-Ramirez, I. V. Danilkin, D. M. Manley, V.
Mathieu, and A. P. Szczepaniak, Phys. Rev. D 93, 034029
(2016).

[24] H. Haberzettl, Phys. Rev. C 56, 2041 (1997).
[25] H. Haberzettl, K. Nakayama, and S. Krewald, Phys. Rev. C 74,

045202 (2006).
[26] F. Huang, M. Döring, H. Haberzettl, J. Haidenbauer, C.

Hanhart, S. Krewald, U.-G. Meißner, and K. Nakayama, Phys.
Rev. C 85, 054003 (2012).

[27] F. Huang, H. Haberzettl, and K. Nakayama, Phys. Rev. C 87,
054004 (2013).

[28] T. Corthals, T. VanCauteren, J. Ryckebusch, and D. G. Ireland,
Phys. Rev. C 75, 045204 (2007).

[29] H. Haberzettl, X.-Y. Wang, and J. He, Phys. Rev. C 92, 055503
(2015).

015203-9

https://doi.org/10.1103/PhysRevC.64.052201
https://doi.org/10.1103/PhysRevC.73.065202
https://doi.org/10.1103/PhysRevC.74.015208
https://doi.org/10.1103/PhysRevC.81.035206
https://doi.org/10.1103/PhysRevD.84.114023
https://doi.org/10.1103/PhysRevD.90.014021
https://doi.org/10.1103/PhysRevC.96.035206
https://doi.org/10.1103/PhysRevD.95.074034
https://doi.org/10.1103/PhysRevC.93.035202
https://doi.org/10.1103/PhysRevC.98.045209
https://doi.org/10.1103/PhysRevC.68.045202
https://doi.org/10.1103/PhysRevD.77.034001
https://doi.org/10.1103/PhysRevC.81.055206
https://doi.org/10.1103/PhysRevC.86.035204
https://doi.org/10.1103/PhysRevC.89.055204
https://doi.org/10.1140/epja/i2012-12015-8
https://doi.org/10.1140/epja/i2013-13044-5
https://doi.org/10.1103/PhysRevC.88.055204
https://doi.org/10.1103/PhysRevC.92.025205
https://doi.org/10.1103/PhysRevD.93.034029
https://doi.org/10.1103/PhysRevC.56.2041
https://doi.org/10.1103/PhysRevC.74.045202
https://doi.org/10.1103/PhysRevC.85.054003
https://doi.org/10.1103/PhysRevC.87.054004
https://doi.org/10.1103/PhysRevC.75.045204
https://doi.org/10.1103/PhysRevC.92.055503

