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In the present work, we investigate the hidden-strangeness production process in the S ¼ þ1 channel via
Kþp → Kþϕp, focusing on the exotic pentaquark molecular K�Σ bound-state, assigned by
Pþ
s ð2071; 3=2−Þ. For this purpose, we employ the effective Lagrangian approach in the tree-level Born

approximation. Using the experimental and theoretical inputs for the exotic state and for the ground-state
hadron interactions, the numerical results show a small but obvious peak structure from Pþ

s with the signal-
to-background ratio ≈1.7%, and it is enhanced in the backward-scattering region of the outgoing Kþ in the
center-of-mass frame. We also find that the contribution from the K�ð1680; 1−Þ meson plays an important
role to reproduce the data. The proton-spin polarizations are taken into account to find a way to reduce the
background. The effects of the possible 27-plet pentaquark Θþþ

27 is discussed as well.

DOI: 10.1103/PhysRevD.103.054040

I. INTRODUCTION

Hadronic interactions have been one of the most impor-
tant subjects in the strongly interacting systems governed
by quantum chromodynamics (QCD). From the inter-
actions, various hadronic states can be constructed. The
most interesting hadronic states must be exotic hadrons,
which are beyond the minimal meson and baryon configu-
rations, i.e., qq̄ and qqq in their color singlets: Tetraquarks,
pentaquarks, hadronic moleculars, di-baryons, and so on.
However, all of these exotics have not been fully confirmed
yet experimentally. For instance, although QCD does not
seem to prohibit aqqqqq̄ configuration, the existence of light
pentaquark resonance states, including the famous Θþ
pentaquark baryon [1–4], has been unsettled, while various
hidden-charm heavy pentaquark molecular bound-states
were observed in the J=ψ-p invariant mass from the heavy
baryon decay Λþ

b → K−J=ψp at LHCb, Pþ
c ð4312; 4440;

4457Þ [5]. Interestingly, those heavy-pentaquark states were
not measured in the J=ψ photoproduction off the proton
target in the GlueX experiment of CLAS at the Jefferson
Laboratory [6], indicating the possible smaller photon
couplings of the states.
We have the following motivations for the present work:

As mentioned above, the pentaquark molecular D̄�Σc

bound-state Pþ
c ð4457Þ was found experimentally from

the decay with a hidden-charm vector meson [5]:
Pþ
c ½D̄�Σc� → J=ψ ½cc̄�p. Considering an analogous mecha-

nism for the light-flavor sector and assuming that the
hidden-flavor channel is the key to observe the pentaquark
bound-state, there can be a K�Σ bound-state appearing in
the invariant mass of the hidden-strange vector meson
ϕð1020Þ and proton, being assigned by Pþ

s for conven-
ience: Pþ

s ½K�Σ� → ϕ½ss̄�p. Interestingly, from various
experimental data [7–9], a bumplike structure is observed
at

ffiffiffi
s

p ¼ ð2.0–2.1Þ GeV for the ϕ-meson photoproduction
off the proton target, although the origin of the bump is not
fully understood [10,11]. Moreover, from theories, the K�Σ
molecular bound-state was suggested from the coupled-
channel approachwith thehidden-local symmetry and turned
out to couple to the ϕp channel rather strongly [12]. Also in
Refs. [13,14], the bound-state was investigated in a similar
approach and turns out to be crucial around

ffiffiffi
s

p ≲ 2.0 GeV.
Hence, we assign this molecular bound-state to Pþ

s , whose
mass and spin-paritywill be taken from theories, and it can be
viewed as the light-flavor partner of Pþ

c ð4457Þ, although the
spin-parity quantum numbers of the heavy pentaquarks
including Pþ

c ð4312; 4440Þ have not been uniquely deter-
mined yet.
Considering the motivations given above, we would

like to study the hidden-strangeness production process
with the S ¼ þ1 kaon beam off the proton target, i.e.,
Kþp → ðKþPþ

s Þ → Kþϕp. For this purpose, we employ
the effective Lagrangian method at the tree-level Born
approximation. As for the interaction structures,we basically
make use of the pseudoscalar (PS)-meson–baryon Yukawa
interactions for the baryon-intermediate s- and u-channel
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diagrams, in addition to the ϕ-meson exchange t-channel
diagrams. As shown in the LHCb experiment for Bþ →
J=ψϕKþ [15], the contribution from K�ð1680; 1−Þ, which
decays intoKϕ, is also taken into account. A possible 27-plet
pentaquark stateΘþþ

27 is included as well to verify the effects
of its existence to physical observables. The relevant inter-
action strengths are taken from the well-known Nijmegen
potential model [16] and the coupled-channel method with
the hidden local symmetry [12]. Phenomenological form
factors are also taken into account, and the cutoff masses for
the form factors determined to reproduce the presently
available experimental data for Kþp → Kþϕp [17–19].
From the numerical results, we observe the strong

enhancements of the total cross section with the K�ð1680Þ
contribution as the center-of-mass (c.m.) energy increases,
due to the higher momentum-dependent Lorentz structure of
the KK�ϕ interaction vertex. In the Dalitz plot analyses, we
find the band structurewithΓ ¼ 14 MeV forPþ

s , and thePþ
s

contribution interferes with the background constructively.
As the energy increases larger than

ffiffiffi
s

p
≈ 2.65 GeV, the

K�ð1680Þ contribution dominates the cross section. In the
ϕp-invariant-mass plots, we find an obvious peak structure
from Pþ

s with the signal-to-background ratio ≈1.7% atffiffiffi
s

p ¼ 2.65 GeV. There is the considerable cross-section
enhancement from the K�ð1680Þ contribution forMðϕpÞ ≲
2.05 GeV in the ϕp-invariant-mass plots as expected from
the total cross section. There appears a broadK�ð1680Þ peak
for the higher c.m. energy in the Kþϕ-invariant-mass plots.
In addition to the Pþ

s and K�ð1680Þ contributions, the
backgrounds with the Λð1115Þ-hyperon intermediate states
with the ϕmeson emitted from the kaon beam turns out to be
the most important and largest contribution to reproduce the
cross-section data.
A method to reduce the background is suggested for the

better signals of K�ð1680Þ and Pþ
s , using the different

initial- and final-state proton-spin combinations. When the
two spins are opposite to each other, the background is
largely suppressed, since the spin nonflip process only
survives in the scattering amplitude. As for the opposite
case, the K�ð1680Þ peak manifests itself in the Kþϕ-
invariant-mass plots. In contrast, the Pþ

s peak is rather
dubious for the opposite case in the ϕp-invariant-mass
plots, since Pþ

s strongly interferes with the background
constructively, not withK�ð1680Þ. The angular dependence
shows mild backward-scattering enhancements as func-
tions of the outgoing Kþ angle in the c.m. frame, and this
behavior was originated from the u-channel propagators in
the scattering amplitudes for the K�ð1680Þ and background
contributions. Therefore, the signal of Pþ

s is also amplified
in the backward-scattering region. Finally, we investigate
the possible contribution from the 27-plet pentaquark Θþþ

27 .
Tuning the coupling strength of the pentaquark, we observe
a diagonal band structure from the Θþþ

27 in the Dalitz plot,
and it starts to interfere strongly with K�ð1680Þ for
MðϕpÞ≳ 2.05 GeV.

The present paper is organized as follows: The theoreti-
cal framework is briefly introduced in Sec. II. Section III is
devoted to the numerical results with detailed discussions.
The summary is given in the final section.

II. THEORETICAL FRAMEWORK

In this section, we provide the theoretical framework to
investigate theKþp → Kþϕp reaction process. In Fig. 1, we
depict the relevant tree-level Feynman diagrams for it. The
dashed, solid, andwavy lines indicate themeson, baryon, and
ϕð1020Þmeson, respectively. The fourmomenta of the initial
state ðKþ; pÞ and final state ðKþ;ϕ; pÞ are defined by
ðk1; k2Þ and ðk3; k4; k5Þ, respectively. For convenience, we
separate the diagrams into three categories: The ϕ-meson
exchange diagrams in the t channel (t1∼4Þ, the Θþþ

27 -pole
diagram in the s channel (s1), and the Λð�Þ-intermediate
diagrams in the u channel (u1∼5). The off-shell strange
mesons can beKð495; 0−Þ for the ðt; u; sÞ andK�ð1680; 1−Þ
for the t1;2 channel, whereas the off-shell baryons for the t1∼4
and u1∼5 channels are ðp; Pþ

s Þ and ðp;Λð�ÞÞ.
As for Pþ

s as the pentaquark molecular K�Σ bound-state,
we employ the theoretical results from Ref. [12], in which
the hidden-local symmetry was taken into account with the
coupled-channel Bethe-Salpeter equation, resulting in
Pþ
s ð2071; 3=2−Þ as the isospin 1=2 pole, with its full decay

width ΓPþ
s
¼ 14 MeV. Note that in Ref. [20], the s-wave

exotic bound-state was estimated with JP ¼ 3=2− nucleon
resonance with its mass ∼2064 GeV via the quark delo-
calization color screening model. We consider the ground
state Λð1115; 1=2þÞ, Λð1405; 1=2−Þ, and Λð1520; 3=2−Þ
for the Λ-hyperon contributions. We, however, take only
the ground-state one for the diagram (u5) into account,
since little information is available for the ϕΛ�Λ� vertex.
Similarly, we do not include the proton resonances for
brevity.
In the Review of Particle Physics [21], there are several

strange mesons, decaying into Kþϕ, such as K1ð1650; 1þÞ
and K�ð1680; 1−Þ, although their experimental confirma-
tions are still poor. Nonetheless, as shown in the LHCb
experiment for Bþ → J=ψϕKþ [15], among the various
strange mesons, in the vicinity of the invariant mass
MðKþϕÞ ¼ 1.7 GeV, the K�ð1680; 1−Þ contribution is the
most dominant one, in addition to the nonresonant back-
ground, whereas the K1ð1650; 1þÞ contribution seems
appearing in the higher-mass region MðKþϕÞ ≈ 1.8 GeV.
Note that our purpose of the present work is to study the Pþ

s
bound-state, which appears in the vicinity of MðϕpÞ ¼
2 GeV, and this mass region corresponds to MðKþϕÞ ¼
ð1.6–1.7Þ GeV. Hence, we exclude the K1ð1650; 1þÞ con-
tribution rather safely for the numerical calculations and to
reduce theoretical uncertainties.
As shown in the diagram (s1) of Fig. 1, there can be a

contribution from the baryonic exotic state, such as the
27-plet pentaquark baryon Θþþ

27 . Its physical property was
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studied in Ref. [22], and its mass, spin-parity, and full width
turn out to be 1.60 GeV, 3=2þ, and≲43 MeV, respectively,
via the chiral soliton model. From the decay width we
obtain gKNΘþþ

27
≲ 2.06.

To compute the invariant amplitudes for the diagrams in
Fig. 1, the effective Lagrangians for the relevant interaction
vertices are defined as follows:

LVPP ¼ igVPPVμ½ð∂μP†ÞP − ð∂μPÞP†�;
LVVP ¼ gVVP

MP
ϵμνσρFμν

V Fσρ
V Pþ H:c:;

LPNB1� ¼ igPNB1�N̄PΓ�B1� þ H:c:;

LPNB3� ¼ gPNB3�
MP

N̄ð∂μPÞγ5Γ�Bμ
3� þ H:c:;

LVNB1� ¼ gVNB1�N̄Γ�γ5Vμγ
μB1� þ H:c:;

LVNB3� ¼ igVNB3�
MV

N̄Γ�FVμνγ
νBμ

3� þ H:c:; ð1Þ

where P and V designate the fields for the pseudoscalar and
vector mesons, whereas N and B�

ð1;3Þ indicate those for the
nucleon and baryon with its spin-parity ð1; 3Þ�=2, respec-
tively. Fμν

V stands for the antisymmetric field strength tensor
for the massive vector meson. Here, we define the notation
Γþ;− ¼ ðγ5; 14×4Þ corresponding to the parities. The invari-
ant amplitudes can be evaluated straightforwardly, using
the effective Lagrangians given above.
Here, we have an issue that the phase factors between the

scattering amplitudes are not uniquely determined. The
total scattering amplitude can be written with the phase
factors in general as follows:

Mtotal ¼ eiψ t1 ;K
�ð1680ÞMt1;K�ð1680Þ þ e

iψ t4 ;P
þ
s Mt4;P

þ
s

þ eiψ t;BKGMt;BKG þ eiψu;BKGMu;BKG; ð2Þ

where the first and second terms on the rhs of Eq. (2)
provide peak structures from K�ð1680Þ and Pþ

s , whereas
the third and fourth ones are for the t- and u-channel
backgrounds (BKG), respectively. The corresponding
phase angles are given by ψ here. The phase angles will
be determined to fit available experimental data in the next
section.
In order to take the spatial extension of the hadrons into

account, the following phenomenological form factors are
employed as follows:

Fðq2;MÞ ¼
�

Λ4

Λ4 þ ðq2 −M2Þ2
�
1=2

: ð3Þ

As shown in Eq. (3), because the form factors are functions
of the off-shell momenta of the intermediate hadrons, two
form factors are multiplied to a bare scattering amplitude in
general: iMK

t1 → iMK
t1Fðq21−3;MKÞFðq25−2;MϕÞ, where

qi�j ≡ ki � kj, for instance. The cutoff mass is determined
to reproduce relevant experimental data, and will be
discussed in the next section in detail. Note that gKKϕ,
gϕNN , and gKNΛ come from the Nijmegen soft-core poten-
tial model [16], while gϕPþ

s P
þ
s
and gKNΘþþ

27
are estimated

theoretically in Refs. [12,22], respectively. However,
gKNΘþþ

27
will be treated as a free parameter in the actual

calculations, since the maximum value 2.06 is too large to
describe the data. gKNΛð1405Þ and gKNΛð1520Þ are determined
using the interaction Lagrangians in Eq. (1) and exper-
imental data [21]. Finally, gKK�ϕ will be determined by
fitting with the experimental data, since we do not know its
branching ratio to Kþϕ exactly, although its full decay
width reads 322 MeV from the Review of Particle Physics
[21]. Relevant coupling constants and full decay widths for
the present numerical calculations are listed in Table I.

FIG. 1. Relevant tree-level Feynman diagrams for Kþp → Kþϕp. The dashed, solid, and wavy lines indicate the meson, baryon, and
ϕð1020Þ meson, respectively. The four momenta of the initial state ðKþ; pÞ and final state ðKþ;ϕ; pÞ are defined by ðk1; k2Þ and
ðk3; k4; k5Þ, respectively. For convenience, we separate the diagrams into three categories: The ϕ-meson exchange diagrams in the t
channel (t1∼4), the Θþþ

27 -pole diagram in the s channel (s1), and the Λð�Þ-intermediate diagrams in the u channel (u1∼5). The off-shell
strange mesons can be Kð495; 0−Þ for the ðt; u; sÞ and K�ð1680; 1−Þ for the t1;2 channel, whereas the off-shell baryons for the t1∼4 and
u1∼5 channels are ðp; Pþ

s Þ and ðp;Λð�ÞÞ.
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III. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we will provide numerical results and
corresponding discussions in detail for the reaction process
of Kþp → Kþϕp, focusing on the exotic pentaquark
bound-state Pþ

s ð2071; 3=2−Þ. First, it is necessary to decide
the cutoff masses for the form factors in Eq. (3). For
example, the same form factor scheme needs a cutoff mass
Λ ¼ ð400–500Þ MeV to reproduce the total and differential
cross sections of the K−p elastic-scattering process, using
the conventional tree-level Feynman diagrams without
resonances. For brevity, we assume that the cutoff masses
are the same for all the scattering amplitudes and ignore the
Θþþ

27 contribution for a while. We perform a fitting process
by tuning the cutoff mass, gϕKK�ð1680Þ, and phase angles in
Eq. (2) simultaneously, and the numerical results for the
total cross section of Kþp → Kþϕp are given in Fig. 2.
The experimental data are taken from Refs. [17–19]. By
fitting with the data, we first determine the cutoff mass and
gϕKK�ð1680Þ, resulting in 480 MeV and about 1.6, respec-
tively. Note that the obtained cutoff mass is not much
different from that for the K−p elastic scattering within the
same theoretical framework.
As for the phase angles in Eq. (2), we explored various

combinations of the angles. Among them, we show the

most reliable fit results with ðψ t1;K�ð1680Þ;ψ t4;P
þ
s
ψ t;BKG;

ψu;BKGÞ ¼ ðπ; 0; 0; 0Þ (solid), ð0; π; 0; 0Þ (dotted),
ð0; 0; π; 0Þ (dashed), and ð0; 0; 0; πÞ (long dashed). We
also verified that other possible combinations, such as
ðπ; π; 0; 0Þ for instance, are hard to reproduce the cross
sections. Although the solid and dotted curves describe the
data qualitatively very well, it turns out that the parameter
set ðπ; 0; 0; 0Þ destroys the Pþ

s peak structure in the Dalitz
plot, due to strong destructive interference between Pþ

s and
other contributions. Hence, we choose the set ð0; π; 0; 0Þ as
our best fit result. Moreover, by seeing the curves without
the K�ð1680Þ contribution (thin lines), we can conclude
that the monotonic increasing behavior of the total cross
section with respect to

ffiffiffi
s

p
is reproduced by the K�ð1680Þ

contribution. Hereafter, we will show the numerical results
only for the ð0; π; 0; 0Þ case as our final results.
In Fig. 3, we depict the Dalitz plots for Kþp → Kþϕp

for the various c.m. energies
ffiffiffi
s

p ¼ 2.60 GeV (left) and
2.65 GeV (right). Note that the band structures for Pþ

s are
clearly shown. At

ffiffiffi
s

p ¼ 2.60 GeV, which is about
150 MeV above the threshold, the structure of the Dalitz
plot is simple, i.e., the sum of the background and Pþ

s
contributions. As the energy increases, the K�ð1680Þ
contribution becomes stronger as shown in the right corner
of the Dalitz plot for

ffiffiffi
s

p ¼ 2.65 GeV and starts to
interference between Pþ

s . As expected from the total cross
section in Fig. 2, as the energy gets higher, the K�ð1680Þ
contribution plays a dominant role to reproduce the strength
of the cross sections.
In order to understand the details of the Pþ

s band
structure and the effects of K�ð1680Þ, we show the Kþϕ
(left) and ϕp (right) invariant-mass plots for Kþp →
Kþϕp for

ffiffiffi
s

p ¼ ð2.60; 2.65Þ GeV in Fig. 4. The solid
and dotted lines indicate the results with and without Pþ

s ,
respectively. In the left panel for dσ=dMðKþϕÞ, we observe
that the Pþ

s contribution does not make significant con-
tribution here. In the right panel of Fig. 4, we show the
numerical results for dσ=dMðϕpÞ in the same manner as
that of the left one. The vertical solid line denotes the K�Σ
threshold. The peak structure of Pþ

s is clearly observed
below the K�ð892Þ-Σ threshold, and it gives a signal-to-
background ratio ∼1.7% for

ffiffiffi
s

p ¼ 2.65 GeV for instance.
We also verified that the K�ð1680Þ contribution is respon-
sible for the stiff increase of the cross sections with respect
to

ffiffiffi
s

p
for both invariant-mass plots.

In order to examine the interference patterns between the
relevant contributions, in Fig. 5, we draw each contribution

TABLE I. Relevant coupling constants and full decay widths.

gKKϕ [21] gϕNN [16] gKK�ð1680Þϕ gϕPþ
s P

þ
s
[12] gKNΘþþ

27
[22] gKNΛ [16] gKNΛð1405Þ [21] gKNΛð1520Þ [21]

4.75 −1.47 1.6 (fit) 0.14þ 0.2i ≲2.06 −13.4 1.51 10.5
Γϕ [21] ΓK�ð1680Þ [21] ΓPþ

s
[12] ΓΘþþ

27
[22] � � � ΓΛð1405Þ [21] ΓΛð1520Þ [21]

4.249 MeV 322 MeV 14 MeV ≲43 MeV � � � 50.5 MeV 15 MeV

2.7 2.8 2.9 3 3.1
s [GeV]

0

5

10

15

20

25

30

 [m
b]

Total w/ ( ,0,0,0)
Total w/ (0,
Total w/ (0,0, ,0)
Total w/ (0,0,0, )
Without K*(1680) w/ ( ,0,0,0)
Without K*(1680) w/ (0, ,0,0)
Without K*(1680) w/ (0,0, ,0)
Without K*(1680) w/ (0,0,0, )

FIG. 2. Total cross sections for Kþp → Kþϕp. The experi-
mental data are taken from Refs. [17–19]. The total results are
given by the thick lines with ðψ t1;K�ð1680Þ;ψ t4;P

þ
s
ψ t;BKG;

ψu;BKGÞ ¼ ðπ; 0; 0; 0Þ (solid), ð0; π; 0; 0Þ (dotted), ð0; 0; π; 0Þ
(dashed), and ð0; 0; 0; πÞ (long dashed). The thin lines are for
the cases without K�ð1680Þ.
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separately for dσ=dMðKþϕÞ (left) and dσ=dMðϕpÞ (right)
at

ffiffiffi
s

p ¼ 2.65 GeV. From the left panel of the figure, we
note that the diagram (t2) with K�ð1690Þ (dashed) and
diagram (u1) with Λð1115Þ (dash–long dashed) of Fig. 1
provide the dominant contributions to the differential cross
sections. We note that there appears an obvious destructive
interference between those two contributions. Other dia-
grams are contributing only a small or negligible portion to
the total differential cross section. Note that the Pþ

s
contribution is almost unseen here. In the right panel of
Fig. 5, we plot dσ=dMðϕpÞ in the same manner. Again, the
shape of the total curve is almost made from the diagrams
(t2) and (u1) being similar to dσ=dMðKþϕÞ, while the
diagram (t4) gives the Pþ

s peak, whose strength is enhanced
by the constructive interference with other contributions.
Now we are in a position to discuss a method to reduce

the background contributions to enhance those particle

signals that we are interested in. Here, to make the
discussion simple, we consider the most important con-
tributions, i.e., diagrams (t2) for K�ð1680Þ, (t4) for Pþ

s , and
(u1) for a pure background as understood in Fig. 5. For this
purpose, we introduce different target initial-state (i) and
final-state (f) proton-spin combinations, i.e., parallel or
opposite to each other:

σparallel≡σð↑↑Þþσð↓↓Þ; σopposite≡σð↑↓Þþσð↓↑Þ; ð4Þ

where we define these cross sections by σðSizSfz Þ. By a
simple Clebsch-Gordan coefficient analyses, as for the
diagrams ðt2;4Þ, σt2;4parallel and σ

t2;4
opposite are both finite, whereas

σu1parallel is finite but σ
u1
opposite ∼ 0, since the spin-0 PS mesons

couple to the spin-1=2 ground-state baryons in the diagram
(u1). Hence, by making the proton spins opposite to each

FIG. 3. Dalitz plots for Kþp → Kþϕp for
ffiffiffi
s

p ¼ 2.60 GeV (left) and 2.65 GeV (right).
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K
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re

sh
ol

d
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FIG. 4. Invariant-mass plots dσ=dMðKþϕÞ (left) and dσ=dMðϕpÞ (right) for
ffiffiffi
s

p ¼ ð2.60; 2.65Þ GeV. The solid and dotted lines
indicate the results with and without Pþ

s , respectively.
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other, the largest background contribution from the diagram
(u1) is suppressed considerably. In Fig. 6, we show the
numerical results for the differential cross sections of
Eq. (4) in the same manner as that of Fig. 5. As shown
in the left panel of the figure for dσ=dMðKþϕÞ, the
background nearly disappears for the opposite case as
expected, and the K�ð1680Þ contribution becomes obvious.
In the right panel for dσ=dMðϕpÞ, the situation is similar
but we observe the dubious Pþ

s peak as well for the
opposite case. Thus, we can conclude that the K�ð1680Þ
contribution dominates the cross section for the opposite
case. Hence, it is rather useful to investigate the vector kaon
properties via experiments by polarizing the proton spins.
The numerical results for the angular distribution of the

cross section dσKþp→Kþϕp=d cos θ for
ffiffiffi
s

p ¼ 2.65 GeV is
given in the left panel of Fig. 7. The angle θ is defined by
that of the outgoing kaon in the c.m. frame with respect to
the þz beam direction. We observe the considerable
enhancement in the backward scattering region for both
cases with (solid) and without (dotted) K�ð1680Þ. This

behavior can be easily understood from the amplitude for
the diagram (u1), which is the largest contribution of the
present reaction process. From the u-channel propagator in
the amplitude in the c.m. frame,

iMu1 ∝ ½ðM2
Λð�Þ −M2

N−M2
KÞþ2Epi

EKþ
f
−2ðk⃗pi

· k⃗Kþ
f
Þ�−1;

ð5Þ

we find that, when the threemomenta of the target proton k⃗pi
,

which is in the −z direction, and the outgoing kaon k⃗Kþ
f
are

parallel in the c.m. frame, the amplitude becomes maxi-
mized. By comparing the two curves, we can deduce that the
K�ð1680Þ contribution gives a slightly forward enhancing
but rather flat angular dependence, as understood by the
diagrams (t1;2). In the right panel of Fig. 7, we show
the double differential cross section d2σKþp→Kþϕp=
dMðϕpÞd cos θ at

ffiffiffi
s

p ¼ 2.7 GeV. There, we clearly see
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that the Pþ
s peak manifests itself in the backward-scattering

region cos θ ≲ −0.5.
Finally, we explore the effect from the possible 27-plet

pentaquarkΘþþ
27 , appearing in the diagram (s1) of Fig. 1.We

employ the theoretical information for the exotic baryon
from the chiral-soliton model [22]: MΘþþ

27
¼ 1.6 GeV and

ΓΘþþ
27

→KN ≲ 43 MeV. Considering that the pentaquark can
be spatially larger than usual ones, one can modify the
phenomenological form factor in Eq. (3), and we introduce
more strong form factors as Fðq2;MÞ → Frðq2;MÞ, where
the free parameter r indicates a positive-real constant. Since
there have been no experimental data for the pentaquark, we
simply choose the value of r to provide a similar strength

of the cross section in comparison to those from other
nonexotic contributions. As a trial, the value of r is
chosen to be 2.5 and, in the left panel of Fig. 8, we
depict the numerical results for the Dalitz plot atffiffiffi
s

p ¼ 2.65 GeV. There appears a diagonal band for the
pentaquark and it interfereswith theK�ð1680Þ contribution.
In the right panel of the figure, the ϕp-invariant-mass plots
are given with (dotted) and without (solid) the Θþþ

27

contribution. The sole Θþþ
27 contribution is depicted by

the dashed line. By seeing that, we can conclude that the
cross section below MðϕpÞ ≲ 2.05 will be enhanced more
as the pentaquark contribution gets stronger, remaining the
Pþ
s peak intact.
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p ¼ 2.65 GeV. The solid and dotted lines indicate the cases with and without K�ð1680Þ, respectively. Right: double-differential
cross section d2σKþp→Kþϕp=dMðϕpÞd cos θ at

ffiffiffi
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p ¼ 2.65 GeV.
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IV. SUMMARY

In the present work, we investigated the hidden-strange-
ness production process via Kþp → Kþϕp. Here,
assuming that the hidden-flavor pentaquark molecular
bound-state is easier to be formed than open-flavor ones,
since Pþ

c ð4457Þ is the only exotic pentaquark baryon ever
observed firmly in Pþ

c ½uudcc̄� → J=ψ ½cc̄�p, we considered
that Pþ

s ½uudss̄� → ϕ½ss̄�p, in which Pþ
s is an exotic

molecular bound-state of K� and Σ, can be observed in
this specific production process with higher possibility than
other light-flavor baryonic exotics. We employed a simple
phenomenological model based on the effective Lagrangian
approach and provided the relevant numerical results by
making use of presently available experimental and theo-
retical information for the purpose. We used the theory
estimations for the Pþ

s ð2071; 3=2−Þ from the hidden-local
symmetry arguments. In addition to the background and Pþ

s
contributions, we also took into account K�ð1680Þ, which
decays into Kϕ, as indicated in the LHCb experiments.
Below, we list the relevant observations in the present work:

(i) First we determined the cutoff mass, which is one of
the most important model parameters, by fitting the
experimental data for the total cross section of
Kþp → Kþϕp for

ffiffiffi
s

p ≳ 2.7 GeV. We observed
strong enhancements of the cross section with the
K�ð1680Þ contribution as the c.m. energy increases,
due to the higher momentum-dependent nature of the
KK�ϕ interaction vertex. From the Dalitz plot analy-
ses, we observed the narrow (Γ ¼ 14 MeV) band
structure for Pþ

s with the increasing background
contributions as the c.m. energy does, and the Pþ

s
contribution is constructively interfered with the
background. As the energy becomes larger thanffiffiffi
s

p
≈ 2.65 GeV, the K�ð1680Þ contribution comes

into play and starts to dominate the cross section of the
process.

(ii) From the ϕp-invariant-mass plots, we found an
obvious peak structure from Pþ

s with the signal-to-
background ratio ≈1.7% at

ffiffiffi
s

p ¼ 2.65 GeV. There
were considerable cross-section enhancements from
the K�ð1680Þ contribution for MðϕpÞ≲ 2.05 GeV.
We could observe a peaklike structure from the
K�ð1680Þ contribution as the c.m. energy increases
in the Kþϕ-invariant-mass plots. Beside the Pþ

s and
K�ð1680Þ contributions, the scattering amplitude (u1)
with the Λð1115Þ-hyperon intermediate states with
the ϕ meson emitted from the kaon beam were the
most largest source to produce the cross section as
background.

(iii) We tried to find a way to reduce the background to
enhance the signals of the K�ð1680Þ and Pþ

s by
different initial- and final-state proton-spin combi-
nations. When the spins are opposite to each other,
the backgrounds are greatly suppressed, since the
spin nonflip process only survives in the scattering
amplitude. As for the proton-spin opposite case, the

K�ð1680Þ contribution was seen with clarity forffiffiffi
s

p ≳ 2.65 GeV in the Kþϕ-invariant-mass plots.
On the contrary, the Pþ

s peak was dubious for the
proton-spin opposite case in the ϕp-invariant-mass
plots, since Pþ

s is strongly interfered with the
background contributions constructively.

(iv) The angular dependences of the cross sections showed
mild backward-scattering enhancements with respect
to the outgoing Kþ angle in the c.m. frame, and this
behavior was originated from the nature of the
u-channel propagators in the K�ð1680Þ and back-
ground amplitude, mentioned above, i.e., the scatter-
ing amplitude is maximized when three momenta of
the incident and scattered particles are opposite to each
other in the c.m. frame. Hence, the signal of Pþ

s was
also amplified in the backward-scattering region as
shown in the numerical results of the double differ-
ential cross sections d2σKþp→Kþϕp=dMðϕpÞd cos θ.

(v) Finally, we examined the possible contribution from
the 27-plet pentaquark Θþþ

27 , being based on the
theoretical estimations for it from the chiral soliton
model. Modifying the phenomenological form factor
for the spatially larger pentaquark, we observed
similar cross-section strengths to those of other con-
tributions. The diagonal band structure from Θþþ

27

interferes softly with K�ð1680Þ and Pþ
s in the Dalitz

plot. The cross section was enhanced for MðϕpÞ ≲
2.05 GeV as the pentaquark contribution becomes
larger.

The numerical results of the present work can be a useful
guide to measure the exotic pentaquark molecular bound-
state Pþ

s as well as to extract the information of K�ð1680Þ
possibly in the J-PARC experiments with the high-momen-
tum kaon beam in the future. It is interesting to note that
Ref. [12] also suggested another possible K�Σ bound-state
with its pole mass ð1977 − i22Þ MeV and spin-parity 1=2−

in addition to Pþ
s ð2071; 3=2−Þ, although we did not

consider this lower-mass state in the present work, since
it exists near the Dalitz-plot boundaryMðϕpÞ ≈ 1960 MeV
and its wider width. The situation is similar to that there are
two bound-states Pþ

c ð4440Þ and Pþ
c ð4457Þ below the D̄�Σ

threshold. Nonetheless for the mass differences are sig-
nificantly different ΔMs ≈ 100 MeV and ΔMc ≈ 20 MeV,
the similarities between the light- and heavy-flavor sectors
are very peculiar. More detailed works together with more
exotics such as Pþ

s ð1977Þ in a specific reaction process and
theoretical studies for the structures of the exotics are in
progress, and appear elsewhere.

ACKNOWLEDGMENTS

The author is grateful to fruitful discussions with K. P.
Khemchandani (Sao Paulo University), J. K. Ahn (Korea
University), and A. Hosaka (Research Center for Nuclear
Physics, Osaka University). This work was supported by a
Research Grant of Pukyong National University (2020).

SEUNG-IL NAM PHYS. REV. D 103, 054040 (2021)

054040-8



[1] D. Diakonov, V. Petrov, and M. V. Polyakov, Z. Phys. A
359, 305 (1997).

[2] S. i. Nam, A. Hosaka, and H. C. Kim, Phys. Lett. B 579, 43
(2004).

[3] T. Nakano et al. (LEPS Collaboration), Phys. Rev. C 79,
025210 (2009).

[4] W.M. Yao et al. (Particle Data Group), J. Phys. G 33, 1
(2006).

[5] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 122,
222001 (2019).

[6] A. Ali et al. (GlueX Collaboration), Phys. Rev. Lett. 123,
072001 (2019).

[7] T. Mibe et al. (LEPS Collaboration), Phys. Rev. Lett. 95,
182001 (2005).

[8] K. Mizutani et al. (LEPS Collaboration), Phys. Rev. C 96,
062201 (2017).

[9] B. Dey et al. (CLAS Collaboration), Phys. Rev. C 89,
055208 (2014).

[10] A. Kiswandhi, J. J. Xie, and S. N. Yang, Phys. Lett. B 691,
214 (2010).

[11] A. Kiswandhi, S. N. Yang, and Y. B. Dong, Phys. Rev. C 94,
015202 (2016).

[12] K. P. Khemchandani, H. Kaneko, H. Nagahiro, and A.
Hosaka, Phys. Rev. D 83, 114041 (2011).

[13] E. Oset and A. Ramos, Eur. Phys. J. A 44, 445 (2010).
[14] A. Ramos and E. Oset, Phys. Lett. B 727, 287 (2013).
[15] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 118,

022003 (2017).
[16] T. A. Rijken, V. G. J. Stoks, and Y. Yamamoto, Phys. Rev. C

59, 21 (1999).
[17] V. Flaminio, W. G. Moorhead, D. R. O. Morrison, and N.

Rivoire, Report No. CERN-HERA-83-02.
[18] J. M. Bishop, A. T. Goshaw, A. R. Erwin, W. D. Walker, and

A. Weinberg, Nucl. Phys. B23, 547 (1970).
[19] F. L. Moser, Nucl. Phys. B129, 28 (1977).
[20] H. Gao, H. Huang, T. Liu, J. Ping, F. Wang, and Z. Zhao,

Phys. Rev. C 95, 055202 (2017).
[21] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98,

030001 (2018).
[22] B. Wu and B. Q. Ma, Phys. Lett. B 586, 62 (2004).

STUDIES ON THE K�Σ BOUND-STATE VIA … PHYS. REV. D 103, 054040 (2021)

054040-9

https://doi.org/10.1007/s002180050406
https://doi.org/10.1007/s002180050406
https://doi.org/10.1016/j.physletb.2003.10.105
https://doi.org/10.1016/j.physletb.2003.10.105
https://doi.org/10.1103/PhysRevC.79.025210
https://doi.org/10.1103/PhysRevC.79.025210
https://doi.org/10.1088/0954-3899/33/1/001
https://doi.org/10.1088/0954-3899/33/1/001
https://doi.org/10.1103/PhysRevLett.122.222001
https://doi.org/10.1103/PhysRevLett.122.222001
https://doi.org/10.1103/PhysRevLett.123.072001
https://doi.org/10.1103/PhysRevLett.123.072001
https://doi.org/10.1103/PhysRevLett.95.182001
https://doi.org/10.1103/PhysRevLett.95.182001
https://doi.org/10.1103/PhysRevC.96.062201
https://doi.org/10.1103/PhysRevC.96.062201
https://doi.org/10.1103/PhysRevC.89.055208
https://doi.org/10.1103/PhysRevC.89.055208
https://doi.org/10.1016/j.physletb.2010.06.029
https://doi.org/10.1016/j.physletb.2010.06.029
https://doi.org/10.1103/PhysRevC.94.015202
https://doi.org/10.1103/PhysRevC.94.015202
https://doi.org/10.1103/PhysRevD.83.114041
https://doi.org/10.1140/epja/i2010-10957-3
https://doi.org/10.1016/j.physletb.2013.10.012
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevC.59.21
https://doi.org/10.1103/PhysRevC.59.21
https://doi.org/10.1016/0550-3213(70)90303-2
https://doi.org/10.1016/0550-3213(77)90017-7
https://doi.org/10.1103/PhysRevC.95.055202
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1016/j.physletb.2004.02.029

