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In our earlier work [A. C. Wang et al., Phys. Rev. C 98, 045209 (2018)], we analyzed the differential cross-
section data from the CLAS Collaboration for the reactions γ p → K∗+�0 and γ p → K∗0�+ using an effective
Lagrangian approach. We found that a satisfactory description of the data required the inclusion of the s-channel
�(1905)5/2+ resonance, in addition to t-channel exchanges of K , κ , and K∗, s-channel contributions from
nucleon (N) and �, u-channel exchanges of �, �, and �∗, and a generalized contact term. In the present work,
we extend our analysis to incorporate the data on spin density matrix elements from the LEPS Collaboration
for the γ p → K∗0�+ reaction at photon energies Eγ = 1.85–2.96 GeV. Our goal is to impose more stringent
constraints on the theoretical model and obtain a more reliable understanding of the reaction mechanisms. We
obtain two fits that describe the experimental data equally well. In both fits, the �(1905)5/2+ resonance plays
an important role. However, the contribution from t-channel κ exchange is significant in one fit but negligible in
the other. This finding contradicts earlier claims in the literature that the LEPS parity spin asymmetry Pσ data
support a dominant role of κ exchange in γ p → K∗0�+. We also present predictions for Pσ at Eγ = 8.5 GeV,
which may help clarify whether κ exchange is indeed dominant in this reaction.

DOI: 10.1103/lkg6-j9h9

I. INTRODUCTION

A deep understanding of nucleon and � resonances (N∗’s
and �∗’s) is essential for gaining insight into the nonper-
turbative regime of quantum chromodynamics (QCD). The
increasing interest in N∗’s and �∗’s reflects their fundamen-
tal role in hadron physics. Historically, knowledge of these
resonances has mainly come from studies of πN scattering
and photoproduction reactions involving pions and kaons.
However, many resonances predicted by quark models [1,2]
and lattice QCD [3–9] have not yet been confirmed experi-
mentally. These so-called “missing resonances” are thought
to couple only weakly to the πN , K�, and K� channels,
motivating the exploration of alternative production channels
with stronger couplings. In this work, we focus on the K∗�
photoproduction reaction, which provides access to a higher
mass region of N∗ and �∗ due to its relatively large threshold
energy, thereby complementing studies based on πN scatter-
ing and photoproduction reactions involving pions and kaons.
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Experimentally, the K∗� photoproduction process has
been investigated by several collaborations [10–14]. The
CLAS Collaboration at the Thomas Jefferson National Ac-
celerator Facility (JLab) reported high-statistics differential
cross-section data for the γ p → K∗+�0 reaction in 2013
[11]. Cross-section data for the γ p → K∗0�+ reaction are
available from both the CLAS Collaboration [12] and the
CBELSA/TAPS Collaboration [13]. In addition, the LEPS
Collaboration provided spin density matrix elements data
for γ p → K∗0�+ at photon energies between 1.85 and
2.96 GeV [14].

On the theoretical side, several studies have been dedi-
cated to the investigation of K∗� photoproduction reactions
[15–20]. In our previous work [15], a two-channel combined
analysis of the cross-section data for the γ p → K∗+�0 and
γ p → K∗0�+ reactions was conducted within an effective
Lagrangian approach. Our results indicated that a satisfactory
description of the CLAS cross-section data [11,12] requires
at least one � resonance, specifically �(1905)5/2+, in con-
structing the reaction amplitude. Similar to the case of K∗�
photoproduction [21,22], t-channel K exchange was found to
dominate the forward-angle differential cross sections across
the energy range considered. However, a different conclusion
was reached in Ref. [17], where the preliminary differen-
tial cross-section data for K∗0�+ photoproduction [10] were
analyzed, suggesting a significant role for t-channel κ ex-
change in this reaction. Additionally, in Ref. [14], the LEPS
parity spin asymmetry Pσ data were interpreted as support-
ing the model II in Ref. [17] that includes a substantial
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FIG. 1. Generic structure of photoproduction amplitude for
γ N → K∗�. Time proceeds from left to right.

κ-exchange contribution. More recently, Ref. [20] proposed
the N (2080)3/2− and N (2270)3/2− molecular states as al-
ternatives to the �(1905)5/2+ resonance and found that the
differential cross-section data could still be reproduced.

Despite these efforts, theoretical investigations of K∗�
photoproduction have largely concentrated on differential
cross-section data [10–13]. A comprehensive analysis that
simultaneously accounts for data on both differential cross
sections and spin density matrix elements has been lacking.

In the present work, we extend our earlier study [15] by
incorporating the LEPS data on spin density matrix elements
for γ p → K∗0�+ [14] into the analysis. Our goal is to bet-
ter constrain the theoretical model through a simultaneous
description of the available data on both differential cross sec-
tions and spin density matrix elements for both γ p → K∗+�0

and γ p → K∗0�+ reactions. Such an approach is expected to
yield a more refined understanding of the underlying reaction
mechanisms, particularly the role of resonance contributions
and the possible involvement of κ-meson exchange.

The paper is organized as follows. Section II outlines
the theoretical framework. Section III presents the numerical
results and discusses the mechanisms of the reactions consid-
ered. A brief summary and conclusions are given in Sec. IV.

II. FORMALISM

Following the formalism developed in Ref. [15], the scat-
tering amplitudes for γ N → K∗� in the present work are
constructed by considering the t-channel exchanges of K ,
κ , and K∗ mesons, s-channel contributions of N , �, and
�(1905)5/2+ baryons, u-channel exchanges of �, �, and �∗
baryons, and a generalized contact term, as schematically de-
picted in Fig. 1. The full reaction amplitude can be expressed
according to a full field-theoretical approach of Refs. [23–26]
as

Mνμ = Mνμ
s + Mνμ

t + Mνμ
u + Mνμ

int , (1)

where ν and μ are the Lorentz indices of vector meson K∗
and photon γ , respectively; Mνμ

s , Mνμ
t , and Mνμ

u stand for the
s-, t-, and u-channel amplitudes, respectively; and Mνμ

int is a
generalized interaction current. The amplitudes Mνμ

s , Mνμ
t ,

and Mνμ
u can be obtained by direct evaluations of the cor-

responding Feynman diagrams. The interaction current Mνμ
int

arises from the photon attaching inside the �NK∗ interaction
vertex. It is, in principle, highly nonlinear and involves very
complicated diagrams, making a strict calculation impractical.
We follow Refs. [23–26] to choose a particular prescription
for Mνμ

int , which obeys the crossing symmetry and ensures that
the full photoproduction amplitude for γ N → K∗� satisfies
the generalized Ward-Takahashi identity and thus is fully
gauge invariant. The explicit expressions of the Lagrangians,
propagators, and form factors needed for calculating the am-
plitudes Mνμ

s , Mνμ
t , and Mνμ

u and the adopted prescription for
Mνμ

int can be found in our previous work [15], and we do not
repeat them here.

In the center-of-mass (c.m.) frame, the γ p → K∗0�+ in-
variant amplitude Mνμ introduced in Eq. (1) can be expressed
in helicity basis as [27]

TλV λ f ,λγ λi(W, θ ) ≡ 〈q, λV ; p f , λ f |M|k, λγ ; pi, λi〉 , (2)

where λi, λγ , λ f , and λV denote the helicities of the incoming
nucleon, incoming photon, outgoing �, and outgoing K∗,
respectively. Correspondingly, the arguments pi, k, p f , and q
represent the 4-momenta of the incoming nucleon, incoming
photon, outgoing �, and outgoing K∗, respectively. W and θ

indicate the total energy of the system and the scattering angle
in c.m. frame, respectively. The differential cross section is
then given by

dσ

d�
= 1

64π2W 2

|q|
|k|

1

4

∑

λV ,λ f ,λγ ,λi

∣∣TλV λ f ,λγ λi (W, θ )
∣∣2

, (3)

and the spin density matrix elements relevant to the present
work are given by [28,29]

ρ0
λV λ′

V
=

∑
λ f , λγ , λi

TλV λ f ,λγ λi T
∗
λ′

V λ f ,λγ λi

∑
λV , λ f , λγ , λi

∣∣TλV λ f ,λγ λi

∣∣2 , (4)

ρ1
λV λ′

V
=

∑
λ f , λγ , λi

TλV λ f ,−λγ λi T
∗
λ′

V λ f ,λγ λi

∑
λV , λ f , λγ , λi

∣∣TλV λ f ,λγ λi

∣∣2 , (5)

ρ2
λV λ′

V
= i

∑
λ f , λγ , λi

λγ TλV λ f ,−λγ λi T
∗
λ′

V λ f ,λγ λi

∑
λV , λ f , λγ , λi

∣∣TλV λ f ,λγ λi

∣∣2 . (6)

III. RESULTS AND DISCUSSION

In our previous work [15], we conducted a two-channel
combined analysis of the CLAS cross-section data [11,12] for
the γ p → K∗+�0 and γ p → K∗0�+ reactions using an ef-
fective Lagrangian approach. By considering the t-channel K ,
κ , and K∗ exchanges, the s-channel N , �, and �(1905)5/2+
contributions, the u-channel �, �, and �∗ exchanges, and a
generalized contact term, the CLAS cross-section data were
satisfactorily described. In the present work, we extend this
analysis to incorporate the data on spin density matrix el-
ements from the LEPS Collaboration for the γ p → K∗0�+
reaction at photon energies between 1.85 and 2.96 GeV [14].
The main purpose is to impose more stringent restrictions
on our theoretical model. Note that in the literature, the
LEPS data on spin density matrix elements has never been
analyzed by theoretical works. Here, we for the first time
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perform a combined analysis of the available data on both
cross sections and spin density matrix elements for both the
γ p → K∗+�0 and γ p → K∗0�+ reactions. It is expected that
a more reliable understanding of the reaction mechanisms,
in particular, the role of resonance contributions, could be
achieved. Moreover, we try to clarify through such a combined
analysis whether the κ-meson exchange is dominant or not in
γ p → K∗0�+ as claimed in literature [14,17].

Using the parameters from Ref. [15] that were fixed by
fitting only the cross-section data, we found that the LEPS
spin density matrix element data for γ p → K∗0�+ could
not be satisfactorily reproduced, as significant discrepancies
between theoretical predictions and the data are evident. We
therefore treat the cutoff masses for the s-channel N , �, and
�(1905)5/2+ contributions—�N , ��, and ��(1905)—which
were set to a common parameter �s in Ref. [15], as inde-
pendent free parameters. Similarly, we treat the cutoff masses
for the t-channel K and κ exchanges—�K and �κ—which
were set to a common parameter �K,κ in Ref. [15], as in-
dependent free parameters. We then refit all available data,
including the newly considered spin density matrix element
data for the K∗0�+ reaction channel and the previously con-
sidered differential cross-section data for both K∗+�0 and
K∗0�+ reaction channels. After numerous attempts with var-
ious starting values for the fitting parameters, we obtained
two sets of parameters that effectively reproduce all available
data. Both fits perform slightly worse in terms of the dif-
ferential cross-section data compared to the fit in Ref. [15]
(where χ2

dσ /NDdσ = 1.84), yielding χ2
dσ /NDdσ = 1.97 and

2.02, respectively. This decrease in fit quality is expected,
because only differential cross-section data were considered
in Ref. [15], whereas the addition of spin density matrix
element data inevitably lowers the quality of the fit to the
differential cross-section data. It is worth noting that models I
and II have identical resonance content and the same number
of free parameters. Therefore, statistical criteria such as AIC
or BIC reduce effectively to a comparison of χ2, for which
the two models yield very similar values. The existence of
two solutions with comparable fit quality reflects a physical
ambiguity arising from the limited constraints provided by
the currently available data. Additional experimental data,
especially data at higher energies on polarization observables,
are needed to resolve this ambiguity.

In Table I, we present the fitting values of all the adjustable
parameters. The two fits are named as model I and model II,
respectively. Here, the uncertainties in the resulting parame-
ters arise from the uncertainties (error bars) associated with
the fitted data points. For γ p → K∗0�+, the Particle Data
Group (PDG) [30] value of the partial decay width ��∗+→�+γ

is used to constrain the electromagnetic couplings g(1)
�∗+�+γ

and g(2)
�∗+�+γ

, and we treat their ratio g(2)
�∗+�+γ

/g(1)
�∗+�+γ

as a

fitting parameter in practice. For γ p → K∗+�0, as no electro-
magnetic decay information for �∗0 is available, both g(1)

�∗0�0γ

and g(2)
�∗0�0γ

are treated as fitting parameters.
Focusing on the cutoff masses of the nonresonant terms in

the two models, we observe that most of the fitting values are
very close, except for the cutoffs of the s-channel N exchange
and the t-channel κ exchange. The relatively large difference

TABLE I. Values of adjustable parameters. A1/2 and A3/2 rep-
resent helicity amplitudes for the resonance. The asterisks (∗∗∗∗)
denote the overall status of the resonance evaluated by PDG [30].
The numbers in brackets below the resonance masses, widths, and
helicity amplitudes represent the corresponding values estimated by
PDG [30].

Model I Model II

g(2)
�∗+�+γ

/g(1)
�∗+�+γ

−1.83 ± 0.76 0.50 ± 0.74

g(1)
�∗0�0γ

−2.54 ± 0.68 −0.00029 ± 0.0003

g(2)
�∗0�0γ

2.62 ± 0.36 −5.78 ± 2.8

g(1)
��K∗ 20.14 ± 2 −25.0 ± 3.6

�N [MeV] 1737 ± 28 1000 ± 15
�� [MeV] 1368 ± 10 1137 ± 24
��∗ [MeV] 857 ± 22 838 ± 18
�� [MeV] 745 ± 25 779 ± 15
�� [MeV] 1194 ± 9 1173 ± 9
�K [MeV] 700 ± 10 833 ± 19
�κ [MeV] 1000 ± 2 1800 ± 2
�K∗ [MeV] 1100 ± 3 1293 ± 15

�(1905)5/2+ (∗∗∗∗)
MR [MeV] 1855 ± 2 1910 ± 0.4

[1855 ∼ 1910] [1855 ∼ 1910]
�R [MeV] 346 ± 91 400 ± 2

[270 ∼ 400] [270 ∼ 400]
A1/2 [GeV−1/2] 0.025 ± 0.007 0.017 ± 0.0001

[0.017 ∼ 0.027] [0.017 ∼ 0.027]
A3/2 [GeV−1/2] −0.038 ± 0.013 −0.055 ± 0.0002

[−0.055 ∼ −0.035] [−0.055 ∼ −0.035]
g(1)

R�K∗ 11.52 ± 0.20 0.316 ± 0.005
g(2)

R�K∗ −0.137 ± 0.01 −5.78 ± 0.007
g(3)

R�K∗ 115.8 ± 1.18 43.5 ± 0.001
�R [MeV] 1150 ± 9 1307 ± 9

in the cutoffs of N exchange has little effect on the models,
because the contributions from N exchange are minimal in
both models. However, for the t-channel κ exchange, there
is a significant difference: with a cutoff value of 1800 MeV
in model II, the κ exchange contributes significantly, whereas
with a cutoff value of 1000 MeV in model I, its contribution
is nearly negligible. This constitutes a fundamental differ-
ence between the two models. MR, �R, and �R denote the
resonance mass, width, and cutoff mass, respectively. The
asterisks (∗∗∗∗) following the resonance name indicate the
overall status of the resonance as evaluated in the most recent
review by the PDG [30]. The numbers in brackets below the
resonance mass, width, and helicity amplitudes are the corre-
sponding values estimated by the PDG. A1/2 and A3/2 stand
for the helicity amplitudes for the resonance radiative decay
to γ p. For the four-star resonance �(1905)5/2+, in Ref. [15],
we used the averaged values from the PDG for its mass, width,
and helicity amplitudes. However, for the two models in this
work, we fit the parameters within the recommended value
ranges from the PDG for these three parameters. The fitted
mass of the �(1905)5/2+ resonance is found to lie at the
boundary of the PDG range, indicating that the present data
do not strongly constrain this parameter. We have examined
the effect of releasing the PDG constraint on its mass and find
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FIG. 2. Differential cross sections for γ p → K∗+�0 as a function of cos θ (black solid lines) in model I. The scattered symbols denote
the CLAS data in Ref. [11]. The blue dashed, green double-dot-dashed, magenta dotted, and cyan dot-dashed lines represent the individual
contributions from the �(1905)5/2+, �, �, and K∗ exchanges, respectively. The numbers in parentheses denote the centroid value of the
photon laboratory incident energy (left number) and the corresponding total c.m. energy of the system (right number), in MeV.

that the fitted value can shift away from the PDG interval,
with only a marginal improvement in the description of the
data. This suggests that the available data are not sufficiently
sensitive to determine the mass of �(1905)5/2+ precisely.

The �(1905)5/2+ resonance is known to predominantly
decay into nonstrange channels according to the PDG, and no
explicit information on its decay into the K∗� channel is cur-
rently available. Note that the threshold for K∗� production is
about 2082 MeV, which is significantly higher than the mass
of the �(1905)5/2+ resonance. Therefore, the contribution
of �(1905)5/2+ to the present reaction arises mainly from
off-shell effects. This is the reason why its on-shell decay
properties listed by the PDG contain no information on the
K∗� channel. The importance of the �(1905)5/2+ resonance
in the present analysis should be understood as a dynamical
effect, rather than as evidence for a large decay branching
ratio.

The uncertainties of the fitted parameters listed in Table I
are obtained from the covariance matrix provided by the MI-
NUIT minimization procedure. These uncertainties arise from
the propagation of the experimental errors (error bars) of the
fitted data points into the parameter space. These uncertainties
reflect the statistical errors propagated from the experimental
data.

The results for the differential cross sections of γ p →
K∗+�0 and γ p → K∗0�+ corresponding to the parameters
of model I listed in Table I are shown in Figs. 2 and 3, respec-
tively. In these figures, the black solid lines represent the full
results. The blue dashed and green double-dot-dashed lines
represent the individual contributions from the �(1905)5/2+
and � exchanges, respectively. The cyan dot-dashed lines rep-
resent the individual contributions from the K∗ exchange for
γ p → K∗+�0 and the �∗ exchange for γ p → K∗0�+. The
magenta dotted lines represent the individual contributions
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FIG. 3. Differential cross sections for γ p → K∗0�+ as a function of cos θ in model I. Notations are the same as in Fig. 2 except that now
the cyan dot-dashed lines represent the contributions from the u-channel �∗ exchange, the magenta dotted lines denote the contributions from
the u-channel � exchange, and the scattered symbols denote the CLAS data in Ref. [12].

from the � exchange for γ p → K∗+�0 and the � exchange
for γ p → K∗0�+. Contributions from other terms are too
small to be clearly seen at the scale used and are therefore
not plotted. The numbers in parentheses denote the centroid
value of the photon laboratory incident energy (left number)
and the corresponding total c.m. energy of the system (right
number), in MeV. As stated in Ref. [15], the statistical data
binning for photon incident energy is 100 MeV, and its ef-
fects for γ p → K∗+�0 at the c.m. energy W = 2086 MeV,
which is about 2 MeV higher than the K∗+�0 threshold, have
been approximated by an integral of the differential cross
sections over the 100 MeV energy bin. At other energies, the
binning effects have been tested to be minimal.

Similar to model I, the results for the differential cross
sections of γ p → K∗+�0 and γ p → K∗0�+ corresponding
to the parameters of model II are shown in Figs. 4 and 5,
respectively. In addition to the annotations as in Figs. 2 and 3,
the orange dot-double-dashed lines represent the contributions
from the κ exchange.

From Figs. 2 and 3 for model I and Figs. 4–5 for model
II, it is evident that both models provide satisfactory overall
descriptions of the differential cross-section data. The fitting
qualities of the two models are nearly identical, and the re-
sulted values of chi-square per number of data, χ2

dσ /NDdσ ,
are 1.97 for model I and 2.02 for model II. However, a
completely different reaction mechanism exists in these two
models, where the roles played by individual terms differ
significantly between them.

For the γ p → K∗+�0 reaction process, in model I, the
�(1905)5/2+ resonance and the � exchange jointly con-
tribute to the angular distribution structure near the threshold
energy region, with both making substantial contributions.
In contrast, model II exhibits a different behavior: only
the �(1905)5/2+ resonance contributes dominantly near the
threshold energy region, while the � exchange contributes
much less than in model I. The u-channel � exchange in

both models contributes minimally at backward angles. The
t-channel K∗ exchange is responsible for the rapid increase at
forward angles in the higher energy region in model I, while
in model II, in addition to the K∗ exchange, the κ exchange
also contributes considerably at forward angles.

Turning to the γ p → K∗0�+ reaction process, the dom-
inant terms at each scattering angle are not as clear cut as
in the γ p → K∗+�0 process, with many terms contributing
significantly over the entire energy region considered. For
the �(1905)5/2+ resonance and � exchange, which have
identical electromagnetic coupling constants in both reaction
channels, their contributions differ in the two models due
to their isospin factors. In both models, the u-channel �

exchange, followed by the �∗ exchange, has considerable
contributions at backward angles in the considered energy
region, with the contributions being nearly the same in both
models due to the fitted values of the cutoff masses of these
two terms being very close, as shown in Table I. In model
I, the � exchange mainly accounts for the increases of dif-
ferential cross sections at forward angles, while in model II,
the �(1905)5/2+ resonance interacts with the κ exchange to
produce these increases.

It is important to note that for the K∗0�+ channel, there
is almost no contribution from the κ exchange in model I,
while the κ exchange contributes significantly, especially at
the forward angles, in model II. As mentioned previously,
one of the motivations of this study is to determine the
contributing term at forward angles in the K∗0�+ reaction
channel. Clearly, with the spin density matrix elements data
well reproduced which will be discussed in detail later, the
results in model I challenge the claim in Ref. [14] that the κ

exchange play a significant role in the γ p → K∗0�+ reaction
process.

Figures 6 (model I) and 7 (model II) depict the predicted
total cross sections (black solid lines) along with individual
contributions from the �(1905)5/2+ exchange (blue dashed
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FIG. 4. Differential cross sections for γ p → K∗+�0 as a function of cos θ in model II. Notations are the same as in Fig. 2 except that the
orange dot-double-dashed lines represent the contributions from the κ exchange.
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FIG. 5. Differential cross sections for γ p → K∗0�+ as a function of cos θ in model II. Notations are the same as in Fig. 3 except that the
orange dot-double-dashed lines represent the contributions from the κ exchange.

015206-6



COMBINED ANALYSIS OF THE DATA ON CROSS … PHYSICAL REVIEW C 114, 015206 (2026)

2.0 2.2 2.4 2.6 2.8

W [GeV]

0.0

0.1

0.2

0.3

0.4
��
��

b
]

Full

��	
��
����

K
*

�
�

�p ���������

2.0 2.2 2.4 2.6 2.8

W [GeV]

0.0

0.1

0.2

0.3

0.4

��
��

b
]

Full

��	
��
����

��
�
�

�p ���������

FIG. 6. Total cross sections with dominant individual contri-
butions in model I. The scattered symbols are data from CLAS
Collaboration [11]. Notations in upper and lower graphs are the same
as in Figs. 2 and 3, respectively.

lines), the � exchange (green double-dot-dashed lines), and
the κ exchange (orange dot-double-dashed lines) for the
γ p → K∗+�0 (upper graph) and γ p → K∗0�+ (lower graph)
reaction processes. The cyan dot-dashed lines represent the K∗
exchange in the upper graph and the �∗ exchange in the lower
one. The magenta dotted lines represent the � exchange in the
upper graph and the � exchange in the lower one. Contribu-
tions from other terms are not plotted due to their negligible
impact at the scale used. The total cross sections are obtained
by integrating corresponding differential cross sections over
cos θ and are not included in our fitting process.

It is evident that for the γ p → K∗+�0 reaction process
(upper graphs in Figs. 6 and 7), in model I, the �(1905)5/2+
resonance, together with the � exchange, is responsible for
the bump structure exhibited by the total cross-section data,
while in model II, the � exchange contributes much less than
the �(1905)5/2+ resonance. For the γ p → K∗0�+ reaction
process (lower graphs in Figs. 6 and 7), in addition to the
�(1905)5/2+ resonance and the � exchange, which play sig-
nificant roles in both models, the u-channel �∗ exchange also
makes considerable contributions. The distinguishing features
of these two models arise from the contributions of � and κ

exchanges. Specifically, in model I the � exchange provides
rather significant contributions and the contributions from κ
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FIG. 7. Total cross sections with dominant individual contri-
butions in model II. The scattered symbols are data from CLAS
Collaboration [11]. Notations in upper and lower graphs are the same
as in Figs. 4 and 5, respectively.

exchange is negligible, while in model II, the κ exchange
plays a dominant role and the contributions from � exchange
is rather small.

Figure 8 shows the results on spin density matrix elements
compared with the LEPS data [14]. It is seen that the data are
well reproduced in both model I and model II. Note that these
data were extracted using an unbinned extended maximum-
likelihood fit in the helicity frame, covering the beam energy
region from 1.85 to 2.96 GeV. In practice, our theoretical
results are calculated at the centroid value over this 1.11 GeV
energy bin.

Figure 9 demonstrates the results on parity spin asymme-
try Pσ for the γ p → K∗0�+ reaction. The observable Pσ is
related to spin density matrix elements ρ1

1−1 and ρ1
00 through

Pσ = 2ρ1
1−1 − ρ1

00. It is seen that the LEPS Pσ data [14] is
also well reproduced in both model I and model II. In liter-
ature, it is believed that the value of Pσ data being close to
unity indicates a dominant contribution coming from natural
parity exchanges. In particular, as the LEPS data on Pσ for
γ p → K∗0�+ tends to 1, it is claimed in Ref. [14] that the
t-channel κ exchange plays a dominant role in this reaction.
In our present calculations, the κ exchange provides almost
no contributions in model I, but significant contributions in
model II. However, both models describe the Pσ data equally
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FIG. 8. Spin density matrix elements for γ p → K∗0�+ as a function of cos θ at Eγ = 1.85–2.96 GeV. The black solid line and blue dashed
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FIG. 9. Parity spin asymmetry (Pσ = 2ρ1
1−1 − ρ1

00) for γ p →
K∗0�+ as a function of cos θ at Eγ = 1.85–2.96 GeV. The black
solid line and blue dashed line correspond to the results in model I
and model II, respectively. The data are from the LEPS Collaboration
[14].

well. This means that the LEPS Pσ data for γ p → K∗0�+
[14] does not necessarily support a dominant κ exchange in
this reaction, contradictory to the statement made in Ref. [14].

The claim that a parity spin asymmetry Pσ close to unity
indicates the dominance of natural parity exchange follows
from the following analysis. In the helicity frame, if only t-
channel meson-exchange interactions are present, Pσ can be
expressed as

Pσ = σ N − σ U

σ N + σ U
, (7)

where σ N and σ U are the cross sections from natural parity
and unnatural parity exchanges, respectively. Thus, if Pσ tends
to 1, it means natural parity exchange dominates the reaction.
Otherwise, if Pσ tends to −1, it means unnatural parity ex-
change dominates the reaction. The κ meson has natural parity
while the K meson has unnatural parity. As the LEPS Pσ data
for γ p → K∗0�+ tends to 1, in Ref. [14] it is claimed that
the κ exchange dominates this reaction. However, the analysis
based on Eq. (7) is valid only when t-channel meson-exchange
interactions dominate. The LEPS Pσ data was measured at
Eγ = 1.85–2.96 GeV, where t-channel meson exchange is
not always dominant. In model I of the present work, it is
the s-channel pole contributions rather than t-channel meson
exchanges that contribute considerably in this energy and

015206-8



COMBINED ANALYSIS OF THE DATA ON CROSS … PHYSICAL REVIEW C 114, 015206 (2026)

0 1 2 3 4 5

�t (GeV
2
)

-1

-0.5

0

0.5

1

P
�

Full

No ��	
��
����

No �
No K

E��������GeV

0 1 2 3 4 5

�t (GeV
2
)

-1

-0.5

0

0.5

1

P
�

Full

No ��	
��
����

No �
No K

E��������GeV

FIG. 10. Parity spin asymmetry for γ p → K∗0�+ as a function
of −t at Eγ = 8.5 GeV. The upper and lower graphs correspond
results in model I and model II, respectively.

angular region. The approach of Pσ to unity results from the
interference of various interactions.

Anyway, as illustrated in Fig. 9, the present parity spin
asymmetry Pσ data cannot definitively determine the contribu-
tor of the t-channel exchanges due to its low measured energy,
i.e., Eγ = 1.85–2.96 GeV. To clarify the role of natural parity
exchanges and unnatural parity exchanges based on Eq. (7),
Pσ should be measured at relatively high energies and at
small scattering angles to avoid disturbance from the s- and
u-channel contributions. In Ref. [31], the newly released spin
density matrix element data for the γ p → ρ0 p reaction were
conducted by the GlueX Collaboration at a photon laboratory
energy of Eγ = 8.5 GeV, where contamination from the s-
and u-channel contributions can be avoided, as analyzed in
Ref. [32].

In Fig. 10, we show predictions for Pσ at Eγ = 8.5 GeV
for γ p → K∗0�+ in both models. Here, the black solid
lines represent the full results, while the blue dashed, orange
dot-double-dashed, and red dotted lines represent the results
obtained by switching off the �(1905)5/2+, κ , and K ex-
changes, respectively. The upper and lower graphs correspond
results in model I and model II, respectively. One sees that in
model I, the predicted values of Pσ are less than 0.5, while in

model II, the predicted values are close to 1. The κ exchange
contributes negligibly in model I while plays a significant
role in model II, as the results keep almost unchanged in
model I while are reduced significantly in model II when
the κ exchange is switched off. The future experimental data
is expected to distinguish between the two models in our
present work and gain a clearer understanding of the reaction
mechanism, especially the role of κ exchange in this reaction.
We mention that at the energy Eγ = 8.5 GeV, a Regge-type
formalism for the reaction amplitudes may be more appropri-
ate than the Feynman type as employed in the present work,
which will be carefully investigated in future work.

IV. SUMMARY AND CONCLUSION

In our previous work [15], we analyzed the differential
cross-section data for γ p → K∗+�0 and γ p → K∗0�+ re-
ported by the CLAS Collaboration [11,12] using an effective
Lagrangian approach. It was found that to achieve a satisfac-
tory description of the data, one need to include, in addition to
the t-channel K , κ , and K∗ exchanges, the s-channel nucleon
(N) and � exchanges, and the u-channel �, �, �∗ exchanges,
at least one � resonance, namely �(1905)5/2+, in the reac-
tion amplitude.

In the present study, we further incorporate data on spin
density matrix elements for the γ p → K∗0�+ reaction chan-
nel reported by the LEPS Collaboration [14] into our analysis.
The aim is to impose more stringent constraints on our theo-
retical models and thus to extract more reliably the reaction
mechanism of K∗� photoproduction reactions, especially to
test the role of κ exchange in these reactions. In literature, the
LEPS data on parity spin asymmetries Pσ (which is a com-
bination of spin density matrix elements) for γ p → K∗0�+
at the photon energy Eγ = 1.85–2.96 has ever been claimed
supporting the dominant κ exchange in this reaction as the
measured value of Pσ approaches unity.

Our results show that with our previously extracted reso-
nance �(1905)5/2+ [15] taken into account, the data on both
differential cross sections and spin density matrix elements
for γ p → K∗+�0 and γ p → K∗0�+ can be simultaneously
and satisfactorily described. We obtain two distinct fits, pre-
sented as model I and model II in this study, that reproduce
the data equally well. In both fits, the �(1905)5/2+ res-
onance plays an essential role. The two models, however,
exhibit a dramatic difference: In model I, the t-channel κ

exchange contributes negligibly, whereas in model II it is
significant. This demonstrates that the existing LEPS Pσ data,
taken at Eγ = 1.85–2.96 GeV, do not mandate a dominant
κ exchange—contrary to earlier claims [14]. The observed
Pσ ≈ 1 can also arise from interference involving s-channel
resonance contributions in the absence of κ exchange.

To resolve this ambiguity, we have presented predictions
for the parity spin asymmetry Pσ for γ p → K∗0�+ at a much
higher energy Eγ = 8.5 GeV at forward angles, where t-
channel exchanges are expected to dominate. The two models
yield clearly distinguishable results: in model I, Pσ < 0.5,
while in model II, Pσ ≈ 1. We therefore conclude that the
current low-energy data on spin density matrix elements are
insufficient to determine the role of κ exchange in γ p →
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K∗0�+. Future measurements at higher energies, such as
those possible at GlueX, may help to discriminate between the
two reaction mechanisms identified in this work and to finally
settle the question of κ-exchange dominance. We mention
that the predictions for the parity spin asymmetry at Eγ = 8.5
GeV should be regarded as qualitative rather than quantita-
tive, as the present tree-level effective Lagrangian model is
not optimized for this high-energy region. Therefore, these
predictions carry a systematic uncertainty associated with the
limitations of the model.
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