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In the present work, we investigate the hidden-strangeness production process in the S = +1 channel via
Ktp — KT¢p, focusing on the exotic pentaquark molecular K*¥ bound-state, assigned by
P{(2071,3/27). 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 P~ with the signal-
to-background ratio ~1.7%, and it is enhanced in the backward-scattering region of the outgoing K™ in the
center-of-mass frame. We also find that the contribution from the K* (1680, 17) 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 ©5" 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., ¢g and gqq 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 a gqqqg configuration, the existence of light
pentaquark resonance states, including the famous O
pentaquark baryon [1-4], has been unsettled, while various
hidden-charm heavy pentaquark molecular bound-states
were observed in the J/y-p invariant mass from the heavy
baryon decay A — K~J/yp at LHC,, P (4312,4440,
4457) [5]. Interestingly, those heavy-pentaquark states were
not measured in the J/y 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 D*X,
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bound-state P (4457) was found experimentally from
the decay with a hidden-charm vector meson [5]:
PS[D*X,] = J/y]cc]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*X bound-state appearing in
the invariant mass of the hidden-strange vector meson
¢(1020) and proton, being assigned by P; for conven-
ience: P [K*Z] — ¢[s5]p. Interestingly, from various
experimental data [7-9], a bumplike structure is observed
at /s = (2.0-2.1) GeV for the ¢-meson photoproduction
off the proton target, although the origin of the bump is not
fully understood [10,11]. Moreover, from theories, the K*X
molecular bound-state was suggested from the coupled-
channel approach with the hidden-local symmetry and turned
out to couple to the ¢p 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 /s < 2.0 GeV.
Hence, we assign this molecular bound-state to Py, whose
mass and spin-parity will be taken from theories, and it can be
viewed as the light-flavor partner of P/ (4457), although the
spin-parity quantum numbers of the heavy pentaquarks
including P/ (4312,4440) have not been uniquely deter-
mined yet.

Considering the motivations given above, we would
like to study the hidden-strangeness production process
with the § = +1 kaon beam off the proton target, i.e.,
K'p — (K*P!) - K*¢p. 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

Published by the American Physical Society


https://orcid.org/0000-0001-9603-9775
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.103.054040&domain=pdf&date_stamp=2021-03-29
https://doi.org/10.1103/PhysRevD.103.054040
https://doi.org/10.1103/PhysRevD.103.054040
https://doi.org/10.1103/PhysRevD.103.054040
https://doi.org/10.1103/PhysRevD.103.054040
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

SEUNG-IL NAM

PHYS. REV. D 103, 054040 (2021)

diagrams, in addition to the ¢-meson exchange #-channel
diagrams. As shown in the LHC; experiment for B —
J/w@K™ [15], the contribution from K*(1680, 17), which
decays into K¢, is also taken into account. A possible 27-plet
pentaquark state ®3-" 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 K™p — K ¢p [17-19].

From the numerical results, we observe the strong
enhancements of the total cross section with the K*(1680)
contribution as the center-of-mass (c.m.) energy increases,
due to the higher momentum-dependent Lorentz structure of
the KK*¢ interaction vertex. In the Dalitz plot analyses, we
find the band structure with " = 14 MeV for P, and the P
contribution interferes with the background constructively.
As the energy increases larger than /s ~2.65 GeV, the
K*(1680) contribution dominates the cross section. In the
¢ p-invariant-mass plots, we find an obvious peak structure
from P} with the signal-to-background ratio ~1.7% at
\/s = 2.65 GeV. There is the considerable cross-section
enhancement from the K*(1680) contribution for M(¢p) <
2.05 GeV in the ¢ p-invariant-mass plots as expected from
the total cross section. There appears a broad K*(1680) peak
for the higher c.m. energy in the K ¢-invariant-mass plots.
In addition to the P; and K*(1680) contributions, the
backgrounds with the A(1115)-hyperon intermediate states
with the ¢ meson 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*(1680) and P, 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*(1680) peak manifests itself in the K*¢-
invariant-mass plots. In contrast, the PJ peak is rather
dubious for the opposite case in the ¢p-invariant-mass
plots, since P; strongly interferes with the background
constructively, not with K*(1680). The angular dependence
shows mild backward-scattering enhancements as func-
tions of the outgoing K™ angle in the c.m. frame, and this
behavior was originated from the u-channel propagators in
the scattering amplitudes for the K*(1680) and background
contributions. Therefore, the signal of P; is also amplified
in the backward-scattering region. Finally, we investigate
the possible contribution from the 27-plet pentaquark 03"
Tuning the coupling strength of the pentaquark, we observe
a diagonal band structure from the ®35" in the Dalitz plot,
and it starts to interfere strongly with K*(1680) for
M(¢pp) Z 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 the K™ p — K¢ p reaction process. In Fig. 1, we
depict the relevant tree-level Feynman diagrams for it. The
dashed, solid, and wavy lines indicate the meson, baryon, and
¢(1020) meson, respectively. The four momenta of the initial
state (K™, p) and final state (K", ¢, p) are defined by
(ky,ky) and (ks, k4, ks), respectively. For convenience, we
separate the diagrams into three categories: The ¢-meson
exchange diagrams in the 7 channel (7,.4), the ®3;"-pole
diagram in the s channel (s;), and the A®)-intermediate
diagrams in the u channel (u;.5). The off-shell strange
mesons can be K (495, 07) for the (7, u, s) and K*(1680, 17)
for the #, , channel, whereas the off-shell baryons for the #, .4
and w5 channels are (p, P{) and (p, AW).

As for P as the pentaquark molecular K*X 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
P (2071,3/27) as the isospin 1/2 pole, with its full decay
width I'p+ = 14 MeV. Note that in Ref. [20], the s-wave
exotic bound-state was estimated with J© = 3/2~ nucleon
resonance with its mass ~2064 GeV via the quark delo-
calization color screening model. We consider the ground
state A(1115,1/2%), A(1405,1/27), and A(1520,3/27)
for the A-hyperon contributions. We, however, take only
the ground-state one for the diagram (us) into account,
since little information is available for the pA*A* 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 K¢, such as K; (1650, 1)
and K*(1680, 17), although their experimental confirma-
tions are still poor. Nonetheless, as shown in the LHC,
experiment for BT — J/w@¢K™ [15], among the various
strange mesons, in the vicinity of the invariant mass
M(K*¢) = 1.7 GeV, the K*(1680, 17) contribution is the
most dominant one, in addition to the nonresonant back-
ground, whereas the K;(1650,1") contribution seems
appearing in the higher-mass region M(K*¢) ~ 1.8 GeV.
Note that our purpose of the present work is to study the P,
bound-state, which appears in the vicinity of M(¢p) =
2 GeV, and this mass region corresponds to M(K*¢) =
(1.6-1.7) GeV. Hence, we exclude the K (1650, 1") con-
tribution rather safely for the numerical calculations and to
reduce theoretical uncertainties.

As shown in the diagram (s;) of Fig. 1, there can be a
contribution from the baryonic exotic state, such as the
27-plet pentaquark baryon ©3;". Its physical property was
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Relevant tree-level Feynman diagrams for K™ p — K¢ p. The dashed, solid, and wavy lines indicate the meson, baryon, and

¢(1020) meson, respectively. The four momenta of the initial state (K™, p) and final state (K™, ¢, p) are defined by (k;,k,) and
(ks, k4, ks), respectively. For convenience, we separate the diagrams into three categories: The ¢-meson exchange diagrams in the ¢
channel (1,.4), the ©3;"-pole diagram in the s channel (s;), and the A-intermediate diagrams in the u channel (u;.5). The off-shell
strange mesons can be K(495,07) for the (7, u, s) and K*(1680, 17) for the #, , channel, whereas the off-shell baryons for the 7,4 and

u,..5 channels are (p, P{) and (p, A™).

studied in Ref. [22], and its mass, spin-parity, and full width
turn out to be 1.60 GeV, 3/2%, and <43 MeV, respectively,
via the chiral soliton model. From the decay width we
obtain ggye:+ < 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:

Lypp = igVPPVﬂ[(aﬂP+)P - (aﬂP)PT]’

‘CVVP = g]vwieﬂl/ﬁpF/‘l/UF“’/pP + H.C.,
P

CPNB& = igPNBliNPFiBli + H.c.,

9PNB,,
Lpng,, = v = N(0,P)ysT'*B;, +H.c.,
P

Lyng,, = gynp, NTFysV, "B + H.c.,

I9yNB,, &
Lyysp,, = M—VsiNriFVyDVVBgi +Hec., (1)

where P and V designate the fields for the pseudoscalar and
vector mesons, whereas N and Bﬁ__” indicate those for the

nucleon and baryon with its spin-parity (1,3)*/2, respec-
tively. F', stands for the antisymmetric field strength tensor
for the massive vector meson. Here, we define the notation
[t~ = (ys, 14,4) 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:

— iy i, pt+
Mioa = V1K SO M, g 1650) + €747 M, pr

+ ei'I//.BKGMt.BKG + eil//u.BKGMu’BKG’ (2)

where the first and second terms on the rhs of Eq. (2)
provide peak structures from K*(1680) and P;, whereas
the third and fourth ones are for the 7- and u-channel
backgrounds (BKG), respectively. The corresponding
phase angles are given by y 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:

o) = o] - O

Nt (- M

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: iMF — iMEF(q}_5,My)F(q3_,.M,), where
qi+j = k; = k;, for instance. The cutoff mass is determined
to reproduce relevant experimental data, and will be
discussed in the next section in detail. Note that gggg,
ggnn»> and ggya come from the Nijmegen soft-core poten-
tial model [16], while g,p+p+ and Jkne+ are estimated

theoretically in Refs. [12,22], respectively. However,
grNe:F will be treated as a free parameter in the actual

calculations, since the maximum value 2.06 is too large to
describe the data. ggya(1405) and gxya(1s20) are determined
using the interaction Lagrangians in Eq. (1) and exper-
imental data [21]. Finally, gxg+, will be determined by
fitting with the experimental data, since we do not know its
branching ratio to K*¢ 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 1.
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TABLE I. Relevant coupling constants and full decay widths.

9xke [21] ggnn [16] IKK*(1680)p Ggpipy [12] grney; [22] gxna [16] 9rNA(1405) [21] 9xnA(1520) [21]
4.75 —1.47 1.6 (fit) 0.14 + 0.2 <2.06 —-13.4 1.51 10.5

Iy [21] k- (1680) [211 Ipe [12] Py [22] L1405y [21] Da(1520) [21]
4.249 MeV 322 MeV 14 MeV <43 MeV 50.5 MeV 15 MeV

ITII. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we will provide numerical results and
corresponding discussions in detail for the reaction process
of KTp — KT¢p, focusing on the exotic pentaquark
bound-state P (2071,3/27). 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
A = (400-500) 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
03, contribution for a while. We perform a fitting process
by tuning the cutoff mass, gyxk-(1680), and phase angles in
Eq. (2) simultaneously, and the numerical results for the
total cross section of K*p — K*¢p 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
9pKk-(1680)> Tesulting 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

30;
] Total w/ (1,0,0,0)
R Total w/ (0,11,0,0): best fit
254 ------ Total w/ (0,0,m,0)
] —=-—- Total w/ (0,0,0,)
1 Without K*(1680) w/ (11,0,0,0)
204 - Without K*(1680) w/ (0,r,0,0)
1 ———- Without K*(1680) w/ (0,0,m,0)
S 1 ———- Without K*(1680) w/ (0,0,0,r)
£15
o

27 28 29 3 31
Vs [GeV]

FIG. 2. Total cross sections for K*p — K*¢p. The experi-
mental data are taken from Refs. [17-19]. The total results are
given by the thick lines with (y, (1680 Ws, p+ Vi BKG
WuskG) = (7.0,0,0) (solid), (0,7,0,0) (dotted), (0.0,x,0)
(dashed), and (0,0,0,r) (long dashed). The thin lines are for
the cases without K*(1680).

most reliable fit results with (y,, k+(1680). W1, P+ Vi BKG
v.pkG) = (7,0,0,0)  (solid), (0,#,0,0) (dotted),
(0,0,7,0) (dashed), and (0,0,0,7) (long dashed). We
also verified that other possible combinations, such as
(z,7,0,0) 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 (7,0,0,0) destroys the P/ peak structure in the Dalitz
plot, due to strong destructive interference between P and
other contributions. Hence, we choose the set (0, x, 0,0) as
our best fit result. Moreover, by seeing the curves without
the K*(1680) contribution (thin lines), we can conclude
that the monotonic increasing behavior of the total cross
section with respect to /s is reproduced by the K*(1680)
contribution. Hereafter, we will show the numerical results
only for the (0,7,0,0) case as our final results.

In Fig. 3, we depict the Dalitz plots for K*p — KT ¢p
for the various c.m. energies /s = 2.60 GeV (left) and
2.65 GeV (right). Note that the band structures for P are
clearly shown. At /s =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 P;
contributions. As the energy increases, the K*(1680)
contribution becomes stronger as shown in the right corner
of the Dalitz plot for /s =2.65 GeV and starts to
interference between P . As expected from the total cross
section in Fig. 2, as the energy gets higher, the K*(1680)
contribution plays a dominant role to reproduce the strength
of the cross sections.

In order to understand the details of the P; band
structure and the effects of K*(1680), we show the K*¢
(left) and ¢p (right) invariant-mass plots for K*p —
K*¢p for /s =(2.60,2.65) GeV in Fig. 4. The solid
and dotted lines indicate the results with and without P,
respectively. In the left panel for do/dM (K™ ¢), we observe
that the P contribution does not make significant con-
tribution here. In the right panel of Fig. 4, we show the
numerical results for do/dM(¢p) in the same manner as
that of the left one. The vertical solid line denotes the K*X
threshold. The peak structure of P/ is clearly observed
below the K*(892)-X threshold, and it gives a signal-to-
background ratio ~1.7% for /s = 2.65 GeV for instance.
We also verified that the K*(1680) contribution is respon-
sible for the stiff increase of the cross sections with respect
to /s for both invariant-mass plots.

In order to examine the interference patterns between the
relevant contributions, in Fig. 5, we draw each contribution
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FIG. 3. Dalitz plots for K™ p — K" ¢p for /s = 2.60 GeV (left) and 2.65 GeV (right).
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FIG. 4.
indicate the results with and without P}, respectively.

separately for do/dM(K*¢) (left) and do/dM (¢p) (right)
at /s = 2.65 GeV. From the left panel of the figure, we
note that the diagram (7,) with K*(1690) (dashed) and
diagram (u;) with A(1115) (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 P;
contribution is almost unseen here. In the right panel of
Fig. 5, we plot do/dM (¢ p) in the same manner. Again, the
shape of the total curve is almost made from the diagrams
(t,) and (u;) being similar to do/dM(K"¢), while the
diagram (z,) gives the P{ 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

Invariant-mass plots do/dM(K*¢) (left) and do/dM(¢pp) (right) for /s = (2.60,2.65) GeV. The solid and dotted lines

signals that we are interested in. Here, to make the
discussion simple, we consider the most important con-
tributions, i.e., diagrams (z,) for K*(1680), (¢4) for P/, and
(u,) 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:

O-parallel EO—(TT) +G(\l’\l/)’ O-opposite EO—(T\L) +O—<\LT)’ (4)

where we define these cross sections by o(SiS/). By a

simple Clebsch-Gordan coefficient analyses, as for the

a4
opposite

~ 0, since the spin-0 PS mesons

. o -
diagrams (5.4), O parypies and © are both finite, whereas
u;

opposite

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

W s
O paralle 18 finite but o
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FIG. 5.
contribution is given in different line styles as indicated.

other, the largest background contribution from the diagram
(u;) 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 do/dM(K"¢), the
background nearly disappears for the opposite case as
expected, and the K*(1680) contribution becomes obvious.
In the right panel for do/dM(¢p), the situation is similar
but we observe the dubious P peak as well for the
opposite case. Thus, we can conclude that the K*(1680)
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 dog+,_k+y,/dcos@ for \/s =2.65 GeV is
given in the left panel of Fig. 7. The angle 6 is defined by
that of the outgoing kaon in the c.m. frame with respect to
the +z beam direction. We observe the considerable
enhancement in the backward scattering region for both
cases with (solid) and without (dotted) K*(1680). This

Each contribution for the invariant-mass plots do/dM(K"¢) (left) and do/dM(¢pp) for /s = 2.65 GeV (right). Each

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

. ", " -1
M, o< [(M2, M3y = M%)+ 2B, Eyc: ~2(R,, Ky )]
(5)

we find that, when the three momenta of the target proton k pis
which is in the —z direction, and the outgoing kaon k K; are

parallel in the c.m. frame, the amplitude becomes maxi-
mized. By comparing the two curves, we can deduce that the
K*(1680) contribution gives a slightly forward enhancing
but rather flat angular dependence, as understood by the
diagrams (t;,). In the right panel of Fig. 7, we show
the double differential cross section d?cx+ okt gp!
dM(¢pp)dcosO at \/s = 2.7 GeV. There, we clearly see

71 71
6] Vs=265Gev " o — Toul o Vs=265GeV
] Total g 1 Proton-spin parallel B
=] o . S| = 1 ---- Proton-spin opposite <
% 5 e Proton-spin parallel 8| >'5] -
{1 ----- Proton-spin opposite /.- = 871 9%
% ] i < % ]
241 =349
5 | =4
X 3] §3j
= ]
% 2: g 2:
T ] © 7
1] 11 /
0+ pmmpmss s — H
1.5 1.55 1.6 1.65 1.7 1.95

M(K*0) [GeV]

M(¢p) [GeV]

FIG. 6. Polarized invariant-mass plots do/dM (K*¢) (left) and do/dM (¢ p) (right) for /s = 2.65 GeV. The dotted and dashed lines
denote the proton-spin parallel and opposite combinations, respectively, as defined in Eq. (4).
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at /s = 2.65 GeV. The solid and dotted lines indicate the cases with and without K*(1680), respectively. Right: double-differential

cross section d’ox+ ,_x+g,/dM(¢p)dcos @ at \/s = 2.65 GeV.
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FIG. 8. Left: Dalitz plots for K*p — K*¢p for /s =2.65 GeV with the ®F" contribution. Right: differential cross section
de/dM(¢p) for \/s = 2.65 GeV with (dotted) and without (sloid) the pentaquark contribution. The ®35" contribution is given by the

dashed line.

that the P} peak manifests itself in the backward-scattering
region cos @ < —0.5.

Finally, we explore the effect from the possible 27-plet
pentaquark ©3-", appearing in the diagram (s;) of Fig. 1. We
employ the theoretical information for the exotic baryon
from the chiral-soliton model [22]: M@2+7+ = 1.6 GeV and

F®2+7+_, kv S 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 F(q*; M) — F'(q*; M), 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 at
\/s = 2.65 GeV. There appears a diagonal band for the
pentaquark and it interferes with the K*(1680) contribution.
In the right panel of the figure, the ¢ p-invariant-mass plots
are given with (dotted) and without (solid) the O3,
contribution. The sole ®3;" contribution is depicted by
the dashed line. By seeing that, we can conclude that the
cross section below M (¢p) < 2.05 will be enhanced more
as the pentaquark contribution gets stronger, remaining the
P peak intact.
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IV. SUMMARY

In the present work, we investigated the hidden-strange-
ness production process via Ktp — KT¢p. Here,
assuming that the hidden-flavor pentaquark molecular
bound-state is easier to be formed than open-flavor ones,
since P (4457) is the only exotic pentaquark baryon ever
observed firmly in P/ [uudcc| — J/w[cc|p, we considered
that P [uudss| — ¢[s5]p, in which P} is an exotic
molecular bound-state of K* and X, 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 P (2071,3/27) from the hidden-local
symmetry arguments. In addition to the background and Py
contributions, we also took into account K*(1680), which
decays into K¢, as indicated in the LHC, experiments.
Below, we list the relevant observations in the present work:

(1) 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
Kt*p — Kt¢gp for /s 22.7 GeV. We observed
strong enhancements of the cross section with the
K*(1680) contribution as the c.m. energy increases,
due to the higher momentum-dependent nature of the
KK*¢ interaction vertex. From the Dalitz plot analy-
ses, we observed the narrow (I' = 14 MeV) band
structure for P with the increasing background
contributions as the c.m. energy does, and the P
contribution is constructively interfered with the
background. As the energy becomes larger than
/s 2 2.65 GeV, the K*(1680) contribution comes
into play and starts to dominate the cross section of the
process.

(ii) From the ¢p-invariant-mass plots, we found an
obvious peak structure from P, with the signal-to-
background ratio ~1.7% at /s = 2.65 GeV. There
were considerable cross-section enhancements from
the K*(1680) contribution for M(¢p) < 2.05 GeV.
We could observe a peaklike structure from the
K*(1680) contribution as the c.m. energy increases
in the K" ¢-invariant-mass plots. Beside the P; and
K*(1680) contributions, the scattering amplitude (u;)
with the A(1115)-hyperon intermediate states with
the ¢ 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*(1680) and P 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*(1680) contribution was seen with clarity for
\/s 2 2.65 GeV in the K'¢-invariant-mass plots.
On the contrary, the P} peak was dubious for the
proton-spin opposite case in the ¢ p-invariant-mass
plots, since P 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 K™ angle in the c.m. frame, and this
behavior was originated from the nature of the
u-channel propagators in the K*(1680) 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 P{ was
also amplified in the backward-scattering region as
shown in the numerical results of the double differ-
ential cross sections d*cg+ ,_x+4,/dM(¢pp)d cos 6.

(v) Finally, we examined the possible contribution from
the 27-plet pentaquark ©3;", 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 03,
interferes softly with K*(1680) and Py in the Dalitz
plot. The cross section was enhanced for M(¢p) <
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 P, as well as to extract the information of K*(1680)
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*X bound-state
with its pole mass (1977 — i22) MeV and spin-parity 1/2~
in addition to P{(2071,3/27), although we did not
consider this lower-mass state in the present work, since
it exists near the Dalitz-plot boundary M (¢p) =~ 1960 MeV
and its wider width. The situation is similar to that there are
two bound-states P/ (4440) and P (4457) below the D*%
threshold. Nonetheless for the mass differences are sig-
nificantly different AM, =~ 100 MeV and AM . =~ 20 MeV,
the similarities between the light- and heavy-flavor sectors
are very peculiar. More detailed works together with more
exotics such as P (1977) in a specific reaction process and
theoretical studies for the structures of the exotics are in
progress, and appear elsewhere.
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