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Recently, the LHCb Collaboration reported a new structure P (4459) with a mass of 19 MeV below the
E.D* threshold. It may be a candidate of molecular state from the Z,D* interaction. In the current work,
we perform a coupled-channel study of the Z:D*, E.D*, E:D, E.D*, E.D, and E,D interactions in the
quasipotential Bethe-Salpeter equation approach. With the help of the heavy quark chiral effective
Lagrangian, the potential is constructed by light meson exchanges. Two E.D* molecular states are
produced with spin parities J* = 1/2~ and 3/2~. The lower state with 3/2~ can be related to the observed
P(4450) while two-peak structure cannot be excluded. Within the same model, other strange hidden-
charm pentaquarks are also predicted. Two states with spin parities 1/2~ and a state with 3 /2 are predicted
near the Z.D, Z.D, and Z:D thresholds, respectively. As two states near Z.D* threshold, two states are
produced with 1/2~ and 3/2~ near the Z.D* threshold. The couplings of the molecular states to the
considered channels are also discussed. The experimental research of those states are helpful to understand

the origin and internal structure of the P, and P, states.

DOI: 10.1103/PhysRevD.103.074007

I. INTRODUCTION

Recently, the LHCb Collaboration released their
results about the E, — J/wK~A decay, which indicates
a new resonance structure named P..;(4459), which carries
a mass of 4458.8 £2.971/ MeV and a width of 17.3 &
6.5739 MeV [1]. Such structure is just 19 MeV below
the Z.D* threshold and the width is relatively narrow. It
follows a series of observations about the hidden-charm
pentaquarks. In 2015, the LHCb Collaboration firstly
reported two structures P.(4380) and P.(4450) in the
A, = J/wK~p [2], which are close to the D and X.D*
thresholds, respectively. Such observation confirmed pre-
vious predictions about the hidden-charm pentaquarks
[3-6]. Due to the closeness to the thresholds, these
structures were soon interpreted as molecular states in
the literature [7-12]. Other pictures, such as compact
pentaquark [13-15] and anomalous triangle singularity
[16], were also proposed to explain the observation.
In 2019, the LHCb Collaboration updated their results.
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The upper P.(4450) was found to be a two-peak structure
named as P.(4457) and P.(4440), and a new structure,
P.(4312), was observed near D threshold [17]. The new
result strongly supports the molecular state picture. If we
include the P.(4380) state, which was not confirmed but
also not excluded by new observation, the four states
provide a wonderful spectrum of S-wave states from the
¥.D —X:D — X .D* interaction. Based on such observa-
tion, in Refs. [18-20] all possible S-wave molecular states
from not only above channels but also the X:D* channel
were included in the study. With these states, the exper-
imental data were well reproduced.

The observation of the hidden-charm pentaquarks
inspires a large amount of theoretical studies about their
internal structure [21-31]. The partners of the hidden-
charm pentaquarks were also widely discussed in the
literature [32-40]. Replacing one of the light quark by
strange quark, one can naturally obtain a strange hidden-
charm pentaquark, which have been studied in the pioneer
work [3] and some studies after the observation of P, states
[41-50]. The observation of these partners is very helpful to
understand the internal structure of the pentaquarks.

The recent observation of P (4459) favors the molecu-
lar state interpretations of the hidden-charm pentaquarks
[51-54]. It can be taken as the strange partner of the
P.(4450). According to its mass, it can be assigned as the
candidate of a Z.D* state with spin parity J© = 1/2~ or
3/27. Due to lack of the partial-wave treatment, the current
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experimental analysis did not provide the information about
its spin parity. From the experience of study about the
P.(4450), one can expect that there may be two structures
in the P (4459). The two-pole structure of a resonance
was first proposed in the study of the A(1405) [55,56], and
also suggested in the studies of K;(1270) and D{(2400)
[57-59]. In Ref. [49], the author predicted two E,.D* states
with JP =1/27 and 3/2~ which carry masses of
4456.9132 and 446378 MeV, respectively. Different mass
order of two E.D* states was also suggested in the
literature. In Ref. [52], the calculation yields masses of
4469 and 4453-4463 MeV for states with 1/2 and 3/2,
respectively.

In our previous work, the hidden-charm pentaquarks
were well explained as molecular states in the quasipoten-
tial Bethe-Salpeter equation (qBSE) approach [28,29],
which was extended to predict the hidden-bottom penta-
quarks [40]. Such studies provide a good theoretical frame
to study the strange hidden-charm pentaquark. Due to the
heavy quark symmetry, the model has been constrained
by experimentally observed hidden-charm pentaquarks.
Hence, it is interesting to perform a calculation about

the molecular states from the Eg*'/)D(*) interaction in the
same frame. The strange hidden-charm pentaquarks are
also possibly produced from the interactions of charmed
baryon and strange anticharm meson. Compared with the

couplings between channels in the Eﬁ*’/)D(” interactions
where the pion exchange is possible, the couplings between
two types of interactions through kaon exchange should
be weaker. Hence, in the current work, we consider six

channels in Eg*")l_)(*) interaction, which are related to
the P.;(4459).

With the help of the heavy quark chiral effective
Lagrangians, which was also adopted to reproduce
the hidden-charm pentaquarks, the one-boson-exchange
model will be adopted in the current work to construct the
interaction kernel to calculate the scattering amplitude by
solving the qBSE. The molecular states can be studied
by searching for the poles of the complex energy plane.
The coupled-channel effects will be also included explic-
itly to produce the widths of the molecular states. The
molecular state interpretation of the P.,(4459) will be
discussed based on the results. More molecular states will
be also predicted, which can be searched in the future
experiment.

This article is organized as follows. After introduction,
Sec. II shows the details of dynamics of the E:D*, E.D*,
E:D, E.D*, E.D, and E.D interactions, including the
relevant effective Lagrangians, reduction of potential kernel
and a brief introduction of the qBSE. In Sec. III, the results
with single-channel calculation are given first. Then,
coupled-channel results are presented, and the importance
of the channels considered are discussed. Finally, summary
and discussion are given in Section III B.

II. THEORETICAL FRAME

In the current work, we follows the same theoretical
frame in the study of the LHCb hidden-charm pentaquarks
[28,29], to study the strange hidden-charm pentaquark. The
one-boson-exchange potential of the interactions of strange
charmed baryon EE»*’/) and anticharm meson D™ is con-
structed as dynamical kernel. The pseudoscalar P, vector V
and scalar o exchanges will be considered, and the effective
Lagrangian depicting the couplings of light mesons and

anticharmed mesons D) or strange charmed baryons EE*")

are required and will be presented in the below.

A. Relevant Lagrangians
First, we consider the couplings of light mesons and
heavy-light anticharmed mesons 7P = (D° D=, Dy).
Considering heavy quark limit and chiral symmetry,

the Lagrangians have been constructed in the literature
as [60-63],

Lypp = ig@%«‘lﬁaysH?%

Loy = —ip(AG v, (V4 — ol ) HE)
+id(HE 6, " (p)HS),

EHHrr:gs<HgGHg>v (1)

where A* = 1(£79,& — £0,67) = ’ 0,P + - is the axial
current with & = exp(z[P’/f,,) and f,, =132 MeV. V,

17D, & + E0rET] =5 572 [P.0,P] + - -+, which is irreverent
to the interactions in the current work. p) = igyV} / V2,
and F*(p) = 0,p, — O,p, + [py.p,]- The P and V are the
pseudoscalar and vector matrices as

\/iiﬂo + \/ig A K*
- — LA /N 0
P = T N 04 7 K ,
K- K0 —j—”g
2~ e + -
vitvi P K
V= - _2 o 0 2
P s K (2)
K I_(*O ¢
The doublet is defined as HS = =[Py, — P2 7s]55% and

H =yyH'y,. The P and P* satisfy the normahzatlon
relations (0[P|0q(07)) = A and (0[P;|0q(17)) =
€,//Mp-. The (- - -) denotes the trace for the Dirac gamma
matrices.

The Lagrangians can be further expanded as follows for
explicitly application,
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ACP*P[P’ = l](‘— (—PZ}P}, + PZ’I)Z,{)a}LPah’
g st o %) v
Erre = =7 i w4 0 PO P
Vi WD, + PSP
[,pwp\/ = \/Fn’:;»feﬂaﬁ”(_lpaﬂ'ta P}, + 'PZa Pbﬂ)
X (aa\/ﬁ)ab’
. Pav P9
ﬁpp\/ = —177)418 Ph\/ﬂb9
\/E\/umP* g ‘
. Py 5 T
Lrpv = \/Z/ﬁp“T 9y PyVap

— zZﬂ/lgVPZ”TPZ” (ay\/p - av\/u)ah’
Lpp, = =29, PiP,0.
,Cp*pﬂo- = 2gs7DZT7326, (3)

where the v is replaced by i0/2, /mm; with the m; ; is for

the initial or final D) meson.

The Lagrangians for the couplings between charmed
baryon and light mesons can also be constructed under the
heavy quark limit and chiral symmetry as [64],

L5 = =3 010 0[S, A8, + iBstr[S, 0,V = )"
+ Astr[S,F*S,] + €str[S,08"],

Ly, = ifptr[B3v, (V' = p*) B3] + £ ptr[B30Bs],

Lin = igatr[S* A, B3] + 2,60, tr[S, F, B3] + Hee., (4)

where S, is composed of Dirac spinor operators,

1
Si = —\/g(m +v)r B + By = B, + B,
_ 1- - - -
S = \@Babyﬁ(yﬂ +,) + B = Bfy + B, (5)
and the bottomed baryon matrices are defined as

TABLE I. The coupling constants adopted in the calculation,
which are cited from the literature [21,64,66,67]. The A and Ag;
are in the units of GeV~!. Others are in the units of 1.

p g gv A s
0.9 0.59 5.9 0.56 0.76
Ps s @ As B ‘g 94 A

~174 62 ~0.94 =331 —5/2 ~£5/2 3¢,/(2v/2) —As/V/8

+ =t
0 A &l

B;=|-Ar 0 20|,
+ _=0
-BEf -E. O
++ o Ly+  _Lgrt
Zc 5 ZC ﬁ =
_ | Ly+ 0 1 =0
B=| &zr 0 L=v
1L =+ 1 =0 QO
e p=c c
oht Lywt L gt
T Bt LE
1 s+ %0 1 =x0
B* = 75 Zc Zc V2 = (6)
1 et 1m0 Q0
V2 =e V2—e ¢

The explicit forms of the Lagrangians can be written as,

. 301 S
Lggp = —i— WWPE B;,0.B;;,
BBP l4fﬂ mBmB€ “ inYxbji
Psgy VS
£BB\/:_4\/U B’;a B
2/2mgmp l.; v

Asgy =
-—=(0,Vv,-0,V,)» B/B,

£BBO’ = fSGZB/;Bj;U
i=0,1
r o 9vPB
B3B3V — _2 i
V “MB; 1M
‘CBngo‘ = lfBGBng,
Lopp = —i %ZB?@MPBg Y Hec,

T

_ o
V¥B30,B;,

GvAr

Lppy = —m=—=
’ \/2mpmpg.

The masses of particles involved in the calculation are
chosen as suggested central values in the Review of Particle
Physics (PDG) [65]. The mass of broad o meson is chosen
as 500 MeV. The coupling constants involved are listed in
Table I.

With the vertices obtained from above Lagrangians, the
potential of couple-channel interaction can be constructed
easily with the help of the standard Feynman rules. Because
six channels are involved in the current work, it is tedious
and fallible to give explicit 36 potential elements and input
them into code. Instead, in this work, following the method
in Ref. [29], we input vertices I" and propagators P into the
code directly. The potential can be written as

6””1’<8,1\/KZB,-D8”B§ + H.c. (7)
i

Vps, = f,FlePp,gf(qz), Vy = f/rlyrzuP@Uf(qz),

(8)

The propagators are defined as usual as
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TABLEII. The flavor factors f; for certain meson exchanges of
certain interaction. The values in bracket are for the case of I = 1
if the values are different from these of I = 0.

T n P w o

e T S TR

DU ~DWE 00 L 0

(k)= (%) = (% =1 Je N S S 1

DWE, - D! )zt [2\f] 2V2 2V2 [2ﬂ] 2V2 0

i u+ ;4 v m
Pp,=— 2 Py =i 9”261 2/ .9
q- —Mp, q- — nmy

where the form factor f(¢?) is adopted to compensate

the off-shell effect of exchanged meson as f(q?) =

e~me=a*?/Ne with m, being the mpy, and ¢ being the
momentum of the exchanged meson. The f; is the flavor
factor for certain meson exchange of certain interaction,
and the explicit values are listed in Table II.

With the potential kernel obtained, we adopt the gBSE to
solve the scattering amplitude [32,33,68—70]. After partial-
wave decomposition and spectator quasipotential approxi-
mation, the 4-dimensional Bethe-Salpeter equation in the
Minkowski space can be reduced to a I1-dimensional
equation with fixed spin-parity J* as [68],

//2 dp//

iMJ(p'.p) =

l//
V] (s p”)Go(P”)iMﬁu(P”, p) (10

where the sum extends only over nonnegative helicity A”.
The Gy(p”) is reduced from the 4-dimensional propagator
under quasipotential approximation as Go(p”) = 5 (p"7 —
my)/(p"} —m}) with pj, , and m, ; being the momenta and
masses of heavy or light constituent particles. The partial
wave potential is defined with the potential of interaction
obtained in the above in Eq. (8) as

Vja(p',P) zzn/dcosﬁ[ a5,V (p'.p)

+’7di4,y(‘9)vz’—,1(P/»P)]v (11)

where n = PP P,(—1)’7/1=> with P and J being parity

and spin for system, D*) meson or Eff’/)

and final relative momenta are chosen as p = (0,0, p)
and p’ = (p'sin6,0,p’ cosf). The d/,(0) is the Wigner
d-matrix. We also adopt an exponential regularization by
introducing a form factor into the propagator as [68]

Go(p") = Go(p")[e~P*=m1)*/A1% with A, being a cutoff.

baryon. The initial

III. RESULTS AND DISCUSSIONS

With the preparation above, we can perform numerical

calculation to study the molecular states from the Z.D*)

and = HE > D™ interactions. After transformation of the gBSE

into a matrix equation, the scattering amplitude can be
obtained, and the molecular states can be searched for as
the poles in the complex energy plane. As said in the
Introduction, the parameters of the Lagrangians in the
current work are chosen as same as those in our previous
study of the hidden-charm pentaquarks [28,29]. The only
parameters are cutoff A, and A,, which are rewritten as a
form of A, = A, = m 4+ 20.22 GeV. Hence, in the current
work, only one parameter is involved, and its value will be
discussed later. In the followings, the single-channel results
will be presented first. Then, the coupled-channel effects
are included to produce the width of the molecular states.
The couplings of molecular states to the considered
channels are also discussed to analyze the contributions
of decay channels.

A. Single-channel results

For the six channels considered, the results of single-
channel calculation are shown in Fig. 1. All states which
can be produced in S wave with isospin / =0 and 1 are
considered in our calculation, that is, 20 possible molecular
states will be considered.

As shown in the figure, five isoscalar bound states with
spin parity 1/2~ are produced from the Z:D*, E.D*, E D",
E!'D, and Z.D interactions, and four isoscalar bound states
with spin parity 3/2~ from E:D*, E.D*, E:D, and E.D
interactions. In other words, except the E;D* interaction
with 5/2, bound states are produced from all other S-wave
isoscalar interactions. The states appears at a value of
about 1, and the bound energies become deeper with
increasing of the a. All bound states produced from the
six channels considered are isoscalar. The isovector bound
states with / = 1 are also searched but found difficult to be
produced, even with an a value of about 9. It can be
understood through the flavor factors in Table II. The
signs of the flavor factors for isovector states reverse
compared with these for isoscalar states. It is also found
in the studies about the hidden-charm and hidden-bottom
pentaquarks [40].

The LHCb experiment suggested that the P (4459)
have a mass of about 19 MeV lower than the threshold of
E.D*, which is also illustrated in Fig. 1 with the exper-
imental uncertainty. To reproduce the experimental mass,
the value of a about 3 should be chosen. Unfortunately, the
two E,.D* states with J¥ = 1/27 and 3/2~ have very close
binding energies with single-channel calculation. Hence,
we can not determine the spin parities the P;(4459) in the
single-channel calculation. The explicit analysis suggests
that the contribution of vector exchanges are not sensitive
to the spin, and the pseudoscalar exchanges are absent in
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FIG. 1. The binding energies of the bound states from six single-
channel interactions with the variation of parameter a. All states
carry scalar isospin / = 0. The thresholds of the six channels are
4654.6, 4587.4, 4513.2, 4478.0, 4446.0, 4336.6 MeV for Z:D*,
B.D*, B:D, 2.D*, B.D, and E.D, respectively. The blue line
and the band are the experimental mass and uncertainties of

the P,,(4459).

this channel as shown in Table II. The small mass gap was
also suggested with single-channel calculation in Ref. [71].
It can be expected that after the pseudoscalar exchanges
involved in coupled-channel effect, these two states
will split.

B. Coupled-channel results and position of poles

The single-channel calculation can provide a basic
picture of the bound states from six interactions considered.
Due to lack of couplings between different channels, all
states are bound states, that is, the poles are at the real axis.
In the followings, we will include the coupled-channel
effect into the single-channel calculation. The coupled-
channel results for the molecular states are listed in
Table III. Here we label a pole by nearest threshold and
its spin.

As listed in Table III, the poles leave the real axis after
the coupled-channel effects are included, and acquire
imaginary parts, which related to the width as I' = 2Imz.
As in the single-channel calculation, with the increase of
the parameter «, the binding energies of all states increase.
We will use the experimental mass of P, (4459) to narrow
the range of the a. As in the single-channel calculation, two

TABLE III. The molecular states with coupled-channel calcu-
lation. Positions are given by the corresponding threshold
subtracted by the position of a pole, M,;, — z, in the unit of
MeV. The a and the pole are in the units of GeV, and MeV,
respectively. The “...” refers Not available.

a  B:D*(1/27) E:Db*(3/27) ELD*(1/27) E.D*(3/27)

20 15404 02+04i 52419 13421

25 37+14i 20+44i 69+46i 1.9+50i

30 74433 N 82+68i  2.6+69i

35 114+6.6i N 494871  56+73i

a 2:D(3/27) E.D*(1/27) B.D*(3/27)
2.0 0142.1i 22409 46+07i

2.5 28+43i  45+22i 105+ L1
3.0 63+70i 79+40i 197+ 16i
35 184493i 133+64i 333407
a  =ED(1/27) E.D(1/27)

20 49400 0.2

25 10.8+0.0i 3.9

3.0 194+ 0.0i 8.5

35 30.9+0.0i 14.0

poles near Z.D* threshold can be produced with spin
parties 1/2~ and 3/27, respectively. With an a value of
about 3, the masses of these two states are close to the
experimental observed values of P;(4459). The widths of
these two states, 8.0 and 3.2 MeV, are smaller than the
experimental values. In the current work, we do not
consider the experimental observation channel AJ/y,
which may be the origin of such small widths. A two-pole
structure of the P (4459) is also helpful to explain the
small widths. To give a visual picture of the results, the
explicit results with @ = 3 are presented in Fig. 2, where
the positions of the poles are illustrated clearly in the
complex energy plane.

As shown in Fig. 2, among all states, the state
E.D*(3/27) is the most obvious and has the largest
coverage in the complex energy plane. It should be easier
to be observed in the experiment. At the o of 3.0, the mass
of state E.D*(3/27) is 4458.3 MeV, quite closing to
the experimental value of the P.(4459). It indicts that
the E.D*(3/27) state is the most possible candidate of the
P.;(4459). And such result also confirms that a value of «
about 3 is better to produce the experimental results. In the
followings, we will take theoretical values at o of about 3
as the suggested values of our model. As expected, the
inclusion of the coupled-channel effect makes the two
states from the Z,D* interaction deviate from each other.
The state with spin parity 3/2~ moves further while the
state with (1/27) closer to the Z.D* threshold. The higher
state Z.D*(1/27) has a mass of 4470.1 MeV. Though two
states are separated by the coupled-channel effect, the small
mass gap about 10 MeV requires high precision measure-
ment to distinguish these two states in experiment.
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FIG. 2. The log|1 — V(z)G(z)| with the variation of z for the
2.D*) and EYD™ interaction with J¥ = 1/2 and 3/2" at
a = 3.0. The color means the value of log|1 — V(z)G(z)| as
shown in the color box.

With the P_(4459) reproduced in our theoretical frame,
we can provide the prediction of other possible strange
hidden-charm molecular states. Two states with spin parity
1/2~ are produced near the Z.D and Z.D thresholds,
respectively. The lowest state has zero width because no
channel lower than the E.D threshold is considered in the
current work. The state near the E.D threshold has a
negligible width due to its very weak coupling to the Z.D
channel. No 3/2~ state is given here because we only
consider the state which can be produced in S wave. A state
can be found near the Z:D threshold with spin parity 3/2~
with a width of about 14 MeV at a of a value 3 as shown in
Table III. Two poles can also be found near the Z.D*
threshold with spin parities 1/2~ and 3/2~. The widths of
these two states are similar, and the mass gap is about
5 MeV. Near the highest threshold EZ‘D*, two states can be
also produced from the interaction. However, as two X;D*
states predicted in the hidden-charm sector [29], the signal
of these two states are very weak as shown in Fig. 2. As
shown in Table III, with a larger cutoff, the pole of state

TABLE IV. The positions of poles of the molecular states with two-channel calculation. Positions are given by the
corresponding threshold subtracted by the position of a pole, M, — z, in the unit of MeV. The « is in the unit of GeV.

The “...” refers Not available.
a B! D* E:D E.D* E'D E.D
Z:D*(1/27)M ), = 4654.6 MeV
2.0 1.7+0.1i 1.8+ 0.1/ 1.8 +0.0¢ 1.7 4+ 0.2i 1.8 +0.0i
2.5 4.8 +0.2i 49+ 0.2i 4.6+ 0.1/ 4.2 +0.5i 4.5 4 0.0i
3.0 9.0 +0.4i 9.2 4 0.5i 8.3+0.2i 7.4+ 1.4i 7.6 +0.1i
35 14.0 4+ 0.6i 14.5 4+ 0.8i 12.9 +0.3i 11.3 +2.8i 11.34+0.2i
2:D*(3/27)M,;, = 4654.6 MeV
2.0 0.2+0.1{ 0.4+ 0.0¢ 0.1 +0.2{ 0.4 +0.0i 0.4 +0.0i
2.5 1.2+0.7i 1.5+0.3i 0.1 +0.3{ 2.0+0.17 1.9 + 0.0i
3.0 27+ 1.4 2.7+ 0.8i 0.1 +2.5i 42 +0.1i 4.1+ 0.0i
35 43423 374+ 1.7i 0.1 4+3.1i 6.9 +0.1i 6.7 + 0.0i
E.D*(1/27)M,, = 4587.4 MeV
2.0 5.840.1i 4.7+ 1.5i 5.740.1i 5.7+ 0.0i
2.5 10.9 + 0.4i 8.1+ 3.8 10.4 4+ 0.2i 10.1 4+ 0.2{
3.0 17.3 +0.9i 12.1 +6.9i 15.6 + 0.6i 14.9 +0.7i
3.5 24.7 4+ 2.0i 16.3 + 12.2i 20.8 + 1.3 19.8 4+ 1.6i
2/ D*(3/27)M,, = 4587.4 MeV
2.0 1.6 + 0.0i 0.7 +2.1i 1.8 +0.0i 1.3+0.3i
2.5 32+0.1i 1.3+5.9i 3.6 +0.0i 1.8 +1.4i
3.0 49+04i 5.4+40.1i
3.5 6.2 + 0.6i 7.1+0.1i
g:D(3/27)M,;, = 4513.2 MeV
2.0 0.1+1.9; 0.1 +0.0¢ 0.1 +0.0¢
2.5 0.7 +3.7i 0.5+ 0.0i 0.5+ 0.0i
3.0 39+5.2i 1.7 +0.0i 1.7 + 0.0i

(Table continued)
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TABLE 1V. (Continued)

a 2. D* 2:D E.D* D) E.D
3.5 11.2+6.1i 3.3 40.0i 3240.0i
E.D*(1/27)M,, = 4478.0 MeV
2.0 2.140.7i 3.140.0i
25 4.1+ 1.6 6.2 + 0.0
3.0 6.3 +2.7i 9.9 + 0.0
3.5 8.6+ 3.8i 14.0 + 0.0i
E.D*(3/27)M,, = 4478.0 MeV
2.0 . 3.9+ 0.6 3.140.0i
25 82+ 0.9i 6.2 + 0.0
3.0 13.7 + 1.1 9.9 + 0.0
3.5 20.5 + 1.2 14.0 + 0.0
E.D(1/27)M,;, = 4446.0 MeV
2.0 3.0+ 0.0
25 6.3 + 0.0
3.0 10.2 + 0.0i
3.5 14.5 + 0.0i

with 3/27 is even difficult to be read out from the results.
These two states may be difficult to be observed in
experiment.

C. The widths of the molecular states
from each decay channel

In the above, we present the widths of the states with all
channels considered. The width of a molecular state is from
decaying into the channels with thresholds lower than the
mass of the state. The width from one of decay channels of
a molecular state shows the strength of the couplings
between the molecular state and the corresponding channel.
By comparing the single and coupled channel results, one
can find the coupled-channel effects are not very large.
Hence, the main production channel of a molecular can be
easily determined by the nearest threshold. In Table IV, we
present the pole obtained by a two-channel calculation with
main production channel and a decay channel to show the
coupling of a molecular state to the decay channel. As
discussed above, the theoretical values at a of about 3 are
suggested. The results around a = 3, that is, 2.0, 2.5, 3.5,
are also listed in Table IV for reference.

In the table, the results for the Z:D* state near the
highest threshold with 1/2 are listed first. Among five
decay channels listed in the second to sixth columns, the
strongest coupling is found in Z.D channel. The E.D* is
the most important decay channel of the ZD* state with
3/27, and the E.D* and Z:D channels also have consid-
erable contribution to its width. The Z.D* channel is also
the main decay channel of the molecular states
E!/D*(3/27,3/27) and E:D(3/27). For the E.D* states
with 1/27 and 3/27, the E.D channel is dominant to
produce their widths. The Z.D(1/27) state couples to its

only open channel Z,D very weakly. Hence, the Z,D* and
E.D channels are important for the decays of four and
three molecular states, respectively.

IV. SUMMARY

In this work, the strange hidden-charm pentaquarks are
studied in the molecular picture in the gBSE approach. The
newly observed state P, (4459) could be interpreted as the
E.D*(37) molecular state, which has strong coupling to
the Z.D channel. The pole of this state is much more
obvious in the complex energy plane than other states,
which may be the reason that it was observed first. Our
result does not exclude the possibility that the P, (4459) is
a two-peak structure composed of the E.D* states with
1/27 and 3/27, which is helpful to understand the
experimental width.

The current work is performed in the same theoretical
frame as previous study of the hidden-charm pentaquarks
with almost the same parameters [28]. Hence, the four
hidden-charm pentaquarks, P.(4312), P.(4380), P.(4440),
P.(4457), and the strange hidden-charm pentaquark
P;(4459) can be interpreted well in the molecular picture
and assigned as S-wave state from the interaction of the
(strange) charmed baryon and anti-charmed meson. In
Ref. [71], the binding energies of P (4459) and P.(4312)
were also discussed, and authors suggested that it is
probably more compatible with a ¢ meson that couples
to all the light quarks with equal strength than with a ¢
meson that does not couple with the strange quark after
considering the mixing of the singlet and octet scalar
mesons. In the current work, we adopt a coupling constant
without coupling with the strange quark. However, the
cutoff is introduced to reflect the internal structure of
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hadron, which is determined by the experimental results. It
makes the discussion as in Ref. [71] impracticable in the
current work. Itis interesting to consider it in future work if
we have more experimental information.

In the same model, we also predict other possible strange
hidden-charm pentaquarks. Two states with spin parity
1/2~ are predicted near the Z.D and E.D thresholds,
respectively. Since the decay channels of these two states
are less than other states, their widths may be smaller. Near
the Z:D threshold, an obvious pole can be found in the
complex energy plane with 3/27. This state couples
strongly with E.D channel. As two states near the Z,D*

threshold, one can find two states with 1/2~ and 3/2~ near
the Z.D* threshold, which have strong coupling to the
E.D* channel. The poles can also be found near the highest
threshold Z:D*. Such poles are dimly in the complex
energy plane, and may be difficult to be find in experiment.
The experimental research of those states are helpful to
understand the origin of the P, and P, states.
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