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Stimulated by the meson-baryon molecular interpretations of the P, states [P.(4312)/P.(4440)/

P.(4457)], we systematically study the interactions between an S-wave charm-strange baryon Eg’*) and

an anticharmed meson D) in a coupled channel analysis. Effective potentials for the EE./ ) D) interactions in
a one-boson-exchange model can be related to those in the Z£*>D<*> systems by using the SU(3) flavor
symmetry and heavy quark symmetry. Our results can predict several promising hidden-charm

molecular pentaquarks with strangeness |S| = 1, which include the Z.D states with 1(J*) =0, 1(1/27),
the E:D states with 0, 1(3/27), the Z.D* states with 0(1/27) and 0, 1(3/27), and the Z:D* states with

0(1/2-.3/27,5/27).

DOI: 10.1103/PhysRevD.105.014029

I. INTRODUCTION

In 2015, the LHCb collaboration reported two hidden-
charm pentaquarks, namely P.(4380) and P.(4450), in the
Ag — J/wpK~ decay process [1]. Their observations
immediately inspired theorists to propose several different
interpretations of the P..(4380) and P.(4450) states, i.e., the
molecular state assignments [2—17], the diquark-diquark-
antiquark configuration [18-22], the diquark-triquark con-
figuration [23,24], the rescattering effect [25-27], and so on
(see reviews [28-33] for details). Because the P.(4380) and
P.(4450) are very close to the mass threshold of a charmed
baryon and an anticharmed meson, the hadronic molecular
state assignments to the P, states are the most popular
proposal, which already had been predicted previously
[4,34-38].

In 2019, the LHCb collaboration updated the observa-
tions of the P, states in the same process with data collected
in run 1 and run 2 [39]. They discovered three narrow
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structures [P.(4312)", P.(4440)", and P.(4457)"] in the
J/wp invariant mass spectrum, where the P.(4440)" and
P.(4457)" correspond to the fine structures of the former
P_.(4450) [1]. The refinement observations of the P, states
may provide a strong evidence of the hidden-charm
molecular pentaquarks [40-45], although there were the
other discussions on these three P, states [46-50]. In
particular, the P.(4312), P.(4440) and P.(4457) can be
assigned as the loosely bound X.D state with
(I =1/2,JF =1/27), the £.D* state with (I = 1/2,JF =
1/27) and the X.D* state with (I =1/2,JF =3/27),
respectively, based on the one-boson-exchange potentials
with considering the coupled-channel effect [40].

Stimulated by the hidden-charm molecular assignments
to the P,. states, many groups further search for the possible
hidden-charm molecular pentaquarks with strangeness
IS| =1 [51-61], |S|=2 [62], and |S| =3 [63]. For
example, in Ref. [51], we study the single A D%, X D7,
>:D:, B.D*, Z.D*, and E:D* interactions by considering
the one-eta-exchange and/or one-pion-exchange processes,
and predict several possible strange hidden-charm molecu-
lar pentaquarks.

Experimentally, very recently, the LHCb collaboration
further analyzed the E, — J/wAK~ decay process, and
reported an evidence of the strange hidden-charm penta-
quark P,;(4459) in the J /yw A invariant mass spectrum [64].
Its resonance parameters are
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M=4458.84+2.9"}]MeV, T'=17.3+6.5"3IMeV,
respectively. Its spin parity is not determined, yet. Since its
mass is just below the Z.D* threshold with around 19 MeV,
the P.,(4459) was explained as a strange hidden-charm
2.D* molecule [65-69].

All these P, and P, states are a little below the mass
thresholds of a pair of a charmed/or charm-strange baryon
and an anticharmed meson. If they are the hidden-charm
molecules, in this line, one can expect the existence of more
hidden-charm molecular pentaquarks based on the heavy
quark symmetry and the SU(3) flavor symmetry. In this
work, we will perform a systematic investigation on the

E(C/’*)D“‘> interactions, and we still adopt the one-boson-
exchange (OBE) model, including the z, o, 1, p, and @
exchanges. The corresponding OBE effective potentials for

the =0 D) systems can be deduced from the > p)
interactions by using the heavy quark symmetry and the
SU(3) flavor symmetry. Here, we also consider the coupled
channel effect in our calculations. It is very important in
generating the P, and P, states as hidden-charm molecular

pentaquarks [40,65,66]. By revisiting the Eg’*>l_)<*) inter-
actions, one can provide valuable information to search for
the possible hidden-charm molecular pentaquarks with
strangeness |S| = 1. Our comprehensive investigation
can also help us to probe the inner structures or underly
mechanism of the P, and P, states.

This paper is organized as follows. After the
Introduction, we deduce the OBE effective potentials in
Sec. II. In Sec. III, we present the corresponding numerical
results. The paper ends with a summery in Sec. I'V.

II. OBE EFFECTIVE POTENTIALS

According to the chiral symmetry, the -effective
Lagrangians of the interactions between light quarks
(u,d,s) and the light mesons (o, 7, 7, p and @) are
constructed as

L, =—g07"7°0, (7't +n)y — g, oy
- gpl/_/yﬂ (p/iﬂ-i + a’p)l// - fpl/_lalwaﬂ (pzizTi + a)v)w’ (21)

where 7 is the flavor spatial operator. Therefore, the OBE
effective potentials depend on the spin and isospin of the
discussed systems, and have the form of

Vq]qz = Va,n,w(o-lv 62) + 17 TZVﬂ,p(O-lv GZ)v (22)
where ¢, and ¢, are the interacting light quarks, respec-
tively. 6, and &, stand for the spin operators. Here, we can
simply divide the OBE effective potentials into isospin-
related part and isospin-unrelated part, which correspond to
the n/p exchanges and o/n/w effective potentials,

TABLE I. The one-boson-exchange effective potentials for the
s D) and =0 H) systems. Here, 6 = (uit + dd + s5)//3,
n = (un + dd — 2s§)/\/6, o = (uit + dc_l)\/i, 7~ (p~) = ud,
72°(p°) = (uit — dd)/\/2, and 7+ (p*) = ud.

o n (0] /2 p
DO =1/2] U, U, 2U, U +iul U +iu)
9P =3/2 U, u, M, U W)
DU =0 u, -iu, U, U U
DU =1 u, -iu, u, Ul ul

respectively. For the total effective potentials, one should
sum over the interactions between all the light quarks in the
discussed systems.

Compared to the ZE*)D* systems, the OBE effective

potentials in the isospin-unrelated part for the Eg”‘)l_)*
systems are very similar as collected in Table I. With the
help of the SU(3), symmetry, one can further obtain
relations for the OBE effective potentials in the isospin-

related part between the >® p* and =0 H* systems. The
total isospin for the X\ D* systems is either 7 = 1/2 or
I =3/2, whereas I = 0 or I = 1 for the Eg’*)l_)* systems.
Here, we first expand their isospin wave functions
\1,:1,,.1,,(14,5,):1) in terms of the |1, .1, (1, ,,):1,:1)
basis,

9293 9192 q3 ;

(2.5)
where we use
|If11 ; If12 1113 (1112%); I>
= (=D)AL (20, + 1) (200 + 1)
Ip
I I, 112}
X 11, (1), 15;1). 2.6
{07 26)
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Once sandwiching the isospin operator 7; -7, by the
;. 1,,(14,4,):1,:1) basis, we can obtain a serial of
relations of the OBE effective potentials in the isospin-

related part, i.e.,

Ve sheshe o)
1=3/2

VZE*U{)(*) =2u', (2.8)

=0 _ 740
VIO o = U, (2.9)

=1 _ /1
V[EE’**’DM =Uu', (2.10)

with

UO = <I/q]q2(th) 0|’l'1 TZ|Iq]q2 q3) — 0>, (211)
U =1 =1 nll e =1, (212)

In Table I, we summarize the OBE effective potentials

for the =D and =0 D) systems. In Ref. [40], we
have already prepared the concrete OBE effective poten-

tials for the coupled E(*)_(*) and find the

interactions from the Z ) p) systems with 7/ = 1/2 are
strong attractive, for the isoquartet systems, the OBE model
provides the weak attractive or repulsive interactions.
According to the relations in Table I, we can give a
=0 p)

systems,

qualitative conclusion that the S-wave isoscalar
systems may be the possible strange hidden-charm molecu-
lar candidates.

In the heavy quark symmetry, charmed baryons are
divided into two multiplets according to the SU(3) flavor
symmetry of the light quark cluster, 3 ® 37 = 35 ® 6,
the A, and E, are in the 3, multiplet, whereas, the =" and

( *) are in the 6, multiplet. Thus, the D) systems are

not related to the X\ D) systems in terms of the SU(3)
flavor symmetry and heavy quark symmetry. In the
following, we will deduce the OBE effective potentials
for the 2,D*) systems. The general procedures of the
derivations of the OBE effective potentials include three
steps. After constructing the effective Lagrangians, one can
first write down the scattering amplitudes Mogg(h1h, —
hshy) for the discussed processes. Then, the OBE effective
potentials V(g) can be related to the corresponding scatter-

ing amplitudes by using the Breit approximation, V(q) =

_M(h1h2 e I’l3/’l4)/ Hi 2Mz HjZMf with Mi and Mf

being the masses of the initial states (%, /,) and final states
(h3, hy), respectively. At last, one can obtain the OBE
effective potentials in the coordinate space V(r) after
performing the Fourier transformation, i.e.,

d3
(2x)*

Vh Vhy—hshy (I‘) - zqrvh hz—>/’h/’l4( )]:'2(6]2’ m%)

Here, for compensating the off-shell effect of the
exchanged bosons, a monopole form factor F (g2, m%) =
(A2 —m2)/(A* = ¢%) is introduced at every interactive
vertex, where my and ¢ are the mass and four-momentum
of the exchanged meson, respectively. A is the cutoff. A
reasonable cutoff value is around 1.00 GeV [70,71].
Especially, we also take this empirical value in reproducing
the masses of the P.(4312), P.(4440), and P_.(4457) [40].
The relevant effective Lagrangians are constructed in the
heavy quark limit and chiral symmetry [72-77], i.e.,

Ly = gs(BL6H) + ig(H Py, A, ysH?)
—ip(HL v, (W = p) , HD)

+ id(H 6, Fr (p)HL)), (2.13)

Lp, = 1p(B3oB3) + iBg(Bsv"(V, — p,) Bs3).

_ 3 _
ﬁBé,'*> = lS<S”O'S”> - 591€”D1K0K<SMAUS/1>
+ iﬁS<3uUa<Va - /)Ot)SM> + ’15<SﬂFﬂD<p)Sv>7
L B = ig94(S* A, Bs) + ide* v (S, F, Bs) + H.c.
(2.14)
In Eqs. (2.13) and (2.14), the multiplet fields H@ and S

are linear combinations of the S-wave charmed mesons and
charmed baryons in the 6 flavor representation, respec-

trvely HQ) = [P "y — Pys] 5% with P = (D°, D) and

= (D, D). S, = —\/;(y,, + 0B + By, A,
and V), correspond to the axial current and vector current,
respectively, A, =1(£0, 5— £0,E") = 18”[@ +---, and

HE0,E— £0,EN) = S POPI - with £
exp(zP/ f») and the pion decay constant f, = 132 MeV.
Pha = igyVi, /N2, F*(p) = 8p* — 0p* + [p*, p*]. P and
V stand for the isoscalar and vector matrixes, respectively.

Matrices for the Bs, B ) , P, and V are expressed as

014029-3
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0 AP B
Bs = AL 0 ES ,
-z =52 0
(#)++ 1)+ 1 g+
zc 752% ﬁ—tc
Bg*) _ %EC*)-&- EE‘*)O %Eg*)o .
1 =)+ 1 =)0 Q(*)O
\/z —iC \/5‘—‘0 C
2 + +
”2 + /e b3 K
_ - _2 0
P = p 4 Vil + 7 K ,
K~ KO - \/%—)r]
2L e + ot
atsoop K
V = - P e 0 |,
P AT \75 K
K* I_(*O ¢
respectively.

In this work, we adopt the same values of the coupling
constants in Refs. [40,65,77], where g = 0.59, g; = 0.94,
and g, = 1.06 are extracted from the decay widths of
I(D* - Dr) and [ (2 — A7) [77-79], respectively. In
the charmed mesons sector, gg = 0.76 [80], f = 0.9 [79],
A =056 GeV™! [79], g9y = m,/f, = 5.9. For the remain-
ing coupling constants between the heavy baryons and the
light meson (o, p, ), their values are estimated from the
nucleon-nucleon interactions [77], [ = —3.65, fggy = 6.0,
I =62, Bsgy=—12.0, Aggy=-192GeV~!, Agy =
6.8 GeV~!. With these preparations, we can deduce the
detailed expressions of the OBE effective potentials, i.e.,

o B
V:‘( D—%Z(D(r) = 2AYA m, +Z(g(1)YAJ”,H + YA'mw)’ (2'15)
VED=ED (1) = 0, (2.16)
VED'=ED (1) = (), (2.17)
VED=ED (1) = (), (2.18)
= D*—>E D C
VEDED(r) = = (G)ZR ., + 2K )
D 113 113
N (Q(I)ZAl,mpl + 25 m) (2.19)
VED'SED () = _c gz, +2¢
r)= 62 Aoy Ag,myp
D
~ 503 (G020, + 2, ). (220

for the EE./’*)D(*) — Z.D processes, where A = lzg,,

B = BBsg2, C = ggs/f2 D= Adg%, G(I) is the isospin
factor, which is taken as 1 for the isospin-1 system, and —3 for

the isospin-0 system. The functions Y} ,,, 2, , and Z;'\Jm
denote

— 1 —mr —Ar A2 — m2 —Ar
YA,m = rﬂ (8 — e ) - SZA e s (221)
2z &2 +Jf,-jr21 0 Yam s (2.22)
7ma a a Mg
1ij 019
Z/\J.mﬂ (28 V fijra——ar> YA,ma‘ (223)

The variables in Egs. (2. 15) (2.20) are defined as
A=A —gq;, mi=m>—gq;, with i=1 2. ¢ =
0. 64 MeV and ¢, = 38.14 MeV. The spin-spin interac-
tion and tensor force operators read as &3 = E-EZ,
3/2,a+b S — P

Zlfzztb X3.4€ ;b €411 7:1325(”76,61), and

Z?gﬁbb)@a (7, €;,b75j1))(l' In addition, one can
refer to the concrete subpotentials for the 2P
E.D* processes in Ref. [65].

III. NUMERICAL RESULTS

Before producing numerical calculations, we would like
to make several remarks on the bound state solutions for the
reasonable loosely bound molecular state after performing
the coupled channel analysis [81]:

(1) The reasonable cutoff value in the monopole form

factor is around 1.00 GeV according to the experi-
ence of the nucleon-nucleon interaction [70,71].

(2) The binding energy is around several to a few
tens MeV.

(3) The root-mean-square (rms) radii are around a few
fm or larger as the size of the loosely bound
molecule should be much larger than the size of
the component hadrons.

(4) For an S-wave molecular state composed by two
mesons, the asymptotic form of its wave function
can be expressed as y/(r) ~ e"VZ#E" /r, where y and
E stand for the reduced mass and the binding energy,
respectively. In the coupled channel analysis, the y is
the reduced mass for the dominant channel, and E is
measured from the dominant channel, £ = M yesi—
M gominant + Ebpinding- When we use the approximated
wave function, we can obtain the relation between
the molecular size and its binding energy, R ~
1/+/2uE [81,82]. By using this relation, the system
with the lowest mass threshold is the dominant
channel.

014029-4
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With the above preparations, we first solve the coupled
channel Shrodinger equation to find the bound state
solutions (including the binding energies E, the rms radii
T'ms» and the probabilities for all the discussed channels p;)

for the S-wave coupled E(C/ ) systems with all the
possible quantum numbers. The cutoff value is taken from
0.8 to 5.0 GeV. Then, we check whether the obtained bound
state solutions match the above criterion of the reasonable
loosely bound molecular states (the binding energy around
a few to 10 MeV and the rms radius around or larger than
1 fm). Finally, we compare their cutoff value in these
reasonable loosely bound states. In our analysis, we
conclude that the state with the obtained reasonable loosely
bound state solutions in the cutoff range A around
1.00 GeV is the prime loosely bound molecular candidates.
With the increasing of the cutoff value, the possibility of the
existence of the loosely bound molecule becomes lower.
For the reasonable loosely bound states with the cutoff
1.00 < A < 2.00 GeV, they may be the possible molecular
candidate. If the cutoff A is larger than 3.00 GeV, we
conclude that they cannot be a good molecular candidate.

As shown in Fig. 1, we present the A dependence of the
bound state properties (E, 7., and p;) for the coupled
E.D/E.D*/=E.D* |Z:D* states with 0, 1(1/27), the coupled
E:D/E.D*/5:D* states with 0, 1(3/27), and the coupled
E.D*/E:D* states with 0(1/27) and 0, 1(3/27). For the
coupled E.D/E.D* /E.D* /Z:D* state with 0(1/27), when
the cutoff is taken around 0.8 GeV, the binding energy is
around —10 MeV, the rms radius is around 1.0 fm, and the
dominant channel is the S-wave Z.D with its probability
around 70%. If we adopt the former remarks, these bound
state solutions are consistent with the reasonable loosely
bound state properties. Therefore, we can conclude that this
state can be the possible strange hidden-charm molecular
pentaquark. Since the probabilities for the remaining chan-
nels are almost 30 percent, the coupled channel effects play
an important role to generate this coupled bound state. For the
isovector coupled Z.D /E,D* /Z.D* /2 D* state with 1/2™,
the binding energy appears at cutoff A around 1.10 GeV, the
rms radius is over or around 1.0 fm, and the S-wave E/L.l_)
component is dominant, the corresponding probability is
around 90%. The reasonable cutoff, the reasonable rms
radius and the small binding energy indicate that the coupled
E!/D/=.D*/=.D*/=:D* state with 1(1/27) can be the other
possible strange hidden-charm molecular candidate.

For the coupled E:D/E.D* /Z:D* states with 0, 1(3/27),
and the coupled Z.D*/Z:D* states with 0,1(3/27), their
bound state solutions are similar to the corresponding results
for the coupled E.D/Z.D*/Z.D*/Z:D* states with
0,1(1/27). In the range of 1.00 < A < 2.00 GeV, we can
obtain the loosely binding energies and the reasonable rms
radii. The dominant channels are the systems with lowest
mass threshold in these discussed coupled systems.
Meanwhile, we also find the interactions from the isoscalar
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5 80
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FIG. 1. The A dependence of the binding energy E, root-mean-

square radii, and the probabilities for all discussed channels. The
blue solid lines and the red dashed lines in the left figures
correspond to the binding energy curves and root-mean-square
radii curves, respectively.
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FIG. 2. The A dependence of the binding energy E and rms
radius for the single E;D* systems with [(JP)=
0(1/27,3/27,5/27) and 1(1/27,3/27). The blue solid lines
and the red dashed lines correspond to the binding energy curves
and root-mean-square radii curves, respectively.

states are stronger than those in the isovector states as the
corresponding cutoff values are a little smaller than those in
the isovector bound states with the same binding energy. If
we still adopt the criterions of the loosely bound molecular
states, the coupled E:D /E.D* /=i D* states with 0, 1(3/27),
and the coupled E.D* /Z:D* states with 0, 1(3/27) can be
the possible strange hidden-charm molecular candidates.
As shown in Fig. 1, we also obtain the loosely bound
state solutions for the coupled Z.D*/E:D* states with
0(1/27) when the cutoff A is taken around 1.00 GeV. The
dominant channel is the S-wave Z.D* component. Since its

probability is over 90% in the cutoff range, the coupled
channel effects play a minor role in forming this bound
state. Therefore, this bound state can be recommended as
the possible strange hidden-charm molecular pentaquark.

Meanwhile, we also perform a single Z:D* channel
analysis to search for possible molecular states. When we
vary the cutoff value in the range of 0.80-5.00 GeV, we
find that

(1) There do not exist bound state solutions for the
isovector Z:D* system with 5/27.

(2) For the isovector E:D* system with 3/2, it cannot
be a good strange hidden-charm molecular candidate
as its cutoff A is larger than 3.00 GeV.

(3) For the E;D* with 1(1/27) and 0(5/27), they may
be the possible strange hidden-charm molecular
candidates as their binding energies appear at the
cutoff A around 2.00 GeV.

(4) If we still take the cutoff value A around 1.00 GeV as
a reasonable parameter, the isoscalar ZD* mole-
cules with J¥ = (1/27,3/27) can be prime strange
hidden-charm molecular candidates.

(5) As shown in Fig. 2, the OBE interactions become
stronger with the increasing of the cutoff value for
one bound state. When we adopt this rough property
in the isoscalar single Z:D* bound states, one can
conclude that the interactions with the higher spin
are a little weaker attractive according to the cutoff
relation A(1/27) < A(3/27) < A(5/27) with the
same binding energy. This is also consistent with
predictions in Ref. [52].

In our calculations, we also obtain the other kind of bound
state solutions, which is very different with those for a
reasonable loosely bound hadronic molecule. In this case,
their rms radii are around 0.5 fm or less, therefore they cannot
be reasonable hadronic molecular states but the tightly bound
states. According to the relation R ~ 1/+/2ji E, the system
with a higher mass is always the dominant channel for the
tightly bound state.

As shown in Table II, we obtain three tightly bound state
solutions, the coupled 2.D/=.D/E.D* /E.D* /Z:D* states

TABLE II.  The bound state solutions of the coupled g/ pe) systems with I(J) = 0(1/27) and 1(1/27). The cutoff A, the root-
mean-square r,,, and the mass of the bound state M are in the units of GeV, fm, and MeV, respectively. p;(%) denotes the probability of
the ith channel for the investigated system. The largest probability of the quantum number configuration for a bound state is remarked by
bold typeface. E, in the unit of MeV, is the mass gap between the bound state mass and the threshold of the dominant channel.

1(J") 0(1/27) 1(1/27) 1(1/27)
A 0.99 1.00 1.01 1.27 1.28 1.29 2.03 2.04 2.05
Foons 1.29 0.60 0.49 0.40 0.36 0.34 0.89 0.40 0.34
M 4334.64  4327.69  4319.82  4327.53 431533 430235 458326 457451  4565.02
E ~109.37 11632  —124.19 —11648 —128.68 —141.66  —71.2 —79.95  —89.44
pi(%)  ED 30.36 16.51 12.37 2.12 1.48 1.19 - - -
gD 32.56 38.99 40.73 62.36 62.33 62.10
gD 2175 26.38 27.89 35.30 35.97 36.50 . . .
gD 13.07 15.58 16.40 0.17 0.18 0.19 16.33 8.57 6.91
gD 2.26 2.54 2.61 0.04 0.03 0.02 83.67 91.43 93.09
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with I(JP) =0(1/27) and 1(1/27) and the coupled
ELD*/E:D* state with 1(1/27), where the other binding
energies E = E + (Mjoyest — Maominant) ~ are  around
100 MeV, the corresponding dominant channels are Z.D
and E!D*, respectively. Compared to the coupled
E.D/E.D/E.D*/E.D*/E:D* states with [(JF)=
0(1/27) and 1(1/27), the cutoff value in the coupled
El.D*/Z:D* state with 1(1/27) is a little away from the
empirical value A around 1.00 GeV.

Forthe E.D/Z.D/Z,.D* /E.D* /Z:D* interactions, if we
recall that such interactions are obtained by adding the lowest
channel from the Z.D/Z.D* /E.D* /E:D* interactions, it is
not strange to find the analogous results in the Z.D/
B.D*/E.D*/Z:D* interactions. Thus, the E.D/Z.D/
E.D*/E.D*/E:D* tightly bound states with 0,1(1/27)
here are not the independent states, but correspond to the
E..D loosely bound molecular pentaquarks with 0, 1(1/27).

IV. CONCLUSION AND DISCUSSION

As a hot issue in the hadron physics, whether the new
hadron states are the hadronic molecules is still open to
discuss. In 2019, the discovery of the three P, states could
provide a strong evidence of the existence of the hidden-
charm molecular pentaquarks [39]. In Ref. [40], the
P.(4312), P.(4440), and P_(4457) states can be assigned
as the =D molecular state with 1/2(1/27), the £,.D* states
with 1/2(1/27) and 1/2(3/27), respectively. This is not
the end of the story. Very recently, the LHCb collaboration
reported a new evidence of the strange hidden-charm
pentaquark P (4459) in the E, — J/wAK~ process.
Theorists also proposed that the P (4459) can be the
strange hidden-charm molecular state composed of the
S-wave E.D* state [65-69].

In this work, we preform the coupled channel analysis on
the interactions between a charm-strange baryon Eg’*) and
an anticharmed meson D) in the framework of the OBE
model. By using the SU(3) flavor symmetry and the heavy
quark symmetry, we can obtain the OBE effective potential

relations between the EE/’*)D<*) interactions and the

ZE.*)D(*) interactions, where we have already deduced
the concrete OBE effective potentials in Ref. [40]. For
the E,D) systems, their SU(3) flavor partners are the
A.D™ systems, which is not prepared in our former work.
In this work, we derive the corresponding OBE effective
potentials in the general procedures.

Our results can predict several possible hidden-charm
molecular pentaquarks with strangeness |S| = 1. As shown
in Fig. 3, there can exist seven possible isoscalar hidden-
charm molecular pentaquarks with |S| = 1, they are mainly
composed of the E.D state with I(JF) =0(1/27), the
E.D* state with 0(3/27), the Z:D state with 0(3/27), the
E.D* states with 0(1/27,3/27), and the Z:D* states with
0(1/27,3/27), respectively. The Z:D* state with 0(5/27)

4.6 T T 4.7
************************* =D IS SR S - >
45}
b= emm—— T =D MF ] =D
—~ [— P (4457) ——
> 44} P (4440) = =5
N bt T £D peeeeeeaaoeoe ED
e P(4380) — asf — _
N EEEEEEEL L EREEEEEE PR, OND Y R S S =D"
IR e S SR AD =1 —
P (4312) N PL{4459) "] ED
44 120
42} 1
””””””” P, states|| 2D R S| O states| b
4.1 43
F=1r 32 5/2° F=12r 32 52
FIG. 3. A summary of the mass spectrum of the P, states in the

meson-baryon molecular scenario [40] and the predicted possible
hidden-charm molecular pentaquarks candidates with |S| = 1.
Here, we roughly estimate the mass positions of the predicted
hidden-charm molecular pentaquarks according to the values of
the cutoff A. The red and green lines label the predicted molecular
candidates with / = 0 and / = 1, respectively.

may be also the possible strange hidden-charm molecular
candidate. Meanwhile, we find there may exist three
isovector hidden-charm molecular pentaquarks with
|S| = 1, like the Z.D state with 1(1/27), the E:D state
with 1(3/27), and the Z.D* state with 1(3/27). Our results
also indicate that the coupled channel effect plays a very
important role in forming these hidden-charm molecular
candidates with strangeness |S| = 1, especially for the
E/D/E.D*/E.D*/Z:D* coupled states with I(JF) =
0,1(1/27), the E:D/Z.D*/Z:D* coupled state with
0(3/27), and the E.D*/Z:D* coupled states with
0,1(3/27). We are looking forward that the future experi-
ments can search for possible hidden-charm pentaquarks
with strangeness around these predicted mass thresholds.

Compared to the P,. states assigned to the meson-baryon
molecules, as shown in Fig. 3, there are four more possible
hidden-charm molecular pentaquarks with strangeness
|S| =1, which include one isoscalar E.D* state with
3/2~ and three isovector bound states. In our previous
work [65,67], the P (4459) can be explained as the
isoscalar Z,D* state with 3/2~, and the Z:D channel is
also very important. As we have seen, the mass difference
between the A_D* and X.D* systems is much larger than
that between the Z.D* and E:D systems, which can
weaken the contribution from the coupled channel effect,
this may explain the reason why there cannot exist the
possible hidden-charm molecular pentaquarks composed of
the A.D* state with 1/2(3/27).

As shown in Table I, the OBE interactions for the isovector
EE”*)DM systems are weaker repulsive or stronger attractive

than those from the ZE.*)D(*) systems with 7 = 3/2. This is
the main reason that we may predict three isovector strange
hidden-charm molecular pentaquarks instead of the hidden-
charm molecular pentaquarks with 7 = 3/2 [40].

014029-7



RUI CHEN and XIANG LIU

PHYS. REV. D 105, 014029 (2022)

ACKNOWLEDGMENTS

Rui Chen is very grateful to Shi-Lin Zhu for helpful
discussions and constructive suggestions. This work is
supported by the China National Funds for Distinguished

Young Scientists under Grant No. 11825503 and by the
National Program for Support of Top-notch Young
Professionals. R.C. is supported by the National
Postdoctoral Program for Innovative Talent.

[1] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 115,
072001 (2015).
[2] R. Chen, X. Liu, X. Q. Li, and S. L. Zhu, Phys. Rev. Lett.
115, 132002 (2015).
[3] H. X. Chen, W. Chen, X. Liu, T. G. Steele, and S. L. Zhu,
Phys. Rev. Lett. 115, 172001 (2015).
[4] M. Karliner and J. L. Rosner, Phys. Rev. Lett. 115, 122001
(2015).
[5] L. Roca, J. Nieves, and E. Oset, Phys. Rev. D 92, 094003
(2015).
[6] A. Mironov and A. Morozov, JETP Lett. 102, 271 (2015).
[7]1 J. He, Phys. Lett. B 753, 547 (2016).
[8] U.G. Meissner and J. A. Oller, Phys. Lett. B 751, 59 (2015).
[9] T.J. Burns, Eur. Phys. J. A 51, 152 (2015).
[10] Y. Shimizu, D. Suenaga, and M. Harada, Phys. Rev. D 93,
114003 (2016).
[11] R. Chen, X. Liu, and S.L. Zhu, Nucl. Phys. A954, 406
(2016).
[12] M. 1. Eides, V. Y. Petrov, and M. V. Polyakov, Phys. Rev. D
93, 054039 (2016).
[13] H. Huang, C. Deng, J. Ping, and F. Wang, Eur. Phys. J. C 76,
624 (2016).
[14] H. X. Chen, E. L. Cui, W. Chen, X. Liu, T. G. Steele, and
S.L. Zhu, Eur. Phys. J. C 76, 572 (2016).
[15] G. Yang and J. Ping, Phys. Rev. D 95, 014010 (2017).
[16] J. He, Phys. Rev. D 95, 074004 (2017).
[17] Y. Yamaguchi and E. Santopinto, Phys. Rev. D 96, 014018
(2017).
[18] L. Maiani, A.D. Polosa, and V. Riquer, Phys. Lett. B 749,
289 (2015).
[19] G.N. Li, X. G. He, and M. He, J. High Energy Phys. 12
(2015) 128.
[20] R. Ghosh, A. Bhattacharya, and B. Chakrabarti, Phys. Part.
Nucl. Lett. 14, 550 (2017).
[21] Z.G. Wang and T. Huang, Eur. Phys. J. C 76, 43 (2016).
[22] V. V. Anisovich, M. A. Matveev, J. Nyiri, A. V. Sarantsev, and
A.N. Semenova, Int. J. Mod. Phys. A 30, 1550190 (2015).
[23] R.F. Lebed, Phys. Lett. B 749, 454 (2015).
[24] R. Zhu and C.F. Qiao, Phys. Lett. B 756, 259 (2016).
[25] F. K. Guo, U. G. Meissner, W. Wang, and Z. Yang, Phys.
Rev. D 92, 071502 (2015).
[26] X.H. Liu, Q. Wang, and Q. Zhao, Phys. Lett. B 757, 231
(2016).
[27] M. Mikhasenko, arXiv:1507.06552.
[28] H. X. Chen, W. Chen, X. Liu, and S. L. Zhu, Phys. Rep. 639,
1 (2016).
[29] Y.R. Liu, H. X. Chen, W. Chen, X. Liu, and S. L. Zhu, Prog.
Part. Nucl. Phys. 107, 237 (2019).

[30] N. Brambilla, S. Eidelman, C. Hanhart, A. Nefediev, C.P.
Shen, C. E. Thomas, A. Vairo, and C.Z. Yuan, Phys. Rep.
873, 1 (2020).

[31] F. K. Guo, C. Hanhart, U. G. MeiBiner, Q. Wang, Q. Zhao,
and B. S. Zou, Rev. Mod. Phys. 90, 015004 (2018).

[32] A. Esposito, A. Pilloni, and A. D. Polosa, Phys. Rep. 668, 1
(2017).

[33] A. Hosaka, T. lijima, K. Miyabayashi, Y. Sakai, and S.
Yasui, Prog. Theor. Exp. Phys. (2016), 062CO1.

[34] Z.C. Yang, Z.F. Sun, J. He, X. Liu, and S. L. Zhu, Chin.
Phys. C 36, 6 (2012).

[35] J.J. Wu, R. Molina, E. Oset, and B. S. Zou, Phys. Rev. Lett.
105, 232001 (2010).

[36] W.L. Wang, F. Huang, Z. Y. Zhang, and B. S. Zou, Phys.
Rev. C 84, 015203 (2011).

[37] X.Q. Li and X. Liu, Eur. Phys. J. C 74, 3198 (2014).

[38] J.J. Wu, R. Molina, E. Oset, and B. S. Zou, Phys. Rev. C 84,
015202 (2011).

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

[40] R. Chen, Z. F. Sun, X. Liu, and S. L. Zhu, Phys. Rev. D 100,
011502 (2019).

[41] M.Z. Liu, Y. W. Pan, F. Z. Peng, M. Sanchez Sanchez, L. S.
Geng, A. Hosaka, and M. Pavon Valderrama, Phys. Rev.
Lett. 122, 242001 (2019).

[42] J. He, Eur. Phys. J. C 79, 393 (2019).

[43] L. Meng, B. Wang, G. J. Wang, and S. L. Zhu, Phys. Rev. D
100, 014031 (2019).

[44] T.J. Burns and E. S. Swanson, Phys. Rev. D 100, 114033
(2019).

[45] J. Ferretti, E. Santopinto, M. Naeem Anwar, and M. A.
Bedolla, Phys. Lett. B 789, 562 (2019).

[46] X.Z. Weng, X. L. Chen, W.Z. Deng, and S. L. Zhu, Phys.
Rev. D 100, 016014 (2019).

[47] A. Ali and A.Y. Parkhomenko, Phys. Lett. B 793, 365
(2019).

[48] J.F. Giron, R. F. Lebed, and C. T. Peterson, J. High Energy
Phys. 05 (2019) 061.

[49] J.B. Cheng and Y.R. Liu, Phys. Rev. D 100, 054002
(2019).

[50] H. Mutuk, Chin. Phys. C 43, 093103 (2019).

[51] R. Chen, J. He, and X. Liu, Chin. Phys. C 41, 103105
(2017).

[52] B. Wang, L. Meng, and S. L. Zhu, Phys. Rev. D 101, 034018
(2020).

[53] Z.G. Wang, Eur. Phys. J. C 76, 142 (2016).

[54] A.Feijoo, V. K. Magas, A. Ramos, and E. Oset, Eur. Phys. J.
C 76, 446 (2016).

014029-8


https://doi.org/10.1103/PhysRevLett.115.072001
https://doi.org/10.1103/PhysRevLett.115.072001
https://doi.org/10.1103/PhysRevLett.115.132002
https://doi.org/10.1103/PhysRevLett.115.132002
https://doi.org/10.1103/PhysRevLett.115.172001
https://doi.org/10.1103/PhysRevLett.115.122001
https://doi.org/10.1103/PhysRevLett.115.122001
https://doi.org/10.1103/PhysRevD.92.094003
https://doi.org/10.1103/PhysRevD.92.094003
https://doi.org/10.1134/S0021364015170099
https://doi.org/10.1016/j.physletb.2015.12.071
https://doi.org/10.1016/j.physletb.2015.10.015
https://doi.org/10.1140/epja/i2015-15152-6
https://doi.org/10.1103/PhysRevD.93.114003
https://doi.org/10.1103/PhysRevD.93.114003
https://doi.org/10.1016/j.nuclphysa.2016.04.012
https://doi.org/10.1016/j.nuclphysa.2016.04.012
https://doi.org/10.1103/PhysRevD.93.054039
https://doi.org/10.1103/PhysRevD.93.054039
https://doi.org/10.1140/epjc/s10052-016-4476-z
https://doi.org/10.1140/epjc/s10052-016-4476-z
https://doi.org/10.1140/epjc/s10052-016-4438-5
https://doi.org/10.1103/PhysRevD.95.014010
https://doi.org/10.1103/PhysRevD.95.074004
https://doi.org/10.1103/PhysRevD.96.014018
https://doi.org/10.1103/PhysRevD.96.014018
https://doi.org/10.1016/j.physletb.2015.08.008
https://doi.org/10.1016/j.physletb.2015.08.008
https://doi.org/10.1007/JHEP12(2015)128
https://doi.org/10.1007/JHEP12(2015)128
https://doi.org/10.1134/S1547477117040100
https://doi.org/10.1134/S1547477117040100
https://doi.org/10.1140/epjc/s10052-016-3880-8
https://doi.org/10.1142/S0217751X15501900
https://doi.org/10.1016/j.physletb.2015.08.032
https://doi.org/10.1016/j.physletb.2016.03.022
https://doi.org/10.1103/PhysRevD.92.071502
https://doi.org/10.1103/PhysRevD.92.071502
https://doi.org/10.1016/j.physletb.2016.03.089
https://doi.org/10.1016/j.physletb.2016.03.089
https://arXiv.org/abs/1507.06552
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.physrep.2020.05.001
https://doi.org/10.1016/j.physrep.2020.05.001
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1016/j.physrep.2016.11.002
https://doi.org/10.1016/j.physrep.2016.11.002
https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1088/1674-1137/36/1/002
https://doi.org/10.1088/1674-1137/36/1/002
https://doi.org/10.1103/PhysRevLett.105.232001
https://doi.org/10.1103/PhysRevLett.105.232001
https://doi.org/10.1103/PhysRevC.84.015203
https://doi.org/10.1103/PhysRevC.84.015203
https://doi.org/10.1140/epjc/s10052-014-3198-3
https://doi.org/10.1103/PhysRevC.84.015202
https://doi.org/10.1103/PhysRevC.84.015202
https://doi.org/10.1103/PhysRevLett.122.222001
https://doi.org/10.1103/PhysRevLett.122.222001
https://doi.org/10.1103/PhysRevD.100.011502
https://doi.org/10.1103/PhysRevD.100.011502
https://doi.org/10.1103/PhysRevLett.122.242001
https://doi.org/10.1103/PhysRevLett.122.242001
https://doi.org/10.1140/epjc/s10052-019-6906-1
https://doi.org/10.1103/PhysRevD.100.014031
https://doi.org/10.1103/PhysRevD.100.014031
https://doi.org/10.1103/PhysRevD.100.114033
https://doi.org/10.1103/PhysRevD.100.114033
https://doi.org/10.1016/j.physletb.2018.09.047
https://doi.org/10.1103/PhysRevD.100.016014
https://doi.org/10.1103/PhysRevD.100.016014
https://doi.org/10.1016/j.physletb.2019.05.002
https://doi.org/10.1016/j.physletb.2019.05.002
https://doi.org/10.1007/JHEP05(2019)061
https://doi.org/10.1007/JHEP05(2019)061
https://doi.org/10.1103/PhysRevD.100.054002
https://doi.org/10.1103/PhysRevD.100.054002
https://doi.org/10.1088/1674-1137/43/9/093103
https://doi.org/10.1088/1674-1137/41/10/103105
https://doi.org/10.1088/1674-1137/41/10/103105
https://doi.org/10.1103/PhysRevD.101.034018
https://doi.org/10.1103/PhysRevD.101.034018
https://doi.org/10.1140/epjc/s10052-016-3983-2
https://doi.org/10.1140/epjc/s10052-016-4302-7
https://doi.org/10.1140/epjc/s10052-016-4302-7

MASS BEHAVIOR OF HIDDEN-CHARM OPEN-STRANGE ...

PHYS. REV. D 105, 014029 (2022)

[55] J. X. Lu, E. Wang, J.J. Xie, L. S. Geng, and E. Oset, Phys.
Rev. D 93, 094009 (2016).

[56] C. W. Xiao, J. Nieves, and E. Oset, Phys. Lett. B 799,
135051 (2019).

[57] Q. Zhang, B.R. He, and J. L. Ping, arXiv:2006.01042.

[58] C. W. Shen, H.J. Jing, F. K. Guo, and J.J. Wu, Symmetry
12, 1611 (2020).

[59] J. Ferretti and E. Santopinto, J. High Energy Phys. 04 (2020)
119.

[60] J. T. Zhu, L. Q. Song, and J. He, Phys. Rev. D 103, 074007
(2021).

[61] C. W. Xiao, J.J. Wu, and B.S. Zou, Phys. Rev. D 103,
054016 (2021).

[62] F. L. Wang, R. Chen, and X. Liu, Phys. Rev. D 103, 034014
(2021).

[63] F. L. Wang, X. D. Yang, R. Chen, and X. Liu, Phys. Rev. D
103, 054025 (2021).

[64] R. Aaij et al. (LHCb Collaboration), Sci. Bull. 66, 1278
(2021).

[65] R. Chen, Phys. Rev. D 103, 054007 (2021).

[66] R. Chen, Eur. Phys. J. C 81, 122 (2021).

[67] H.X. Chen, W. Chen, X. Liu, and X. H. Liu, Eur. Phys. J. C
81, 409 (2021).

[68] F.Z. Peng, M.J. Yan, M. Sénchez Sanchez, and M.P.
Valderrama, Eur. Phys. J. C 81, 666 (2021).

[69] Z.G. Wang, Int. J. Mod. Phys. A 36, 2150071 (2021).

[70] N. A. Tornqvist, Z. Phys. C 61, 525 (1994).

[71] N. A. Tornqvist, Nuovo Cimento A 107, 2471 (1994).

[72] T. M. Yan, H. Y. Cheng, C. Y. Cheung, G. L. Lin, Y. C. Lin, and
H. L. Yu, Phys. Rev. D 46, 1148 (1992); 55, 5851(E) (1997).

[73] M. B. Wise, Phys. Rev. D 45, R2188 (1992).

[74] G. Burdman and J.F. Donoghue, Phys. Lett. B 280, 287
(1992).

[75] R. Casalbuoni, A. Deandrea, N. Di Bartolomeo, R. Gatto, F.
Feruglio, and G. Nardulli, Phys. Rep. 281, 145 (1997).

[76] A.F. Falk and M. E. Luke, Phys. Lett. B 292, 119 (1992).

[77] Y.R. Liu and M. Oka, Phys. Rev. D 85, 014015 (2012).

[78] P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp.
Phys. (2020), 083CO1.

[79] C. Isola, M. Ladisa, G. Nardulli, and P. Santorelli, Phys.
Rev. D 68, 114001 (2003).

[80] W. A. Bardeen, E.J. Eichten, and C. T. Hill, Phys. Rev. D
68, 054024 (2003).

[81] R. Chen, A. Hosaka, and X. Liu, Phys. Rev. D 97, 036016
(2018).

[82] F.E. Close and P.R. Page, Phys. Lett. B 578, 119 (2004).

014029-9


https://doi.org/10.1103/PhysRevD.93.094009
https://doi.org/10.1103/PhysRevD.93.094009
https://doi.org/10.1016/j.physletb.2019.135051
https://doi.org/10.1016/j.physletb.2019.135051
https://arXiv.org/abs/2006.01042
https://doi.org/10.3390/sym12101611
https://doi.org/10.3390/sym12101611
https://doi.org/10.1007/JHEP04(2020)119
https://doi.org/10.1007/JHEP04(2020)119
https://doi.org/10.1103/PhysRevD.103.074007
https://doi.org/10.1103/PhysRevD.103.074007
https://doi.org/10.1103/PhysRevD.103.054016
https://doi.org/10.1103/PhysRevD.103.054016
https://doi.org/10.1103/PhysRevD.103.034014
https://doi.org/10.1103/PhysRevD.103.034014
https://doi.org/10.1103/PhysRevD.103.054025
https://doi.org/10.1103/PhysRevD.103.054025
https://doi.org/10.1016/j.scib.2021.02.030
https://doi.org/10.1016/j.scib.2021.02.030
https://doi.org/10.1103/PhysRevD.103.054007
https://doi.org/10.1140/epjc/s10052-021-08904-4
https://doi.org/10.1140/epjc/s10052-021-09196-4
https://doi.org/10.1140/epjc/s10052-021-09196-4
https://doi.org/10.1140/epjc/s10052-021-09416-x
https://doi.org/10.1142/S0217751X21500718
https://doi.org/10.1007/BF01413192
https://doi.org/10.1007/BF02734018
https://doi.org/10.1103/PhysRevD.46.1148
https://doi.org/10.1103/PhysRevD.55.5851
https://doi.org/10.1103/PhysRevD.45.R2188
https://doi.org/10.1016/0370-2693(92)90068-F
https://doi.org/10.1016/0370-2693(92)90068-F
https://doi.org/10.1016/S0370-1573(96)00027-0
https://doi.org/10.1016/0370-2693(92)90618-E
https://doi.org/10.1103/PhysRevD.85.014015
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevD.68.114001
https://doi.org/10.1103/PhysRevD.68.114001
https://doi.org/10.1103/PhysRevD.68.054024
https://doi.org/10.1103/PhysRevD.68.054024
https://doi.org/10.1103/PhysRevD.97.036016
https://doi.org/10.1103/PhysRevD.97.036016
https://doi.org/10.1016/j.physletb.2003.10.032

