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We investigate the γp → φK+� reaction near threshold within an effective Lagrangian approach and the isobar
model. Various nucleon resonances caused by the π and η meson exchanges and background contributions are
considered. It is shown that the contribution from the N∗(1535) resonance caused by the η meson exchange plays
the predominant role. Hence, this reaction provides a good new platform to study the N∗(1535) resonance. The
predicted total cross section and specific features of the angular distributions can be tested by future experiments.
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I. INTRODUCTION

The study of nucleon resonances in meson production
reaction is an interesting topic in light hadron physics. Among
these resonances, the negative parity nucleon excited state,
N∗(1535) (spin-parity JP = 1

2
−

), has been a controversial
resonance for many years. In the traditional three-quark
constituent model, it should be the lowest spatially excited
nucleon state with one quark in a P wave [1,2]. However, the
N∗(1440) (JP = 1

2
+

) has in fact a much lower mass, despite
requiring two units of excitation energy. This is the long-
standing mass inversion problem of the nucleon resonance
spectrum.

Furthermore, the N∗(1535) resonance couples strongly to
those strangeness channels [3]. Besides the ηN channel [1],
it also couples strongly to the η′N [4–6], φN [7,8], and
K� [9,10] channels. Moreover, it is found that the N∗(1535)
state is dynamically generated within a chiral unitary coupled-
channel approach, with its mass, width, and branching ratios
in fair agreement with the experimental results [11–14]. This
approach shows that the couplings of the N∗(1535) resonance
to the K�, ηN, and K� channels could be large compared to
that for the πN channel.

The mass inversion problem could be understood if there
were significant five-quark (uudss̄) components in the wave
function of the N∗(1535) resonance [15,16], which would also
provide a natural explanation of the large couplings of the
N∗(1535) resonance to the strangeness K�, K�, Nη′, and
Nφ channels. It would furthermore lead to an improvement in
the description of the N∗(1535) helicity amplitudes [17,18]. In
this paper, we wish to argue that the N∗(1535) resonance might
play an important role in the associated strangeness production
of the γp → φK+� reaction. Since this reaction needs to
create two ss̄ quark pairs from the vacuum, its total cross
sections should be small, which is why not much attention has
been paid to it on either the theoretical or experimental sides.

*lidm@zzu.edu.cn

However, because of the week interactions of φK+ and φ�,
the γp → φK+� reaction near threshold provides a good
new platform to study the N∗(1535) resonance decaying to
K+�.

The couplings of the N∗(1535) resonance to the K� and
ηN channels and the ratio of gK�N∗(1535) to gηNN∗(1535), R ≡
|gK�N∗(1535)/gηNN∗(1535)|, have been intensively studied within
various theoretical approaches. By analyzing the J/ψ →
p̄K+� and J/ψ → p̄ηp experimental data, Ref. [9] gives
R = 1.3 ± 0.3. From the latest and largest photoproduction
database by using the isobar model, Ref. [19] gives R =
0.460 ± 0.172. From the J/ψ decays within the chiral unitary
approach, Ref. [20] gives R = 0.5 ∼ 0.7. Based on the partial
wave analysis of kaon photonproduction, Ref. [21] gives R =
0.42 ∼ 0.73. The result of the s-wave πN scattering analysis
within a unitarized chiral effective Lagrangian indicates
|gK�N∗(1535)|2 > |gηNN∗(1535)|2 [22]. The coupled-channel cal-
culation predicts R = 0.8 ∼ 2.6 [23]. Study on the partial
decay widths of the N∗(1535) resonance to the pseudoscalar
mesons and octet baryons within a chiral constituent quark
model shows R = 0.85 ± 0.06 [24]. In a very recent analysis
of the π−p → K0� reaction, a value of R = 0.71 ± 0.10 is
obtained [25]. Obviously, theoretical predictions on R are not
completely consistent with each other, thus it is still worth
studying the coupling constant gK�N∗(1535) in different ways.

In the present work, we investigate the role of nucleon
resonances in the γp → φK+� reaction near threshold in
the framework of an effective Lagrangian approach and the
isobar model. Initial interaction between incoming photons
and protons is modeled by an effective Lagrangian which is
based on the exchanges of the π , η, and kaon mesons. The
K+� production proceeds via the excitation of the N∗(1535),
N∗(1650), N∗(1710), and N∗(1720) intermediate nucleon
resonances which have appreciable branching ratios for the
decay into the K+� channel.

This article is organized as follows. In the next section, we
will present the formalism and ingredients necessary for our
calculations, then numerical results and discussions are given
in Sec. III. A short summary is given in the last section.
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FIG. 1. Feynman diagrams for the γp → φK+� reaction.

II. FORMALISM AND INGREDIENTS

We study the γp → φK+� reaction near threshold within
an effective Lagrangian approach and the isobar model,
which has been extensively applied to the study of scattering
processes [26–37]. The basic tree level Feynman diagrams
for the γp → φK+� reaction are depicted in Fig. 1. It is
assumed that the K� final states are produced by the decay of
the intermediate nucleon resonances as the result of the π and
η mesons exchanges [Fig. 1(a)]. Moreover, the background
contributions including the s-channel nucleon pole, t-channel
K exchange [Fig. 1(b)], and contact term [Fig. 1(c)] are also
considered.

To compute the amplitudes of these diagrams shown in
Fig. 1, the effective Lagrangian densities for the relevant
interaction vertexes are needed. We use the commonly em-
ployed Lagrangian densities for πNN , ηNN , and K�N as
follows [38]:

LπNN = −gπNN

2mN

N̄γ5γμ�τ · ∂μ �πN, (1)

LηNN = −gηNN

2mN

N̄γ5γμ∂μηN, (2)

LK�N = − gK�N

mN + m�

N̄γ5γμ∂μK� + H.c. (3)

The coupling constants in the above Lagrangian densities
are taken as [7,31,35]: gπNN = 13.45, gKN� = −13.98, and
gηNN = 2.24.

For the φ meson and photon couplings, we take the
interaction Lagrangian densities used in Refs. [37,39],

Lφγπ = e

mφ

gφγπεμναβ∂μφν∂αAβπ, (4)

Lφγ η = e

mφ

gφγηε
μναβ∂μφν∂αAβη, (5)

LγKK = −ie(∂μK−K+ − ∂μK+K−)Aμ, (6)

LφKK = −igφKK (∂μK−K+ − ∂μK+K−)φμ, (7)

where e = √
4πα (α = 1/137.036 is the fine-structure con-

stant), and Aμ is the photon field.

The interaction Lagrangian densities involving nucleon
resonances (≡R) are taken from Ref. [40],

LπNR = igπNRR̄�τ · �πN + H.c., (8)

LηNR = igηNRR̄ηN + H.c., (9)

LK�R = igK�RR̄K� + H.c., (10)

for the JP = 1
2

−
nucleon resonances N∗(1535) and

N∗(1650),

LπNR = − gπNR

mN + mR

R̄γ5γμ�τ · ∂μ �πN + H.c., (11)

LηNR = − gηNR

mN + mR

R̄γ5γμ∂μηN + H.c., (12)

LK�R = − gK�R

m� + mR

R̄γ5γμ∂μK� + H.c., (13)

for the JP = 1
2

+
nucleon resonance N∗(1710), and

LπNR = −gπNR

mπ

R̄μ�τ · ∂μ �πN + H.c., (14)

LηNR = −gηNR

mη

R̄μ∂μηN + H.c., (15)

LK�R = −gK�R

mK

R̄μ∂μK� + H.c., (16)

for the JP = 3
2

+
nucleon resonance N∗(1720).

The coupling constants in the above Lagrangian densities
can be determined from the partial decay widths,

�[φ → πγ ] = e2g2
φγπ

12π

| �pπγ |3
m2

φ

, (17)

�[φ → ηγ ] = e2g2
φγ η

12π

| �pηγ |3
m2

φ

, (18)

�[φ → K+K−] = g2
φKK

6π

| �pK+K−|3
m2

φ

, (19)
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for the φ meson,

�[R → Nπ ] = 3g2
πNR

4π

(EN + mN )

mR

| �pNπ |, (20)

�[R → Nη] = g2
ηNR

4π

(EN + mN )

mR

| �pNη|, (21)

�[R → �K] = g2
K�R

4π

(E� + m�)

mR

| �p�K |, (22)

for the JP = 1
2

−
nucleon resonances N∗(1535) and N∗(1650),

�[R → Nπ ] = 3g2
πNR

4π

(EN − mN )

mR(mR + mN )
| �pNπ |, (23)

�[R → Nη] = g2
ηNR

4π

(EN − mN )

mR(mR + mN )
| �pNη|, (24)

�[R → �K] = g2
K�R

4π

(E� − m�)

mR(mR + m�)
| �p�K |, (25)

for the JP = 1
2

+
nucleon resonance N∗(1710), and

�[R → Nπ ] = g2
πNR

4π

(EN + mN )

mRm2
π

| �pNπ |3, (26)

�[R → Nη] = g2
ηNR

12π

(EN + mN )

mRm2
η

| �pNη|3, (27)

�[R → �K] = g2
K�R

12π

(E� + m�)

mRm2
K

| �p�K |3, (28)

for the JP = 3
2

+
nucleon resonance N∗(1720). Here

∣∣ �pf1f2

∣∣ = λ
1
2
(
m2

i ,m
2
f1

,m2
f2

)
2mi

, (29)

where mi denotes the mass of the decaying particle, mf1 and
mf2 are the masses of two final particles, and λ is the Källen
function with λ(x,y,z) = (x − y − z)2 − 4yz. The numerical
results for the relevant coupling constants are listed in Table I.
The coupling constant gK�N∗(1535) will be discussed below.

Since the hadrons are not point-like particles, the form
factors are also needed. For the exchanged mesons, we adopt
the dipole form factor following that used in Refs. [7,41,42],

FM

(
q2

ex,Mex
) =

(
�2

M − M2
ex

�2
M − q2

ex

)2

, (30)

and for the exchanged baryons, we take the form factor
employed in Refs. [43,44],

FB

(
q2

ex,Mex
) = �4

B

�4
B + (

q2
ex − M2

ex

)2 . (31)

Here the qex and Mex are the four-momentum and the
mass of the exchanged hadron, respectively. In our present
calculation, we use the cutoff parameters �π = �η = 1.3 GeV
for π and η mesons [7], �K = 0.8 GeV for the K me-
son [41,42], and �N = �N∗(1535) = �N∗(1650) = �N∗(1710) =
�N∗(1720) = 2.0 GeV for baryons [7].

TABLE I. Relevant parameters used in the present calculation.
The widths and branching ratios are taken from the Particle Data
Group [1].

State Width Decay Adopted g2/4π

(MeV) channel branching ratio

φ 4.26 πγ 1.27 × 10−3 1.56 × 10−3

ηγ 1.31 × 10−2 4.01 × 10−2

K+K− 0.49 1.59
N∗(1535) 150 Nπ 0.45 3.68 × 10−2

Nη 0.42 0.28
N∗(1650) 150 Nπ 0.70 5.22 × 10−2

Nη 0.10 3.57 × 10−2

�K 0.07 4.36 × 10−2

N∗(1710) 100 Nπ 0.13 7.18 × 10−2

Nη 0.20 0.97
�K 0.15 2.98

N∗(1720) 250 Nπ 0.11 2.04 × 10−3

Nη 0.04 0.11
�K 0.08 0.49

The propagators for exchanged π , η, and K mesons used
in our calculation are

Gπ,η,K (q) = i

q2 − m2
π,η,K

. (32)

For the propagator of spin-1/2 baryon, we use

G 1
2
(q) = i(q/ + M)

q2 − M2 + iM�
. (33)

For the propagator of spin-3/2 baryon, it can be taken as

G
μν
3
2

(q) = i(q/ + M)P μν(q)

q2 − M2 + iM�
, (34)

with

P μν(q)=−gμν + 1

3
γ μγ ν + 1

3M
(γ μqν −γ νqμ)+ 2

3M2
qμqν,

(35)

where q, M , and � stand for the four-momentum, mass, and
total width of the intermediate nucleon resonance, respectively.

From the above effective Lagrangian densities, the scatter-
ing amplitudes for the γp → φK+� reaction can be obtained
straightforwardly. For example, the amplitudes due to the π
exchange can be written as

MN = igK�NgπNNgφγπFπ

(
q2

π ,mπ

)
FN

(
q2

N,mN

)
2mN (mN + m�)mφ

×ū(p5,s5)γ5p/4G1/2(qN )γ5q/πu(p2,s2)Gπ (qπ )

×εμναβp3με∗
ν (p3,s3)p1αεβ(p1,s1), (36)

for the nucleon pole,

MR = −igK�RgπNRgφγπFπ

(
q2

π ,mπ

)
FR

(
q2

R,mR

)
mφ

× ū(p5,s5)G1/2(qR)u(p2,s2)Gπ (qπ )

× εμναβp3με∗
ν (p3,s3)p1αεβ(p1,s1), (37)
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for the JP = 1
2

−
nucleon resonances N∗(1535) and N∗(1650),

MR = igK�RgπNRgφγπFπ

(
q2

π ,mπ

)
FR

(
q2

R,mR

)
(mN + mR)(m� + mR)mφ

× ū(p5,s5)γ5p/4G1/2(qR)γ5q/πu(p2,s2)Gπ (qπ )

× εμναβp3με∗
ν (p3,s3)p1αεβ(p1,s1), (38)

for the JP = 1
2

+
nucleon resonance N∗(1710), and

MR = igK�RgπNRgφγπFπ

(
q2

π ,mπ

)
FR

(
q2

R,mR

)
mπmKmφ

× ū(p5,s5)p4μG
μν
3/2(qR)qπνu(p2,s2)Gπ (qπ )

× εμναβp3με∗
ν (p3,s3)p1αεβ(p1,s1), (39)

for the JP = 3
2

+
nucleon resonance N∗(1720). Here p1, p2,

p3, p4, and p5 are the four-momenta of the photon, proton,
φ, K+, and �, respectively; s1, s2, s3, and s5 are the spin
projections of the photon, proton, φ, and �, respectively. qπ =
p1 − p3 is the four-momentum for the exchanged π meson,
and qR = p4 + p5 is the four-momentum for the intermediate
nucleon resonance. The amplitudes due to the η exchange are
similar to those due to the π exchange, and can be obtained by
replacing π with η in the above equations.

The amplitudes due to the K exchange can be written as

MK = egK�NgφKK

mN + m�

FK

(
q2

K− ,mK−
)
FK

(
q2

K+ ,mK+
)

× ū(p5,s5)γ5q/K+u(p2,s2)GK (qK+ )

× (qK− − qK+ ) · ε∗(p3,s3)GK (qK− )

× (p4 − qK− ) · ε(p1,s1), (40)

where qK− = p1 − p4 is the four-momentum for the ex-
changed K− meson, and qK+ = p2 − p5 is the four-
momentum for the exchanged K+ meson.

The contact term is required to keep the full amplitude
gauge invariant, and can be written as

Mc = i
egK�NgφKK

mN + m�

FK

(
q2

K− ,mK−
)
FK

(
q2

K+ ,mK+
)

× ū(p5,s5)γ5q/K+u(p2,s2)GK (qK+ )ε∗
μ(p3,s3)

×
[
gμν + 2(p4 + qK+ )μpν

4

t − m2
K

]
εν(p1,s1). (41)

Then the calculations of the differential and total cross
sections for the γp → φK+� reaction are straightforward,

dσ (γp → φK+�) = 1

8Eγ

∑
si

|M|2 d3p3

2E3

d3p4

2E4

m�d3p5

E5

× δ4(p1 + p2 − p3 − p4 − p5), (42)

where E3, E4, and E5 are the energy of the φ, K+, and �,
respectively, and Eγ is the photon energy at the laboratory
frame. Since the relative phases between various amplitudes
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σ(
nb

)
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FIG. 2. (Color online) Total cross sections for the γp → φK+�

reaction as a function of the beam energy Eγ . The red-dashed and
green-dotted lines stand for the contributions from the π and η,
respectively. The blue-dashed-dotted line denotes the contribution
from the K and contact term. The total contribution from the π , η,
K , and the contact term is shown by the solid line. The contribution
from the K and contact term with �K = 1.0 GeV is shown by the
pink-dotted-dotted curve.

are not known, the interference terms between these parts are
ignored in the present calculation.1

III. NUMERICAL RESULTS AND DISCUSSIONS

With the formalism and ingredients given above, the total
cross section versus the beam energy Eγ for the γp → φK+�
reaction is calculated by using a Monte Carlo multiparticle
phase space integration program.2

The roles of various meson exchange processes in describ-
ing the total cross section are shown in Fig. 2, where one
can see that the η meson exchange plays a predominant role,
while contributions from the π exchange, K exchange, and
contact term are small. This behavior does not vary much with
R ≡ |gK�N∗(1535)/gηNN∗(1535)|. The overwhelming η exchange
contribution, compared with that from the π exchange, can be
easily understood since the value of the coupling constant g2

φγ η

is 26 times larger than the one of g2
φγπ . Hence, this reaction

1In effective Lagrangian approaches, the relative phases between
different amplitudes are not fixed. We should generally introduce
a relative phase between different amplitudes as a free parameter.
However, we do not have experimental information for the γp →
φK+� reaction, and we will see in the following that the magnitudes
of the contributions from different processes in the energy region what
we considered are much different, hence the effect of the interference
term should be small, and we ignore them in the present work.

2In our calculations, we take g2
K�N∗(1535) = 3.52. Because the value

of R varies in a wide range as mentioned in the Introduction,
we take R = 1 here for simplicity. R = 1 leads to g2

K�N∗(1535) =
R2g2

ηNN∗(1535) = 3.52 based on Table I.
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FIG. 3. (Color online) Total cross sections vs the beam energy Eγ

for the γp → φK+� reaction. The red-dashed, green-dotted, blue-
dashed-dotted, and pink-dotted-dotted, and yellow-dotted-dotted-
dashed lines stand for contributions from the N∗(1535), N∗(1650),
N∗(1710), N∗(1720), and background, respectively. Their sum is
shown by the solid line.

provides a good platform for studying the nucleon resonances
that couple strongly to the ηN and K� channels.

It is worthy mentioning that the contribution from the K
exchange and contact term is small, but it increases rapidly
and depends much on the value of the cutoff parameter �K .
To see how much it depends on the cutoff parameter, we also
show in Fig. 2 the theoretical result with �K = 1.0 GeV for
comparison.

The relative importance of the contributions of each inter-
mediate resonance to the γp → φK+� reaction is demon-
strated in Fig. 3, where the contributions of the N∗(1535),
N∗(1650), N∗(1710), N∗(1720), and background are shown
by red-dashed, green-dotted, blue-dashed-dotted, and pink-
dotted-dotted and yellow-dotted-dotted-dashed curves, respec-
tively. Their total contribution is depicted by the solid line.
It is clear that the N∗(1535) resonance gives the dominant
contribution from the reaction threshold to Eγ around 3.4 GeV,
while the other resonances and background give the minor
contribution. When the beam energy Eγ is above 3.4 GeV, the
contributions from other processes are also important.

The contribution from the N∗(1535) resonance be propor-
tional to R2. If R varies in the range of about 0.5 ∼ 2.6 as
mentioned in Sec. I, from Fig. 3 one can see that near the
threshold of the γp → φK+� reaction, the contribution from
the N∗(1535) resonance remains dominant.

When the η exchange is dominant as shown in Fig. 2,
these facts, i.e., the N∗(1535) resonance couples to the ηN
and K� channels in the S-wave, the N∗(1710) and N∗(1720)
resonances couple to the ηN and K� channels in P -wave, and
the N∗(1650) couples weaker to the ηN channel, could account
for the fact that the contribution from the N∗(1535) resonance
is dominant while the contributions from the N∗(1650),
N∗(1710), and N∗(1720) are suppressed at the beam energy
close to the reaction threshold.
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FIG. 4. Differential distributions for the γp → φK+� reaction
at the beam energy Eγ = 3.3 GeV. (a) The momentum distribution of
the final φ meson; (b) the angular distribution of the final φ meson;
(c) the angular distribution of the final K+ meson; (d) the invariant
mass distribution of the final K+� pair. The solid curves stand for
our theoretical predictions while the dashed lines represent the pure
phase space distributions.

In addition to the total cross section, the differential
distributions for the γp → φK+� reaction are also calculated.
The corresponding momentum of the φ meson, the angular
distributions of the φ and K+ mesons, and the K� invariant
mass spectrum at beam energies Eγ = 3.3 and 3.7 GeV are
shown in Figs. 4 and 5, respectively. The dashed lines are
pure phase space distributions and the solid lines stand for our
theoretical results.

From Figs. 4 and 5, one can see that the difference between
the momentum distribution of the φ meson and phase space
distribution is slight at Eγ = 3.3 GeV but apparent at Eγ =
3.7 GeV. Also, the specific features of the angular distributions
of the φ and K+ mesons, i.e., the forward contribution for the φ
meson and the backward contribution for the K+ meson, exist
at both beam energies. For the K� invariant mass spectrum,
the enhancement near threshold is from the contribution of the
N∗(1535) resonance, and the other bump appearing at Eγ =
3.7 GeV results from the N∗(1710) resonance.

IV. SUMMARY

In this work, we have studied the γp → φK+� reaction
near threshold within an effective Lagrangian approach. In
addition to the background contributions from the s-channel
nucleon pole, K exchange, and contact term, the intermediate
nucleon resonances due to the π and η mesons exchanges
are also investigated. The total and differential cross sections
are predicted. Our results show that the contribution from the
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FIG. 5. As in Fig. 4 but at the beam energy Eγ = 3.7 GeV.

N∗(1535) resonance due to the η exchange plays the dominant
role near threshold, while other resonances and background
contributions are small and can be ignored. Thus, this reaction
provides a good chance to study the coupling of K�N∗(1535)
interaction. It is also found that the φ meson has the forward
angular distribution, while the K+ meson gives the backward
angular contribution. These specific features of the angular
distributions, together with the total cross section which is in
the magnitude of 0.2 nb at photon energy Eγ = 3.3 ∼ 3.4 GeV,
can be tested by future experiments. An experiment with a
precision about 0.1 nb will be enough to check our model. The
future experiments in the JLab 12 GeV upgrade with large
luminosity promise to reach such a requirement.
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