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In this work, we study the hidden-strange molecular states composed of a baryon and a vector meson in a
coupled-channel Np — Now — N¢p — AK* — ZK* interaction. With the help of the effective Lagrangians
which coupling constants are determined by the SU(3) symmetry, the interaction is constructed and inserted
into the quasipotential Bethe-Salpeter equation to search for poles in the complex plane, which correspond
to molecular states. Two poles are found with a spin parity 3/2~ near the Np and the K* thresholds, which
can be related to the N(1700) and the N(2100), respectively. No pole near the N¢ threshold can be found if
direct interaction between a nucleon and ¢ meson is neglected according to the OZI rule. After introducing
the QCD van der Waals force between a nucleon and ¢ meson, a narrow state can be produced near the N¢
threshold. Inclusion of the QCD van der Waals force changes the line shape of the invariant mass spectrum
in the N¢ channel leading to a worse agreement with the present low-precision data. Future experiments at
Bellell, JLab, and other facilities will be very helpful to clarify the existence of these possible hidden-

strange molecular states.
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I. INTRODUCTION

After observations of the X(3872) and the claimed ®
particle, the study of the exotic hadron becomes a very hot
topic in the hadron physics community [1,2]. With the die
away of the © particle [3], the XYZ particle becomes the
most important candidate of the exotic hadron, and great
progress is made in both experiment and theory. Relatively,
a study on the exotic hadron was scarce to some extent until
the observation of two candidates of hidden-charm penta-
quarks, P.(4450) and P.(4380), at LHCDb [4]. After the
LHCb observation, exotic baryons attract more interest
from the hadron physics community. Even some of five €
baryons observed recently at LHCb were interpreted as
exotic baryons [5-8].

Now that the candidates of the pentaquark were observed
in the charmed sector, possible candidates of a pentaquark in
the light sector should be reconsidered. In Refs. [9-11], the
P.(4450) and P.(4380) were interpreted as £.D* and ;D
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bound states, respectively. In the light sector, corresponding
hidden-strange pentaquark counterparts were investigated
in the molecular state picture in Refs. [12,13]. The results
suggest that two states with a spin parity 3/2~ can be
produced from the XK* and X*K interactions, which
correspond to the N(2100) observed in the ¢» photoproduc-
tion and the N(1875), respectively. Such hidden-strange
molecular states are also supported by analyses of
experimental data of relevant photoproductions as in
Refs. [12—-16] and a recent calculation in the constituent
quark model [17]. In an early work in the chiral unitary
approach, a pole with the largest coupling to the ZK* channel
was also found at 1977 4 i53 MeV from a coupled-channel
calculation with a possible spin parity 1/2~ or 3/2~ [18].
The N(2100) and LHCb pentaquarks were observed in
N¢ and NJ /y channels, respectively. In studies about these
pentaquarks in the molecular state picture, especially about
their decays, the N¢p and NJ/y interactions should be
involved. However, we would like to emphasize that in most
of the theoretical works, the LHCb pentaquarks are not from
the NJ/y direct interaction according to the well-known
OZI rule, but from a coupled-channel interaction [19-21].
As the NJ/y interaction, a quark exchange between a
nucleon and a ¢ meson is also forbidden according to the
OZI rule, and often neglected [18]. Hence, for studies in the
molecular state picture, the interaction between an s5/cc
and a nucleon is often assumed to be very small, and such a
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kind of the hidden-strange/hidden-charmed molecular state
is often excluded from consideration.

Since a ¢ meson can not interact with a nucleon by a
quark exchange, it is a good place to test the effect of a
gluon exchange. In Refs. [22,23], the QCD van der Waals
force, which reflects a multigluon exchange, has been
suggested to be strong enough to produce a bound state.
Such a proposal is supported by a study in Ref. [24], where
it was found that at low velocity the QCD van der Waals
interaction is enhanced. A lattice QCD calculation also
supports the existence of such a kind of a bound state [25].
Hence, the N¢ bound state is a good way to study the effect
of a gluon exchange, that is, the QCD van der Waals force.
Moreover, the N¢ bound state is also a hidden-strange
pentaquark. It is interesting to make a systematic study of
possible states from the coupled-channel Np — Nw — N¢p —
AK* — ZK* interaction in experiment and theory, which
will deepen our understanding about the hidden-strange
pentaquark.

Calculations in the constituent quark model were also
performed to study a possible bound state composed of a
nucleon and a ¢ meson [26,27]. In all those calculations,
the N¢ bound state can be produced as suggested by Gao
et al. [23]. However, in the constituent quark model, only
the one-gluon exchange between two constituent quarks is
considered in the calculation, which the contribution
vanishes in the N¢ case. The multigluon exchange between
two constituent quarks and the gluon exchange with a self-
interaction are not considered in these models. Hence, the
attractiveness between a nucleon and ¢ meson does not
originate from the QCD van der Waals force, which is from
a multigluon exchange, but from the delocalization effect in
the quark delocalization color screen model (QDCSM) [27]
or the ¢ exchange in the chiral quark model [26]. In the
constituent quark model, the N¢ direct interaction is
attractive, but not strong enough to produce a bound state
and the couplings between N¢ channel. And other chan-
nels, such as £*K and XK* [27] or AK* [26], should be
introduced to provide enough attractiveness to produce a
N¢ bound state.

In our previous work [12], we studied the X*K — ZK*
interaction, where the coupled-channel effect is very small
and the X*K and XK* bound states are almost determined
by corresponding interactions. However, in that work, other
channels, such as Np, Nw, and AK*, were not included in
the coupled-channel calculation. It was done in Ref. [18],
and a state with a large coupling to ZK* was found at about
1977 MeV, which is consistent with our conclusion in
Ref. [12]. In the current work, we will make a coupled-
channel calculation of Np — Now — N¢p — AK* — 2K* inter-
action and extend it to include the N¢ van der Waals force,
which will be helpful to understand the interaction of a
nucleon and a ¢ meson.

This paper is organized as follows. In next section, we
present the effective Lagrangians adopted to describe the

Np—Nwo — N¢p — AK* — ZK* interaction. Corresponding
coupling constants are determined by the SU(3) symmetry.
The QCD van der Waals force is also transformed to a form
which can be used in our formalism. In Sec. III, the bound
states are searched for and numerical results are presented.
Finally, the paper ends with a summary and discussion.

II. FORMALISM
A. Np-Nw -N¢ - AK* - ZK* interaction

In the current work, we consider the channels with a
baryon and a vector meson. The potentials for these
channels are analogous but with different coupling con-
stants, which can be related with the help of the SU(3)
symmetry. Here, we present first the Lagrangians for the
ZK* interaction as an example.

In the current work, we will consider both pseudoscalar
(P = and ) and vector (V = p, @ and ¢) exchanges.
To describe the couplings of the K* meson with
exchanged pseudoscalar and vector mesons, we need the
Lagrangians as

EK*K*V _ l.gK*2K*V (KWT V”UK*D + K*/uﬁvﬂK*v
+ KWV, K,
;C](*](*p = g](*[(*pC”VGTa}lK*yaGPK*T =+ H.C., (1)

where K** = g*K** — 9K**. The flavor structures are
K*TA -zK* for an isovector A (=7 or p) meson, and
K*TK* B for anisoscalar B (= 1, w or ¢) meson. The coupling
constants can be obtained from the ppp and poz couplings
with the help of the SU(3) symmetry. The g,,, is suggested
equivalent to g,,, = 6.2 [28,29]. The SU(3) symmetry
suggests gK*K*/):gK*K*w:gK*K*t]S/[\/E<2a_1)] :gpp/)/(za)'
For the K*K*P vertex, we have ggg, = gK*K*n/
[—/1/3(1 = 4a)] = g,ps/(2a) and g,,, = 11.2 GeV~!
[30]. Here, we adopt @ = 1 for VVV and VV P vertices [31].

The Lagrangians for the vertices of a strange X baryon
and an exchanged vector and peseudoscalar mesons are
also required and read

_ K
Lysy = —gssyZ [7” — = 6”/’3/,] VVE,
2m2

f S v
Lysp = — anP 2757;46 23 (2)

T

The flavor structures are —iX' x £-A and X' - XB. The
coupling constants can be obtained with a SU(3) symmetry
as gss, = gszw = 2agyn, and gssy = —\/5(20‘ - I)QNN,)-
The coupling constant is gyy, = 6.1994/2 as suggested in
Ref. [30] and 3.02 in Ref. [31]. We choose a value of 3.05
here. In the Jiilich model, aggy = 1.15 [31]. In the current
work, we still adopt the standard value aggy = 1. With the
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TABLE L. The coefficient C;; and &;;. The {C}; > K;jty and {C -}p are for vector and pseudoscalar exchanges,
respectively.
Np Nw N¢ K*A K%
Npo {21}, (A, 0 -Be  {f0+20) {(-Pe  f2a-D
1
N 0 0 {—f,—z}K Gy 120 {ﬁ,—z},« {2 a1}k
N 0
¢ fibe CHOP2 (Aon (fiea- )

K*A {1’_2}10 {- 1—}—0:},7

0,0, ~1+a,
{-1.3},

K*X {- 2,4} {-2a},

{154 @ {] _a}r/
{-1.-3},

SU(3) symmetry, we have relations as kyy, = kyy, =
1/4k,, kysy = —1/2k, with k, = 6.1. For the VV P vertex,
Sssx =2af yy, and fyy, = % (1 —a)fyng with aggp =
0.4 [31] and fyy, = 1 [30,31].

With the Lagragians above, the potential can be written
in a general form,

Vo = CVGV 5 Ajj (M kinp(Aijd_ﬂAij) B
Wy = Alj 2<m+m) j»
q V i Jj

/ C’I; P ety vi 6 1D
iVp =i (P} + p1)'el" q°€iBiysdB;, (3)
P

whereA” —e (g-p))e —6 Ye;-(q+p1)+(p1+py) € “€js

Gy = gpppgNNp/Z and Gp = gpw,szN,,/m,,. The i and j are
for the channel Np, Nw, N¢, AK*, or ZK*. Here the C,’;’V
coefficient and &; j are listed in Table I, which are obtained
with the SU(3) symmetry as in the ZK* case.

We would like to show that the potentials obtained by
the SU(3) symmetry are comparable to the ones obtained
from the chiral Lagrangian in Refs. [18,32] after a
nonrelativization. Such a comparison was also made in
our previous work about Z.(3900) [33], and it was found
that the results in our work are consistent with those in
the chiral unitary approach [34]. After the nonrelativiza-
tion, the potential kernel in the current work can be
rewritten as

Gv

Vg = (Pl +PJ) lT €. (4)

V

In the chiral unitary approach,
potential is

the corresponding

C.:
L(pY+ pO)el €. (5)

iVK* = —4—f2

Here, p(()l.,j) and €(;j) are the zero component of the

momentum and three-dimensional polarized vector for
initial and final mesons. The coefficient C;; is the same
as those in Ref. [18], if different conventions adopted in
the two models are considered. The coupling constant in
our model corresponds to 1.3f in Ref. [18]. In the current
work, the terms for an anomalous magnetic moment are
included in the BBV Lagrangian. Though it will vanish
under a nonrelativization, it is reasonable to assume that
the relevant coupling constant will be affected. A similar
situation can be found for the VVV vertex. Besides, as
suggested in Ref. [35], the f can deviate from the
standard value of 93 MeV, and the increase of the f
can be compensated by the increase of the cutoff. Hence,
in the current work, we still choose the coupling constant
obtained with the g,,,, gvnp> Gpwr> aDd fyng-

B. QCD van der Waals force

As suggested by Gao et al. [23], a ¢» meson interacts with
a nucleon with the QCD van der Waals force, which was
adopted as a nonrelativistic Yukawa-type attractive poten-
tial of a form Vg y = —ae™"/r. The parameters were
chosen as @ = 1.25 and u = 0.6 GeV, which are consistent
with the values for the c¢ charmonium adopted by Brodsky
et al. [22]. We would like to remind that as suggested in
Ref. [22] there should be other spin-orbit and spin-spin
hyperfine terms because the interaction is vectorlike but
the parameters are determined with this simple form of
the potential. Here we only keep the main part as in
Refs. [22,27], which ensures that the discussion about the
parameters in those references can be adopted here. In the
current work, we work in the momentum space, the QCD
van der Waals force above should be transformed to an
Yukawa-type interaction as,

. a -
Vg = (47) Z NG -4, (6)
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where N and ¢ are the spinor for a nucleon and polarized
vector for a ¢p meson, respectively. An additional 2my is
introduced due to the convention adopted in our formalism.

C. Quasipotential Bethe-Salpeter equation

With the potentials presented above, the Np — Nw —
N¢ — AK* — ZK* interaction can be inserted into the
Bethe-Salpeter equation to find molecular states.
Because of the difficulty in solving the Bethe-Salpeter
equation in Minkovsik space, as in previous work [36-39],
a spectator quasipotential approximation will be introduced
by putting one of the two particles on shell [40,41].
In Ref. [42], the author suggested that the heavier particle
should be put on shell when a one-boson exchange is
adopted while in Ref. [12], a test of different choices of on
shell particle was made and its effect on numerical results
were found small. The method was explained explicitly in
the Appendices of Ref. [33]. In this work, we will put the
heavier particle on shell.

A bound state produced from the Np — Nw — N¢ —
AK* — ZK* interaction is reflected by a pole of scattering
amplitude M. The quasipotential Bethe-Salpeter equation
for a partial-wave amplitude with a fixed spin parity J”
reads [10,33]

//2 dp//

iM,{/Z(p/? P) =

vy (pp) + )

l//>0
- iV] (0. ") Go (P”)iMﬁu(P”v p). (7)

The partial-wave potential with a fixed spin parity J”
is obtained from the potential kernel V), in previous
section as

VI (0. p) :2f:/dcost9[d£l( )iV, (', p)
+nd”,,(0)iVy(p'.p)]. (8)

where the initial and final relative momenta are chosen as
p =(0,0,p)andp’ = (p’sin 8, 0, p’ cos @) with a definition
p") = |p"|, and d},(0) is the Wigner d matrix. These
equations can be extended to a coupled-channel case as
in Ref. [43].

A regularization should be introduced in the integral
equation to make it convergent. In our previous works
[38,39], an exponential regularization is introduced in
the propagator of a form Go(p) — Go(p)[e~ i1/,
where k; and m; are momentum and the mass of the off
shell meson, respectively. The exponential regularization is
a softer version of the cutoff regularization in the chiral
unitary approach, and the cutoff A used here plays a similar
role to the cutoff p,,, in the chiral unitary approach [18].

The interested reader is referred to Ref. [33] for further

information about the regularization. In this work, we will
consider both exponential and cutoff regularizations.

Now that the regularization ensures the convergence of
an integral equation, combined with a discussion in
Ref. [44], a form factor is not essential to be introduced
for the exchanged meson, which was applied in that work
and our previous work in Ref. [11]. In the current work, we
follow such a treatment.

The integral equation can be transformed to a matrix
equation by discreting the momenta p, p’, and p” by the
Gauss quadrature with wight w(p;) as

lk* zk+zvu j (9)

where the indices for channel, helicity, and momentum are
all absorbed into an index i. The propagator is now of a
form,

w(p))p}?
Gjso = W Go(p}),
ip! (p)) Py
G g=——"19_ 10
=0 3272 W Z {(271’)3 ZW(p”2 )]’ (10)

where the p, = A(W,M;,m;) is the on shell momentum

with A(x,y,2) = /(* = (y + 2)*)(**> = (y — 2)?)/2x and
W, M;, m; being the meson-baryon energy and the masses
of two particles in j channel. Here, we would like to note
that there only exists the on shell term (with j =0) at
energies under the corresponding threshold.

The pole can be searched by the variation of z to satisfy
|1 -V(z)G(z)] =0, where z=Eg+il'/2 equals the
meson-baryon energy W at the real axis. The scattering
amplitude where the initial and final particles are on shell is

M =My =) [(1-VG) V. (11)

The above equation indicts that the scattering amplitude
is meaningless at energies under the threshold in our
approach.

III. NUMERICAL RESULTS

With the above preparation, the molecular states from the
Np — Nw — N¢p — AK* — ZK* interaction can be searched
in the complex plane of z. For the N¢ interaction with the
QCD van der Waals force, no pole can be found in the case
of a spin parity 1/27. Hence, in this work, we focus on the
case of a spin parity 3/27, which is in a S-wave and was
studied in the constituent quark model [27].
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FIG. 1. The poles from the Np — Nw — N¢ — AK* — ZK*
interaction. The points linked by a full line (brown) and those
by a dashed line (blue) are for the pole with an exponential
regularization at a cutoff A from 0.9 to 1.3 GeV with a step of
0.1 GeV, and for the pole with cutoff regularization at a cutoff
Pmax from 0.55 to 0.75 GeV with a step of 0.05 GeV, respectively.
The explicit explanation can be found in the text. The vertical
dashed (blue) lines are for thresholds of the Np, Now, N¢p, AK*,
2K* channels from left to right.

A. States from Np - Nw - N¢ - AK* — ZK* interaction

First, we consider the interaction without the QCD van
der Waals force, and the results are given in Fig. 1. Here,
the poles from the interaction with both the exponential
and cutoff regularizations are illustrated in Fig. 1. We
choose five values of the cutoff for the two regularizations,
respectively, and a pole at five different cutoffs is presented
as five points linked by a line.

In the energy region from 1.7 to 2.20 GeV, which covers
the thresholds of the five channels considered in the current
work, two poles can be generated from the interaction. The
higher one is at an energy about 2050 MeV near the ZK*
threshold. Five points for this pole are obtained at A = 0.9,
1.0, 1.1, 1.2, and 1.3 GeV for the exponential regulariza-
tion, and at p,,, = 0.55, 0.60, 0.65, 0.70 and 0.75 GeV
from right to left, respectively. For both regularizations,
with the increase of the cutoff, the real and imaginary parts
of the position of this pole decrease and increase, respec-
tively. It means that the mass and width of the correspond-
ing molecular state become larger and smaller, respectively,
with the increasing of the cutoff. For the points at the same
energy, the one with the exponential regularization has a
larger width than that with a cutoff regularization.

Another pole is predicted at about 1710 MeV. Because
the Np channel is the lowest channel considered in our
work, the pole is a bound state at a real axis at A = 1.2 or
1.3 GeV with an exponential regularization and at a p,,, =
0.70 or 0.75 GeV with a cutoff regularization. With the
decrease of the cutoff, the pole runs to the Np threshold.
After crossing the threshold, the pole deviates from the real
axis and the width increases first then decreases with the
increase of the cutoff. Different from the higher pole, the
lower pole almost runs in the same path in the two cases
with exponential and cutoff regularizations. Generally

speaking, both regularizations give consistent results if
an appropriate cutoff is chosen. In the following, we only
give the results with the cutoff regularization.

In Sec. I A, after nonrelativization, the main difference
between the potential in the current work and that in the
chiral unitary approach adopted in Ref. [18] is different
values of the coupling constants. If we choose a coupling
constant which corresponds to a standard value of f =
93 MeV as in Ref. [18], the higher pole is found at 2024 +
32i MeV at a p,,x = 0.55 GeV or at 1973 4 24i MeV at a
Pmax = 0.75 GeV. It is consistent with the conclusion that
the increase of the value of f can be compensated by
increasing the cutoff as suggested in Ref. [35].

In Fig. 2, the explicit results about the two poles are
presented. Here, we take result at cutoff p,,,, = 0.65 GeV
as an example. Two poles can be observed obviously from
the log |1 — V(z)G(z)| in the complex plane of z. In the
experiment, a state is usually observed in the invariant mass
spectrum. Here, we take the square of the amplitudes
Po> | M,y |? as the invariant mass spectrum with M and
p, being the on shell amplitude and momentum of the
corresponding channel. The invariant mass spectra for the
Np, No, N¢, AK*, ZK* channels are also presented in
Fig. 2. Under the threshold of a channel, the amplitude is
meaningless and can not be calculated in our model as
shown in Eq. (11). It makes it difficult to identify the
strength of the couplings of a state to all channels as in
Ref. [18]. However, the invariant mass spectrum still

40 T T T T T T T T 8
sof + ]
- 20} + 1L 4

s 10f + ]

s
| ,
T - i {H °
—20k + E
-30f 1 E|
-40 :
10
20f
------- 8
15}

A
10}

s 4
5¢ 2
b ORIV To05! bwsersotoos I
170 171 172 190 195 200 205 210 215 220

Re(z) (GeV)
FIG. 2. log|l — V(z)G(z)| with the variation of z for the

Np—Nw—N¢—AK*—ZK* interaction at a p,,, =0.65GeV with-
out the QCD van der Waals force (upper panel), and correspond-
ing p,>_,|M,|* for Np (red full line), Nw (green dashed line),
N¢ (blue dotted line), AK* (cyan dash-dotted line), and XK*
(brown dash-dot-dotted line) channels with the variation of Re(z)
(lower panel).
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provides some interesting information. Corresponding to
the lower pole, an obvious resonance structure can be
observed in the Np channel, which reflects that the
coupling of this state to the Np channel is considerable.
An obvious enhancement is also found near the Nw
threshold. For the higher pole, no obvious standard
resonance structure can be observed from our results.
However, the existence of a higher pole affects the shapes
of the invariant mass spectra for the N¢, AK* channels
obviously. The effects on the Np and Nw channels are also
observable but relatively smaller. Though the invariant
mass spectrum for the XK* channel at the mass of the pole
can not be provided, a sharp increase near the XK*
threshold suggests that the effect of this pole is large on
the ZK* channel. Besides, a cusp can be found at the AK*
threshold in the N¢ channel.

B. States with QCD van der Waals force

Now we turn to the case with the QCD van der Waals
force included in the N¢ channel. The QCD van der Waals
force is not well determined with the existent experimental
and theoretical information. In Ref. [23], authors suggested
a strength of o = 1.25. In this work, we will vary the
parameter « to present the results of the QCD van der Waals
force with different strength parameters a = 0, 0.4, 0.8, 1.2,
and 1.6, which are illustrated in Fig. 3.

To show the effect of different cutoffs, we provide the
results at two cutoffs, p.x = 0.65 and 0.75 GeV. At first
sight, one can find that the inclusion of the QCD van der
Waals force in the N¢ channel affects the two poles shown
in Fig. 1 slightly at both cutoffs. The position of the lower
pole is almost unchanged, and the higher pole moves from
the original position a little. Though the effect on two poles
produced without the QCD van der Waals force are small,
an additional pole close to the real axis will be generated
near N¢ threshold with a strength o = 1.2. With the
increasing of the strength, the pole runs to a lower energy.

40 T : T . T I: I: T :I T
of 0+ 8 ]
u]

10f : ¥ P : 1

Im(z) (GeV)
o

_40 L . L N L L L L l L
170 171 172 190 195 200 205 210 215 220
Re(z) (GeV)

FIG. 3. The poles from the Np— Nw — N¢ — AK* — ZK*
interaction with the QCD van der Waals force. The poles linked
by a full line (brown) and those by a dashed line (blue) are the
results at a cutoff p,. = 0.65 GeV, and results at a cutoff
Pmax = 0.75 GeV, respectively. The vertical lines are thresholds
as in Fig. 1.

40 T T T T T T T T 8

(z) (MeV)

|
|
-
o
T
L
T
L

0 0
170 1.71 1.72 190 195 200 205 210 215 220
Re(z) (GeV)

FIG. 4. log|l — V(z)G(z)| with the variation of z for the Np —
Nw — N¢p — AK* — 2K* interaction at p,,,, = 0.65 GeV with the
QCD van der Waals force (upper panel), and corresponding
Po>_;7|M;x|?>. The notation is as Fig. 2.

The imaginary part of the position of this pole is about
1 MeV, which means that the corresponding resonance
structure is very narrow.

The explicit results at cutoff p,,x = 0.65 GeV and a =
1.2 are presented in Fig. 4 as an example. Three poles can
be observed obviously from the log |1 — V(z)G(z)| in the
complex plane of z. Compared with Fig. 2, the pole and the
invariant mass spectra are almost the same at the lower
energy region. At the higher energy region, a sharp peak
appears in the invariant mass spectra in the Np and Nw
channels. Except for this peak, the line shape for these two
channels are almost unchanged as well as that for the ZK*
channel. Obvious change can be found in the N¢ channel,
where the QCD van der Waals force is included. An
obvious enhancement appears near the N¢ threshold,
which is obviously relevant to the existence of the new
pole at 1934 + 1i MeV.

C. Comparison with experiment

Up to now, there is no direct experimental evidence for
the hidden-strange pentaquark. Recently, a search for the
possible hidden strange partner of the LHCb pentaquark
was done at Belle in the N¢ invariant mass spectrum [45].
The Belle Collaboration concluded that no evidence was
seen for a hidden-strangeness pentaquark. Here, we would
like to make a discussion of our results compared with
the Belle experiment. Since the experimental data are
not so precise, we only make a qualitative discussion.
The comparison between the invariant mass spectrum
Polod sy |May|> with p, = A(A.,m(N¢),m,) and the
Belle data are presented in Fig. 5.
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FIG. 5. The invariant mass spectrum in N¢ channel. The

theoretical results of kK’ ",/ |M,;|* are compared with the Belle
experiment [45]. The full (red) and dashed (blue) lines are for the
results without and with the QCD van der Waals force. The dotted
(brown) line is for the best fitted result by the Belle Collaboration.

Though no evidence for the hidden-strange pentaquark is
observed, Belle still gives the best fitted result which we
present in Fig. 5 also. It suggests a resonance at 2025 MeV
with a width of 22 MeV [45]. If the QCD van der Waals
force is not included, a cusp is produced at the AK*
threshold, and the pole at 2075 + i19 MeV exhibits as a
shoulder at energies about 2050 MeV. After including the
QCD van der Waals force in the N¢ channel, there is large
enhancement near the N¢ threshold (see Fig. 4). It seems
that the N¢ invariant mass spectrum without the QCD van
der Waals force is more consistent with the best fitted line
given by the Belle Collaboration [45]. In Ref. [46], the
authors also found that the peak in experiment could be
from a triangular singularity, but not from the P; state.
Considering the large uncertainty of the data, no conclusion
can be obtained from the current experimental data and the
theoretical results. However, there exists obvious difference
between the results with and without the QCD van der
Waals force included, which can be checked by high-
precision data.

IV. SUMMARY AND DISCUSSION

In this work, we study the hidden-strange pentaquarks
from a coupled Np — No — N¢p — AK* — 2K* interaction.
The interaction is described with the help of the effective
Lagrangians and coupling constants determined with the
SU(3) symmetry. The obtained potential is consistent with
those in the chiral unitary approach in Ref. [18] after
nonrelativization but with smaller couplings. The potential
is inserted into the quasipotential Bethe-Salpeter equation
to find the poles corresponding to the hidden-strange
molecular states.

Two poles can be observed in the complex plane for the
Np — Nw — N¢p — AK* — ZK* interaction. The higher one
is under the XK* threshold, which has a large effect on the
ZK* invariant mass spectrum. This pole also exhibits itself
as a shoulder in the N¢ channel, where a cusp appears at
the AK* threshold. A lower pole can be found near the Np
threshold. The corresponding resonance structure can be
seen obviously in the Np channel. These two poles can be
related to the poles at 1977 + i53 MeV and 1695 MeV
suggested in the chiral unitary approach in Ref. [18]. Our
result is consistent with their conclusion that these two
states have the largest coupling to ZK* and Np, respec-
tively. In Ref. [18], the spin parity is not well determined
while in the current work, both states are from the
interaction with a spin parity 3/2".

We also extend our results to include the QCD van der
Waals force in the N¢ channel. The original two poles are
affected a little by the QCD van der Waals force. An
additional pole near the N¢ threshold is generated after
the QCD van der Waals force is included. Both results of
the pole and the invariant mass spectrum suggest that the
couplings of this state to other channels are small, which
makes the peak in the invariant mass spectrum very narrow.
The N¢ bound state was also found very narrow in the
constituent quark model [27]. It is noteworthy that there
may be also the QCD van der Waals force in other channels
if it exists in the N¢ channel. It needs more theoretical
efforts to clarify the origin and effect of such a QCD van der
Waals force.

Up to now, there is no direct evidence for a hidden-
strange pentaquark in an experiment. As suggested in
Refs. [12,13,18], two poles produced from the Np — No —
N¢ — AK* — ZK* interaction without the QCD van der
Waals force can be assigned as the N(1700)3/2~ and
N(2100)3/27. The results in the current work and in the
constituent quark model [27] suggests that the N¢ state is a
narrow state, which should be easy to observe in an
experiment. Besides, the N¢ invariant mass spectra change
obviously. So far, the inclusion of the QCD Van der Waals
force leads to a worse agreement with the present low-
precision data. Hence, the search of such a state in an
experiment at the facilities, such as Bellell, JLab, with
improved statistics is strongly suggested. The experimental
research and further theoretical study will be helpful to
clarify this interesting issue.
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